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PREFACE

The research on safety of Accelerator-Driven Transmutation Systems (ADS) at the
Department of Nuclear and Reactor Physics has been focused in year 2001 on:

a) ADS core design and development of advanced nuclear fuel optimised for high
transmutation rates and good safety features;

b) analysis of ADS-dynamics

c¢) computer code and nuclear data development relevant for simulation and
optimization of ADS;

d) participation in ADS experiments including 1 MW spallation target manufacturing,
subcritical experiments MUSE (CEA-Cadarache) and YALINA experiment in
Minsk

The Department is very actively participating in many European projects in the 5
Framework Programme of the European Community.

Most of the research topics reported in this paper are referred to by appendices, which have
been published in the open literature. The topics, which are not yet published, are described
here in more details.

Blue text color in a PDF version of this report implies links which can take a reader by a
mouse click to the referred part of the report or to a referred Appendix.



SAMMANFATTNING

Avdelningen for Kéirn- och reaktorfysik pA4 KTH har under & 2001 forskat om
acceleratordrivna system for transmutation av kéarnavfall. Foljande omréden har
specialstuderats:

Utformning och optimering av underkritiska hiardar
Underkritisk reaktordynamik vid olycksscenarier
Egenskaper och beteende hos uranfria brianslen
Simulering av stralskador i konstruktionsmaterial
Utveckling av simuleringskoder och kdrndatabibliotek

Kostnader for anvéndning av acceleratordrivna system.

Avdelningen dr dessutom aktiv i en rad EU-projekt, och deltar dven i experimentella
verksamheter. Arbetet har under daret redovisats 1 16 vetenskapliga artiklar,
konferensbidrag och tekniska rapporter, vilka redovisas i appendici. Till de mer
intressanta resultaten hor att:

Reaktivitetsforluster i hdrdar med plutoniumbaserat brdinsle kan hanteras genom
att hirdens storlek 6kas med jimna mellanrum. Dirmed kan den variation i
acceleratorstyrka som behdvs for att bibehalla en konstant hardeffekt begrinsas
till mindre &n en faktor tvd. Inforande av neutronabsorbatorer i hérden
(borkarbid) kan mojligora hérdare neutronspektra och ddrmed hogre
klyvningssannolikheter for americium. Med 30% borkarbidstavar 1
brénsleknippen som innehaller americium, kan produktionen av curium halveras,
jamfort med icke-absorberande alternativ.

Reaktivitetsaterkopplingarna i en hdrd med uranfria brdnslen dr mycket sma,
varfor den underkritiska hdrden bor utformas med stora marginaler till
brinsleskada. Ténkbara olyckscenarier kan vara att felaktig (for stor)
acceleratorstrom tillfors hédrden, eller att pumpar slutar fungera. Anvindning av
bly-vismut som kylmedel i kombination med nitridbrénsle och stora avstand
mellan brinslestavar visar sig ge tidsmarginaler pa 100 sekunder eller mer innan
brinsleskada uppstér. Berdkningar har visat att ndodkylning av reaktortank vid
pumpstopp kan &stadkommas genom naturlig cirkulation av Iluft, 1 fall
hardeffekten ar relativt lag (80 MWt). Den mest problematiska olyckstypen visar
sig vara ovintade Okningar i acceleratorstrommen, varfor passiva mekanismer
(oberoende av elektronik) for att stinga av acceleratorn behover utvecklas. Olika
passiva mekanismer har foreslagits och redovisas i rapporten.

Uranfria nitridbrinslen mojliggor hogre effekttithet 1 bréanslet samt att
standardmetoder for upparbetning kan tillimpas. Dock behover isotopen kvéve-
15 anrikas for att man skall undvika produktion av radioaktivt kol-14 vid
bestralning av naturligt kvdve. Berdkningar har visat att en anrikningsgrad pa
98% vore tillracklig ett scenario da nitridbranslen anvédnds for transmutation av
endast mindre aktinider. Merkostnaden for anrikningen uppskattades till mindre
an 10% av totala brinslekostnaden.



o En helt ny potential for den effektiva vixelverkan mellan jdrn- och kromatomer
har tagits fram, vilken visade att antalet producerade defekter i modellstal framst
beror pda hur potentialen ser ut vid korta avstind mellan atomerna.
Migrationshastigheten for defekterna beror ddaremot mer pd vixelverkan vid
langre avstind.

o En 1 GeV proton ger upphov till c:a 15 primdra spallationsneutroner, varav
sjutton procent har energi hogre &n 20 MeV. Multiplikation genom
neutronutslagning leder till att ett bly-vismuttarget kan producera runt 25
neutroner per proton. Inbromsning av spallationsneutronerna genom inelastisk
spridning gor dock att dessa har en medelenergi som ar ldgre dn medelenergin
for klyvningsneutroner nér de gor entré i briansleelementen.

o Merkostnaden for att transmutera allt plutonium och americium som produceras
av svenska lattvattenreaktorer i ADS uppskattades till 12 o6re per kWh
kdarnkraftsel. Genom att anta atercykling av plutoniet som MOX en géng i
lattvattenreaktor minskade till 8 6re per kWh. Konservativa antaganden om
utbranning (10%) och tillgédnglighet (70%) for acceleratordrivna reaktorer
gjordes i1 denna studie, varfor merkostnaderna i praktiken torde kunna minskas
ytterligare.

Den forsta skarpa versionen av den Monte Carlo-baserade utbranningskoden MCB blev
fardig och har slidppts for distribution via NEAs databank tillsammans med 3 olika
temparatureberoende kérndatabibliotek. Koden mojligor noggrann simulering av
utbrdnning i ndrheten av starka absorbatorer som exempelvis styrstavar.
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1 INTRODUCTION

The research program in accelerator-driven nuclear transmutation at the Department of
Nuclear and Reactor Physics of the Royal Institute of Technology in Stockholm is
focused on safety aspects of transmutation systems. In order to cover this broad and
complicated topic and to harmonize our activities with international projects in which
we actively participate, our research has been structured into few major workpackages:

e Design of high-performance ADS-core and analysis of its parameters including
dynamics of ADS, emergency cooling systems, radiation stability of materials
and development of advanced fuel for ADS

e Development of simulation tools and nuclear data libraries necessary for
advanced ADS-simulations

e Participation in ADS-related experiments, with a special attention to important
components of ADS (e.g. construction of the spallation target)
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2 DESIGN STUDIES OF TRANSURANIUM ADS
BURNER (SING-SING CORE CONCEPT)

2.1 INTRODUCTION

There is a growing consensus today that radiotoxic inventory of spent fuel may be
reduced by more than a factor of 100 in dedicated reactor systems (critical or sub-
critical) operating on a fast neutron spectrum. Role of such dedicated systems in the
transmutation scenarios is intimately interconnected with the selected plutonium
strategy. In the frame of multi-component concepts, dedicated burners have been
suggested to work in concert with a fleet of thermal and/or fast reactors. In our reactor
design studies (Sing-Sing Core concept, SSC) an alternative approach has been
investigated, when whole TRU vector from spent light-water reactor fuel is directed into
the dedicated, sub-critical incinerator.

The SSC aims at addressing major difficulties associated with TRU recycling by:

e limiting Curium inventories, and thus He production in fuel pins, easing fuel
handling, consequently extending burnup and maximum achievable actinide fission
fraction rates,

e providing negative coolant void reactivity feedback,

¢ limiting burnup reactivity swing, and thus increasing fuel residence time in the
reactor,

e minimizing power peaking, increasing consequently an average power density,

¢ limiting a beam margin available in accelerator, increasing thus grace time to fuel
and cladding damage under postulated design basis accident conditions.

The SSC is a medium power, 800 MWy, lead-bismuth cooled core, employing 99.5%
N enriched TRU mononitride fuel and lead-bismuth coolant. The concept relies on
massive introduction of burnable neutron absorber (B4C) into the reactor core. Boron
carbide acts as an effective shield of thermal neutrons, protecting them from being
captured in even neutron number actinides. Accordingly, build-up of the alpha-emitter
*2Cm is reduced. At the same time, burnable absorber (BA) provides means for an
efficient power flattening (independent of fuel composition and geometry) and
somewhat mitigates reactivity losses.

The introduction of burnable absorbers, on the other hand, deteriorates safety
characteristics of the reactor, particularly coolant void reactivity and Doppler feedback.
Due to lack of favourable prompt temperature feedbacks, loss-of-flow generated
transients of overpower (TOP) can eventually result in cladding and fuel damage,
especially if the accelerator beam is not turned off. One of the remedies, investigated
within the frame of SSC design studies, is a substantial increase in pin pitches,
providing thus sufficient coolant flow to carry out the excess heat from the system until
reactor operator or passive inherent devices can react.

2.2 SPALLATION TARGET

In the design investigation, the special attention was first paid to the utilization of
spallation neutrons in the system [2]. This determines the efficiency of neutron
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multiplication and directly an intensity of the external neutron source that has to be
provided in order to keep the system power constant. The source efficiency of an
external neutron source ¢@*relates the external source neutron multiplication to the
multiplication of a neutron from an average fission as:

. M -1k

— ext =,
¢ M fiss - 1 ks/

where M, is the external source multiplication M..,~=1+VvIVy, v is the average fission
yield, N is the number of fissions per source neutron, & is the external source neutron
multiplication factor and Mj.=1/(1-kep) is the fundamental mode neutron multiplication.
The multiplication of the neutron chain except of the first neutron generation (i.e.
neutrons produced by an external source particle) can be expressed as:

|
1-k/~

I+k, +k ky+k ky-ky+---=
where k; are multiplication factors of fission neutrons.

By introducing ky, the physical model of neutron chain propagation can be conveniently
separated into source and fission parts. The external source neutron multiplication for
spallation is usually obtained in calculation codes per incident particle, e.g. proton, and
appropriate renormalization of results per source neutron is necessary. For this purpose,
in our simulations, we introduce the multiplication parameter &, of a source particle,
which is equal to the number of neutrons per source particle (i.e. proton).

The optimal relative axial position of the spallation target beam impact was investigated
in terms of minimizing leakage of neutrons to axial reflectors. Leaked neutrons have
lower probability to enter the reactor core and, consequently, induce fission. The target
height was taken to be 3 m; a beam tube of 15 c¢cm radius was adopted. A proton beam
having a Gaussian shape (beam radius of 7.5 cm) was assumed to impinge on top of the
lead/bismuth target. The proton energy was set to 1 GeV, corresponding to the optimal
neutron gain per source proton and energy unit. The simulations have been performed
by MCNPX Monte Carlo particle transport code executed in coupled proton, neutron,
and photon mode using LA150 data library [4].

It appeared that the neutron leakage is minimized when the target surface is placed 17.6
cm above the core centre for a radius of 20 cm, while for R=50 cm, the optimal position
is z=19.7 cm, see Figure 2.1(a). The slight shift of the optimal position can be attributed
to enhanced diffusion of neutrons in the target material. The corresponding external
neutron multiplication factor was evaluated for a realistic design of a sub-critical system
with target radius of 25 cm and is displayed in Fig. 2.1(b).

Considering a typical active core length of 100 cm, about 8.5% of the neutrons leak
outside the core (2.6% in the forward, 5.9% in the backward direction), which is to be
compared to the 25.6% in the case of target radius of 50 cm (forward 10.8%, backward
14.8%). The total number of neutrons leaking out of the target without entering the core
is showed in Fig. 2.2(a). More than 95% of neutrons enter the core when the fuel pin
length is larger than 1.3 m, for the 50-cm target the corresponding figure is 2.1 m.

12
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Figure 2.1: The axial distribution of normalized neutron flux exiting target of a given
radius (a). The external source multiplication factor kO as a function of beam impact
relative to the core centre (b).
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Figure2.2: The fraction of neutrons not directly entering the reactor core as a function
of active pin length (a). Energy spectra of neutrons exiting target (b).

The spectrum of neutrons escaping the target has been determined for five different
target radii. The results are displayed in Fig. 2.2(b). The probability to induce fission for
source neutrons sharply decreases with increasing target radius (as the actinide fission-
to-absorption ratio drops with decreasing energy). A change of source neutron spectrum
has the largest effect for fertile matrices *°*U and ***Th, while americium, neptunium
and plutonium fission thresholds are lower, at energies of 400-600 keV. Remembering
that fission neutrons are born with a median energy of 1.6 MeV, it is clear that the
source efficiency may fall well bellow unity for targets of any reasonable sizes. The
number weighted mean energy of the spectrum decreases by a factor of five for target
radius increasing from 20 cm to 50 cm. Only 0.4% neutrons are above 20 MeV in the
case of the 50 cm target radius while, 3.2% in the case of 20 cm radius.

It can be therefore concluded that a small target radius is favourable not only from the
viewpoint of gaining fast neutron spectra but also for minimizing neutron losses to the
axial reflector, both effects yielding higher source efficiency.
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2.3 CORE DESIGN

Reactor system investigations have been developed by revising our design of an
accelerator-driven transuranium burner employing burnable absorbers [1]. This design
consisted of four zones containing 84 hexanes, surrounded by one row of a steel
reflector. Six central sub-assemblies were removed and replaced by a target module.

The composition of TRU vector assumed in the studies is corresponding to the aged
light-water reactor spent fuel discharges of average burnup 41 GWd/tHM after 30 years
of cooling. MCNP4C code was used for eigenvalue calculations. Burnup calculations
have been performed by Monte Carlo code MCB (see section 9), integrating neutron
transport simulations with in-flight calculations of reaction rates and nuclide density
evolution.

2.3.1 Refined core

First, the technetium was removed from zone 2, and amount of uranium was adjusted in
order to obtain a flat power profile. Additionally, an appropriate choice of sub-criticality
at BOL (kesr = 0.96) was made in order to accommodate maximum reactivity increases
associated with lead-bismuth coolant voiding followed by fuel decomposition.

2.3.2 Homogeneous vs. heterogeneous modeling

At this stage, before advancing into more elaborate simulations, we investigated a
sensitivity of our results to the modelling approximation of the system geometry. The
self-shielding effects observed in standard fast reactor design can be even more
pronounced in reactor cores with heavy presence of burnable absorbers.

A full pin-by-pin core geometry model of the refined core was thus compared with the
homogeneous approximation, when fuel and absorber pins were smeared together with
the cladding while ducts and coolant in-between individual sub-assemblies were
modelled explicitly. The results of this simulation are displayed in Table 2-1.

In order to dispatch the study and match realistic calculation times, the homogeneous
modelling approach is clearly preferable as calculation times are increased by more than
a factor of five in the case of heterogeneous modelling in order to reach similar 1-sigma
relative statistical errors. On the other hand, homogeneous approximation implies strong
underestimation of a neutron multiplication and sub-criticality level by ~2000 pcm. We
note that the source efficiency remains rather constant at this sub-criticality level.

Table 2-1: Comparison of eigenvalue and source calculations for homogeneous and
heterogeneous designs. In the case of eigenvalue calculations, totally 1 million of
neutrons have been simulated in 100 active histories. 3000 protons were used in a
source multiplication run. Simulations have been performed on a single 1 GHz
Pentium III processor PC running Linux OS.

Design ke Tcalc (min) M,y Tcalc (min) o*
0.94079 + 18.463 + 1.162 +
H
OMOBENCOUS 4 00054 99.3 0.0049 2166.7 50093
0.96086 + 27.461 + 1.119 £
Heterogeneous
£ " 0.00053 308 0.0055 119204 0.0141
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233 Improving core design

In order to improve source efficiency, according to the previous findings, we start to
modify the refined core by decreasing the target radius from 25 to 19.6 cm.
Consequently, power of the system was decreased to 800 MWy, to assure the removal of
dissipated heat in the target. Main parameters of the core are described in Table 2-2.

Table 2-2: Design parameters of fuel pin and pellet

Core power (MWy,) 800
Cycle length (days) 300
k-eigenvalue at BOL 0.96
Target radius (cm) 19.6
Target wall thickness (cm) 0.5
Fuel (U,TRU)N + ZrN
Pellet density (% TD) 0.85
Coolant and target material Pb/Bi
Maximum coolant velocity (m/s) 2.5
Structural material Fe/Cr-steel
Pin design

Active pin length (cm) 100
Pellet inner radius (mm) 1.00
Pellet outer radius (mm) 2.40
Clad inner radius (mm) 249
Clad outer radius (mm) 2.94
Smear density (% TD) 0.67

Comparing to our previous studies, the number of fuel zones have been increased from
four to seven. The most important improvement is, however, that we have removed all
minor actinides from the inner core parts, and located them in fuel pins adjacent to the
absorber pins present in the central core zones. The core consists of three distinctive
zones: the source multiplication zone ensuring effective multiplication of spallation
neutrons, the transmutation zone where all minor actinides are placed and the outer
driver supplying neutrons to heavily poisoned transmutation zones.

Thermo dynamical stability constraints concerning mononitride fuel determine the
maximum linear power rating of fuel pins. In the multiplication zones, the linear power
is limited to 60 kW/m as the fuel centreline temperature cannot exceed 1573 K at which
the stability of AmN is ensured, while linear ratings up to 80 kW/m are permissible in
source and driver zones as thermal conductivity of fuel is enhanced by UN and ZrN,
respectively. The thermal behaviour of CmN is a large uncertainty factor, due to a lack
of experimental data, but thermal conductivity is supposed to follow know decrease
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with increasing proton number. In the driver zones, the fuel was mixed with ZrN in
order to compensate for excessive plutonium reactivity. Uranium-TRU ratios as well as
BA content in the individual zones are adjusted in order to obtain flat power distribution
at BOL.

A triangular pin lattice is adopted keeping core compact and thus maintaining hard
neutron spectrum. The active length of the core is 100 cm, similar to those adopted for
standard fast reactor designs.

234 Impact of the pin pitch

In an approach to the optimised core design, we first investigate an impact of pin pitch
variation on neutronic and burnup performance. For a purpose of these scoping
calculations, we consider a semi-heterogeneous modular design of a transuranium
burner. The core structure is modelled heterogeneously while densities of materials
outside the core were smeared.

The effect of increasing coolant fractions was investigated by enlarging reactor lattice
pitch-to-diameter ratio from 1.883 to 2.448, which corresponds to the coolant volume
fractions of 75.4%, and 85.6%, respectively. These designs are then compared to the
refined design of our 1200 MWy,-core, see Table 2-3. The amount of boron carbide and
minor actinides were adjusted in order to obtain flat power profile in the core. The
relative fraction of pins in source, transmutation, and driver zones was kept roughly
constant, while their total number was adjusted in order to obtain the effective
multiplication coefficient equal to 0.96. The power of the system was kept constant at
the level of 800 MWy, as limited by availability of the target to lead out dissipated heat.

Table 2-3: Data and performance characteristics of individual core design options.
Sub-assembly inner and outer flat-to-flat are 16.62 cm and 17.12 cm, respectively.
The MA/TRU ratio was taken to be 82.5%; 300- days long fuel cycle is adopted.

Parameters Unit Refined ref. [1] P/D=1.883 P/D=2.448
Power MWy, 1200 800 800
k-eigenvalue (keff) 0.960 0.960 0.961
Source intensity at BOL 10"® /s 3.98 2.72 4.21
Beam current increase 2.9 3.5 2.1

o* 1.10 1.24 0.7
S/A (source/transm/driver) 12/72/0 30/66/20 54/126/74
Reactivity loss pcm/cycle 6900 7000 4300
Average linear power kW/m 46.7 40.4 26.3
Average burnup % h.a. 7.6 6.8 4.6
Uranium content %U/S;JFTR 27.1 22.0 16.3
Net Pu consumption kgly 230 177 180
Net MA consumption kgly 43 18 22
Coolant void worth (core pem 19200 -0 1540

and upper plenum voided)
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In the reactor lattices with large pin pitches, both burnup reactivity swing and average
burnup decreases (burnup reactivity swing per percent burnup remaining rather
constant, however). The most pronounced effect is, however, a drastic drop of source
efficiency due to the enhanced neutron thermalization in P/D = 2.448 case. The
consumption rates of plutonium and minor actinides shown to be, however, mainly
determined by core power.

Large volume fractions of coolant enhance core’s potential for decay heat removal,
improving thus safety margins to fuel and cladding damage during reactivity transients
(beam overpower, loss-of-flow, and loss-of-heat-sink). Moreover, large pin pitches have
a beneficial impact on coolant void reactivity. In our core concept, we therefore rely on
enlarging pin lattice up to P/D ~ 2.2. Shortening of the cycle length and application of
batch-wise refuelling strategy then manage the associated decrease in source efficiency.

2.3.5 Optimised core design

For the optimised core design, the flat-to-flat (FTF) of the core sub-assembly was
further decreased to 9.72 cm, allowing thus a finer distribution of fuel and burnable
absorbers in the core. Further decrease of the duct FTF is however not meaningful as
this would lead to an excessive fraction of construction material in the core.

The proton beam impact window was placed 17.2 cm above the midplane of the core in
order to minimize number of neutrons leaking out of the spallation target into the axial
reflectors and maximizing the source efficiency. The gas plenum is located in the upper
part of the core, reducing risks associated with positive reactivity insertion due to gas
release from ruptured cladding. The length of the upper plenum was assumed to be
substantially large, 150 cm, sufficient to accommodate released fission gases and all
nitrogen, would the dissociation of nitride fuel occur.

Figure 2.3: Cross-section of the optimised Sing-Sing core design. The core consists of
four zones: source zones consisting of (U ,Pu)N pins (depicted in yellow), buffer zone
with PuN and B,C pins (in dark orange), transmutation zone containing (Pu,MA)N and
B4C pins (in blue) and driver with (Pu,Zr)N pins (in grey). Core enlargement zones are
depicted in red (30 S/A), green (34 S/A), and orange (38 S/A).
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The outer radius of the spallation target is kept at 19.6 cm and the core now consists of
12 zones, see Fig. 2.3. The distribution of the fuel pins and BA yielding flat power
density at BOL is further summarized in Table 2-4. Three innermost zones are fuelled
with uranium and plutonium, U content ranging from 80% to 60% in zone 1-3. The
amount of MA in TRU fuel of transmutation zones is kept under 30% as pins with
larger MA fractions may start to be difficult to fabricate. In the driver zones, the PuN is
mixed with diluent (ZrN) in order to compensate for excessive plutonium reactivity.

Table 2-4: Sub-assembly design parameters yielding a radial power peaking less than
1.25 at BOL.

Zone 1 2 3 4 5 6 7 8 9 10 11 12

Fuel pins 61 61 e 26 26 26 27 28 29 29 37 37
Pin P/D 1.83 1.83 1.83 2.33 2.33 233 233 233 233 233 233 233

Number S/A 18 24 30 36 42 48 54 60 66 54 96 T8

In order to increase source efficiency, we set up smaller pin pitches in the source zones
while larger in transmutation zones and driver. As the AmN is removed from the source
zones, small pitches does not at accidental conditions (i.e. a sudden increase of beam
power) immediately result in fuel decomposition.

At BOL, the power density peaks in the driver zones, but in the course of the irradiation
the power shifts towards the innermost multiplication zones, see Fig. 2.4(a). Maximum
radial power peaking factor thus always remains under 1.4. However, this “power
swing” behaviour is also responsible for rather low source efficiency being 0.61 at
BOL.

Power profile (relative units) (a)

Fission probability of minor actinides (b)

source rone buffer transmutation zone driver
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Figure 2.4: Radial power density (a) and minor actinide fission probabilities in
individual core zones (b).

The volume fraction of boron carbide in transmutation zones (5-10) is kept at 25-30%,
yielding maximum fission-to-absorption probabilities of **' Am equal to 0.24, a factor of
two higher than for typical designs relying on diluents or moderators, see Fig. 2.4(b).
The neutron spectrum remains fairly constant in transmutation zones, with median
energies ranging from 300 to 400 keV.
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In this study, we incorporate a fuel cycle consisting of four irradiation batches (150 days
long) with 30 days outages for refuelling, see Fig. 2.5(a). The core is enlarged by 30,
34, and 38 sub-assemblies during first, second, and third outage period, respectively.
The beam power in-between outages increases roughly twice. Such a beam margin can
be safely accommodated by the system, providing sufficient time for passive devices or
system operator to respond [see Section 3].

Effective multiplication coefficient (a) Accelerator beam power [MW] (b)
80
0.98 — SSC1 — S$SC1
S$SC2 — SSC2
60
0.96 /
0.94 \ 40 /
0:82 Time [days] 20 Time [days]
600 0 200 400 600

Figure 2.5: Reactivity loss (a) and increase in accelerator power (b) during one
irradiation cycle. Values for present, optimised SSC2 design are compared to the SSCI

figures [1].

The neutronic and burnup characteristics of the optimised core design are summarized
in Table 2-5.

Table 2-5: Neutronic and burnup performance parameters for
optimised core design of the Sing-Sing core (SSC2).

Parameters Unit SSC2
Power MWy, 800
Proton Beam Energy GeV 1
Number of batches 4
Cycle length days 150
Reactivity Loss pcm/%h.a. 1085
Average Linear Power at BOL kW/m 38.6
Average Burnup %h.a./cycle 13.0
U/(U+TRU) content % 19.8
Fissile inventory at BOL kg 3477
Net Pu consumption kgly 171
Net MA consumption kg/y 20
Doppler constant 10° T dk/dT -38.7
BOL Besr pcm 170
Coolant void worth (core and

. pcm -1500
upper plenum voided)
Coolant void worth pem 1900

(only core voided)
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The reactivity loss is about 1000 pcm per percent of TRU burnup and the average fuel
burnup achieved during an irradiation period of 600 efpd becomes 13%. The system
features considerable negative void reactivity worth (upon voiding both core and upper
plenum). On the other hand, limited presence of fertile materials in the fuel results in a
deterioration of prompt fuel temperature feedback. Moreover, in very hard spectrum,
hardly any neutrons reach resonances around 1 keV (2.4 keV for **°Pu and 0.9 keV for
*2py). Due to the low fractions of uranium in the fuel, the effective delayed neutron
fraction PBegr is accordingly very small. The ability of the core to respond to the
postulated design basis accidents is therefore mainly ensured by deep sub-criticality of
the system.

The concentration of higher actinides in the fuel cycle was calculated for mass-
constrained equilibrium assuming 4-year cooling time prior fuel reprocessing.
Equilibrium inventories of higher actinides (americium and curium) in SSC2 showed to
be only weakly dependent on flux level and equals to 15% (in transmutation zones an
average flux level is 2.5-10" n/cm?s), see Fig. 2.6(a). On the other hand, the
equilibrium fraction of curium is highly dependent on a flux level, as shown on Fig.
2.6(b), and in SSC2 core equals to about 1%. This is to be compared to more than 4% in
a CAPRA type spectrum (¢ ~4-10"° n/cm?/s). Due to the high fractions of MA in the
BOL fuel of JAERI ADS MA burners, their equilibrium concentrations of higher
actinides are accordingly larger than for TRU incinerators.

Cm/TRU (b)

0.08 |

; —— JAERI ADS - Na
; —— JAERI ADS - Pb/Bi
0.3 | — ssc2
I 0.06 ' —— CAPRA04/94
—— JAERI ADS - Na |
—— JAERI ADS - Pb/Bi | .
— ssc2 - _
0.2 I —— CAPRA 04/94 5 0.04 ,

: 0.02
0.1 |

¢ [10"n/cm7s] » [10”n/cm?s] |

0.5 1.0 2.0 5.0 10.0 05 1.0 20 5.0 10.0
Figure 2.6.: Equilibrium inventories of higher actinides (a) and curium (b) with respect
to the amount of TRU elements in discharged SSC2 fuel. Fuel cooling time is 4 years.

2.4 CONCLUSIONS

Sing-Sing core concept is based on a massive introduction of burnable absorbers (B4C)
into the core of sub-critical transuranium burner. The core design has been further
optimised in order to limit adverse effects of boron carbide on reactor safety parameters
(coolant void worth) while, at the same time, maintaining favourable core transmutation
characteristics. A special attention was paid to the economy and utilization of spallation
neutrons inducing fission in the reactor system. The source efficiency appeared to be a
strong function of the target radius and axial position of a beam impact with respect to
the active core. We therefore decreased the radius of the spallation target and
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consequently lowered the total core power to 800 MWy. Pin pitches in the
transmutation zones and driver were simultaneously increased up to P/D = 2.33.

The core features improved safety characteristics - coolant void worth being slightly
negative upon the voiding the core and upper plenum from coolant. At the same time,
unprotected loss-of-flow and transient overpower by beam insertion accidents are safely
accommodated such that risks for fuel and cladding damage are minimized. Burnup
reactivity swing was managed by stepwise core enlargement after each irradiation sub-
cycle (batch). The source intensity thus increases by less than a factor of two during the
fuel cycle with fuel average burnup reaching 13%. Problems with lower source
efficiency could be in further studies addressed by optimisation of active fissile column
length and reloading of fuel sub-assemblies in source multiplication zones.
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3 ADS DYNAMICS

3.1 INTRODUCTION

Problems related to the dynamics of ADS have been studied in collaboration with the
Argonne National Laboratory (ANL) of the United States. The main goal of the
collaboration is to investigate whether and how a passive safety strategy can be applied
to ADS. The analysis presented in this section is a selection of work that has been
reported in two recent papers [5] [6] (see Appendices I and II).

Several dynamic features are characteristic and important for the ADS. Inherent
reactivity feedbacks have proven to be excellent means for achieving passive safety in
traditional reactors that operate in the critical mode. However, it is shown that the
course of design-basis accidents in an ADS is relatively insensitive to the values of
individual reactivity coefficients. We examine the role of reactivity coefficients in
accident analysis. We evaluate the potential for passive safety by Doppler reactivity
feedback. The usually desirable negative Doppler effect is an important safety
mechanism in a critical reactor, but the effect is vanishing small in accelerator-driven
systems employing dedicated fuels (free from fertile fuel isotopes such as uranium or
thorium).

We investigate the applicability for inherent shutdown mechanisms. Given the dynamic
characteristics of an ADS, it is necessary to manage the external neutron source in order
to achieve passive shutdown capability. We investigate conceptual designs of self-
actuated shutdown devices. Operating characteristics is obtained by studying dynamics
performance of the Sing-Sing Core (SSC) subject to a set of representative accident
initiators.

3.2 REFERENCE DESIGN AND MODELING

Accident analysis is performed with the aid of the SAS4A safety code [7]. The thermal,
hydraulic, neutronic, and mechanical models employed in the SAS4A computer code
were developed in the U.S. liquid metal reactor development program. These models
have been extensively validated with experimental test data from the EBR-II, FFTF, and
TREAT reactors [8][9][10]. The coolant thermophysical property database used in
SAS4A has been extended to include the properties of lead-bismuth eutectic (LBE),
based on evaluations of available U.S. and Russian experimental data [11][12]. The
combination of experimentally based coolant thermophysical property data with the
already validated, first-principles coolant thermal-hydraulics models in SAS4A provides
a satisfactory basis for conceptual design basis analysis.

In the assessment, we employ a reference design of an ADS to obtain operating
performance data. The reference design is based on the Sing-Sing Core (SSC) concept.
The SSC is a model of an ADS that has evolved at the department of Nuclear and
Reactor Physics [1][2][3]. Basic design parameters are listed in Table 3-1. Further
details on the SSC concept are outlined in previous chapters. A comprehensive model of
the primary system is set-up including a multi-channel model of the core, heat
exchangers, pumps, compressible pool volumes, etc. The primary circuit is illustrated in
Fig. 3.1. The core, heat exchangers, and primary pumps are immersed in a single pool
containing LBE. Coolant temperatures, in steady state, range from 573 K at inlet to 702
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K at the outlet. The reactor vessel is filled with LBE to a prescribed level, with the
remainder of the vessel being occupied by an inert cover gas. The steam generators are
elevated well above the core to promote natural convection.

Table 3-1. Reference ADS design parameters (SSC concept)

Core power, MWth 800
Coolant LBE
Core inlet temperature, K 573
Core outlet temperature, K 702
Flow velocity, m/s 2.5
Volume hot pool, m’ 435
Volume cold pool, m’ 197
Volume inlet plenum, m’ 20
Fuel Nitrides
Composition (core average) 12%MA/73%Pu
15%°U
Pellet inner radius, mm 1.00
Pellet outer radius, mm 2.40
Cladding HT-9
Inner radius, mm 2.49
Outer radius, mm 2.94
P/D 1.83 and 2.33
kesr eigenvalue, BoL, steady state 0.954
Bett, %o 0.160
Doppler constant, Trdk/d T -3.87*10*
Coolant density, dk/dTc -2.28*10*
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Figure 3.1: Model of the primary circuit of SSC

33 THE ROLE OF REACTIVITY FEEDBACKS

A source-driven system does not respond to reactivity feedbacks like a critical reactor.
While the critical reactor is sensitive to reactivity feedbacks, the ADS is not. The ADS
is largely offset from criticality. The net effect is a substantially reduced sensitivity to
reactivity changes. On one hand, this feature is advantageous since it mitigates the
consequences of reactivity insertion accidents; on the other hand, it diminishes the
practical use of negative reactivity feedbacks as a means for natural safety mechanisms
in accelerator-driven systems. We address the latter feature.

To study these characteristics we exposed the reference design to an unprotected
transient overpower (UTOP) event. The initiator for the accident is a sudden increase in
source strength. The intensity of the external neutron source is promptly increased by a
factor of 1.8, corresponding to the insertion of maximum beam capacity at begin-of-life.
It represents a strong transient, integral power increases by a factor of 1.8 within a few
hundred prompt periods. In Fig. 3.2, the effect of subcriticality on the combined
reactivity effect from Doppler feedback (Tdk/dT=-3.87x10*) and coolant density
feedback (dk/dT.=-2.28x10°) is illustrated. The unconstrained response, when no
feedbacks are accounted for, is also shown to facilitate comparison. The response is
calculated for a varying degree of subcriticality, ke=0.954 (reference design), k.s=0.98,
kes=0.995, and k.s=0.9995. Structural reactivity feedback phenomena (e.g. radial and
axial core expansion) are not taken into account. Employing more sophisticated
feedback models is of little interest for our purpose. Fig. 3.2, clearly demonstrates the
response of an ADS subject to reactivity feedbacks (prompt and delayed feedbacks).
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Figure 3.2: Impact of reactivity feedbacks in a source-driven system. Accident initiator
by sudden increase in source intensity (S=1.8*Sy). Subcriticality is a parameter.

The reference ADS (kes=0.954) experiences minor influence from reactivity feedbacks
whereas the close-to-critical system (k.s=0.9995) exhibits strong feedback effects.
Approaching criticality, on the expense of reducing the margin to prompt criticality,
results in stronger feedback coupling. The significance of feedback mechanisms in a
source-driven system depends on the reactivity worth of these feedbacks, i.e. reactivity
coefficients, but more important on the choice of the subcritical level. Thus, taking
advantage of reactivity feedbacks calls for a careful balance between the desired
feedback performance and the subcritical margin. It is seen in Fig. 3.2, that it is not until
we approach a multiplication constant of ke>0.999 (~1$ below critical) that reactivity
feedbacks have a significant influence and possibly could serve as a means for inherent
shutdown. The level of subcriticality being suggested for most conceptual ADS’s is at
least an order of magnitude larger (~10$ subcritical or ker<0.99). It is clear that
reactivity feedbacks will not be as effective a means in source-driven systems as they
are in critical systems. Much stronger reactivity effects, from what is experienced in
traditional reactors, are necessary to effect the source-driven system. Therefore, it is not
practical to implement reactivity feedbacks, by physics or engineering design, as the
sole means to accommodate inherent shutdown. Inherent shutdown must be reinforced
by other means.

34 IMPORTANCE OF DOPPLER EFFECT

There has been considerable interest on the use of so-called “dedicated” fuels as to
achieve maximum transmutation rate in accelerator-driven systems. The dedicated fuels
contain large amounts of minor actinides (Np, Am, and Cm) and plutonium, but lack the
classical fertile isotopes (i.e. "U and *°Th). Subsequent deterioration of safety
parameters, when using such fuels, is well known [14]. While Doppler broadening of
capture resonances is an important reactivity mechanism in a reactor loaded with
uranium fuel, the effect is vanishing small in accelerator-driven systems using dedicated
fuels. The reduction of the fertile inventory and the spectrum hardness are the main
reasons for this impairment. It has been argued that a typical ADS core, based on
dedicated fuels, contain several critical masses, which in principle provides the potential
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for criticality if the fuel is rearranged in a more dense configuration. In the absence of
Doppler effect, such accidents may occur without any restraining prompt negative
reactivity feedback. Provisions for increasing the Doppler effect in dedicated cores have
been proposed. It is possible to enhance the Doppler effect in a fertile-free core by
adding a hydrogenated moderator [15]. The argument is that a softer spectrum allows
more neutrons to appear in the resonance region. Practically all the Doppler effect
occurs below about 25 keV, where cross section variations with temperature are large
[16]. Another possibility is to introduce enough ***U into the core to provide a Doppler
effect of a size significant for safety. 2**U is a main contributor to a negative Doppler
effect. Temperature rise in >*U results in a relatively large increase in the effective
parasitic capture cross section.

We investigated the merits; in terms of safety performance, for enhancing the Doppler
effect in an ADS. By explicitly taking into account the Doppler feedback, we studied
the response following a sudden “source jump” (same as previous transient). The source
transient was chosen because it results in high fuel temperatures, which is the driver for
reactivity input by Doppler effect. Different values for the Doppler constant were
modeled, Tdk/dT=-3.87x10"* and Tdk/dT=-2.71x107, representing a core containing
dedicated fuels and a core containing large amounts of fertile isotopes, respectively. The
results are presented in Fig. 3.3.
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Figure 3.3: Doppler feedback in source-driven systems. Two different subcritical levels
are considered. Accident initiator by sudden increase in source intensity (S=1.8*S).

The Doppler effect has negligible influence on the dynamics of a subcritical assembly
with a multiplication constant of k.=0.954 and a core loaded with dedicated fuel. Even
when the Doppler constant is increased by a factor of seven, by introducing massive
amounts of fertile material, the actual gain in safety performance is small. There seems
to be little benefit for increasing the Doppler effect in an effort to obtain a more benign
response to accidents that remain in the subcritical state. In general, the importance of
the Doppler effect in an ADS is strongly related to the level of subcriticality. There is no
doubt that the Doppler effect is of great value if the system is close-to-critical, see Fig.
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3.3 (kerr=0.9995). It is the main limiting safety mechanism in supercritical excursions. In
that perspective, the Doppler effect must not be excluded as an important safety means
in source-driven systems. The role of Doppler feedback in hypothetical accidents
exceeding the critical margin must be further investigated.

3.5 ACCIDENT ANALYSES

Thermal response of core structures and the time to reach failure under various
accidents influences the requirements on the shutdown system. Knowledge of the grace
period is essential in the evaluation of such devices. The plant must survive long enough
that a passive safety action can be initiated in time to prevent core damage. Our
intention is to study the response in order to assess the requirements on the safety
system and to evaluate possible actions to enhance the performance. We subjected the
reference design to three representative sequences of unprotected (i.e. no shutdown or
plant protection system action) design basis accidents, namely:

a) Unprotected transient overpower (UTOP) by a prompt insertion of maximum
beam power. It is assumed that the steam generators remove heat at a rate of
nominal power (=constant temperature drop in steam generators).

b) Unprotected loss-of-flow (ULOF) by a loss of primary pump power. Feed-
water flow is assumed to remain at its initial value and coolant inlet
temperature is constant (=constant outlet temperature in steam generator).

c) Unprotected loss-of-heat-sink (ULOHS) by a sudden inability of the steam
generators to remove heat (=zero temperature drop in steam generators).

In Figures 3.4 and 3.5, peak fuel temperatures and peak cladding temperatures,
respectively, are displayed as a function of time. Safety margins for the SSC are
indicated. These are based on postulated transient failure temperatures. The stability
limit of the fuel is set to 1573 K, which represents a conservative assumption of the
dissociation temperature of AmN [18]. Mechanical failure limits used to evaluate
cladding failure are based on transient burst tests conducted on unirradiated and
internally pressurized cladding specimens [19].

In the source transient (UTOP), the power “jumps” by a factor of 1.8, see Fig. 3.2. Since
no time is required for heat flow, the fuel suffers a rapid, almost adiabatic thermal
excursion, Fig. 3.4. Coolant and structure are heated at a rate determined by the time
constant of the fuel element. The fuel itself, has the shortest time response and is most
sensitive to source transients. After a few seconds, the fuel pins have adjusted to the
new power level and temperatures temporarily settle in a quasi-stationary level (not
visible in the figure). For an extended period (~30 seconds in SSC), mainly determined
by the primary loop circulation time and the coolant heat capacity, the coolant inlet
temperature remains at its initial value. The steam generators are assumed to remove
heat at a rate of nominal power, resulting in a mismatch in the heat production and heat
removal as the accident proceeds. The net effect is increasing inlet temperature, which
causes the reactor core, coolant, and other components to overheat, inevitably leading to
core damage unless the reactor is shut down.
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Figure 3.4: Peak fuel temperatures in Unprotected TOP, LOF, and LOHS. The stability
limit (1573 K) of americium nitride is shown.
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Figure 3.5: Peak cladding temperature in Unprotected TOP, LOF, and LOHS. The
cladding burst temperature (1333 K) is based on 20% CW 316 stainless steel.

In the loss-of-flow (ULOF) accident, core heat-up occurs at a rate determined by the
flow coast-down. Inertial forces help to push coolant through the primary system for an
extended period. Peak temperatures occur as the pump impeller comes to a complete
rest. Core temperatures and buoyancy forces eventually balance. In the asymptotic state,
flow is sustained by natural convection alone. Reactivity feedbacks have negligible
effect on transient response. For this particular system, an unprotected loss-of-flow
accident should result in little or no damage. The integrity of the fuel and the cladding is
not compromised. The protective oxide film layer on the cladding may suffer some
damage that potentially could harm the cladding in the long run.
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The loss-of-heat-sink (ULOHS) accident tends to be a more slowly evolving accident
than the source transient and the loss-of-flow accident. The accident manifests as rising
inlet temperature, which accompanies loss of primary heat sink. Response time is
determined by the primary loop circulation time and coolant heat capacity. The
prolonged grace period in a ULOHS accident facilitates successful performance of the
safety system. Core damage is inevitable unless safety measures are taken to shut down
the reactor.

In Fig. 3.6, the thermal response of the coolant in the hot pool (located right above the
core, see Fig. 3.1) is displayed. The coolant temperature is an important safety system
parameter since it is related to the heat production in the core. It can be used to sense
power excursions and reduction in coolant flow rate. The coolant temperature may be
used as an actuator for passive safety action.
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Figure 3.6: Coolant temperature in the hot pool.

The thermal response of the coolant in the hot pool following a change in power or flow
is delayed by the heat capacity of the coolant and transport lags. Therefore, it must be
ascertained whether the time response of the coolant is sufficient to serve as an accident
indicator and protect against the fastest transients conceivable in an ADS. Rapid coolant
response is advantageous since it promotes prompt action of the safety system. In
general, UTOP caused by insertion of maximum beam power, is likely to exert the
fastest transient. The absence of any moveable control rods, that may rather quickly add
or remove large amounts of reactivity, diminishes the potential for fast transients caused
by reactivity insertion. Significant reactivity is potentially available in core compaction
or voiding phenomenon, but such sequences stretch over a longer period. It is noticeable
in Fig. 3.6, that during the initial ~200 seconds the temperature increases at the same
rate in all transients. However, source transients introduce the shortest grace period
(with respect to fuel damage), see Fig. 3.4, while the temperature rise in the coolant is
modest. In that sense, source transients impose the highest demands on a passive device
that relies on the thermal response of the coolant.
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3.6 AN APPROACH TO INHERENT SHUTDOWN

Compared to reactivity changes, variations in source strength or source importance have
a strong influence on the ADS. The reactor power is linearly proportional to the source
strength, 10% reduction in source strength yields 10% reduction of power, and so on.
Shutdown of the external source effectively halts the fission process in the entire core.

The shutdown system must be capable of halting the external source before excessive
temperatures are obtained. This may be accomplished by reducing the time required for
the shutdown system to act and by limiting the speed of the temperature rise by design
considerations. As mentioned previously, the fastest credible transient in an ADS is a
source insertion transient. Worst conditions occur when maximum beam power is
inserted in a step fashion at begin-of-life. Source transients result in a rapid, but
bounded power excursion. Consequently, it is unsafe to rely on a safety system to assure
protection in the early phase of a source transient. Instead, protection must be
accomplished through safety-by-design principles, e.g. minimizing the beam output
capability by utilizing an appropriate burnup control strategy. While the speed of the
beam controller may be limited by fundamental means, the capacity of the accelerator
(maximum beam power) is dictated by reactivity losses governed by fuel burnup.
Various options exist, for example, shorter irradiation-cycle time and multi-batch fuel
loading strategy [20], lower power density and higher transuranic inventory [21],
optimal distribution of plutonium and minor actinides [22], use of burnable absorbers
[1]. Safety-by-design relaxes the requirements on the shutdown system.

In UTOP and ULOHS accidents, the grace period may be prolonged by the primary
loop circulation time and the coolant heat capacity. We studied the benefits from
increasing the coolant inventory. Results are summarized in Table 3.2. In effect, 10%
more coolant resulted in ~10% longer grace period, and so on. Typical accidents where
the coolant inventory has an appreciable effect on the response involve situations when
there is a net change in internal energy (primary system). Loss-of-flow accidents do not
necessarily involve any accumulation of internal energy in the primary system, as the
heat-removal rate in the steam-generators may be unaffected. For loss-of-flow
transients, the initial response is determined by the flow coast-down. It may be
influenced by changing the moment of inertia of the pump and by increasing natural
convection.

Table 3-2. Lengthening of the grace period corresponding to a
certain increase in coolant inventory. The slash separates fuel
failure from cladding failure.

Coolant inventory  Grace period, TOP Grace period, LOHS
+10% +12% / +11% +12% / +12%
+50% +56% / +57% +57% / +58%

Taking these circumstances in consideration, our approach is to prolong grace periods,
increase safety margins, and utilize safety-by-design principles, all easing the demands
on the safety system. Prolonged grace periods do not only improve our chances for
successful safety performance but reduces the probability for false actuation and
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interference of the passive system during normal operation. The second objective, in
order to achieve high reliability, is to design simple, redundant and diverse shutdown
systems, and to use components of proven high reliability. Greater complexity generally
means reduced reliability.

3.7 PRELIMINARY CONCEPTS FOR INHERENT
SHUTDOWN

In this section, we suggest some concepts for inherent beam shutdown. The intention is
to demonstrate the basic working principle. Appropriate references are included for
concepts suggested by separate authors.

3.71 Flooding of the beam tube

Shutdown of the external source may be accomplished by flooding the beamtube with
coolant. The main purpose for filling the beam tube is to shift the axial position of beam
impact, which in principle reduces the importance of source neutrons [2]. Actuation
may be based on thermal expansion of coolant or use of bursting disk devices [23].
Several authors have proposed designs that utilize such principles.

C. Rubbia, et al. [24], proposed a technique for the “energy amplifier” in which coolant
rising above a prescribed level activates an overflow path and floods the cavity in the
beam tube. To fill the beam tube, we suggest installing a drainpipe in the shape of a U
tube, shown in Fig. 3.7.

Cover gas ~1 atm

Beampipe
Drainpipe

Liquid LBE

Figure 3.7: Basic scheme for filling the beamtube with coolant through a U tube.
Concept relies on a working moving fluid (IAEA Class B device [25]).

One side of the U tube is open to the cover gas region while the other side is connected
to the beamtube. A portion of the coolant is retained in the U bend, forming a liquid seal
that separates the beamtube from the cover gas region. A liquid column is supported by
the pressure difference. A pressure difference of 1 atm is equivalent to a column height
of LBE of 1 m (11 m for sodium). The inlet is located at a certain height above the
surface. As the coolant expands, it would rise to the inlet, flood the drainpipe, and
subsequently spill into the beamtube. The intake to the drainpipe must be elevated high
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enough to reduce the risk for false actuation. Difficulties may exist if the surface is
seriously disturbed by turbulence and vapor bubbles.

In our reference design, the coolant level rises at a rate of 10 cm/100 K. In Fig. 3.8, the
coolant surface elevation is calculated for unprotected TOP, LOF, and LOHS accidents.
Zero level is the surface elevation at steady-state. The points at which the fuel and the
cladding exceed their safety margins are also indicated. For the source transient
(UTOP), the surface rises approximately 10 cm before fuel failure, corresponding to the
smallest level change yet leading to core damage. In a loss-of-flow accident, there is a
gradual loss of pressure head and the coolant level may actually drop during pump
coast-down. The rate at which the coolant rises can be affected by the geometry of the
vessel.
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Figure 3.8: Rise of coolant level in hot pool in unprotected accidents.

The conceptual design only relies on the integrity of the components and a moving
working fluid. It does not require signals, external power, or moving mechanical parts.
In that case, it is classified as a passive device in category B, in compliance with
IAEA’s categorization of passive systems [25].

Beam chambers typically require high vacuums and chemically clean surfaces to
prevent proton interaction with trapped gas. Filling the beam tube with coolant may
cause serious contamination of the accelerator tunnel. One option is to install a second
beam window at the top of the tube to separate the beam tube from the accelerator
tunnel. If the passive system provokes a shutdown, it may require replacing the beam
tube, however, it is likely the plant needs correction anyhow, to assure its integrity and
to reinstate the original safety function. In that perspective, filling of the beam tube
could possibly serve as a last resort. False actuation, however, must be eliminated.

3.7.2 Alternative Methods

In most pre-conceptual ADS designs, the beam is subject to some bending action before
entering the vessel. Bending of a charged particle beam is normally carried out by
magnets. In principle, a bending magnet could serve as an on/off switch for the external
source. If the magnet is de-energized, the beam would safely end-up in a beam stop,
otherwise the beam is diverted to the target.
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For such a device switching is necessary, e.g. an electrical circuit must open/close,
which limits the safety level achievable by this principle (IAEA Class D device).
Preferably, the passive switch is of a fail-safe type, i.e. unless connection is established
the magnet is off. Possible agencies for actuating such a switch include:

a. A ferromagnetic Curie-point-operated device. Above the Curie
temperature, the magnetization of a permanent magnet vanishes. Such a
device could either be used for switching or in lock-release function
acting on safety rods. Similar devices showed considerable promise for
application in self-actuated shutdown systems in liquid-metal fast breeder
reactors [25]. The Curie temperature of carbon steel is 1043 K.

b. Pressure build-up in the cover gas region (or some other compartment),
due to thermal expansion of the medium could actuate a switch that
operates at a predetermined pressure. A weighted lever or a spring could
set the limiting pressure. Alternatively, thermal expansion of a fixed
mass of a fluid (LBE) in a confined space could perform a similar task.

c. Liquid metal coolants feature temperature-dependent resistivity.
Increasing the temperature lead to higher resistivity. Resistivity rising
above a limiting value could trigger an electrical or magnetic switch.

3.8 CONCLUSIONS

The applicability for passive safety to accelerator-driven systems was studied. The
current study focused on means for inherent shutdown. The usefulness for reactivity
feedbacks was evaluated and some schemes for inherent source shutdown were
suggested.

It seems that inherent shutdown based solely on reactivity feedbacks is fruitless in
accelerator-driven systems. Inherent shutdown must be reinforced by other means. It
was shown that increasing the Doppler effect, by introducing massive amounts of fertile
material, have limited effect on transients that remain in the subcritical state. Doppler
feedback may be important for accidents exceeding criticality. The significance of
reactivity feedbacks, in general, depends on the specific design and in particular on the
choice of the subcritical level. Taking advantage of reactivity feedbacks calls for a
careful balance between the desired feedback performance and the subcritical margin.

Safety analysis indicate that transient overpower accidents, caused by insertion of the
maximum beam power, is likely to exert the fastest transients conceivable in an ADS. In
that perspective, source transients have profound impact on the requirements for a
shutdown device. Safety-by-design principles must be utilized to assure protection
against source transients.

Some concepts to accomplish passive source shutdown were presented. One method is
to block the beam by filling the beamtube with coolant. Actuation may be caused by
thermal expansion of coolant. Other options include shutdown of beam bending
magnets or insertion of shutdown rods by passive means, e.g. ferromagnetic Curie-
point-operated device.

Shutdown of the beam by passive means can provide an important additional safety
feature for accelerator-driven systems. Such systems may contribute significantly to the
reliability of the safety system.
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4 FUEL FOR ADS: "N ENRICHMENT
REQUIREMENT FOR 2™° STRATM ADS
NITRIDE FUELS

3

4.1 INTRODUCTION

The application of nitride fuels in accelerator driven systems requires use of N-15
enriched nitrogen to suppress C-14 production arising due to (n,p) reactions on N-14.
As part of the CONFIRM project [32], see Appendix III, an assessment of enrichment
level required within the Double Strata fuel cycle has been made. The task was
performed in collaboration with CEA/Cadarache.

4.2 CARBON-14

'C is one of the main contributors to the exposure of radio-toxicity in the vicinity of
reprocessing plants, as carbon is typically released in the off-stream gas. '*C is mainly
produced in (n,p) reactions on "N, that is present as an impurity in oxide fuel as well as
in cladding and structural material. According to a study made by BNFL, 4.7% of the
dose to the group of individuals most prone to inhalation exposure from THORP in
Sellafield is due to '*C [27]. If one is to introduce nitride fuels for the purpose ow waste
transmutation, clearly the releases of '*C should not be increased significantly. Use of
nitrogen enriched in °N in the fabrication of transmutation fuels is one way of limiting
such releases.

4.3 THE DOUBLE STRATA SCENARIO

For the present analysis, the Double Strata scenario [29][30] was adopted. In the
particular implementation [33], plutonium from spent UOX LWR fuel is recycled once
in LWRs and then multi-recycled in fast neutron reactors of CAPRA type. All minor
actinides are directed to accelerator driven systems, where they are multirecycled
together with the low quality Pu present in ADS discharges. A nuclear park producing
1000 TWhe was assumed. 6.0 percent of the park power is produced by accelerator
driven systems, 19.5 percent by the CAPRA reactors, and 74.5 percent by light water
reactors operating on UOX and MOX fuel [33]. The minor actinide flow rate into the
2nd stratum is 6.6 kg/TWhe, or 6.6 tons per year for the park considered. The ADS is
assumed to operate on uranium free nitride fuel. The corresponding mass flows are
shown in Figure 4.1.

4.4 MODELING

A fully three-dimensional (pin by pin) model of a sub-critical core similar to the one
proposed by JAERI was made [31]. The Monte Carlo codes MCNPX was used for
simulation of proton and neutron transport in the core [4]. The characteristics of the core
setup are displayed in Table 4-1.
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Table 4-1: Characteristics of the ADS used in the analysis

Core Power 820 MWth
Linear rating (average) 30 kW/m

Spallation target PbBi - 19 cm radius
Sub-criticality at BOL 0.95

Coolant Sodium

Fuel (Puo2,MAg3,Z105)°N
Clad outer/inner diameter 5.9/5.0 mm

Pin Pitch 1.45 PD

Burnup 20% h.a./ 600 EPFD

Burnup was calculated using MCB. The "N enrichment level of the 300 kg nitrogen
present in the core was set to be 99%. Hence uncertainties in '*C production rates due to
self-shielding effects at high enrichment levels could be avoided. The core averaged
cross section for the '*N(n,p) reaction equaled 15 mb. The resulting production rate of
"C in the fuel was 6.7 grams per 300 equivalent full power days. Adopting an
availability factor of 0.8, 6.7 grams '*C equals the annual production of the core.

4.5 NITRIDES VERSUS OXIDES

With 6.6 tons of Minor Actinides to be managed by accelerator driven systems (see Fig.
4.1), 28 of the above ADS cores would be present in the 1000 TWhe park. LWR
plutonium is assumed to be needed only for startup. The annual *C production due to
the use of nitride fuel with 99% "N enrichment then becomes 185 grams.

The release of '*C from reprocessing of oxide fuels being about 3 g/(GWyear) [28], the
contribution of the 1st stratum light water reactors amounts to 300 grams annually. The
Pu managing CAPRA reactors provide another 70 grams, yielding a total '*C release
from oxide fuels equal to 370 grams.

Introduction of nitride fuels for MA transmutation in ADS thus increases releases of "*C
into the atmosphere by about 50%, for an '°N enrichment level of 99%. As '*C from
oxide reprocessing provides less than five percent of the total inhalated dose to high risk
individuals, one may conclude that this enrichment level is sufficient to avoid a
significant increase in dose committments.

4.6 NITRIDE FABRICATION

Pending calculations of cladding damage, we set the fuel residence time to two years,
yielding a final average burnup of 20 percent heavy atoms. Consequently, 33.2 ton of
heavy metal needs to be fabricated into ADS fuel each year, demanding 4.2 tons of
nitrogen. In existing fabrication lines, an open gas cycle is used for converting oxides or
metals into nitrides, and typically about 99% of the nitrogen supplied is lost. A closed
gas cycle would therefore have to be implemented.
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Figure 4.1 Mass flows and "C production in the 1000 TWhe nuclear park analysed in
the analysis. LWRs and Fast Neutron CAPRA reactors use oxide fuels. The ADS is
assumed to operate on nitride fuel, where the nitrogen is enriched in °N.

4.7 5N ENRICHMENT

>N is today used as a tracer in agronomic and organic industry. The world wide market
is about 20 to 40 kilograms annually, and the current cost is about 80 euro/g. The supply
of several tons per year to the 60 TWhe ADS park, would therefore demand an increase
in production capacity by a factor of 100. Accordingly, the specific production cost can
be expected to decrease. Estimations made at CEA point towards a price of
approximately 10 euros per gram, depending on the selected method of fabrication. The
resulting cost penalty for the use of N in ADS fuel fabrication is found to be less than
10%, based on a cost estimation of 2000 euro per kg TRU fuel recently made by NEA
[33](see also Appendix IV).
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5 MATERIALS FOR ADS: MOLECULAR
DYNAMICS STUDY OF RADIATION
DAMAGE IN FE-CRALLOYS

5.1 BACKGROUND

The decisive factor limiting the fuel burnup in fast neutron reactors is swelling of the
cladding material. The discovery of this phenomenon was made in 1969 in the Dounray
Fast Reactor. Since then a large experimental effort has been devoted to finding steel
compositions more resistant to radiation. Consequently, the incubation threshold for
onset of accelerated swelling has been increased from the 20 DPA limit of SS316, up to
100 DPA for austenitic steels like 15-15Ti, and up to 200 DPA for certain ferritic steels,
with the 9Cr-1Mo composition (EM10) providing the best performance seen up to date.

Theoretical understanding of the mechanisms responsible for swelling of neutron
irradiated steels has however remained on a qualitative level. The Production Bias
Model (PBM) originally suggested by Woo and Singh has been able to reproduce
swelling rates fce-copper irradiated up to 1 DPA [43]. In this model it is assumed that
aggregation of interstitial clusters during the recoil cascade, and their subsequent one-
dimensional migration to grain boundaries is the main driver for swelling. The well
known difference in swelling rates between FCC- and BCC-crystals, has so far not been
possible to explain within the PBM framework. A number of molecular dynamics
simulations of interstitial cluster formation has been performed for pure BCC-iron [36]
indicating differences in cluster size and formation rate with respect to FCC-copper but
not being able to explain experimental findings. The conclusion is strongly dependent
on the validity of the effective interaction potential adopted in the simulations. A
potential of Finnis-Sinclair type, further developed at Liverpool University [36], was
used in all of the above listed references. This potential should be able to correctly
describe the initial phase of the recoil cascade, but the long range behavior is more
uncertain, especially when comparing to the EAM potential for BCC-Fe developed by
Simonelli and Farkas [40]. It thus appears important to improve the quality of the
existing potentials.

There is still an uncertainty in the behavior of pure iron subject to high energy recoil
cascades, e.g. the measured swelling rate varies from 0.03% per DPA up to 0.5% per
DPA at the same temperature. A more consistent experimental picture has emerged for
FeCr alloys. Irradiation of FeCr alloys with varying fractions of Cr have been made in
EBR-II, FFTF, DFR and BR-10 [38]. At doses below 15 DPA (where impact of He
generation would be possible to neglect), the data exhibit maximum swelling rates for
Cr concentrations ranging from 9 to 12 percent. The DFR and BR-10 irradiation further
show that adding 2-6 percent of Cr leads to a pronounced decrease in swelling as
compared to pure Fe.

Therefore, the implementation of a Fe-Cr potential in the MD simulations may give us
important information on basic mechanisms responsible for swelling, that would be
difficult to elucidate in pure Fe. In what follows, we will describe the work made at
KTH on the development of an EAM potential for Fe-Cr, and its impact on the
formation probability of interstitial clusters in high energy recoil cascades. Special
attention is devoted to the fact that the bulk modulus of Fe-Cr exhibits a sharp minimum
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at 6-7% of Cr concentration, coinciding with the minimum in swelling seen in the low
dose irradiation experiments.

5.2 GENERAL CONCEPT AND STRUCTURE OF THE FE-CR
POTENTIAL

The Embedded Atom Method (EAM) has its roots in the density functional theory
where the energy of the system of atoms is given by the functional of its electronic
density. The atom energy is expressed as a sum of a pairwise (electrostatic) interaction,

0 (r), depending on the scalar distance between the atoms and a many body term, F(T),

representing the quantum mechanical energy to embed the atom into a homogeneous
electron gas of a certain local density. The complete EAM energy expression in the case
of the Fe-Cr binary alloy requires definitions for the Fe and Cr pair potentials, the
mixed Fe-Cr pair potential, and for the embedding functions for Fe and Cr [42].

At large distances, i.e. around and after the first neighbor distance the pair interaction
for Fe and Cr as well as the mixed Fe-Cr pair interaction are described by the long range
potentials developed by Simonelli and Farkas [40][37]. The free parameters of the Fe
pair potential are calculated to fit experimental data such as the lattice constant, the
unrelaxed vacancy formation energy and the elastic constants. The same approach is
used for the Cr pair potential. However, due to the negative value of the Cauchi pressure
the reproduction of the elastic constants for this material is very complicated. The Fe-Cr
alloys of interest here are with relative low Cr content (up to 20%) and we have
assumed that the exact fitting to the elastic constants of pure Cr is not significant. The
parameters of the mixed pair potential are fitted to thermodynamic measurements of
heat of mixing of Fe-Cr alloys and to predicted variation of the lattice parameter with
the Cr concentration.

These pair potentials can not be directly used to simulate radiation induced cascades
since they can not describe interactions inside the nearest neighbor distances. Therefore,
we have modified the Simonelli potential by smoothly transforming it into the Born-
Mayer potential, which reproduces sensible

values for the displacement threshold energy 2pon .

[36], and to the screened Coulomb potential.
The modification affects the shape of the
potentials at short distances and does not 1800
change their properties at large distances listed
above.
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fitting the cohesive energy to the Rose 1500 ¥

universal expression, which gives the state of |
expanded or compressed perfect crystal as a 2 40 60 80 100
function of the interatomic separation. The  rigyre 5.1: Bulk modulus [kbar] vs
bulk modulus is an important parameter in the
equation. When performing simulations for
Fe-Cr alloys with a low Cr content, it is reasonable to fit the Cr embedding function to
the alloy bulk modulus for the actual Cr content instead to a pure Cr. According to the
experimental results, the bulk modulus value is a non monotonic function of the Cr
concentration in the FeCr alloy, having a well pronounced minimum around 6-7% Cr
(Fig. 5.1). The location of this minimum coincides with the region of Cr content where

Cr concentration [%]
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the Fe-Cr alloys show minimum swelling. Therefore it is important to investigate how
sensitive is the embedding function, and consequently the defect properties, to the bulk
modulus value. The cascade simulations in the FeCr alloy reported in the ext section
correspond to 7% Cr content in the alloy.

5.3 IMPLEMENTATION OF THE FE-CR POTENTIAL TO
MOLECULAR DYNAMICS SIMULATIONS.

It has been found that the integral characteristics of the radiation damage such as the
total number of the defects and displacements support the power law empirical formula
[34] and the previous published results based on the modified N-body potential of
Finnis and Sinclair. The presence of Cr atoms has little effect on the integral cascade
properties. The potential favor <111> structures which is in agreement with earlier
investigations relating the <111> defect orientations to the long range of the potential.

In contrast to the conclusion above, substantial differences have been observed in the
defect configuration, clustering and mobility. For pure iron, the new potential predicts a
formation of more extended defects (e.g. crowdions or larger structures), enhanced
clustering and 1D collective motion of large sets of parallel crowdions. In general, the
mobility is high with no direct relation to the size of the parallel structures. The
individual crowdions jump almost independently but keep the compact arrangement.
The vacancies remain immobile during the period of investigation. The 1D motion
involves dumbbell-crowdion transformation. Crowdions close to <111> orientation
may rotate and join a parallel set of <111> crowdions when passing close to it.

Figure 5.2: Snapshot of the defect structure in Fe-7Cr alloy at 0.4 ps after the
generation of 5 keV Fe recoil in the central region of the box.

No such clustering and aggregation of defects have been observed in the Fe-7Cr alloy.
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An intriguing tendency of increasing of the Cr content in the defect structures with the
time has been recorded. Typical cascade development for 5 keV recoil is illustrated in
Fig. 5.2. Only displaced atoms are shown. The blue, read and yellow balls denote a
vacancy, Fe or Cr interstitial atom, respectively. The damage region is expanding and
rows of displaced atoms are created along the close packed directions. About 7% of the
displaced atoms are Cr atoms reflecting the original Cr content in the alloy. With the
time most of the atoms return to their original sites. The recombination of Fe atoms is

stronger which increases the fraction of the Cr atoms in the SIAs clusters of the alloy
(Fig. 5.3).
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Figure 5.3: Time evolution of the the Cr content in the displacements for Fe-7Cr

5.4 CONCLUSIONS

Further improvement of the potential parameters and their fitting to alloy properties is
necessary. Heat of mixing as a function of the Cr content obtained from ab initio
methods is one of the important parameters. The MD simulations will focus on
calculations of migration barriers, cluster binding energies and other data needed to
describe defect evolution and to approach methods like PBM or KMC. A special
attention should be devoted to simulations of cascade development in a non perfect
lattice, e.g. including dislocations.
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6 ADS SAFETY: EMERGENCY HEAT
REMOVAL AND ACCELERATOR BEAM
STOP DEVICES

Studies of the emergency heat removal and other aspects of ADS safety is a joint project
in the frame of the collaboration with the Joint Research Centres (JRC), first JRC in
Ispra and then with the JRC in Petten.

6.1 INTRODUCTION

Emergency decay heat removal studies by natural air convection and thermal radiation
from the guard vessel surface has proceeded, for example has the importance of
chimneys been investigated for an Reactor Vessel Auxiliary Cooling System (RVACS)
[44]. All calculations were based on Ansaldo’s design of an Accelerator Driven System
[45]. Most studies involved simultaneous Loss-Of-Heat-Sink (LOHS) and Loss-Of-
Flow (LOF) accidents. Moreover, some investigations have been performed on a
250M Wt reactor with the same vessel geometry as for the SOMWt design.

To ensure low temperatures of the structural materials during accident scenarios, it is
important to interrupt the accelerator proton beam in order to reduce the heat
generation. A beam-stop device of the type, which fills the beam pipe reduces the
maximum temperature increase significantly. The period of time before rupture is about
5-10 minutes depending on the thermal capacity of the whole system.

Currently another type of beam-stop device is designed, which will not fill the beam
pipe with Pb/Bi. This device will passively respond to steep temperature transients of
about 20C/sec within less than 10 seconds.

The Computational Fluid Dynamics (CFD) code STAR-CD is used in all calculations
[46].

6.2 RESULTS

6.2.1 Emergency Decay Heat Removal

In accidents where the normal heat removal systems are not functional an efficient
decay heat removal is important in order to reduce the period of time the vessel is
exposed to elevated temperatures. The ultimate resort to remove the decay heat of most
metal-cooled designs is the Reactor Vessel Auxiliary Cooling System (RVACS), see
Fig 6.1 [47]. These systems are driven by natural air convection alone and are
consequently totally passive. They also function during normal operation and
consequently add a small parasitic thermal loss.
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Figure 6.1: Reactor Vessel Auxiliary Cooling Systems on a Power Reactor Innovative
Small Module design.

Emissivity

To increase the emissivity on the surfaces of reactor vessel and the guard vessel was
examined on an 80MW?t design. An increase from 0.7 to 0.9 reduced the maximum
temperature peak of the hottest section of the reactor vessel wall by 29K. Naturally, this
is because the radiation heat transfer rate is increased between the vessels. This
tendency will be more important at higher vessel temperatures since the thermal
radiation heat transfer is proportional to (reactor vessel wall temperature)4 — (guard
vessel wall temperature)’. The temperature evolution at the hottest section of the
reactor vessel wall can be seen in Fig 6.2.
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Figure 6.2: The temperature evolution above the heat exchanger in the reactor vessel
after a simultaneous LOHS and LOF accident.

Chimneys

To increase the length on which the static pressure difference between the cold
downcomer and the warmer riser of the RVACS one can build chimneys. It was
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investigated how straight chimneys and chimneys with bends influence the decay heat
removal. The calculations showed that straight chimneys have the best performance,
which is due to that the pressure losses are less than for the case with chimneys with
bends. The temperature evolution and geometrical mesh set-up can be seen in Fig 6.3

and 6.4.
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Figure 6.3: The temperature evolution above the heat exchanger in the reactor vessel
when using straight chimneys and chimneys with bends.

Figure 6.4: Set-up of the mesh for the case with chimneys with bends.

6.2.2 Accelerator Beam Stop Devices

Earlier version

One beam-stop device has been designed based on the idea that a disc on the proton
beam pipe would break as a certain coolant temperature was exceeded, see Fig 6.5. This
would result in a flooding of the beam pipe and a relocation of the impact point of the
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proton beam from the core region to the upper section of the reactor vessel. Thus, the
heat generation in the core is reduced to decay heat level.

For the 80MW?1 design it was shown that a melt-rupture disk significantly increases the
grace time until the accelerator beam stop is really necessary, see Fig 6.6.
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Figure 6.5: Design of the melt-rupture disc [47].
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Figure 6.6: Comparison of the temperature evolution in the reactor vessel wall for
immediate beam-stop, 30min delayed beam-stop, and no beam-stop but using a melt-
rupture disc.

New beam-stop device

The new beam-stop design is now under patenting process.

The new beam-stop device switches off the proton beam, instead of filling the proton
beam pipe with Pb/Bi. Thus, the vacuum pipe does not have to be replaced in case the
beam-stop is activated, as was necessary for the older version of the beam-stop, see
above.

Another advantage is that it will respond faster to steep temperature gradients. The new
beam-stop will respond within about 7 seconds if the temperature increase is 20 K/sec.
Such temperature gradients could develop for example in the Sing-Sing core in a LOF
accident.
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7 ADS RELATED EXPERIMENTS

7.1 MUSE

7.1.1 Introduction

A large number of numerical simulations have been performed to investigate neutron
source effects in a sub-critical media. The core has been successively coupled to a (d,d)-
source, a (d,t)-source and a spallation source. The investigations have focused on the
neutron energy spectra in the fuel, the source efficiency ¢* and on the high-energy
spallation neutron effects. The calculations have been performed for some different
models representative of the MUSE-4 experiments [49][50][51] and for different sub-
critical levels. The Monte Carlo codes MCNP [52] and MCNPX [4] and the
deterministic code system ERANOS [53] have been used to perform the calculations.

7.1.2 The Muse-4 Model

A homogeneous model representing one of the sub-critical configurations (SC3)
planned in the MUSE-4 experiments (k.;= 0.95) has been studied. The geometry of the
model is shown in Fig. 7.1. The fuel is MOX fuel with 72% ***U, 21% **°Pu and 5%
py plus small amounts of some other actinides. The fuel is homogeneously
distributed together with the Na-coolant [54]. The axial (z-direction) dimension of the
fuel is 60.96 cm, except in a 21.2 cm wide channel above and below the lead buffer and
the accelerator tube (in the y direction), where it was extended by 10.16 cm. The
sodium-steel reflector ends at z = £61.76 cm. There is also a 10.16 thick axial shield
(not shown in the figure) above and below the Na/SS reflector. The overall dimensions
of the whole model, including the reflector and the shields, are 159 cm x 169.6 cm x

143.84 cm.
zO—p X

Region 0: Accelerator Tube
Region 1: Fuel

Region 2: Na/SS Reflector
Region 3: Axial Shield
Region 4: Radial Shield
106cm]| | | Region 5: Lead Buffer

| ! ’
0 265 | 583 (em)
371

106cm
Figure 7.1: x-y cross-sectional view of the model of the MUSE-4 sub-critical

configuration. The cross shows the position where the neutron spectra have been
calculated, see Section 7.1.3.
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7.1.3 Neutron Spectra

Neutron Leakage Spectra from the Lead Buffer only

The energy spectra of the neutrons exiting the lead region are plotted in Fig. 7.2.
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Figure 7.2: Neutron leakage spectrum at the outer surface of the lead buffer zone for a
(d,d)-source, a (d,t)-source and a spallation source — The surrounding fuel and
shielding are removed!

The following remarks can be made about the neutron fluxes:

e The (dd)-spectrum has a large peak between 2 and 3 MeV, which is the energy
range where the neutrons are born in the (d,d)-fusion reaction. Hence, only a small
fraction of the source neutrons has been slowed down by the lead.

e For the (d,¢)-source, a large part of the source neutrons has been slowed down by
scattering and (n,2n)-reactions in the lead and the spectrum has a maximum at a
little less than 2 MeV. However, 23.4 % of the neutrons exiting the lead buffer have
not interacted with the lead and are still in the 14-MeV peak.

e For the spallation source, most of the source neutrons have been slowed down and
the spectrum has a shape similar to the (d,¢)-leakage spectrum, but with even more
neutrons slowed down. 5.6 % of the neutrons still have energies higher than 20
MeV and 1.5 % higher than 100 MeV.

Neutron Spectra in the Core

The neutron energy spectra in the core resulting from the three different sources were
calculated in the subassembly centred at 21.2 cm from the centre of the core, indicated
with a cross in Fig. 7.1. The neutron spectra of the other sub-critical states (Scl and
Sc2) are not shown here, since they are very similar to the spectra of Sc3.

It is seen in Fig. 7.3 that the three spectra at this position are very similar to each other
and that they are largely dominated by the fission multiplication in the fuel. The two
dips in the neutron fluxes caused by the resonances in sodium (~ 3 keV) and oxygen (~
0.4 MeV) can be seen. The fraction of neutrons still having their initial (source) energy
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is very small (but should not automatically be disregarded) — about 0.2 % of the (d,1)-
neutrons are still in the 14 MeV peak and 0.1 % of the spallation neutrons have energies
above 20 MeV. Hence, we conclude that, for the purpose of computing neutron
spectrum weighted quantities, the presence of the external sources can be considered
“forgotten” beyond a few centimetres into the fuel.

| I
L (0,0)-source

Meutrons Density (Mormalised to Unity)
——

(D, T)-sourde

Spallat|on source

o/

11 0]
Energy (10E-4 1o 10E2 MeV)

Figure 7.3: MUSE-4 neutron energy spectra in the subassembly centred at x=21.2 cm,
y=-5.3 cm, resulting from the three different external sources.

Neutron Energy Spectrum in the Target from Spallation

The neutron yield per proton and the neutron spectrum in a spallation system are very
sensitive to the shape of the target. In this section the energy spectrum of spallation
neutrons as a function of the target radius and target height has been investigated.

a) Energy Spectrum versus Target Radius

In these simulations the target consisted of a cylinder with a fixed height of 50 cm and a
radius varying from 5 to 20 cm (Fig. 7.4). As it is seen in Fig. 7.4, and as expected
(since the neutrons are surrounded by more scattering material), the peak of the
spectrum moves towards lower energies with increasing radius of the lead target. With
the radii of 5 cm and 10 cm, the peaks are at a little more than 2 MeV and a little less
than 2 MeV respectively, while the neutron spectrum in the case of the 20 cm radius
peaks at about 1 MeV.
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Figure 7.4: Neutron energy spectrum of spallation source neutrons versus lead target
radius (z = 50 cm), computed with MCNPX.

b) Energy Distribution versus Target Height

In this case the target consisted of a cylinder with a fixed radius of 20 cm and a height
varying from 25 to 100 cm (Fig 7.5). It is seen in the figure that the distribution of the
neutron yield is relatively insensitive to the height of the target when it is increased
beyond 50 cm, i.e. saturation is reached.
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Figure 7.5: Neutron energy spectrum of spallation source neutrons versus lead target
height (r = 20 cm), computed with MCNPX.
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7.1.4 Description of the Spallation Source and the Primary Spallation
Neutrons

The MCNPX simulations calculating the efficiency of the spallation source neutrons
were divided into two steps. In the first simulation, a large number of protons (1000
MeV) were accelerated towards the lead target (Fig. 7.6). The protons were uniformly
distributed across the beam of radius 2 cm. The angular, energy and spatial distributions
of all neutrons that were created directly from the spallation interactions (primary
spallation neutrons) were recorded. After that the neutron trajectories were immediately
terminated. This procedure produces the spectrum of primary spallation neutrons, i.e. no
secondary neutrons are included.

Figure 7.6: 1000 MeV protons accelerated towards the lead target creating neutrons
via spallation interactions. The generated primary neutrons are “frozen” at the moment
when they are created, and emitted as fixed source neutrons in a separate simulation.

In the second step, these primary spallation neutrons were supplied to the MCNPX code
as fixed source neutrons for separate simulations and the source efficiency was
determined.

The spatial distribution where the primary neutrons were created was found to be rather
limited. Axially, most of the neutrons were emitted in the upper part of the lead target
(77% within the first 20 cm, see Fig. 7.7 A). The radial distribution was found to be
very peaked around the axis of the incident proton beam, about 98% of the neutrons
were created within a 3 cm radius (Fig. 7.7 B).
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Figure 7.7: A) Axial distribution of the primary spallation neutrons. B) Radial
distribution of the primary spallation neutrons.

The energy distribution of the primary neutrons produced by the 1000 MeV protons is
shown in Fig. 7.8. We note that 16.8% of the neutrons have energies higher than 20
MeV and 3.3% of them higher than 150 MeV, and that the neutrons with very high
energy are mainly emitted in the forward direction of the proton beam, as expected.
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Figure 7.8: Energy spectrum of the primary spallation neutrons created by the 1000
MeV protons.

There were about 14.5 primary spallation neutrons produced per 1000 MeV proton.
This value should be compared to the total number of neutrons produced in the lead
target, i.e. around 21 neutrons per proton. Thus, almost a third of the neutrons that exit
the lead target and enter into the fuel are secondary neutrons, most of them created in
neutron spallation reactions and (n,xn)-reactions.

It should be noted that, when calculating ¢* for a spallation system, the results are
directly dependent on the definition of the neutron source. Other source definitions are
possible [54], which will result in different meanings and values for p*.
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7.1.5 Source Efficiency

The relative efficiency (¢*) of the source neutrons was determined for the three
different sources and for the three different sub-critical configurations of the MUSE-4
model.

Definition of ¢*

The neutron flux distribution in a sub-critical core is the solution of the inhomogeneous
balance equation:

Eq. (1)  Ags=Fps+S

where F is the fission production operator, A4 is the net neutron loss operator and S is the
external source. The quantity ¢* which represents the relative efficiency of external
source neutrons, is defined as the ratio of the average importance of the external source
neutrons to the average importance of the fission neutrons [48], i.e.:

<@o*,S >

Ea. (2 «__ <8§>
q() ¢ <¢0*5F¢S>

<F¢, >
where
@o* = The adjoint flux (the everywhere positive solution of
A*gy* = b F * ¢ *) which provides a measure of neutron importance.
eff

<F¢> = Total production of neutrons by fission.

<S§> = Total production of neutrons by the external source.

In the above formula, the brackets imply integration over space, angle and energy.

As some of the integrals in Eq. (2) cannot be directly calculated with MCNP and
MCNPX, another procedure was sought to compute ¢*. By using the balance equation
Eq. (1), the properties of the adjoint flux ¢ *, the 4, F operators and their adjoints A¥,
F*, the source efficiency can be expressed equivalently as

Eq. (3) (p*{l —1}.<F¢S>

keﬁ <S>

Eq. (3) is a simple formula relating the total fission neutron production <F¢> to the
external source, ¢* and reactivity (1 — 1/ k). It shows that, for given values of k. and
<§>, the larger ¢* the larger the fission power produced in the system.

The quantities in the right hand side of Eq. (3) are standard outputs from MCNP and
MCNPX. For simplicity, the production terms will be labelled only F and S in the
sequel.
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Calculations of ¢* for the MUSE-4 Model

The multiplication factor k.4 and the total number of neutrons produced by fission (F)
were calculated for the three different sources and the three different sub-critical
configurations. F* was automatically normalised per source neutron, so S was always
equal to 1. The source efficiency was calculated according to Eq. (3). All results
including error estimations are listed in Table 7-1.

Table 7-1: MCNP/MCNPX results for the MUSE-4 Sc1, Sc2 and Sc3 configurations.

Source ke F o*
(D,D)-Source 140.2 (1.6 %) 1.35 (£ 0.024)
Scl  (D,T)-Source 0.99045 (= 8 2232 (= 1.7%) 2.15 (£ 0.040)
pcm)
Spallation Source 0.99040(+ 8 pcm) 236.3 (2.0 %) 2.29 (% 0.050)
(D,D)-Source 442 (*09%) 1.36 (£ 0.015)
Sc2 (D, T)-Source 0.97007 699 (£1.0%)  2.16 (£ 0.024)
(£ 14 pcm)
Spallation Source 0.96992 72.6 (£1.2%)  2.25(=0.030)
(£ 15 pcm)
(D,D)-Source 0.94982 254 (0.6 %)  1.34 (£ 0.009)
Sc3  (D,T)-Source (+ 14 pcm) 40.1(£0.5%)  2.12(x£0.013)
Spallation Source 0.94993 419 (=0.7%)  2.21 (£0.020)
(£ 15 pcm)

The energy of the (d,d)-source neutrons (2-3 MeV, see Appendices V and VI) is only
slightly larger than the average energy of a neutron produced by fission. The ¢* value
for the (d,d)-source is therefore expected to be equal or slightly larger than 1, which is
indeed the case.

In the case of the (d,#)-source, the reason for the higher values of ¢* is the larger fission
rate, part of which coming from fissions induced by the neutrons multiplied by (n,2n)-
reactions in the lead buffer. It is seen in Fig. 7.9 that the number of fission neutrons per
source neutron is large, approximately 58 % larger than for the (d,d)-source. It is also
seen in Fig. 7.9 that the (n,2n)-cross section in lead has a threshold at about 7 MeV,
which is the reason why this reaction is insensitive to the (d,d)-source neutrons. At 14
MeV the value of the lead (n,2n)-cross section is about 2 barns, which is comparable to
the fission cross section in **’Pu and in **U.

Concerning the spallation source neutrons, the values of ¢* obtained in the simulations
are somewhat higher than for the (d,#)-source. This is due to the fraction of neutrons
having a very high energy. Most of the neutrons from the spallation process are born
with an energy lower than the (n,2n)-cross section threshold in lead, but the neutrons
with very high energy contribute significantly to ¢*, as will be shown in Section 7.1.6
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Figure 7.9: Neutron microscopic cross sections for Pu-239 fission, U-238 fission and
(n,2n)-reactions in Pb-206, -207,-208. (ENDF/B6.4)

It is also seen in Table 7-1 that, for all three sources, ¢* remains approximately constant
or increases slightly as k., increases. This trend will be further discussed in the
following section.

Dependence of ¢* on Neutron Importance and Kg

The dependence of the source efficiency on neutron importance @* was investigated for
a wider range of sub-criticality (k,y = 0.70 to 0.996), for a (d,d)- and a (d,t)-source,
using a spherical model consisting of a buffer core (lead or ***U with r =10 c¢m) and
MUSE-4 type fuel. Only a limited class of importance variations was considered. The
results are plotted in Fig. 7.10.
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Figur 7.10: @* versus key for spherical configurations with a buffer of lead or Py
(r=10 cm) and MUSE-4 type fuel, coupled to a (d,d)- and a (d t)-source. The neutron
importance and key were changed by varying the fuel radius from about 48 cm (ko ~
0.70) to 68 cm (key = 0.996).
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Instead of plotting the ratio ¢* / (1/key — 1) versus ke which would reflect the rapid
increase of < F¢p; >/< S > (and therefore of the fission power) as k. approaches unity,

we focused instead on the behaviour of ¢* versus k.. The neutron importance (and
therefore k.;) was varied by changing the outer radius of the fuel from approximately 48
to 68 cm. It is seen in Fig 7.10 that ¢* shows the same almost constant or slightly
increasing trend in the interval k.= 0.95 to 0.99, for the spherical configurations with
the lead buffer, as already observed for the MUSE-4 model.

The first case (Case 1) is a sphere consisting of a lead core surrounded by fuel with
approximately the same material composition as the MUSE-4 model. ¢* increases
slightly but constantly in the interval k.= 0.70 to 0.996. The importance of the (n,2n)-
effect is also demonstrated by replacing the (d,¢)-source by a (d,d)-source (Case 2),
which results in significantly lower values of ¢*. The curve shows the same increasing
trend as for the (d,¢)-source.

In Case 3, when the lead buffer at the centre of the sphere is replaced by **U, a large
increase in @* occurs at all sub-criticality levels because of **U fissions. The same
increasing trend as with the lead buffer is not observed here as ¢* remains nearly
constant.

The statistical errors of the ¢* values are rather small in the range 0.70 < k. < 0.99 —
less than 1 % (%1 standard deviation), while around 2.5 % for the very last point (ks =
0.996). In the absolute vicinity of criticality (k. = 0.996) the computation time for
calculating @* grows too large to obtain reliable results.

We conclude that the variations of ¢* with neutron importance are rather small in the
investigated range 0.70 < k< 0.996.

7.1.6 Decomposition of the Spallation Source

Most reactor codes take into account only neutrons with energies lower than 20 MeV.
However, a significant fraction of the neutrons produced by spallation have energies
higher than 20 MeV (Fig. 7.8). The contribution of those high-energy neutrons to the
source efficiency needs to be investigated. For this, the spallation source was artificially
split into two “low-energy” bins (S; from 0 to 5 MeV and S, from 5 to 20 MeV) and two
“high-energy” bins (S; from 20 to 150 MeV and S, from 150 to 1000 MeV).

In order to derive a formula for the low- and high-energy contributions to the source
efficiency, we start from Eq. (3), applied to each source bin

1 Fg;
Eq.(4) % - _1|.=Fei>
kefr <S; >

where

@; = flux resulting from each source bin alone (S; — ¢1, S; — ¢, etc.).

Since < Fgp >= Z?:ﬁ F¢,; >, the following relationship for the decomposition of ¢* is

readily obtained:
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Eq. (5) £ =N ok, S0
q o T ;¢1<ST>

where
¢*r = Efficiency of the total source.

¢*; = Efficiency of each source bin alone.

Calculations Performed with MCNPX

The @* results obtained from the MCNPX simulations are listed in Table 7-2. As
expected, for the first low-energy bin, ¢*; is relatively low (¢*; = 1.24). For the second
bin, it is found to be higher (¢*; = 1.63), since many neutrons have energies above the
lead (n,2n)-cross section threshold. For the two high-energy parts, ¢*; is very high (¢*;
= 4.80 and ¢*, = 13.9), which is the consequence of fissions induced by secondary
neutrons born from (n,xn)-reactions and neutron spallation interactions. The statistical
relative 1o error estimates in the ¢* values are about 1 %.

Table 7-2: MCNPX results for the decomposition of the spallation source, obtained
for the MUSE-4 model (kegr = 0.95013 £ 14 pcm).

Source Bin  Energy intervals <8;> < F¢; > % o* . <S>
(MeV) <S7 > A <§;>p ! <Sr >

C

Si 0-5 0.592 23.5 1.24 0.736 (33 %)

S, 5-20 0.240 31.1 1.63 0.390 (17 %)

S; 20- 150 0.135 91.3 4.79 0.647 (29 %)

S4 150 - 1000 0.033 264.3 13.9 0.458 (21 %)
Sum = 2.23

STD 0 - 1000 1.0 422 2.21

The superscripts 4, B, C and D in Table 7-2 stand for:

A: Fraction of the total number of source neutrons in each energy bin (compare Fig. 7.8).
B: Neutrons produced by fission in the core, per external source neutrons from bin 7.
C: Contribution to total ¢* (Product of column 3 and column 5).

D: Simulation with the total source.

It is also seen in Table 7-2 that the two high-energy parts (16.8% of the total number of
source neutrons), contribute for about 50% of the total ¢*, and the highest energy part
alone (3.3% of the total number of source neutrons) for more than 20%. The sum of the
contributions to @* from the four different parts in the rightmost column, according to
Eq. (5), is 2.23, which is in agreement with the value obtained from the simulation with
the total source (p*7r=2.21).

The rather high average number of fission neutrons produced per source neutron for the
two high-energy bins (91 and 264, respectively) might seem surprising at first. The
explanation for this is that most of the high-energy neutrons from the spallation source
have already been multiplied in the lead (most of them via secondary neutron spallation
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and (n,xn)-reactions) before they enter into the fuel. Each of them gives birth to a
number of lower-energy neutrons, which then leak out of the lead and induce fission
chain reactions in the fuel. Additional simulations in which the lead target alone was
kept show that only about 5 % of the neutrons leaking out of the lead have energies
higher than 20 MeV and about 1% of them higher than 150 MeV.

We conclude that, although neutron transport in the fuel is largely dominated by
neutrons with low energies (E, <20 MeV) which can be well simulated with a number
of classical calculation codes such as MCNP and ERANOS, high-energy neutrons
contribute significantly to ¢*. Further investigating these high-energy effects would be
made easier by extending the neutron data libraries of existing codes from 20 MeV to at
least 150 MeV.

Comparisons between MCNPX and ERANOS

In practice, many hybrid system core studies rely on deterministic codes such as
ERANOS, which do not model neutrons with energies above 20 MeV. It is therefore
interesting to compare the predictions of such codes with MCNPX. While only small
differences are expected in reactivity and power shape predictions (see Fig. 7.11), the
results of the previous section suggest that a rather large impact is anticipated on ¢*.

To verify this conjecture, a small benchmark was defined and calculated with both
MCNPX and ERANOS. This benchmark is a simplified two-dimensional R-Z version of
the MUSE-4 model described in 7.10. The distribution of the primary source neutrons
was slightly simplified to make it possible to use exactly the same sources in both
ERANOS and MCNPX.

gl o MCNPX
Soost
S| ERANOS
=006
5005
S 0.04¢
e
S 003t
(o

= 002t
=)

5 0.01}
LL

D L 1 I

] 10 20 a0 40
Distance from Centre (cm)

Figure 7.11: Radial power profiles computed by MCNPX and ERANOS.

There are at least two ways of calculating ¢* with ERANOS. The first possibility is to
use Eq. (2). However, this requires an adjoint calculation. Another, simpler way is to
use Eq. (3), which may also be written as:
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% -1
Eq. (6) (o*zleiff
-1
J,
where i, =< Fg, >/< Ag, >.

We chose this second alternative.

As can be seen in Table 7-3, ERANOS produces values of ¢* in fairly good agreement
with MCNPX for the two low-energy bins S; and S,, in spite of differences between the
nuclear datasets used by the two codes. The relative statistical 1c error estimates in the
@* values for the MCNPX-calculations are less than 1%.

Table 7-3: MCNPX and ERANOS results for a simplified two-dimensional MUSE-like
model (keffz 0.95).

Source Bin  Energy intervals (MeV) <8;> ©*
<Sr>
MCNPX ERANOS
S1 0-5 0.592 1.20 1.14
S2 5-20 0.240 1.56 1.49
S3 20-150 0.135 4.56 -
S4 150 - 1000 0.033 14.6 -
ST 0 - 1000 1.0 2.17 1.42%

A When simulating the total source with ERANOS, all neutrons above 20 MeV (16.8%)
were placed in the highest energy group (14.2 to 19.6 MeV).

However, since the ERANOS libraries are currently limited to neutrons below 20 MeV,
the value of ¢* for the total source is much lower (@*zranos = 1.42) than the MCNPX
value (¢*yovpxy = 2.17). A large fraction (~ 35%) of the total value of ¢* is actually not
reflected in the ERANOS results. This is something one should bear in mind when
calculating ¢* for a spallation source with ERANOS or any other “low”-energy reactor
code.

7.1.7 Conclusions

The neutron leakage spectra at the outer surface of the lead buffer alone, with the (d,d)-,
the (d,¢)- and the spallation sources coupled to it, have been determined. In the case of
the (d,t)- and the spallation source, most of the source neutrons have been slowed down
when they exit the lead buffer, and the peaks of the spectra are found at a little less than
2 MeV. However, a large fraction of the neutrons still have much higher energies, 32 %
of the (d,t)-neutrons are unperturbed and are still in the 14 MeV peak, and 7.5 % of the
spallation neutrons have an energy higher than 20 MeV. For the (d,d)-source, only a
small fraction of the neutrons have been slowed down and most of them have about the
same energy as when they were emitted (2 to 3 MeV).

The computed neutron spectra in all cases show that fission multiplication dominates at
distances past a few centimetres into the fuel. This implies that, for the purpose of ADS
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core studies, the presence of the source may be ignored in the calculation of spectrum-
weighted quantities, except possibly in the immediate vicinity of the external source.

In the case of the spallation source, created by 1000 MeV protons impinging on a
cylindrical target of lead, the neutron yield has been investigated as a function of the
lead target dimensions. When increasing the radius from 5 to 20 cm the spectrum moves
towards lower energies, as expected, since the neutrons are surrounded by more
scattering material. When varying the height of the lead target, the spallation neutron
moderation reaches saturation at a depth of about 50 cm and the spectrum does not
change when further increasing the height.

The relative efficiency of the (d,d)-source is somewhat higher than 1 (~1.35). For the
(d,t)-source, it is much larger, around 2.15. This significantly larger value is due to the
(n,2n)-multiplication in lead (with an energy threshold at about 7 MeV) and the induced
fissions.

The variations of ¢* with neutron importance (and reactivity) was also investigated for
different spherical configurations. It was found that ¢* remains approximately constant
or increases slightly in the interval 0.70 < £k < 0.996.

To analyse this rather high value of ¢*, the spallation source was artificially split into
four energy bins and the efficiency of each bin was determined. It was found that the
two high-energy bins (E, > 20 MeV) contribute for about 50% to ¢* and to the total
number of fission neutrons produced in the core. This can be explained by the fact that
primary neutrons born with high energy from spallation give birth to a large number of
lower-energy neutrons, which in turn induce fissions. This finding indicates the need for
extending reactor analysis code capabilities above 20 MeV for more detailed
investigations of high-energy spallation neutron effects.

Comparisons of ERANOS and MCNPX calculations of ¢* were found to be in good
agreement for the energy bins below 20 MeV. However, as ERANOS does not take into
account neutrons above 20 MeV, it largely underestimates the total value of ¢*. This
effect should be remembered when calculating @* with reactor codes that do not
account for neutrons above 20 MeV.

7.2 1 MW SPALLATION TARGET DEVELOPMENT

The International Science and Technology Centre Project # 559 “Pilot flow lead-
bismuth target of 1 MWth for accelerator-based systems” is a collaborative project
between Institute of Physics and Power Engineering (IPPE) in Obninsk, Los Alamos
National Laboratory (LANL), Royal Institute of Technology and CEA-Cadarache.
Funding parties of this project are USA, EU and Sweden.

In April 2001 the final thermal hydraulic tests have been performed proving that all the
required conditions for off-beam testing have been satisfied. Appendix VII describes in
details the off-beam tests of the spallation target conducted in Obninsk in April 2001.

The future experiments with this target are under discussion now between partners in
this collaboration. Most probably target will be shipped to the University of Nevada in
Las Vegas (UNLV) for further off-beam tests. For the time being irradiation
experiments at Los Alamos National Laboratory are postponed, if not cancelled,
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because of extremely high costs for experimental hall renovation and adaptation for
suggested target experiments. An international advisory group prepares a program for
common experiments at UNLV

7.3 YALINA EXPERIMENT

Subcritical thermal neutron set-up called Yalina is another interesting collaborative
integral experiment very complementary to the MUSE-facility. A subcritical thermal
neutron assembly is a uranium-polyethylene multiplying system with maximal
multiplication factor kg < 0,98 in a well of a stack composed of high purity graphite
bricks) serving as a lateral reflector. The assembly is driven by an intense neutron
generator wit a D or T target located OUTSIDE the subcritical core (see Figs 7.12 and
7.13) [55].

The assembly is mounted on the movable platform which allows to shift the assembly in
two directions with respect to the ion beam axis. A rectangular lattice has a pitch equal
to 20 mm. Fuel pins consist of 10% enriched U.

Figure 7.12: The subcritical facility Yalina in Minsk. I - neutron generator, 2 - Ti- H
target system, 3 - subcritical assembly, 4 - movable platform, 5 - collimator.

Uranium-polyethylene assembly

Figure 7.13: A detailed view of the Yalina facility.
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Experiments with KTH participation on the Yalina facility are focused on:

e investigation of physics of the subcritical systems driven by a neutron generator,

e measurements of transmutation rates of the fission products and minor actinides,

e investigation of spatial kinetics of the subcritical systems with the external neutron
sources,

e validation of the experimental techniques for subcriticality monitoring, neutron
spectra measurement etc.

e investigation of dynamics characteristics of the subcritical systems with the
external neutron sources in pulse mode of the neutron generator operation.

o validation of the nuclear data and simulation methodology for subcritical systems

o reference experiment for benchmark comparisons.

Fig. 7.14 shows a core model for a Yalina benchmark with comparative results for
different nuclear data libraries.

Figure 7.14: A core model of Yalina-benchmark. Nuclear data sensitivity studies for
key gave the following results:

ENDFB6.6 JEF2.2 JENDL3.2
0.9651+/-.0008 0.9675+/-0.0007 0.967+/-.0007

7.4 SAD PROJECT

KTH together with Joint Institute for Nuclear Research in Dubna and with other
foreign collaborators from CEA-Cadarache, CIEMAT-Madrid, nad FZK-Karlsruhe
have proposed a project to develop and construct a Subritical Assembly in Dubna
(SAD) driven by the existing phasotron accelerator of protons with energy 660 MeV. A
subcritical core will be fuelled with MOX fuel elements containing a mixture uranium
and weapon grade plutonium oxides.

The preconceptual design of the SAD facility has been prepared and is based on a
subcritical MOX core with a nominal thermal power of 20 kW [56] (see also Appendix
VIII). This corresponds to the multiplication coefficient keff = 0.95 for the accelerator
beam power of 1kW.

A design of the SAD installation — see Figures 7.15 and 7.16 - includes:
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* The proton accelerator with energy 660 MeV and maximum power of 2.1 kW;
* Beam transport line;

* Replaceable targets of various length and material: Pb, W, Pb/Bi;

» Subcritical core with fuel elements of a BN-600 type;

* Reflector and radiation shielding;

» Systems of air-cooling of target and blanket;

» Safety and monitoring systems.

Figure 7.15: A predesign of a SAD-core with experimental channels and lead and
beryllium inserts.

The proton beam will impinge on the
target placed in a steel tube.
Surrounding subcritical core will be
set up with MOX fuel placed in a
stainless steel vessel. The lead
reflector will surround the subcritical
core. A small beryllium insert with
experimental channels will be placed
behind the lead reflector in order to
perform additional studies with
moderated neutrons and to increase
experimental flexibility —of this
assembly.

The installation will be placed in
accelerator hall surrounded with a

concrete wall with thickness of about
2 meters. Figure 7.16: A computational model of the

SAD subcritical assembly as simulated for

A standard fuel batch used in a BN- different set-up. (green - lead, violet - fuel
600 fast reactor has been considered

f "y " > elements, blue — stainless steel, yellow-
or the SAD-coer. The distance spallation target (Pb,Pb-Bi or W), rose —
between fuel batch centres has been I
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96 mm. The fuel designed for the fast breeder BN-600 reactor will be adopted for the
core of the SAD-facility. The 127 fuel elements will be located in a hexagonal stainless
steel fuel batch. Fuel elements contain the fuel pallets with 27%PuO, + 73%UO, of
average density of 10 g/cm’. The content of **°Pu in PuO, is not less than 95%. Uranium
in oxide is depleted to 0.4% of *°U.

The following research topics are foreseen for SAD experiments:

Studies of the coupling between a spallation target and a subcritical assembly,

development of techniques for measurement and control of physical parameters of

the facility (e.g. reactivity and subcriticality level)

Measurement of kg and absolute value of a power gain of installation;

Studies of the spallation target including spallation neutron yields and spectra for:

= Different target materials (Pb, W, Pb-Bi)

= Different target sizes

= Different shapes of a target interface surface and optimization of the target
shape.

= Different position of the target in the subcritical assembly. Investigations of the
spallation neutron source importance and the resulting consequence on the
global energy gain of the ADS. All targets will be instrumented for monitoring
neutron and proton fields. Post irradiation analysis of the targets is foreseen.

Validation of the codes and nuclear data spporting development of ADS

%%edﬁc properties of systems using fuels that include Pu with very large fraction of

Pu.

The measurement of the contribution of high-energy (E >10 MeV) neutrons and

protons in particular studies of neutron shielding for a high energy neutron tail.

Post-mortem analysis of the spallation target and special samples (transuranic

isotopes) including radiochemical analysis

SAD project has been recently approved and the setup will be ready for experiments in
about 3 years.

It is worth to mentioned that a number of interesting experiments have been already
performed in a frame of SAD project preparation and those experiments are linked and
coordinated with the mentioned above European MUSE-project.
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8 A COST BENEFIT ANALYSIS OF AN
ACCELERATOR DRIVEN TRANSMUTATION
SYSTEM

The economical costs and benefits associated with a nuclear waste transmutation
strategy have been assessed. An 800 MWy, fast neutron spectrum, subcritical core
design has been used in the study (the so called Sing-Sing Core). Three different fuel
cycle scenarios have been compared.

The main purpose of the studies has been to identify the cost drivers of a partitioning
and transmutation strategy, and to estimate the cost of electricity generated in a nuclear
park with operating accelerator driven systems.

It has been found that directing all transuranic discharges from spent light water reactor
(LWR) uranium oxide (UOX) fuel to accelerator driven systems leads to a cost increase
for nuclear power of 50+£15%, while introduction of a mixed oxide (MOX) burning step
in the LWRs diminishes the cost penalty to 35+10%.

The cost of electricity from nuclear power has been calculated in three different fuel
cycle scenarios. As the reference case a light water reactor scenario without
reprocessing was used (Once through). The two other scenarios use dedicated
subcritical systems to transmute the wastes from the light water reactor park. In one of
the scenarios (LWR UOX + ADS) spent UOX fuel is sent directly to transmutation. The
other scenario (ADS + LWR MOX) contains an intermediate step of plutonium
recycling in the light water reactors.

The costs for producing electricity in these three scenarios range from 24,54 mills/kWh
to 37,24 mills/kWh — Fig. 8.1. Only the production costs were considered. No taxes or
subsidies were taken into account. Once through appears as expected the cheapest
scenario. The advanced fuel cycles show a higher cost of electricity, but are still low
enough to be competitive in a future market with anticipated higher electricity prices.

The full results have been presented in MSc Thesis of D. Westlén (Appendix 1X) and in
[34] (Appendix X).
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Figure 8.1: Overall cost distributions for the three fuel cycles considered. COE is the
abbreviation for Cost of Electricity, O&A - for Operation and Maintenance
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9 CODE DEVELOPMENT

Monte-Carlo Burnup code — MCB 1is an original contribution to the development of
Monte-Carlo based burnup codes. In difference to a simple coupling of Monte Carlo to
“Origen” like burnup codes [57], two original Monte-Carlo burnup codes emerged in
the last few years. The EA-MC code [58][59] simulates steady state particle transport
and perform burnup calculations starting from the initial impinging high-energy
protons, the MCB code performs for today burnup calculations only starting from the
neutron source supplied from the separate high-energy transport calculations or from the
inherent neutron source obtained from criticality calculations.

MCB code is fully compatible with MCNP (version 4C) and complete burnup
calculations can be done in a single run that requires preparation of a single input file
with a very few more data lines compared to a regular MCNP input. A continuous or
batch fuel feed/extraction can be simulated including a possibility of reloading and
shuffling of the fuel elements. The code uses extensive data libraries that covers nuclide
decay schemes, continuous energy transport and reaction cross-sections, isomer state
formation ratios, incident energy and target nucleus dependent fission product yield, and
radioactive hazard indexes. This novel and advanced numerical tool can be used for a
design of various nuclear systems, particularly for simulations of the accelerator driven
systems. The extensive tests on the system were performed on IAEA [60] (Appendix
XI) and NEA [61] ADS-benchmarks data covering both, time evolution of keff and
transmutation of *’Tc. Those benchmarks show a very good performance of the MCB
code compared to other codes.

MCB code has been dispatched to NEA/OECD program library and will be freely
available for the world nuclear technology community through NEA/OECD and RSIC
distribution routines.

Appendix XII gives details of the MCB-code. Appendix XIII presents the results of an
extensive benchmarking.
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10 NUCLEAR DATA LIBRARIES FOR ADS
CALCULATIONS

The final version of the MCB-code dispatch to OECD/NEA program library includes
temperature dependent neutron-cross section data libraries for the temperatures of
300K, 600K, 900K, 1200K, 1500K and 1800K. The following data libraries created at
KTH are freely distributed with MCB code:

e ENDF/B6 version 8
e JENDL version 3.2
e JEF version 2.2
e EAF version 99

This vast amount of data gives a unique opportunity for the users to perform state-of-the
art simulations both for k-eff calculations and burnup evolution.

Neutron and proton cross-section evaluations for >**Th, **U and **°Pu for energy range
up to 150 MeV prepared at KTH in collaboration with IPPE in Obninsk have been
included into data libraries.

66



11  SEMINARS, CONFERENCES AND
INTERNATIONAL INTERACTIONS

The 5™ Accelerator and Transmyation Technology Workshop in Taejon, S. Korea.

Waclaw Gudowski presented KTHs projects. February 2001.

2" CONFIRM meeting in Harwell, United Kingdom. Chaired by Janne Wallenius.
Presentation on R2 core modelling by Janne Wallenius. April 2001

Muon Catalysed Fusion 01, conference in Shimoda, Japan. Presentation on metastable
ppmu molecules by Janne Wallenius. April 2001.

IAEA Fast Reactor Working Group meeting in Semiplatinsk, Kazakhstan. Presentation
of the Swedish ADS-projects. Waclaw Gudowski. May 2001

International Expert Committee for Myrrha project. SCK-CEA Mol. Waclaw
Gudowski. May 2001.

Visit to Dimitrovgrad, Russia: presentation of CONFIRM & preparation of nitride fuel
irradiation in BOR-60 by Janne Wallenius. May 2001.

Visit to Risod laboratory, Denmark. Working meeting on radiation damage modelling.
Attended by Roumiana Chakarova and Janne Wallenius. May 2001.

NEA ADS-Expert Group meeting in Paris. Waclaw Gudowski is co-author of the NEA
comparison studies. June 2001.

Participation is 2nd SPIRE meeting in Madrid. Presentation of calculated recoil spectra
and defect production by Janne Wallenius and Roumiana Chakarova. June 2001.

IAEA ADS Workshop in Trieste. Waclaw Gudowski delivered series of lectures on
ADS. September 2001.

FUETRA cluster meeting in Karlsruhe. Chaired by Janne Wallenius. September 2001

FUTURE kick-off meeting in Karlsruhe. Attended by Janne Wallenius. September
2001.

31 CONFIRM Meeting in Karlsruhe, Germany. Presentations on N-15 enrichment by
Janne Wallenius and R2 core modelling by Jerzy Cetnar. Chaired by Janne Wallenius.
September 2001.

International Conference on Back-End of the Fuel Cycle: From Research to Solutions,
GLOBAL 2001, Paris. ANS (2001). Kamil Tucek (Appendix XIV). September 2001.

GEDEON (French transmutation coordination project) meeting Lyon. Waclaw
Gudowski presented paper on ISTC transmutation related projects. October 2001.

MUSE — EU-project annual meeting in Grenoble. Waclaw Gudowski, Per Seltborg.
October 2001.

XADS EU-project kick-off meeting, Lyon. Waclaw Gudowski, Jerzy Cetnar. October
2001.
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XADS, WorkPackage 4 project meeting in Rome. Waclaw Gudowski. November 2001.

Participation in AccApp/ADTTAOI1, Reno, Nevada. 10 presentations of KTH group.
Waclaw Gudowski, Janne Wallenius, Jerzy Cetnar, Kamil Tucek, Marcus Eriksson,
Daniel Westlén. November 2001 (Appendices II, III, IV, VI, VIII, X, XI, XIII, XIV,
XV)

Transmutation fuel workshop in Idaho Falls. Presentation of CONFIRM and prospects
of BOR-60 irradiations. Janne Wallenius. November 2001

Radiation damage network (ITEM) meeting in Fontainbleau, France. Janne Wallenius.
November 2001

Workshop on molecular effects in muonic hydrogen cascades and CONFIRM working
meeting at PSI, Switzerland. Janne Wallenius. November 2001

BASTRA and ADOPT EU-cluster/network meetings in Geneve. Waclaw Gudowski.
December 2001

Preparation of ISTC proposal for nitride fuel modelling. Meeting in Cadarache attended
by Janne Wallenius. December 2001.

SAD-project meeting in Warszawa. Waclaw Gudowski. December 2001.

Guest researchers and scientific exchange:

Drs Greg van Tuyle and Kemal Pasamehmetoglu from Los Alamos National
Laboratory. February 2001.

Dr. Alexander Polanski, Joint Institute of Nuclear Research. February-March 2001
Dr. Nikolai Sobolevski, Russian Academy of Sciences, April 2001.
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1. Abstract

The applicability for inherent shutdown mechanisms in accelerator-driven systems (ADS)
has been investigated. The usefulness of reactivity feedbacks is investigated. The benefits, in
terms of dynamics performance, for enhancing the Doppler effect are examined. Given the
performance characteristics of source-driven systems, it is necessary to manage the neutron
source in order to achieve inherent shutdown. The shutdown system must be capable of
halting the external source before excessive temperatures are obtained. We evaluate methods,
based on the analysis of unprotected accidents, to accomplish such means. Pre-conceptual
designs for self-actuated shutdown of the external source are suggested. We investigate time
responses and evaluate methods to improve the performance of the plant protection system. It
is shown that maximum beam output must be limited by fundamental means in order to
protect against accident initiators that appear to be achievable in source-driven systems.

Utilizing an appropriate burnup control strategy plays a key role in that effort.
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2. Introduction

In the design process of advanced reactors, major consideration is given to the utilization
of passive safety systems and inherent safety features. There is a consensus among reactor
designers, supporting the value of passive safety designs. Passive safety systems rely on
natural physical phenomena, such as thermal expansion, fundamental nuclear properties,
gravity, and heat-transfer by natural convection, to perform essential safety functions. The
laws of physics dictate such properties and their effectiveness is not influenced by human
action. In the ideal case, the passive safety design does not require the action of any
mechanical or electrical device, making safety functions less dependent on active
components. The incentives for employing such designs are improved reliability and
simplified operation, both resulting in better safety performance. Besides the obvious
benefits, in terms of safety characteristics, passive designs are valuable means for minimizing

public concern and gaining public perception on new reactor concepts.

Most work on passive safety in the past has been related to study the innovative use of
natural convection, decay heat removal, and inherent negative reactivity feedbacks. Such
schemes have been successfully implemented in many reactor designs, including water-

cooled reactors, gas-cooled reactors, and liquid metal-cooled reactors.

In this paper, we explore the use of passive safety mechanisms to accelerator-driven
systems (ADS). While an intrinsic heat-transport path and sufficient natural convection are
necessary to achieve passive safety in any reactor system, those requirements are of general
character and are treated elsewhere e.g. (Karlsson and Wider, 2000). Our attention is focused
on inherent shutdown capabilities. We evaluate the applicability for such schemes and we

suggest some concepts for that purpose.



3. Reference design and modelling
In the assessment, we employ a reference design of an ADS to obtain essential data and to

verify predictions. Accident analysis is performed with the aid of the SAS4A safety code

(Cahalan, et al., 1994).

The reference design is a model of an ADS that has evolved at the Royal Institute of
Technology, Sweden (Wallenius, et al., 2001) and (Wallenius, et al., 2001). The core has a
nominal power of 800 MWth. It is cooled by liquid lead-bismuth eutectic (LBE) and the fuel
is based on a nitride matrix. Fuel pins are configured in an open pin lattice with core average
volume fractions of 8%/12%/80% (fuel/structure/coolant). The fuel consists of (core
average): 58% plutonium, 12% minor actinides, 14% boron carbide, 10% uranium-238, and
6% zirconium nitride. Uranium-238 is used in the inner zones to compensate for burnup and
poisoning effects (Thcek, 2001). Boron carbide is utilized to increase fission-to-absorption
probabilities in even neutron number americium isotopes. Radial zoning is applied with an
optimized distribution of minor actinides, plutonium, burnable absorbers, and diluents to
mitigate power peaking factors and reduce long-term reactivity swing. Taking advantage of a
multi-batch fuel loading strategy (Yang and Khalil, 2000), where some fuel sub-assemblies
are added to the perimeter of the core on an intermediate time schedule (150 days), the
required beam insertion capacity can be reduced. In the present design, it is necessary to ramp
the beam by a factor of 1.8 to maintain constant power through an irradiation period of 510

days. Basic design parameters are listed in Table 1.

The primary circuit is illustrated in Fig 1. The core, heat exchangers, and primary pumps
are immersed in a single pool containing LBE. Coolant temperatures, in steady state, range
from 573 K at inlet to 702 K at the outlet. In the present design, the inlet flow velocity is set

to 2.5 m/s. Deterioration of the protective oxide film layer on structural material imposes an



upper limit on the flow velocity. The actual limit depends on the temperature and is not well
known, however, it is estimated to be in the range of 2-3 m/s (Novikova, et al., 1999). The
reactor vessel is filled with LBE to a prescribed level, with the remainder of the vessel being
occupied by an inert cover gas. The steam generators are elevated well above the core to

promote natural convection.

A primary system model is set-up in SAS4A, including a detailed multi-channel model of
the core, heat exchangers, pumps, compressible pool volumes, etc. Point kinetics is used for
calculating transient power. The neutronic response between core regions is strongly coupled

and space-time effects may be neglected for our purposes.

4. Applicability of reactivity feedbacks in ADS

Intelligent use of inherent reactivity feedbacks (e.g. Doppler effect, coolant density effect,
structural expansion, etc.) has provided excellent safety characteristics to advanced, critical,
reactor concepts. In the design process of a new reactor, it is simply good engineering
practice to utilize the inherent nuclear properties of the reactor to ensure optimal safety
performance. In particular, operating experience and experiments on liquid metal reactors
have demonstrated that better use of the inherent nuclear characteristics may provide a high
level of safety even in severe accidents where the shutdown system fails completely (Lucoff,
et al.,, 1992). Nowadays, because of design efforts and increased understanding, the safety
characteristics of critical, liquid metal reactors, are considered as a principal advantage. In
that context, it may seem natural to use a similar strategy for ADS’s. However, an ADS does
not respond to reactivity feedbacks like a critical reactor. While the critical reactor is
sensitive to reactivity feedbacks, the ADS is not. The ADS is largely offset from criticality.

The net effect is a substantially reduced sensitivity to reactivity changes. This feature



diminishes the practical use of reactivity feedbacks as a means for natural safety mechanisms

in accelerator-driven systems.

To study these features we exposed the reference design to an unprotected transient
overpower (UTOP) event. The initiator for the accident is a sudden increase in source
intensity. The intensity of the external neutron source is promptly increased by a factor of
1.8, corresponding to the insertion of maximum beam power at begin-of-life. It represents a
strong transient, integral power increases by a factor of 1.8 within a few hundred prompt
periods. In Fig 2, the impact of subcriticality on the combined reactivity effect from Doppler
feedback (Tdk/dT=-3.87x10"*) and coolant density feedback (dk/dT=-2.28x10°) is
illustrated. The unconstrained response, when no feedbacks are accounted for, is also shown
to facilitate comparison. The response is calculated for a varying degree of subcriticality,
kes=0.954 (reference design), ke;=0.98, ks=0.995, and k.;=0.9995. Structural reactivity
feedback phenomena (e.g. radial and axial core expansion) are not incorporated into the
model. Nevertheless, Fig 2 is instructive in that sense it demonstrates the general
characteristics of a source-driven system subject to reactivity feedbacks both prompt and

delayed by heat-transfer.

The reference ADS (k.s=0.954) experiences minor influence from Doppler and coolant
density feedback whereas the close-to-critical system (k.=0.9995) exhibits strong feedback
effects. Approaching criticality, at the expense of reducing the margin to prompt criticality,
results in stronger reactivity feedback coupling. Thus, the significance of reactivity feedbacks
depends on the specific design and in particular the choice of the subcritical level. Taking
advantage of reactivity feedbacks calls for a careful balance between the desired feedback
performance and the subcritical margin. It is clear, however, that reactivity feedbacks will not

be as effective a means in source-driven systems as they are in critical systems. Much



stronger reactivity effects, from what is experienced in critical reactors, are necessary to
impact on the source-driven system. Therefore, it is not practical to implement reactivity
feedbacks, by physics or engineering design, as the sole means to bring an ADS to a safe

shutdown condition. Inherent shutdown must be reinforced by other means.

4.1. Doppler effect

There has been considerable interest on the use of so-called “dedicated” fuels as to
achieve maximum transmutation rate in accelerator-driven systems. The dedicated fuels
contain large amounts of minor actinides (Np, Am, and Cm) and plutonium, but lack the

#2Th). Subsequent deterioration of safety parameters,

classical fertile isotopes (i.e. 2*U and
when using such fuels, is well known (Maschek, et al., 2000). While Doppler broadening of
capture resonances is the most important inherent shutdown mechanism in a liquid-metal
reactor, the effect is vanishing small in accelerator-driven systems using dedicated fuels. The
reduction of the fertile inventory and the spectrum hardness are the main reasons for this
impairment (Maschek, et. al, 2000). It has been argued that a typical ADS core, based on
dedicated fuels, contain several critical masses, which in principle provides the potential for
criticality if the fuel is rearranged in a more dense configuration. In the absence of Doppler
effect, such accidents may occur without any constraining prompt negative reactivity
feedback. Provisions for increasing the Doppler effect in dedicated cores have been proposed
(Tommasi and Massara, 1999). In Table 2, values of the Doppler constant are listed for

various heavy-metal cooled reactors. The Doppler constant for a sodium-cooled reactor is

also included.

The Doppler constant for the dedicated cores (cases 1 and 2) are an order of magnitude
lower than those of the mixed U-Pu fuels (cases 4 and 5) with their large Doppler constant.

Tommasi and Massara (1999), enhanced the Doppler effect in a fertile-free core by adding



some amount of hydrogenated moderator. The Doppler effect obtained in the sodium design
(case 6), by Hill, et al. (1999), surpasses the Doppler values in the lead-based designs by a
factor of two. The argument is that the softer spectrum of the sodium design allows more
neutrons to appear in the resonance region. Practically all the Doppler effect occurs below
about 25 keV, where cross section variations with temperature are large (Hummel and

Okrent, 1978).

We have investigated the benefits; in terms of dynamic behaviour of the core, of
increasing the Doppler effect in an ADS. By explicitly taking into account the Doppler
feedback, we studied the dynamic response following the sudden “source jump” (same as
previous transient). The source transient was chosen because it results in high fuel
temperatures, which is the driver for reactivity input by Doppler effect. Different values for
the Doppler constant were modelled, Tdk/dT=-3.87-10"* and Tdk/dT=-2.71-107, representing
a core containing dedicated fuels and a core containing large amounts of fertile material,

respectively. The results are presented in Fig 3.

The dynamics response, including Doppler reactivity feedback in the reference ADS
(kes=0.954) with dedicated fuel is tiny. Even if the Doppler constant is increased by a factor
of seven, by introducing massive amounts of fertile material, the gain in feedback effect is
small. There seems to be little benefit for increasing the Doppler effect in an effort to
constrain accidents in the subcritical state. In general, the importance of the Doppler effect in
an ADS is strongly related to the level of subcriticality. In a close-to-critical system an
equivalent increase of the Doppler effect would result in significant improvement, see Fig 3
(kes=0.9995). The importance of Doppler feedback in hypothetical accidents exceeding the

critical margin must be further evaluated.



5. Time response

The thermal response of core constituents and the time to reach failure in various
accidents influences the requirements on the shutdown device. Knowledge of the grace
period, as defined by IAEA (1991), is essential in the evaluation of such devices. The plant
must survive long enough that a passive safety action can be initiated in time to prevent core

damage.

The numerical value of the grace period is necessarily specific to the particular design and
is of less interest, but the time responses of accidents. Our intention is to analyze the transient
response in order to assess the requirements on the safety system and to evaluate possible
safety actions to enhance the performance. We may express response times defined by time

constants rather than by absolute values, which has broader range of applicability.

We subjected the reference design to three representative sequences of unprotected (i.e. no

shutdown or plant protection system action) accidents, namely:

a) Unprotected transient overpower (UTOP) by a prompt insertion of maximum beam
current. It is assumed that the steam generators remove heat at a rate of nominal power

(constant temperature drop in steam generators).

b)  Unprotected loss-of-flow (ULOF) by a loss of primary pump power. Feed-water flow is
assumed to remain at its initial value and coolant inlet temperature is constant (constant

outlet temperature in steam generator).

c) Unprotected loss-of-heat-sink (ULOHS) by a sudden inability of the steam generators to

remove heat (zero temperature drop in steam generators).



Constant steam generator boundary conditions are assumed. The actual boundary
condition depends on the particular accident (see above). As an example, the safety margins
for the present design are included in the figures. These are based on postulated transient

failure temperatures, listed in Table III.

The dissociation temperature of minor actinide nitride fuel (NpN, AmN, CmN) is not well
known (Suzuki and Arai, 1998). However, it is known that stable AmN has been fabricated at
1573 K (Takano, et al., 1999). Mechanical failure limits, used to evaluate cladding failure, are
those for 20% cold-worked 316 stainless steel due to lack of reliable data on HT-9.
Mechanical strength properties are based on transient burst tests conducted on unirradiated

and internally pressurized cladding specimens (Hunter, et al., 1975).

In Fig 4 and Fig 5, peak fuel temperatures and peak cladding temperatures, respectively,

are displayed as a function of time.

In the source transient (UTOP), the power “jumps” by a factor of 1.8, see previous Fig 2.
Since no time is required for heat flow, the fuel suffers a rapid, almost adiabatic thermal
excursion, Fig 4. Coolant and structure are heated at a rate determined by the characteristic
time constant of the fuel element. The fuel itself, has the shortest time response and is most
sensitive to source transients. After a few seconds, the fuel pins have adjusted to the new
power level and temperatures temporarily settle in a quasi-equilibrium (not visible in the
figure). For an extended period, mainly determined by the primary loop circulation time and
the coolant heat capacity, the coolant inlet temperature remains at its initial value. The steam
generators are assumed to remove heat at a rate of nominal power, resulting in a mismatch in
the heat production and heat removal. The net effect is increasing inlet temperature, which
causes the reactor core, coolant, and other components to overheat, inevitably leading to core

damage unless the reactor is shut down.



In the loss-of-flow (ULOF) accident, core heat-up occurs at a rate determined by the flow
coast-down. Inertial forces help to push coolant through the primary system for an extended
period. Peak temperatures occur as the pump impeller comes to a complete rest. Core
temperatures and buoyancy forces eventually balance. In the asymptotic state, flow is
sustained by natural convection alone. Reactivity feedbacks have negligible effect on the
transient. For this particular system, an unprotected loss-of-flow accident should result in
little or no damage. The integrity of the fuel and the cladding is not compromised. The
protective oxide film layer on the cladding may suffer some damage that potentially could

harm the cladding in the long run.

The loss-of-heat-sink (ULOHS) accident tends to be a more slowly evolving accident than
the source transient and the loss-of-flow accident. The accident manifests as rising inlet
temperature, which accompanies loss of primary heat sink. Response time is determined by
the primary loop circulation time and coolant heat capacity. The prolonged grace period in a
ULOHS accident facilitates successful performance of the safety system. Core damage is

inevitable unless safety measures are taken to shut down the reactor.

In the unprotected LOHS accident shown in Fig 4, we assumed that the primary pumps
continued to operate. We also studied the response to a combination of loss-of-heat-sink and
malfunctioning primary pumps. The temperature increased much more rapidly as the initial
response, in that case, is mainly determined by the flow coast-down. It turned out that the
grace period in a combined ULOHS and ULOF accident for this specific system was reduced
by 50% compared to an isolated ULOHS. It should be taken into account, however, that it is
likely that a loss-of-heat-sink accident will be in the form of impairment rather than a sudden

and complete loss of heat rejection capability.
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In Fig 6, the thermal response of the coolant in the hot pool is displayed. The coolant
temperature is an important safety system parameter since it is related to the heat production
in the core. It can be used to sense power excursions and reduction in coolant flow rate. Most
likely, an inherent shutdown device will be actuated by the coolant temperature some way or

the other.

The thermal response of the coolant in the hot pool following a change in power or flow is
delayed by the heat capacity of the coolant and transport lags. Therefore, it must be
ascertained whether the time response of the coolant is sufficient to serve as an accident
indicator and protect against the fastest transients conceivable in an ADS. Rapid coolant
response is advantageous since it promotes prompt action of the safety system. In general,
UTOP caused by insertion of maximum beam power, is likely to exert the fastest transient.
The absence of any moveable control rods, that may rather quickly add or remove large
amounts of reactivity, diminishes the potential for fast transients caused by reactivity
insertion. Significant reactivity is potentially available in core compaction or voiding
phenomenon, but such sequences stretch over a longer period. It is noticeable in Fig 6, that
the initial response (<200 seconds) is more or less the same for all transients. However,
source transients introduce the shortest grace period (with respect to fuel damage), while the
temperature rise in the coolant is modest. In that sense, source transients impose the highest

demands on a passive device that relies on the thermal response of the coolant.

6. An approach to inherent shutdown

Compared to reactivity changes, variations in source strength or source importance have a
strong influence on the ADS. The power is linearly proportional to the source, 10% reduction
in source strength yields 10% reduction of power, and so on. Shutdown of the external source

effectively halts the fission process in the entire core.
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Our approach is to design a passive system for the primary purpose to shut down the
source in an emergency. The passive device would be comprised in an overall plant control
system strategy similar to: a) Use an active, regulating system that adjusts the source during
normal operation. The regulating system function is to meet power demand rather than to
shut the reactor down if an accident occurs. b) Use an active Plant Protection System (PPS)
as a first level of protection to shut off the beam in an accident. The PPS would signal on
excess temperature levels, low coolant flows, high neutron flux levels, etc. ¢) Use the passive,
self-actuated, shutdown system providing the second line of protection whenever the PPS
function is not properly carried out. The passive system must be inherently independent of

the normal beam control system.

It should be recognized that system redundancy makes the assumption of PPS failure
highly unlikely. In fact, actual activation of the passive shutdown system must be regarded as

hypothetical. Indeed, it affects the design requirements on the device.

The shutdown system must be capable of halting the external source before excessive
temperatures are obtained. This may be accomplished by reducing the time required for the
shutdown system to act and by limiting the speed of the temperature rise by design
considerations. As mentioned previously, the fastest credible transient in an ADS is a source
insertion transient. Worst conditions occur when maximum beam power is inserted in a step
fashion at begin-of-life. Source transients result in a rapid, but bounded power excursion.
Consequently, it is unsafe to rely on a safety system to assure protection in the early phase of
a source transient. Instead, protection must be accomplished through safety-by-design
principles, e.g. minimizing the beam output capability by utilizing an appropriate burnup
control strategy. While the speed of the beam controller may be limited by fundamental
means, the capacity of the accelerator (beam power) is dictated by reactivity losses governed

by fuel burnup. Various options exist, for example, shorter irradiation-cycle time and multi-

12



batch fuel loading strategy (Yang and Khalil, 2000), lower power density and higher
transuranic inventory (Hill and Khalil, 2000), optimal distribution of plutonium and minor
actinides (Gonzalez, et al., 2000), use of burnable absorbers (Wallenius, et al., 2001). Safety-

by-design relaxes the requirements on the shutdown system.

In UTOP and ULOHS accidents, the grace period may be prolonged by the primary loop
circulation time and the coolant heat capacity. Typical accidents where the coolant inventory
has an appreciable effect on the thermal response involve situations when there is a net
change in internal energy (primary system). Loss-of-flow accidents do not necessarily
involve any accumulation of internal energy in the primary system, as the heat-removal rate
may unaffected. For loss-of-flow transients, the initial response is determined by the flow
coast-down. It may be influenced by changing the moment of inertia of the pump and by

increasing natural convection.

Taking these circumstances in consideration, our approach is to prolong grace periods,
increase safety margins, and utilize safety-by-design principles, all easing the demands on the
safety system. Prolonged grace periods do not only improve our chances for successful safety
performance but reduces the probability for false actuation and interference of the passive
system during normal operation. The second objective, in order to achieve high reliability, is
to design simple, redundant and diverse shutdown systems, and to use components of proven

high reliability. Greater complexity generally means reduced reliability.

7. Inherent shutdown mechanisms

In this section, we suggest some concepts for inherent beam shutdown. The intention is to
demonstrate the basic working principle. Appropriate references are included for strategies

suggested by separate authors.
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7.1. Flooding of the beam tube

Shutdown of the external source can be accomplished by flooding the beamtube with
coolant. The main purpose for filling the beamtube is to shift the axial position of beam
impact, which in principle reduces the importance of source neutrons. Actuation may be
based on thermal expansion of coolant or use of bursting disk devices. Several authors have

proposed designs that utilize such principles.

Rubbia, et al. (1995) proposed a technique for the “energy amplifier” in which coolant
rising above a prescribed level activates an overflow path and floods the cavity in the beam

tube.

To fill the beamtube, we suggest installing a drainpipe in the shape of a U tube, shown in

Fig 7.

One side of the U tube is open to the cover gas region while the other side is connected to
the beamtube. A portion of the coolant is retained in the U bend, forming a liquid seal that
separates the beamtube from the cover gas region. A liquid column is supported by the
pressure difference. A pressure difference of 1 atm is equivalent to a column height of LBE
of I m (11 m for sodium). The inlet is located at a certain height above the surface. As the
coolant expands, it would rise to the inlet, flood the drainpipe, and subsequently spill into the
beamtube. The intake to the drainpipe must be elevated high enough to reduce the risk for
false actuation. Difficulties may exist if the surface is seriously disturbed by turbulence and

vapor bubbles.

In our reference design, the coolant level rises at a rate of 10 cm/100 K. In Fig 8, the
coolant surface elevation is calculated for unprotected TOP, LOF, and LOHS accidents. Zero

level is the surface elevation at steady-state. The points at which the fuel and the cladding
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exceed their safety margins are also indicated. For the source transient (UTOP), the surface
rises approximately 10 cm before fuel failure, corresponding to the smallest level change yet
leading to core damage. In a loss-of-flow accident there is a gradual loss of pressure head
why the coolant level actually drops during pump coast-down. The rate at which the coolant

rises can be affected by the geometry of the vessel.

The basic design only relies on the integrity of the components and a moving working
fluid. It does not require signals, external power, moving mechanical parts. In that case, it is
classified as a passive device in category B, in compliance with IAEA’s categorization of

passive systems (IAEA, 1991).

A straightforward method was proposed by Wider, et al. (1999), in which a melt-rupture
disk is installed in the side-wall of the beam tube. The membrane is in contact with the
coolant. Source shutdown is actuated as the disk fails and the vacuum tube is flooded with

coolant.

Another option is to have a liquid, e.g. LBE, completely fill a sealed container of fixed
volume, see Fig 9. The container is placed in thermal contact with the coolant and it is sealed
off to the beamtube by a rupture disk. When excessive pressures occur then the rupture disk

fractures releasing the liquid to the beamtube.

In general, bursting disk devices tend to be less accurate. The burst pressure/temperature
is unpredictable. The problem is accentuated due to ageing and when used in aggressive
conditions. A drawback is that the disk is destroyed in the action, thus eliminating the
possibility of testing the device prior to its installation or when it is in service. In order to

attain a short time response, the disk must be operated close to its bursting point, which
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increases the possibility for false actuation. Passive safety based on bursting disk devices is

classified in category C, in accordance with IAEA regulation.

Beam chambers typically require high vacuums and chemically clean surfaces to prevent
proton interaction with trapped gas. Filling the beamtube with coolant may cause serious
contamination of the accelerator tunnel. One option is to install a second beam window at the
top of the tube to separate the beamtube from the accelerator tunnel. If the passive system
provokes a shutdown, it may require replacing the beamtube, however, it is likely the plant
needs correction anyhow, to assure its integrity and to reinstate the original safety function.
In that perspective, filling of the beam tube could possibly serve as a last resort. False

actuation, however, must be eliminated.

7.2. Alternative methods

In most pre-conceptual ADS designs, the beam is subject to some bending action before
entering the vessel. Bending of a charged particle beam is normally carried out by magnets.
In principle, a bending magnet could serve as an on/off switch for the external source. If the
magnet is de-energized, the beam would safely end-up in a beamstop, otherwise the beam is

diverted to the target.

For such a device switching is necessary, e.g. an electrical circuit must open/close, which
limits the safety level achievable by this principle. Preferably, the passive switch is of a fail-
safe type, i.e. unless connection is established the magnet is off. Possible agencies for

actuating such a switch include:

- A ferromagnetic Curie-point-operated device. Above the Curie temperature, the
magnetization of a permanent magnet vanishes. Such a device could either be used for

switching or in lock-release function acting on safety rods. Similar devices showed
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considerable promise for application in self-actuated shutdown systems in liquid-metal fast

breeder reactors (Sowa, et al., 1976). The Curie temperature of carbon steel is 1043 K.

- Elongation of a metal rod that is submerged in the coolant or bending of a bi-metallic

component could be used as a temperature-sensitive switch.

- Rising coolant levels could elevate a float device that is connected to an electrical circuit.

Alternatively, the medium itself could act as conductor and establish connection.

- Pressure build-up in the cover gas region (or some other compartment), due to thermal
expansion of the medium could actuate a switch that operates at a predetermined pressure. A
weighted lever or a spring could set the limiting pressure. Alternatively, thermal expansion of

a fixed mass of a fluid (LBE) in a confined space could perform a similar task.

- A generator that is connected to the coolant flow may supply power to the bending magnet.
The generator may be driven by mechanical forces or as a reversed electromagnetic pump.
However, the drawbacks include, obstruction of flow in a free-convection mode, need for

significant pumping power, and lack of temperature feedback.

- Liquid metal coolants feature temperature-dependent resistivity. Increasing the temperature
will increase the resistivity. Resistivity rising above a limiting value could trigger an

electrical or magnetic switch.

8. Conclusions
The applicability for passive safety to accelerator-driven systems was studied. The current
study focused on means for inherent shutdown. The usefulness for reactivity feedbacks was

evaluated and some schemes for inherent source shutdown were suggested.
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It seems that inherent shutdown based solely on reactivity feedbacks is fruitless in
accelerator-driven systems. Inherent shutdown must be reinforced by other means. It was
shown that increasing the Doppler effect, by introducing massive amounts of fertile material,
have limited effect on transients that remain in the subcritical state. Doppler feedback may be
important for accidents exceeding criticality. The significance of reactivity feedbacks, in
general, depends on the specific design and in particular on the choice of the subcritical level.
Taking advantage of reactivity feedbacks calls for a careful balance between the desired

feedback performance and the subcritical margin.

Safety analysis indicated that transient overpower accidents, caused by insertion of the
maximum beam power, is likely to exert the fastest transients conceivable in an ADS. In that
perspective, source transients have profound impact on the requirements for a shutdown

device. Safety-by-design principles must be utilized to assure protection to source transients.

Some concepts to accomplish passive source shutdown were presented. Two methods that
seek to block the beam by filling the beamtube with coolant were proposed. Actuation is
caused by thermal expansion of coolant. Other options include shutdown of beam bending

magnets or insertion of shutdown rods by passive means.

Shutdown of the beam by passive means can provide an important additional safety
feature for accelerator-driven systems. Such systems may contribute significantly to the
reliability of the overall plant protection system. At this point, however, considering the
premature nature and the lack of experimental validation, further work is necessary in order

to determine the practicability of the present design concepts.
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Table 1.
Reference ADS design parameters

Core power, MWth

Coolant
Core inlet temperature, K
Core outlet temperature, K
Flow velocity, m/s
Volume hot pool, m’
Volume cold pool, m’
Volume inlet plenum, m’

Fuel composition (core average)

Inner radius, mm

Outer radius, mm
Cladding

Inner radius, mm

Outer radius, mm
P/D

kesr eigenvalue, BOL, steady-state

Beffa %

Doppler constant, Tedk/d T

Coolant density reactivity feedback, dk/dT.

800

LBE

573

702

2.50

435

197

20

Nitrides:
12%MA/73%Pu/
15%U238
1.00

2.40

HT-9

2.49

2.94

1.83 and 2.33

0.954
0.100

-3.87-10"
-2.28-10°¢
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Fig 1. Primary circuit of reference ADS design
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Fig 2. Impact of reactivity feedbacks in a source-driven system. Accident initiator by
sudden increase in source intensity (S=1.8*S,). Subcriticality is a parameter.
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Table 2. List of Doppler constants in various LMR designs

CaseTdk/dT  Fuel composition Coolant Comment

Reference

1

-3.87-10" (U PugsMA,,) PbBi

-1.50-10™ (PugsMAys)
-2.03-107 (PugsMAys)
-1.63-107 (UgsPuo>)
-2.71:107 (UgoPuo,)

-4.89-10” (UpoPuq,)

Pb

Pb

PbBi

PbBi

Na

Mostly MA
and Pu

Very hard
spectrum
Added
moderator
Compact
design
Derated
design

Derated
design

Present design

Tommasi and Massara,
(1999)

Tommasi and Massara,
(1999)

Hill, et al. (1999)

Hill, et al. (1999)

Hill, et al. (1999)
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Fig 3. Issue of enhancing the Doppler effect in ADS’s. Lower Doppler value representing a
dedicated core, higher Doppler value representing a core containing a large fraction of **U.
Two different subcritical levels are considered. Accident initiator by sudden increase in
source intensity (S=1.8*S).
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Table 3. List of failure temperatures for the reference design.

Failure Failure

. Comment
mechanism temperature
Dissociation of 1573 K Conservative assumption
AmN. (Takano, et al., 1999).
Cladding burst 1333 K 20% CW SS316, 5.56
temperature °C/sec, hoop stress 100

MPa. (Hunter, et al., 1975).

Cladding/ coolant 946 K Extended operation
corrosion (Novikova, et al., 1999).
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Fig 4. Peak fuel temperatures in Unprotected TOP, LOF, and LOHS.
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Table 4. Plant control system strategy

Control system Classification Action

Regulating system  Active Source regulation. Online usage
during normal operation.

Plant Protection Active Beam/source shutdown. Actuated

System (PPS) in an off-normal event.

Passive shutdown Passive Source shutdown. Actuated when

system PPS malfunctions.
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Fig 7. Basic scheme for filling the beamtube with coolant through a U tube. Concept relies
on a working moving fluid (Class B device)
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Fig 8. Rise of coolant level in hot pool in unprotected accidents.

33



Beampipe Sealed container

Rupture disk

Liquid LBE
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Abstract - We examine the use of reactivity feedbacks as a means for passive safety in accelerator-
driven systems (ADS). In particular, we evaluate the potential for inherent shutdown by Doppler
reactivity feedback in a subcritical core dedicated for transmutation of waste. Given the dynamic
characteristics of a source-driven system, it is necessary to manage the external neutron source in
order to achieve passive shutdown capability. Conceptual designs of self-actuated shutdown devices
are suggested. Operating characteristics is obtained by studying the performance of a reference ADS
subject to a set of typical accident initiators. It is shown that maximum beam output must be limited in
order to protect against accident initiators that appear to be achievable in ADS. Utilizing an
appropriate burnup control strategy plays a key role in that effort.

I. INTRODUCTION

In the design process of advanced reactors, major
consideration is given to the utilization of passive safety
systems and inherent safety features. There is a
consensus among reactor designers, supporting the value
of passive safety designs. Passive safety systems rely on
natural physical phenomena, such as thermal expansion,
fundamental nuclear properties, gravity, and heat-transfer
by natural convection, to perform essential safety
functions. In case of an emergency, the plant would not
require the action of any mechanical or electrical device,
making safety functions less dependent on active
components. The incentives for employing such designs
are improved reliability and simplified operation, both
resulting in better safety performance. Inherent features
are valuable means for minimizing public concern and
gaining public perception on new reactor concepts.

Most work on passive safety in the past has been
related to study the innovative use of natural convection,
decay heat removal, and inherent negative reactivity
feedbacks. Such schemes have been successfully
implemented in many reactor designs, including water-
cooled reactors, gas-cooled reactors, and liquid metal-
cooled reactors.

*E-mail: marcus@neutron.kth.se

In this paper, we explore the use of passive safety
mechanisms to accelerator-driven systems (ADS). While
an intrinsic heat-transport path and sufficient natural
convection are necessary to achieve passive safety in any
reactor system, those requirements are of general
character and are treated elsewhere, e.g. [l]. Our
attention is focused on inherent shutdown capabilities.
We evaluate the applicability of self-actuated shutdown
devices and we suggest some actual design concepts for
that purpose.

II. REFERENCE DESIGN & MODELLING

Accident analysis is performed with the aid of the
SAS4A safety code [2]. The thermal, hydraulic,
neutronic, and mechanical models employed in the
SAS4A computer code were formulated, implemented,
and validated in the U.S. liquid metal reactor
development program. These models have been
extensively validated with experimental test data from
the EBR-II, FFTF, and TREAT reactors [3][4][5]. More
recently, the coolant thermophysical property database
used in SAS4A has been extended to include the
properties of lead and lead-bismuth eutectic, based on
evaluations of available U.S. and Russian experimental
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data [6][7]. Validation of the SAS4A coolant hydraulics
models with heavy liquid metal coolants will require the
availability of prototypic reactor test data. It is judged
that the combination of experimentally based coolant
thermophysical property data with the already validated,
first-principles coolant thermal-hydraulics models in
SAS4A provides a satisfactory basis for conceptual
design basis analysis.

In the assessment, we employ a reference design of
an ADS to obtain essential data and to verify predictions.
The reference design is a model of an ADS that has
evolved at the Royal Institute of Technology, Sweden
[8][9]. The core has a nominal power of 800 MWth. It is
cooled by liquid lead-bismuth eutectic (LBE). The pins
are configured in an open pin lattice (P/D=1.83 in inner
zones and P/D=2.33 in outer zones). The fuel consists of
(core average): 70% plutonium, 15% minor actinides
(americium, curium, and neptunium), and 15% uranium.
A detailed description of this design is available in the
present proceedings [10].

A primary system model is set-up including a
detailed multi-channel model of the core, heat
exchangers, pumps, compressible pool volumes, etc.
Point kinetics is used for calculating transient power. The
neutronic response between core regions is strongly
coupled and space-time effects may be neglected for our
purposes.

III. APPLICABILITY OF INHERENT REACTIVITY
FEEDBACKS

Intelligent use of inherent reactivity feedbacks (e.g.
Doppler effect, coolant density effect, structural
expansion, etc.) has provided excellent safety
characteristics to advanced, critical, reactor. In the design
process of a new reactor, it is simply good engineering
practice to utilize the inherent nuclear properties of the
reactor to ensure optimal safety performance. In
particular, operating experience and experiments on
liquid metal reactors have demonstrated that better use of
the inherent nuclear properties may provide a high level
of safety even in severe accidents where the shutdown
system fails completely [11]. Nowadays, because of
design efforts and increased understanding, the safety
characteristics of critical, liquid metal reactors, are
considered as a principal advantage. In that context, it
may seem natural to use a similar strategy for ADS’s.
However, a source-driven system does not respond to
reactivity feedbacks like a critical reactor. While the
critical reactor is sensitive to reactivity feedbacks, the
ADS is not. The ADS is largely offset from criticality.
The net effect is a substantially reduced sensitivity to
reactivity changes. On one hand, this feature is
advantageous since it mitigates the consequences of
reactivity insertion accidents; on the other hand, it
diminishes the practical use of negative reactivity
feedbacks as a means for natural safety mechanisms in

accelerator-driven systems. The present paper addresses
the latter feature.

To study these features we exposed the reference
design to an unprotected transient overpower (UTOP)
event. The initiator for the accident is a sudden increase
in source-intensity. The intensity of the external neutron
source is promptly increased by a factor of 1.8,
corresponding to the insertion of maximum beam
capacity at begin-of-life. It represents a strong transient,
integral power increases by a factor of 1.8 within a few
hundred prompt periods. In Fig 1, the effect of
subcriticality on the combined reactivity effect from
Doppler feedback (Tdk/dT=-3.87x10-4) and coolant
density feedback (dk/dT=-2.28x10-6) is illustrated. The
unconstrained response, when no feedbacks are
accounted for, is also shown to facilitate comparison. The
response is calculated for a varying degree of
subcriticality, k.;=0.954 (reference design), k.;=0.98,
kes=0.995, and k.;=0.9995. Structural reactivity feedback
phenomena (e.g. radial and axial core expansion) are not
taken into account. Employing more sophisticated
feedback models is of little interest for our purpose. Fig 1
clearly demonstrates the resistance of a source-driven
system subject to reactivity feedbacks (prompt and
delayed feedbacks).
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Fig 1. Influence of reactivity feedbacks in a source-driven
system. Accident initiator by sudden increase in source
intensity (S=1.8*S,). Subcriticality is a parameter.

The reference ADS (k.;=0.954) experiences minor
influence from reactivity feedbacks whereas the close-to-
critical system (k.;=0.9995) exhibits strong feedback
effects. Approaching criticality, on the expense of
reducing the margin to prompt criticality, results in
stronger feedback coupling. The significance of feedback
mechanisms in a source-driven system depends on the
reactivity worth of these feedbacks, i.e. reactivity
coefficients, but more important on the choice of the
subcritical level. Thus, taking advantage of reactivity
feedbacks calls for a careful balance between the desired
feedback performance and the subcritical margin. It is
seen, Fig 1, that it is not until we approach a
multiplication constant close to k.;>0.999 (~1$ below




critical) that reactivity feedbacks have a significant
influence and possibly could serve as a means for
inherent shutdown. The level of subcriticality being
suggested for most conceptual ADS’s is at least an order
of magnitude larger (typically ~10$ subcritical or
ker<0.98-0.99). It is clear that reactivity feedbacks will
not be as effective a means in source-driven systems as
they are in critical systems. Much stronger reactivity
effects, from what is experienced in traditional reactors,
are necessary to have an effect on the source-driven
system. Therefore, it is not practical to implement
reactivity feedbacks, by physics or engineering design, as
the sole means to bring an ADS to safe shutdown
conditions. Inherent shutdown must be reinforced by
other means.

111.A. Doppler Effect

There has been considerable interest on the use of so-
called “dedicated” fuels as to achieve maximum
transmutation rate in accelerator-driven systems. The
dedicated fuels contain large amounts of minor actinides
(Np, Am, and Cm) and plutonium, but lack the classical
fertile isotopes (i.e. **U and *°Th). Subsequent
deterioration of safety parameters, when using such fuels,
is well known [12]. While Doppler broadening of capture
resonances is the most important inherent shutdown
mechanism in a liquid-metal reactor, the effect is
vanishing small in accelerator-driven systems using
dedicated fuels. The reduction of the fertile inventory and
the spectrum hardness are the main reasons for this
impairment [13]. It has been argued that a typical ADS,
based on dedicated fuels, contain several critical masses,
which in principle provides the potential for criticality if
the fuel is rearranged in a more dense configuration. In
the absence of Doppler effect, such accidents may occur
without any restraining prompt negative reactivity
feedback. Provisions for increasing the Doppler effect in
dedicated cores have been proposed [14]. In TABLE I,
values of the Doppler constant are listed for various
heavy-metal cooled reactors. The Doppler constant for a
sodium-cooled reactor is also shown.

TABLE I

List of Doppler constants in various LMR designs

Case Tdk/dT Fuel Coolant Comment Ref.

1 -3.87-10" (Ug Pug7;MAy,) PbBi Mostly Pu Present design

and MA [10]

2 -1.50-10"  (PugsMAgs) Pb  Very hard Tommasi, et al.
spectrum [14]

3 -2.03-10°  (PugsMAgs) Pb Added Tommasi, et al.
moderator [14]

4 163107  (UygPuyy) PbBi Compact Hill, etal. [15]
design

5 -271-10%  (UpoPug)) PbBi Derated Hill, etal. [15]
design

6 -4.89-10°  (UyoPug) Na Derated Hill, et al. [15]
design

The Doppler constant for the dedicated cores (cases 1
and 2) are an order of magnitude lower than those of the
mixed U-Pu fuels (cases 4 and 5) with their large
Doppler constant. Tommasi and Massara [14] enhanced
the Doppler effect in a fertile-free core by adding some
amount of hydrogenated moderator. The Doppler effect
obtained in the sodium design (case 6), by Hill, et al.
[15], surpasses the Doppler values in the lead-based
designs by a factor of two. The argument is that the softer
spectrum of the sodium design allows more neutrons to
appear in the resonance region. Practically all the
Doppler effect occurs below about 25 keV, where cross
section variations with temperature are large [16].

We have investigated the merits; in terms of safety
performance, for enhancing the Doppler effect in an
ADS. By explicitly taking into account the Doppler
feedback, we studied the response following a sudden
“source jump” (same as previous transient). The source
transient was chosen because it results in high fuel
temperatures, which is the driver for reactivity input by
Doppler effect. Different values for the Doppler constant
were modeled, Tdk/dT=-3.87x10-4 and Tdk/dT=-
2.71x10-3, representing a core containing dedicated fuels
and a core containing large amounts of fertile fuel,
respectively. The results are presented in Fig 2.
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Fig 2. Dynamics effects of Doppler feedback in source-
driven systems. Two different subcritical levels are considered.
Accident initiator by sudden increase in source intensity
(S=1.8*S).

The Doppler effect has negligible influence on the
dynamics of a subcritical assembly with a multiplication
constant of k.=0.954 and a core loaded with dedicated
fuel. Even when the Doppler constant is increased by a
factor of seven, by introducing massive amounts of fertile
material, the actual gain in safety performance is small.
There seems to be little benefit for increasing the Doppler
effect in an effort to obtain a more benign response to
accidents that remain in the subcritical state. In general,
the importance of Doppler feedback in an ADS is
strongly related to the level of subcriticality. There is no
doubt that the Doppler effect is of great value if the
system is close-to-critical, see Fig 2 (k.;=0.9995). It is




the chief limiting safety mechanism in supercritical
excursions. In that perspective, the Doppler effect must
not be excluded as an important safety means in source-
driven systems. The role of Doppler feedback in
hypothetical accidents exceeding the critical margin must
be further investigated.

IV. TIME RESPONSE

The thermal response in core structures and the time
to reach failure under various accidents influences the
requirements on the shutdown device. Knowledge of the
grace period is essential in the evaluation of such devices.
The plant must survive long enough that a passive safety
action can be initiated in time to prevent core damage.

The numerical value of the grace period is
necessarily specific to the particular design and is of less
interest, but the time responses of accidents. Our
intention is to study the transient response in order to
assess the requirements on the shutdown system and to
evaluate possible actions to enhance the safety
performance. We may express response times defined by
time constants rather than by absolute values, which has
broader range of applicability.

We subjected our reference design to three
representative sequences of unprotected (i.e. no shutdown
or plant protection system action) accidents, namely:

a) Unprotected transient overpower (UTOP) by a
prompt insertion of maximum beam power. It is
assumed that the steam generators remove heat at a
rate of nominal power (=constant temperature drop
in steam generators).

b) Unprotected loss-of-flow (ULOF) by a loss of
primary pump power. Feed-water flow is assumed to
remain at its initial value and coolant inlet
temperature is constant (=constant outlet temperature
in steam generator).

¢) Unprotected loss-of-heat-sink (ULOHS) by a sudden
inability of the steam generators to remove heat
(=zero temperature drop in steam generators).

Constant steam generator boundary conditions are
assumed. The actual boundary condition depends on the
particular accident (see above). In Fig 3 peak fuel
temperatures are displayed as a function of time.
Cladding temperatures were calculated, but turned out to
be less serious and is not included in this paper.
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—+ULOHS

1900

1700
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Peak fuel temperature [K]
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Time [s]

Fig 3. Peak fuel temperatures in Unprotected TOP, LOF,
and LOHS.

In the source transient (UTOP), the power “jumps”
by a factor of 1.8, see previous Fig 1. Since no time is
required for heat flow, the fuel suffers a rapid, almost
adiabatic thermal excursion, Fig 3. Coolant and structure
are heated at a rate determined by the characteristic time
constant of the fuel element. The fuel itself, has the
shortest time response and is most sensitive to source
transients. After a few seconds, the fuel pins have
adjusted to the new power level and temperatures
temporarily settle in a quasi-stationary level (not visible
in the figure). For an extended period (~30 seconds in
present design), mainly determined by the primary loop
circulation time and the coolant heat capacity, the coolant
inlet temperature remains at its initial value. The steam
generators are assumed to remove heat at a rate of
nominal power, resulting in a mismatch in the heat
production and heat removal as the accident proceeds.
The net effect is increasing inlet temperature, which
causes the reactor core, coolant, and other components to
overheat, inevitably leading to core damage unless the
reactor is shut down.

In the loss-of-flow (ULOF) accident, core heat-up
occurs at a rate determined by the flow coast-down.
Inertial forces help to push coolant through the primary
system for an extended period. Peak temperatures occur
as the pump impeller comes to a complete rest. Core
temperatures and buoyancy forces eventually balance. In
the asymptotic state, flow is sustained by natural
convection alone. Reactivity feedbacks have negligible
effect on the transient. For this particular system, an
unprotected loss-of-flow accident should result in little or
no damage. The integrity of the fuel and the cladding is
not compromised. The protective oxide film layer on the
cladding may suffer some damage that potentially could
harm the cladding in the long run.

The loss-of-heat-sink (ULOHS) accident tends to be
a more slowly evolving accident than the source transient
and the loss-of-flow accident. The accident manifests as
rising inlet temperature, which accompanies loss of
primary heat sink. Response time is determined by the
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primary loop circulation time and coolant heat capacity.
The prolonged grace period in a ULOHS accident
facilitates successful performance of the safety system.
Core damage is inevitable unless safety measures are
taken to shut down the reactor.

In Fig 4, the thermal response of the coolant in the
hot pool is displayed. The coolant temperature is an
important safety system parameter since it is related to
the heat production in the core. It can be used to sense
power excursions and reduction in coolant flow rate.
Most likely, an inherent shutdown device will be actuated
by the coolant temperature some way or the other.

1400 — —=—UTOP
—+— ULOF
—+—ULOHS

200 p- T

1000

800 |-

Coolant temperature hot pool [K]

600

0 100 200 300 400 500 600 700 800 900 1000
Time [s]

Fig 4. Average coolant temperature in the hot pool.

The thermal response of the coolant in the hot pool
following a change in power or flow is delayed by the
heat capacity of the coolant and transport lags. Therefore,
it must be ascertained whether the time response of the
coolant is sufficient to serve as an accident indicator and
protect against the fastest transients conceivable in an
ADS. Rapid coolant response is advantageous since it
promotes prompt action of the safety system. In general,
UTOP caused by insertion of maximum beam power, is
likely to exert the fastest transient. The absence of any
moveable control rods, that may rather quickly add or
remove large amounts of reactivity, diminishes the
potential for fast transients caused by reactivity insertion.
Significant reactivity is potentially available in core
compaction or voiding phenomenon, but such sequences
stretch over a longer period. It is noticeable in Fig 4, that
the initial response (<200 seconds) is identical for all
transients. However, source transients introduce the
shortest grace period (with respect to fuel damage), see
Fig 3, while the temperature rise in the coolant is modest.
In that sense, source transients impose the highest
demands on a passive device that relies on the thermal
response of the coolant.

V. AN APPROACH TO INHERENT SHUTDOWN

Compared to reactivity changes, variations in source
strength or source importance have a strong influence on
the ADS. The power is linearly proportional to the
source, 10% reduction in source strength yields 10%

reduction of power, and so on. Shutdown of the external
source effectively halts the fission process in the entire
core.

Our approach is to design a passive system for the
primary purpose to shut down the source in an
emergency. It should be recognized that system
redundancy makes the assumption of failure of the active
plant protection system highly unlikely. In fact, actual
activation of the passive shutdown system must be
regarded as hypothetical. Indeed, it affects the design
requirements on the device.

The shutdown system must be capable of halting the
external source before excessive temperatures are
obtained. This may be accomplished by reducing the time
required for the shutdown system to act and by limiting
the speed of the temperature rise by design
considerations. As mentioned previously, the fastest
credible transient in an ADS is a source insertion
transient. Worst conditions occur when maximum beam
power is inserted in a step fashion at begin-of-life. Source
transients result in a rapid, but bounded power excursion.
Consequently, it is unsafe to rely on a safety system to
assure protection in the early phase of a source transient.
Instead, protection must be accomplished through safety-
by-design principles, e.g. minimizing the beam output
capability by utilizing an appropriate burnup control
strategy. While the speed of the beam controller may be
limited by fundamental means, the capacity of the
accelerator (maximum beam power) is dictated by
reactivity losses governed by fuel burnup. Various
options exist, for example, shorter irradiation-cycle time
and multi-batch fuel loading strategy [17], lower power
density and higher transuranic inventory [18], optimal
distribution of plutonium and minor actinides [19], use of
burnable absorbers [8]. Safety-by-design relaxes the
requirements on the shutdown system.

In UTOP and ULOHS accidents, the grace period
may be prolonged by the primary loop circulation time
and the coolant heat capacity. We studied the benefits of
increasing the coolant inventory. Results are summarized
in TABLE II. In effect, 10% more coolant resulted in
~10% longer grace period, and so on. Typical accidents
where the coolant inventory has an appreciable effect on
the thermal response involve situations when there is a
net change in internal energy (primary system). Loss-of-
flow accidents do not necessarily involve any
accumulation of internal energy in the primary system, as
the heat-removal rate in the steam-generators may be
unaffected. For loss-of-flow transients, the initial
response is determined by the flow coast-down. It may be
influenced by changing the moment of inertia of the
pump and by increasing natural convection.



TABLE IT
Lengthening of the grace period corresponding to a certain
increase in coolant inventory. The slash separates fuel failure
from cladding failure.

Coolant Grace period Grace period

inventory TOP LOHS
+10% +12% / +11% +12% / +12%
+50% +56% / +57% +57% / +58%

Taking these circumstances in consideration, our
approach is to prolong grace periods, increase safety
margins, and utilize safety-by-design principles, all
easing the demands on the safety system. Prolonged
grace periods do not only improve our chances for
successful safety performance but reduces the probability
for false actuation and interference of the passive system
during normal operation. The second objective, in order
to achieve high reliability, is to design simple, redundant
and diverse shutdown systems, and to use components of
proven high reliability. Greater complexity generally
means reduced reliability.

VI. INHERENT SHUTDOWN MECHANISMS

In this section, we suggest some concepts for
inherent beam shutdown. The intention is to demonstrate
the basic working principle.

VIA. Flooding of the beam tube

Shutdown of the external source may be
accomplished by flooding the beamtube with coolant.
The main purpose for filling the beamtube is to shift the
axial position of beam impact, which in principle reduces
the importance of source neutrons [9]. Actuation may be
based on thermal expansion of coolant [20] or use of
bursting disk devices [21]. Several authors have proposed
designs that utilize such principles.

To fill the beamtube, we suggest installing a
drainpipe in the shape of a U tube. One side of the U tube
is open to the cover gas region while the other side is
connected to the beamtube. A portion of the coolant is
retained in the U bend, forming a liquid seal that
separates the beamtube from the cover gas region. The
drainpipe is in thermal contact with the coolant. A liquid
column is supported by the pressure difference. A
pressure difference of 1 atm is equivalent to a column
height of LBE of 1 m (11 m for sodium). The inlet is
located at a certain height above the surface. As the
coolant expands, it would rise to the inlet, flood the
drainpipe, and subsequently spill into the beamtube. The
intake to the drainpipe must be elevated high enough to
reduce the risk for false actuation. Difficulties may exist
if the surface is seriously disturbed by turbulence and
vapor bubbles. The conceptual design only relies on the
integrity of the components and a moving working fluid.
It does not require signals, external power, or moving
mechanical parts. In that case, it is classified as a passive
device in category B, in compliance with IAEA’s
categorization of passive systems [22].

In our reference design, the coolant level rises at a
rate of 10 cm/100 K. For the source transient (UTOP),
the surface rises approximately 10 cm before fuel failure,
corresponding to the smallest change in coolant level (in
comparison with ULOF and ULOHS) yet leading to fuel
damage. The rate at which the coolant rises can be
affected by the geometry of the vessel.

Beam chambers typically require high vacuums and
chemically clean surfaces to prevent proton interaction
with trapped gas. Filling the beamtube with coolant may
cause serious contamination of the accelerator tunnel.
One option is to install a second beam window at the top
of the tube to separate the beamtube from the accelerator
tunnel. If the passive system provokes a shutdown, it may
require replacing the beamtube, however, it is likely the
plant needs correction anyhow, to assure its integrity and
to reinstate the original safety function. In that
perspective, filling of the beam tube could possibly serve
as a last resort. False actuation, however, must be
eliminated.

VI.B. Alternative methods

In most pre-conceptual ADS designs, the beam is
subject to some bending action before entering the vessel.
Bending of a charged particle beam is normally carried
out by magnets. In principle, a bending magnet could
serve as an on/off switch for the external source. If the
magnet is de-energized, the beam would safely end-up in
a beamstop, otherwise the beam is diverted to the target.

For such a device switching is necessary, e.g. an
electrical circuit must open/close, which limits the safety
level achievable by this principle (IAEA Class D device).
Preferably, the passive switch is of a fail-safe type, i.e.
unless connection is established the magnet is off.
Possible agencies for actuating such a switch include:

a) A ferromagnetic Curie-point-operated device. Above
the Curie temperature, the magnetization of a
permanent magnet vanishes. Such a device could
either be used for switching or in lock-release
function acting on safety rods. Similar devices
showed considerable promise for application in self-
actuated shutdown systems in liquid-metal fast
breeder reactors [23]. The Curie temperature of
carbon steel is 1043 K.

b) Pressure build-up in the cover gas region (or some
other compartment), due to thermal expansion of the
medium could actuate a switch that operates at a
predetermined pressure. A weighted lever or a spring
could set the limiting pressure. Alternatively,
thermal expansion of a fixed mass of a fluid (LBE)
in a confined space could perform a similar task.

¢) Liquid metal coolants feature temperature-dependent
resistivity. Increasing the temperature lead to higher
resistivity. Resistivity rising above a limiting value
could trigger an electrical or magnetic switch.



VII. CONCLUSIONS

The applicability for passive safety to accelerator-
driven systems was studied. The current study focused on
means for inherent shutdown. The usefulness for
reactivity feedbacks was evaluated and some schemes for
inherent source shutdown were suggested.

It seems that inherent shutdown based solely on
reactivity feedbacks is fruitless in accelerator-driven
systems. Inherent shutdown must be reinforced by other
means. It was shown that increasing the Doppler effect,
by introducing massive amounts of fertile material, have
limited effect on transients that remain in the subcritical
state. Doppler feedback may be important for accidents
exceeding criticality. The significance of reactivity
feedbacks, in general, depends on the specific design and
in particular on the choice of the subcritical level. Taking
advantage of reactivity feedbacks calls for a careful
balance between the desired feedback performance and
the subcritical margin.

Safety analysis indicate that transient overpower
accidents, caused by insertion of the maximum beam
power, is likely to exert the fastest transients conceivable
in an ADS. In that perspective, source transients have
profound impact on the requirements for a shutdown
device. Safety-by-design principles must be utilized to
assure protection to source transients.

Some concepts to accomplish passive source
shutdown were presented. A method that seeks to block
the beam by filling the beamtube with coolant were
proposed. Actuation is caused by thermal expansion of
coolant. Other options include shutdown of beam
bending magnets or insertion of shutdown rods by
passive means, e.g. ferromagnetic Curie-point-operated
device.

Shutdown of the beam by passive means can provide
an important additional safety feature for accelerator-
driven systems. Such systems may contribute
significantly to the reliability of the overall plant
protection system. At this point, however, considering
the premature nature and the lack of experimental
validation, further work is necessary in order to
determine the practicability of the present design
concepts.

ACKNOWLEDGMENTS

Sincere appreciation is expressed to Svensk
Kérnbrénslehantering AB and the Swedish Center for
Nuclear Technology who financially supported the
project.

REFERENCES

1. J. KARLSSON and H. WIDER, “New Aspects of
Emergency Decay Heat Removal from a Pb/Bi-cooled
ADS by Auxiliary Cooling,” Proc. of ICONE 8, 8" Int.

Conf. on Nuclear Engineering, Baltimore, Apr. 2-6
(2000).

2. J. E. Cahalan, A. M. TENTNER, and E. E.
MORRIS, “Advanced LMR Safety Anlaysis Capabilities
in the SASSYS-1 and SAS4A Computer Codes,” Proc.
of the International Topical Meeting on Advanced
Reactors Safety, Pittsburgh, Apr. 17-21 (1994).

3. D.J.HILL, "SASSYS Validation Studies," Proc. of
the International Topical Meeting on Safety of Next
Generation Power Reactors, Seattle, May 1-5, American
Nuclear Society (1988).

4. J.P. HERZOG, "SASSYS Validation with the EBR-
II Shutdown Heat Removal Tests," Trans. Am. Nucl.
Soc., 60, 730 (1989).

5. F. E. DUNN, "Validation of Detailed Thermal
Hydraulic Models Used for LMR Safety and for
Improvement of Technical Specifications," Proc. of the
American Nuclear Society International Topical Meeting
on Safety of Operating Reactors, Seattle, Sep. 17-20,
American Nuclear Society (1995).

6. R. N. LYON, Ed., "Liquid Metals Handbook,"
NAVEXOS P-733(Rev.), U.S. Atomic Energy
Commission and U.S. Department of the Navy, June
(1952).

7. N. A. NIKOL'SKII, et al., "Thermal and Physical
Properties of Molten Metalsand Alloys," pp. 1-36,
Problem of Heat Transfer, M. A. Mikheev,
Ed.,Publishing House of the Academy of Sciences SSSR,
Moscow, [Translated as USAEC Report AEC-tr-4511]
(1959).

8. J. WALLENIUS, K. TUCEK, J. CARLSSON, and
W. GUDOWSKI, “Application of Burnable Absorbers in
an Accelerator-Driven System,” Nucl. Sci. Eng., 137, 96
(2001).

9. K. TUCEK, J. WALLENIUS, and W. GUDOWSKI,
“Source Efficiency in an Accelerator-driven System with
Burnable Absorbers,” Proc. Int. Conf. On: Back-End of
the Fuel Cycle: From Research to Solutions, GLOBAL
2001, Paris, Sep 9-13 (2001).

10. J. WALLENIUS, K. TUCEK, M. ERIKSSON, and
W. GUDOWSKI, "The Sing Sing Core: a Sub-critical
TRU Burner with Low Reactivity Losses," Accelerator
Applications/Accelerator Driven Transmutation
Technology and Applications "01 (AccApp/ADTTA '01),
Reno, Nov. 12-15 (2001).

11. D. M. LUCOFF, A. E. WALTAR, J. I. SACKETT,
and K. AIZAWA, “Experimental and Design Experience
with Passive Safety Features of Liquid Metal Reactors,”
Proc. Int. Conf. on Design and Safety of Advanced
Nuclear Power Plants, Tokyo, Oct. 25-29 (1992).



12. W. MASCHEK, A. RINEISKI, K. MORITA, G.
MUHLING, and M. FLAD, ”Safety Analysis for ADS
Cores with dedicated Fuel and Proposals for Safety
Improvements,” Proc. IAEA Technical Committee
Meeting on Core Physics and Engineering Aspects of
Emerging Nuclear Energy Systems for Energy
Generation and Transmutation, Argonne, Nov. 28-Dec. 1
(2000).

13. W. MASCHEK, D. THIEM, and G. HEUSENER,
“Safety features of a reactor core with minor actinide
transmutation and burning capabilities,” Proc. Int. Conf.
On Future Nucl. Energy Systems, GLOBAL 99, ANS
(1999).

14. J. TOMMASI and S. MASSARA, “LMF.R
dedicated cored for transmutation critical vs. subcritical
systems comparison,” Proc. Int. Conf. On Future Nucl.
Energy Systems, GLOBAL 99, ANS (1999).

15. R. N. HILL, J. E. CAHALAN, H. S. KHALIL, and
D. C. WADE, “Development of small, fast reactor core
designs using lead-based coolant, “Proc. Int. Conf. On
Future Nucl. Energy Systems, GLOBAL 99, ANS (1999).

16. H. H. HUMMEL and D. OKRENT, Reactivity
Coefficients in Large Fast Power Reactors, p. 133,
American Nuclear Society, Argonne (1978).

17. W. S. YANG and H. S. KHALIL, “Reduction in
Burnup Reactivity Loss in Accelerator Driven
Transmutation Systems,” Proc. of the 4" Topical Meeting

on Nuclear Applications of Accelerator Technology,
Washington, Nov. 13-15 (2000).

18. R. HILL and H. KAHLIL, “Physics Studies For A
NA-Cooled ATW Design,” Proc. IAEA Technical
Committee Meeting on Core Physics and Engineering
Aspects of Emerging Nuclear Energy Systems for Energy
Generation and Transmutation, Argonne, 28 Nov-1 Dec
(2000).

19. E. GONZALEZ, et al., “Transuranics on Fertile and
Inert Matrix Lead-Bismuth Cooled ADS,” Proc. 6th
Information Meeting on Actinide and Fission Product
Partioning & Transmutation, Madrid, Dec. 11-13 (2000).

20. C. RUBBIA, et al., “Conceptual Design of a Fast
Neutron Operated Energy Amplifier,” Cern publication,
CERN/AT/95-44 (1995).

21. H. U. WIDER, J. KARLSSON, and A. V. JONES,
“Safety Considerations of Heavy metal-cooled
accelerator-driven systems,” Proc. International Conf.
On Future Nucl. Energy Systems, GLOBAL 99, ANS
(1999).

22. Safety Related Terms for Advanced Nuclear Power
Plants, IAEA, TECDOC-626, Sep. (1991).

23. E. S. SOWA, et al, “LMFBR self-actuated
shutdown systems,” Proc. of the international meeting of
fast reactor safety and related physics, Volume II,
Chicago (1976).



APPENDIX [11

J. Wallenius et a, The European Union CONFIRM project, Proceedings of
AccApp/ADTTAOL, Reno, Nevada, 2001.



CONFIRM: Collaboration on Nitride Fuel Irradiation and Modelling

J. Wallenius
Department of Nuclear and Reactor Physics
Royal Institute of Technology
Stockholm Centre for Physics, Astronomy and Biotechnology
S-106 91 Stockholm

Abstract

Uranium free nitride fuels are investigated as a potential fuel applied to waste
transmutation in accelerator driven systems. In the European 5th FP CONFIRM project,
Jfour (Pu,Zr)N helium bonded fuel pins will be fabricated at PSI and then irradiated to high
burnup at Studsvik in 2003/2004. (Am,Zr)N pellets will be manufactured and characterised
at ITU. In addition, nitride safety analysis and fuel modelling is performed at KTH, AEA-T,
CEA and BNFL. In the present contribution, the work program of CONFIRM is reviewed.
Some initial results from activities on safety analysis and fuel modelling are also presented.

INTRODUCTION

Implementation of accelerator driven systems (ADS) for
the purpose of burning americium and degraded
plutonium may enable a reduction of radio-toxic
inventories directed to geological repository by a factor
of 100 [Foster74, Delpeche99]. The ADS is supposed to
operate on uranium free fuels, in order to maximise
TRU destruction rates, and thus minimise added costs to
the nuclear fuel cycle induced by ADS operation and
recycling of the higher actinides. The particular choice
of fuel type however remains an open question, since
very little experience on the performance of uranium
free fuels exist.

While oxide fuels have an undisputable advantage in
terms of the vast experience accumulated for LWR and
FBR MOX, the poor solubility of plutonium oxide in
nitric acid appears to require large scale development of
non-aqeous reprocessing methods, with much smaller
secondary waste streams than has been achieved up to
date.

Uranium free nitride fuels, on the other hand, appear to
be compatible with the industrialised PUREX process.
They further have the advantage of allowing higher
linear ratings than corresponding oxide or metallic fuels.

The lack of data on uranium free nitrides however
necessitates a significant R&D program before nitrides
can be qualified and validated as a suitable ADS fuel.
Such programs have been initiated in Japan [Arai99],
and recently in the United States [Meyer01]. In Europe,
the participants of CONFIRM (Collaboration On Nitride
Fuel Irradiation and Modelling) have agreed to perform
a joint research program on uranium free nitride fuels.
With the financial support of the European Union the
following activities are included in the program:

Studies on the safety of nitride fuels
Theoretical modelling of fuel performance as
function of pellet and pin design

Fabrication and characterisation of (Pu,Zr)N
Fabrication and characterisation of (Am,Zr)N
Irradiation of (Pu,Zr)N pins up to 10% burnup.

SAFETY OF NITRIDE FUELS

It is known that plutonium nitride decomposes into
metal and nitrogen gas at temperatures well below the
melting point of PuN. For instance, the formation of
metal was observed in the irradiation of the NILOC
(U,Pu)N pins, which accidentally were operating at a
maximum temperature exceeding 1800°C [Blank91].
The subsequent loss of nitrogen gas from the core may
lead to positive reactivity feedback, as well as buildup
of excessive pressures in the reactor vessel. The stability
of cores operating on nitride fuel therefore has been
questioned [Umeoka99].

Two experiments to assess the vaporisation behaviour
of nitride compounds at high temperatures and high
pressures have been conducted at AEA-T. In the first,
two samples of UN were heated in sealed tungsten cans
up to 2800°C using an RF furnace. Post test analysis
showed that dissociation of the nitride and formation of
liquid uranium had occured in both samples. It could be
detected that a reaction between the liquid uranium and
the tungsten capsule had occured at temperatures of
2410°C and 2420°C, respectively. In the second
experiment, two samples of (U,Zr)N were heated to the
same temperature. There was no indication of any such
reaction or damage to the capsules after the test. The
solidus and liquidus temperatures for the (U,Zr)N
samples were determined at 2612 and 2765°C
respectively. These results show that the stability of the
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Abstract

The application of nitride fuels in accelerator driven systems dedicated to waste
transmutation requires use of N-15 enriched nitrogen to suppress C-14 production due to
(n,p) reactions on N-14. With C-14 emission rates of the oxide reprocessing plants as
reference, we find that 99% N-15 enrichment is sufficient when using nitride fuels for minor
actinide transmutation in 2nd stratum accelerator driven systems. Projected cost
estimations make recycling of N-15 in the fabrication stage mandatory, while recovery of
N-15 from reprocessing does not appear to be necessary.

INTRODUCTION

If one by partitioning and transmutation wishes to
reduce the long term radiotoxic inventory directed to
geological repositories by a factor of 100 or more,
recycling of americium and curium becomes mandatory
[1]. As the potential for homogeneous recycling of
higher actinides in critical reactors is limited [2-4], the
Double Strata fuel cycle was suggested by JAERI [5]. In
this concept, minor actinide waste from commercial
reactors are recycled in dedicated reactors that operate
on fuel free from U-238. Due to an decrease in Doppler
feedback, an increase in void worth and a very small
fraction of delayed neutrons, it is assumed that such
MA-burners should operate in sub-critical mode in
order to meet safety requirements [2,6].

The composition of the fuel to be used in Accelerator
Driven Systems (ADS) dedicated to waste transmutation
has yet to be determined. Possible choices are oxides,
nitrides and metals, each one featuring advantages and
drawbacks. In the European research program on
partitioning and transmutation, oxides are regarded as
the preferred option, due to fewer problems related to
fabrication and the huge accumulated experience of
oxide fuels taken to high burnup in various fast reactor
programs.

However, since plutonium oxide is not soluble in nitric
acid without the use of special catalysts, standard
PUREX reprocessing is difficult to apply to uranium
free oxide fuels. Therefore pyrometallurgical methods

have to be developed for this purpose. Plutonium nitride
on the other hand is soluble in nitric acid, and nitride
fuels hence appear to offer a larger flexibility in the
choice of reprocessing methods.

In the European Union CONFIRM program [7],
uranium free nitride fuels are explored as a backup
option for application in Accelerator Driven Systems.
An important issue to clarify in the present context, is
the enrichment level of N-15 required to avoid
excessive production of C-14 due to (n,p) reactions on
N-14. In the present paper, this problem is discussed
taken into account the specific features of the Double
Strata fuel cycle. First, we calculate the C-14 production
in an ADS typical for the 2nd stratum as function of N-
15 enrichment. Then we make an estimation of the total
C-14 production arising from both first and second
stratum of a full P&T scenario. Comparing the
production rates, we arrive at a value for the N-15
enrichment level that will ensure an acceptable increase
in C-14 emission from the reprocessing plant due to the
use of nitride fuel in the 2nd stratum.

CARBON-14

C-14 is one of the main contributors to the exposure of
radio-toxicity in the vicinity of reprocessing plants, as
carbon is typically released in the off-stream gas. C-14
is mainly produced in (n,p) reactions on N-14, that is
present as an impurity in oxide fuel as well as in
cladding and structural material. According to a study
made by BNFL, 4.7% of the dose to the group of



individuals most prone to inhalation exposure from
THORP in Sellafield is due to C-14 [8].

One may thus argue that if nitride fuels are to be used
anywhere in the nuclear fuel cycle, the resulting
additional production of C-14 should not lead to a
significant increase in dose committments. There are
several ways to limit such releases:

1) Use of nitride fuels only in a limited part of the
fuel cycle

2) Use of N-15 enriched nitrogen for the
fabrication of nitride fuels

3) Implementation of carbon trapping in the off-
stream following reprocessing

The present investigation concerns a combination of the
first and second of the above.

THE DOUBLE STRATA SCENARIO

For the present analysis, the Double Strata scenario [5,
6] was adopted. In the particular implementation [9],
plutonium from spent UOX LWR fuel is recycled once
in LWRs and then multi-recycled in fast neutron
reactors of CAPRA type. All minor actinides are
directed to accelerator driven systems, where they are
multirecycled together with the low quality Pu present
in ADS discharges. A nuclear park producing 1000
TWhe was assumed. This corresponds to 140 GWe
installed power, assuming an average availability of
80%. According to the NEA study, 6.0 percent of the
park power is produced by accelerator driven systems,
19.5 percent by the CAPRA reactors, and 74.5 percent
by light water reactors operating on UOX and MOX
fuel [9]. The minor actinide flow rate into the 2nd
stratum is 6.6 kg/TWhe, or 6.6 tons per year for the park
considered. The ADS is assumed to operate on uranium
free nitride fuel.

ADS CORE SIMULATIONS

In order to make an accurate calculation of the C-14
production rate in the ADS, a fully three-dimensional
(pin by pin) model of a sub-critical core similar to the
one proposed by JAERI was made [10]. The Monte
Carlo codes MCNPX was used for simulation of proton
and neutron transport in the core [11]. The
characteristics of the core setup are displayed in Table
1. Note in particular the presence of zirconium nitride
in the fuel. While PuN is unstable towards dissociation
at temperatures below its melting point, calculations
based on measured solidus and liquidus temperatures of
(Ups,Zro2)N indicate that (Pu,Zr)N should remain stable
up to melting [7]. The increase in nitrogen inventory
due to the presence of ZrN will however lead to
additional production of C-14. In the present study the
relative fraction of ZrN in the fuel was determined by
the following procedure:

The number of fuel pins was considered to be fixed by
setting the core power to 820 MW and adopting an
average linear rating of 30 kW/m. Postulating 10%
heavy atom burnup per year and a TRU fission rate of
240 kg per year then yields a TRU inventory of 2400
kg, corresponding to 90g/pin. The Pu to MA ratio at
BOL was considered to be fixed by burnup swing
minimisation to Pu:MA = 40:60 [10]. The pin pitch of
1.45 PD was determined by a imposing a coolant
temperature rise less than 100 K over the core.
Zirconium nitride was finally added to the fuel until a k-
eigenvalue equal to 0.95 was obtained. This condition
was typically fullfilled for equal molar fractions of TRU
and Zr.

Burnup was calculated using MCB, a newly developed
Monte Carlo Burnup code based on MCNP [12] and
developed at KTH. Continuous cross section libraries
for more than 300 nuclides and an energy dependent
fission product yield library was used for calculating
transmutation trajectories. Cross sections, fluxes and
other core properties were recalculated with a time step
of 100 days for a core power of 820MWth.

The N-15 enrichment level of the 300 kg nitrogen
present in the core was set to be 99%. Hence
uncertainties in C-14 production rates due to self-
shielding effects at high enrichment levels could be
avoided. The core averaged cross section for the
“N(n,p) reaction equaled 15 mb. The resulting
production rate of C-14 in the fuel was 6.7 grams per
300 equivalent full power days. Adopting an availability
factor of 0.8, 6.7 grams C-14 equals the annual
production of the core.

Noting that cladding and construction material are
significant contributors to the C-14 production in LWRs
(up to 60%), this source of C-14 should also be
considered. Assuming an N-14 contamination of 250
ppm weight in the clad, 0.8 grams C-14 had been
produced in the cladding after 300 days. As long as the
clad itself is not dissolved, it will however not
contribute to the atmospheric release of C-14.

Table 1: Characteristics of the ADS used in the analysis

820 MWth
30 kW/m

Core Power

Linear rating (average)

Spallation target PbBi — 19 cm radius
Sub-criticality at BOL 0.95

Coolant Sodium

Fuel (Pup2,MA3,Zr95)"°N
Clad outer/inner diameter ~ 5.9/5.0 mm

Pin Pitch 1.45 PD

Burnup 20% h.a./ 600 EPFD



NITRIDES VERSUS OXIDES

With 6.6 tons of Minor Actinides to be managed by
accelerator driven systems (see Figure 1), 28 of the
above ADS cores would be present in the 1000 TWhe
park. LWR plutonium is assumed to be needed only for
startup. The annual C-14 production due to the use of
nitride fuel with 99% N-15 enrichment then becomes
185 grams.

The release of C-14 from reprocessing of oxide fuels
being about 3 g/(GWyear) [13], the contribution of the
Ist stratum light water reactors amounts to 300 grams

16 ton Pu
74.5% LWR

12 ton Pu

Ealnnmx

3.8 ton MA

4.2 ton Nz
(99% '°N]

4@
@ - g

annually. The Pu managing CAPRA reactors provide
another 70 grams, yielding a total C-14 release from
oxide fuels equal to 370 grams.

Introduction of nitride fuels for MA transmutation in
ADS thus increases releases of C-14 into the
atmosphere by about 50%, for an N-15 enrichment level
of 99%. As C-14 from oxide reprocessing provides less
than five percent of the total inhalated dose to high risk
individuals, one may conclude that this enrichment level
is sufficient to avoid a significant increase in dose
committments.

From oxide

27 ton TRU

185 g 'iC
from nitride

6.0% ADS

Figure 1: Mass flows and C-14 production in the 1000 TWhe nuclear park analysed in the
present paper. LWRs and Fast Neutron CAPRA reactors use oxide fuels. The ADS is assumed
to operate on nitride fuel, where the nitrogen is enriched in N-15.

NITRIDE FABRICATION

Pending calculations of cladding damage, we set the
fuel residence time to two years, yielding a final average
burnup of 20 percent heavy atoms. Consequently, 33.2
ton of heavy metal needs to be fabricated into ADS fuel
each year, demanding 4.2 tons of nitrogen. In existing
fabrication lines, an open gas cycle is used for
converting oxides or metals into nitrides, and typically
about 99% of the nitrogen supplied is lost. A closed gas
cycle would therefore have to be implemented.
Estimations made at CEA show that about 200 percent

of excess gas inventory could be sufficient in the
fabrication of a given amount of nitride. Being a one
time expense (depending on frequency of accidental gas
lossses), one could expect a cost penalty of less than 20
percent relating to the excess inventory.

N-15 ENRICHMENT

N-15 is today used as a tracer in agronomic and organic
industry. The world wide market is about 20 to 40
kilograms annually, and the current cost is about 80
euro/g. The supply of several tons per year to the 60



TWhe ADS park, would therefore demand an increase
in production capacity by a factor of 100. Accordingly,
the specific production cost can be expected to decrease.
Estimations made at CEA point towards a price of
approximately 10 euros per gram, depending on the
selected method of fabrication. The total cost for the N-
15 supply would then approach 50 million euro
annually. This number should be compared to the total
production cost for 1000 Twhe in the nuclear park here
studied.

The cost of electricity from LWRs operating on UOX
fuel is today well known, and a recent study from the
university of Lappenranta predicts a cost of 22
keuro/GWhe for a planned reactor block (1.0 — 1.5
Gwe) built at an existing reactor site. Currently the price
of LWR MOX is four times that of UOX. Fuel
representing 12% of the total cost for the future Finnish
reactor, the price for electricity from light water reactors
operating on a mix of UOX and MOX can be calculated
to 23 Meuro/TWhe.

The cost of fast reactor electricity is less well
established. Figures from different studies vary from the
30 000 euro/GWhe for the lead cooled BREST-1200
reactor to 40 000 euro/GWhe for BN-800. The cost
increment for ADS electricity is obviously based on
theoretical estimations only, but a recent NEA study
arrived at a preliminar figure of 60 000 euro/GWhe for a
nitride fueled ADS [14]. This is in reasonable
agreement with a study of relative fuel cycle cost made
at JAERI. We thus arrive at an average cost for
electricity produced in the present park equal to 27
Meuro/TWh, with the uncertainty estimated to be about
5 percent. The total cost of electricity (excluding N-15
enrichment) then becomes 26 — 28 Geuro per year.
Comparing with the above estimation for the N-15
enrichment cost (50 Meuro/year) one finds that its
relative contribution to the total cost is of the order of
0.2 percent, which should be acceptable.

CONCLUSIONS

Under the assumptions made in the present study of the
Double Strata fuel cycle, 6.0% of the total nuclear park
power is produced by minor actinide transmutation in
ADSs operating on nitride fuels. It has been found that
for an N-15 enrichment level of 99%, the C-14
production in ADS fuel is half of that produced in the
oxide fuels used in the first stratum. Noting that
presently C-14 constitutes 5% of the dose to the group
most exposed to inhalation doses from THORP , it is
our opinion that the increase in dose committments is
acceptable. C-14 releases from reprocessing of ADS
nitride fuels would however become a major contributor
to inhalated doses at N-15 enrichment levels less than
90% (Provided that carbon trapping is not
implemented). Hence we conclude that the required
enrichment level for nitrogen to be used for nitride fuel
fabrication is in the range of 98-99 percent, depending

on the actual fraction of nitrogen containing inert matrix
in the fuel. Use of higher enrichemt levels would not be
meaningful as long as carbon trapping is not
implemented for the reprocessing of oxide fuels.

The cost for the use of N-15 could be estimated to 50
Meuro/year, corresponding to 0.2% of the total cost for
the 1000 Twhe park. In our opinion this is an acceptable
penalty. The biggest uncertainties in the cost analysis
are:

a) The fraction of inert matrix nitrogen to be
supplied, which could increase the N-15 cost
by up to a factor of two;

b) The frequency of accidental loss of gas in the
fabrication facility, which would increase the
cost by a factor of three, if the full gas
inventory would have to be replaced annually.

Implementation of N-15 recovery from reprocessing
could further decrease the penalty, but does not appear
to be required. On the other hand, the use of a closed
gas cycle in the fabrication stage is clearly mandatory.
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ABSTRACT

Monte Carlo amulaions have been peformed to investigate the neutron source
effects in a sub-criticd media successvely coupled to a (d,d)-source, a (d,t)-source and a
godlaion source. The investigations have focused on the neutron energy spectra in the
fud and on the source rddive efficdency j *. The cdculations have been peformed for
three sub-critica configurations, representative of the coming MUSE-4 experiments.

The Monte Carlo codes MCNP and MCNPX have been used to compute j *. j *
has been found to be low for the (d,d)-source (~1.35 compared to 1.0 for an average
fisson neutron), while condderably higher for the (d,t)-source (~2.15) and the spdlation
source (2.35). The high vaue of j * for the spdlation source has been shown to be due
to the fraction of high-energy neutrons (17 % of tota source with E,>20 MeV) born
from gpdlation, which contribute for 50 % to the totd number of fisson neutrons
produced in the core The vaiations of j * with neutron importance have dso been
dudied for some spherica configurations with a (d,d)- and a (d,t)-source. For the class of
vaidions congdered here, j * was found to remain condant or increase only dightly in
theinterva 0.70 <ker < 0.996.

1 INTRODUCTION

Accderator Driven Sysems (ADS) (Sdvatores, 1999) are being invedigated as a
possble means for reducing the long-term radiotoxicity in the spent fud from the nudear
indugry. In principle, the sub-criticdity of ADS dlows for dedicated cores with a much
higher concentration of minor actinides than what is acceptable in criticd reectors. Those
dedicated cores could achieve high tranamutation rates. Research done on ADS indicates

that awadte reduction factor of 50 to 100 is theoreticaly possible (Delpech et d, 1999).
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The badc idea of ADS is to supply a sub-critica reactor core with neutrons
generated by an intense externd neutron source, usudly from spdlation reaections in a
heavy metd taget. This idea is beng investigaed in the MASURCA experimentd
fedlity & CEA Cadarache in the framework of the MUSE experiments (MUltiplication
avec Source Externe). Different configurations and severd different sub-critical leves are
being studied (Sdvatores, 1996; Soule, 1997; Lebrat, 1999).

The planned MUSE4 expeaiments will not use a spdlation source Indead, a
high-intengty pulsed neutron generator GENEPI, condructed by CNRS/ISN/Grenoble,
will be used to accderate a 250 keV deuteron beam towards either a deuterium target
(dd) or a tritium target (d,t) to produce well-characterized neutron sources via fuson
reactions. (d,d)-reactions produce neutrons with energies beween 2 and 3 MeV, while the
(d,t)-reactions produce neutrons between 13 and 15 MeV.

The objective of the present sudy is to invedigate neutron source effects in a
MUSE-4-type sub-criticd core coupled to a well-known (d,d)- or (d,t)-source, and to
compare the results with those that would be obtained for a hypothetic spdlaion source
coupled to the same core.

This invedigation rdies etirdy on numeicad smulaions peformed with the
MCNP (Briesmeigter, 2000) and MCNPX (Waters, 1999) Monte Calo software
packages. The two codes are essentidly equivdent for neutron trangport below 20 MeV.
MCNP is used to smulate the production of the (d,d)- and (d,t)-sources, as well as
neutron trangport bedow 20 MeV. MCNPX is used to smulae the production of
gpdlaion neutrons and particle trangport a dl energies.

MCNP and MCNPX Monte Carlo modds were set up in which a (d,d)-source, a
(dt)-source and a spdlation source were successvely coupled to three sub-criticd
configurations (Scl, Sc2 and Sc3) representdive of the upcoming MUSE-4 experiments.

A destription of the MUSE4 modd, the cdculation codes and the neutron
sources usad in this dudy is given in Section 2. In Section 3, the computed neutron

energy Soectra in the fud are compared for the three different sources. In Section 4, we
describe invedtigetions of the neutron source efficency j *. The specific procedure used
for cdadlaing j* with MCNP and MCNPX is described. The differences in the
computed vaues of j* ae andysed, as wel as the vaidions of j * with neutron
importance and reactivity.

2 DESCRIPTION OF THE MUSE-4 MODEL, CALCULATION TOOLSAND
NEUTRON SOURCESUSED IN THISSTUDY

2.1 TheMuse-4 Mod€

Three homogeneous sub-critical configurations have been gsudied (Scl, Sc2 and
3 with kerr = 0.99, 0.97 and 0.95 respectively) representing three configurations planned
in the MUSE4 expeaiments. The geometry of the Sc2 modd is shown in Fig. 1beow.
The maerid compogtions of the different regions are liged in Appendix A. The axid (z



direction) dimengon of the fud is 60.96 cm, except in a 21.2 cm wide channd above and
below the lead buffer and the accderator tube (in the y direction), where it was extended
by 10.16 cm. The Na/SS reflector (Region 2) ends a z = #61.76 cm. Thereis dso a 10.16
thick axid shidd (Region 3) aove and bedow the NalSS reflector. The overdl
dmensons of the whoe modd, induding the reflector and the gshidds ae

y
z X

Region O: Accelerator Tube
] Region 1. Fud

Region 2: Na/'SS Reflector
Region 3: Axid Shidd
Region 4: Radid Shidd
Region 5: Lead Buffer
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Fig.1 xyCross-sectional View 01; the MUSE4 Sc2 Sub-Critical Configuration (k-eff = 0.97).
The cross shows the position where the neutron spectra have been calculated, see Section 3.

To ditain the two other sub-critical leveds, Scl and Sc3, fud cdls were added or
removed  the core periphery.

2.2 Description of the Calculation Codes

Cdculations have been performed with MCNP-4AC for modds of the three MUSE-
4 sub-criticd configurations with the (d,d)- and (d,t)-sources. MCNPX was used to
dmulate the sygem with the spdlation source All smuldions rdied on the same
evaduaed nudear datalibrary, namdy ENDF/B-VI.4.

MCNPX is the extended verson of MCNP where the mgor capabilities of
LAHET (Prad and Lichtenstein, 1989) and MCNP-4B (Briesmader, 1997) have been
merged together. In MCNP, paticle trangport relies entirdly on nuclear data contained in
externdly supplied cross section tables (E, < 20 MeV), which are derived from evduated
nucler data files In LAHET, on the other hand, particle transport is accomplished by
usng vaious theoreticad physcs modds embedded in the code covering the energy
range up to saverd GeV. In MCNPX, the table-based data are used whenever they exis,
as such data are known to yidd the best results. When they do not exig, the code built-in
physics modds are used.

Severd physcs modds are avalable for high-energy transport in MCNPX. In the
fird dage in which the inddent patices interact with the individud nudeons via
patide-paticle cross sections, the Intranuclear Cascade (INC) and Multisage Pre-



equilibrium (Pradl, 1998) Modds ae used. The INC modd used in this dudy is the
Betini package (Betini, 1963). In the second Stage the nudeus undergoes either
evgporation (emitting neutrons and light ions) or fisson, while in the find dage the
excdted nudeus decays by gamma emisson, with energies described by a decay library
(PHTLIB).

2.3 Description of the Sources

Three different neutron sources have been conddered in this sudy: a (d,d)-, a

(d,t)- and a spdlation source. It should be noted that (a,n)- or spontaneous fission sources
in the fud have not been consdered here.

2.3.1 TheFusion Sourcesused in MUSE4

Two different fuson sources can be produced by the GENEPI neutron generator.
250 keV-deuterons are accderated through the accderator tube towards ether a
deuterium or a tritium target. The neutrons are emitted (the fuson reactions themsdves
ae not smulated) from a point & the centre of the core (Hg. 2A). The energy of the
emitted neutrons in the laboratory system (derived from basic kinematics) ranges from 2
to 3 MeV for the (d,d)-neutrons and from about 13 to 15 MeV for the (d,t)-neutrons with
a maximum emisson probability dendty pesked in the forward direction. The source
neutron energy soectrum and angular didribution used in this sudy ae liged in

Appendix B.

1 GaV
Pratons

ENEPI
0.0} or (DT
& ST

Fig.2 A) (d,d)- or (d,t)-Source Emitted fromthe GENEPI Neutron Generator at the Centre of
the Core. B) 1 GeV Protons Accelerated Towards the Lead Buffer Creating Neutrons via
Spallation Interactions. The generated neutrons are “ frozen” and emitted as fixed source

neutrons in a separate simulation.

2.3.2 The Spallation Source

For the purpose of producing the spdlation source for the numerica smulations,
the lead buffer/target in the modd was extended by one extra subassambly towards the
proton beam, replacing part of the acceerator tube (Fig. 2B). This was done in order to



maximize neutron production near the centre of the core (the same podtion where the
(d,d)- and the (d,t)-source neutrons are emitted).

The smulaions with the spdlaion source were divided into two deps A firg
dmulaion with the 1000 MeV proton beam (the protons were uniformly digtributed
across the beam of diameter 4 cm) impinging on the lead target, was performed with
MCNPX. The propaties in terms of angular, energy and spatid didribution, of the
primary neutrons born from the spdlation interactions were recorded. In the second sep,
these primary neutrons were supplied to the MCNPX code as fixed source neutrons for
separate Imulaions.

The spdtid range of the primary neutrons was found to be raher limited, most
neutrons being emitted within a 3 to 4 cm radius around the zaxis and within the first 30
cn axidly, i.e, in the direction of the proton beam. The energy didribution of the
neutrons produced from the 1000 MeV protons, integrated over dl angles is shown in
Hg. 3 (neutrons created from secondary protons will have a dightly softer spectrum). We
note that 17.3 % of the neutrons have energies higher than 20 MeV and 3.6 % of them
higher than 150 MeV, and that these are mainly emitted in the forward direction of the
incident proton beam. The effect of this high-energy fraction of neutrons on j * will be
discussed in Section 4.5.
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Fig.3 Spectrumof Primary Neutrons (Integrated over all Angles) bornfrom 1000 MeV Protons
Impinging on a very thin Target of Lead (Sngle Reaction).

Neutrons Spectrum (Normalised to Unity)

3 NEUTRON SPECTRA IN THE MUSE-4 CORE

The Sc3 sub-cariticd configuration of the MUSE-4 modd with ker = 0.95 was
smulaed. The neutron energy Soectra resulting from the three different sources were
cdculaed in the subassembly centred & 21.2 cm from the centre of the core, indicated
with a cross in Fig. 1 The neutron spectra of the other sub-criticd dtates (Scl and Sc2)
are not shown here, snce they are very amilar to the spectra of Sc3.

It is seen in Hg. 4 that the three spectra a this podtion are very smilar to each
other and that they ae lagdy dominaed by the fisson multiplication in the fud. The



two dips in the neutron fluxes caused by the resonances in sodium (~ 3 keV) and oxygen
(~ 04 MeV) can be seen. The fraction of neutrons gill having ther initid (source) energy
is very amdl (but should not automaticdly be disregarded) — about 0.2 % of the (d,t)-
neutrons are dill in the 14 MeV pesk and 0.1 % of the spdldaion neutrons have energies
above 20 MeV. Hence, we conclude that, for the purpose of computing neutron spectrum
weighted quantities, the presence of the externa sources can be congdered “forgotten”
beyond afew centimetres into the fud.

I \J
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Fig.4 MUSE4 Neutron Energy Spectrain the Subassembly Centred at x=21.2 cm, y=-53cm
Resulting from the three Different External Sources.

Neutrons Density (Normalised to Unity)

4  SOURCE EFFICIENCY

The rddive effidency (j *) of the source neutrons was determined for the three
different sources and for the three different sub-critica configurations of the MUSE4
modd.

4.1 Definitionof j *
The neutron flux digribution in a sub-critical core is the solution of the inhomogeneous
ba ance equation:

Af g=Ff ¢+S (1)

where F is the fisson production operator, A is the net neutron loss operator and Sisthe
extend source. The quartity j*, which represents the rdative efficiency of externd
source neutrons, is defined as the ratio of the average importance of the externd source
neutrons to the average importance of the fisson neutrons (Salvatores, 1999), i.e.:

<fy*,S>

A <S>
J _<f0*!FfS> (2)

<Ffs>



where  f¢* = Theadjaint flux (the everywhere positive solution of

A*f o* :kiF *f o *) which provides a measure of neutron importance.

eff
<Ffs> =Totd production of neutrons by fisson.
<S> =Totd production of neutrons by the externa source.

In the above formula, the brackets imply integration over gpace, angle and energy.

As ome of the integrds in Eq. (2) cannot be directly cdculated with MCNP and
MCNPX, another procedure was sought to compute j *. By usdng the baance eguation
(Eg. 1), the properties of the adjoint flux fo*, the A, F operators and their adjoints A*,
F*, the source efficiency can be expressed equivdently as

j*:‘éel _1gy<Ffs>
a5 s

©)

Eg. (3 is a dmple formula reating the totd fisson neutron production <Ffs> to the
externa source, j * and reectivity (1 — 1/ Ke). It shows that, for given vaues of ke and
<S>, thelarger j * thelarger the fisson power produced in the system.

The quantities in the right hand sSde of Eq. (3) are dandard outputs from MCNP
and MCNPX. For dmplicity, the production terms will be labeled only F and Sin the
sequd.

4.2 Edimation of the Satistical Error in j *

To get an edimae of the datidicd uncetanty in the source effidency, assume
that the errors of F and Sare OF and 6 and gpply the formula for “propageation of error”
(Eq. 4)

3 -l ¢ i qif
Df (X1, X2.,.-.) =\/§‘n Xt g—sz- +o. T ><ﬂ—Xle1><@Dx2+ 4

The corrdaion condant r could be ether podtive or negative — negdtive if ke and F are
corrdaed and pogtive if they are anti-corrdaed. However, as a fird gpproximetion, r

may be assumed to be zero. With the derivatives 1/ , T~ and h/ inserted in Eq.
ket IF S

(4) an expression for therelative error in j * can be obtained:

. 5 DE .2 ..
g - = » G X + C—~ + C—~ (5)
J * -

Eq. 5 will be used in the subsequent sections to estimate the Satigtical uncertainty in j *
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4.3 Calculationsof j * for theM USE-4 M odel

The multiplication factor ke and the tota number of neutrons produced by fisson
(F) were cdculated for the three different sources and the three different sub-criticd
configurations. F was automaticdly normdised per source neutron, O S was adways
equd to 1. The source efficency was cdculated according to Eq. (3) and the
corresponding detigtical erors (+1 sandard deviaion) according to Eq. (5). All results
induding eror esimations are liged in Table 1

Tablel MCNP/MCNPX Resultsfor the MUSE-4 Sc1, Sc2 and Sc3 Configurations.

Sour ce Kett F ] ¥

(D,D)-Source 0.99045 1402 (+ 1.6 %) 1.35 (= 0.024)
Scl [ Source (+8pcm) 2232 (* 1.7 %) 2.15 (= 0.040)

Spallation 0.99040 2486 (+ 1.8 %) 2.41 (% 0.047)

Source (£8pcm)

(D,D)-Source 0.97007 44.2 (£ 0.9 %) 1.36 (£ 0.015)
2 | (O.;T)-Source (+ 14 pam) 69.9 (+ 1.0 %) 2.16 (£ 0.024)

Spallation 0.96992 766 (x 1.1 %) 2.37 (£ 0.028)

Source (+ 15 pam)

(D,D)-Sour ce 0.94982 254 (+ 0.6 %) 1.34 (+ 0.009)
Sc3 [D)Source (+ 14 pom) 201 (x 05 %) 2.12 (+ 0.013)

Spallation 0.94993 442 (+ 0.7 %) 2.33(+ 0.018)

Sour ce (+ 15 pam)

The enagy of the (d,d)-source neutrons (2-3 MeV, see Appendix B) is only
dightly larger then the average energy of a neutron produced by fisson. The j * vdue for
the (d,d)-source is therefore expected to be equa or dightly larger than 1, which is indeed
the case.

In the case of the (d,t)-source, the reason for the higher vaues of j * isthe larger
fisson rae, pat of which coming from fissons induced by the neutrons multiplied by
(n,2n)-reections in the lead buffer. It is seen in Table 1 tha the number of fisson
neutrons per source neutron is large, gpproximately 58 % larger than for the (d,d)-source,
It is dso seen in Hg. 5 that the (n,2n)-cross section in lead has a threshold at about 7
MeV, which is the reeson why this reaction is insendtive to the (d,d)-source neutrons. At
14 MeV the vdue of the lead (n,2n)-cross section is about 2 barns, which is comparaole
to the fisson cross section in Pu-239 and in U-238.

Concerning the spdlation source neutrons, the vaues of j* obtaned in the
dmulaions are somewhat higher then for the (d,t)-source. This is due to the fraction of
neutrons having a very high energy (e Section 2.3.2). Mog of the neutrons from the
gpdlaion process are born with an energy lower than the (n,2n)-cross section threshold in
lead, but the neutrons with very high energy contribute dgnificantly to j *, as will be
shownin Section 4.5.
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Fig.5 Neutron Microscopic Cross Sections for Pu-239 Fission, U-238 Fission and (n,2n)-
Reactionsin Pb-206, -207,-208. (ENDF/B-VI.4)

It is ds0 seen in Table 1 that, for dl three sources, j * remans goproximady

condant or increases dightly as ket increases. This trend will be further discussed in the
fallowing section.

4.4 Dependenceof j * on Neutron Importanceand Kes

The dependence of the source effidency on neutron importance fo* was
invedigated for a wider range of sub-criticdity ke = 0.70 to 0.996), for a (d,d)- and a
(d,t)-source, usng a spherical modd condgting of a buffer core (leed or U-238 with r =10
cm) and MUSE-4 type fud. Only a limited class of importance variaions was congdered.
Theresultsareplottedin Fg. 6.
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Fig.6 | * versuske;for Spherical Configurationswith a Buffer of Lead or U-238(r=10am)and
MUSE-4 type Fuel, Coupled to a (d,d)- and a (d,t)-Source. Theneutronimportanceand k «were
changed by varying the fuel radius from about 48 cm (Keir » 0.70) to 68 cm (Kes » 0.996).



Ingeed of plotting the ratio j * / (Uker — 1) versus ke which would reflect the
rgpid increase of < Ff ¢ >/<S> (and therefore of the fisson power) as Ker approaches
unity, we focused indead on the behaviour of | * versus Kes. The neutron importance (and
therefore ke) Was varied by changing the outer radius of the fud from gpproximeatdy 48
to 68 cm. It is seen in Fig. 6that j * shows the same dmogt condant or dightly increasing
trend in the intervd kg = 0.95 to 0.99, for the sphericd configurations with the leed
buffer, as dready observed for the MUSE-4 modd.

The firg case (Case 1) is a sphere congding of a lead core surrounded by fud
with gpproximatdy the same maerid compogtion as liged in Table 3. j* increases
dightly but condantly in the intervd ke = 0.70 to 0.996. The importance of the (,2n)-
effect is ds0 demondrated by replacing the (d,t)-source by a (d,d)-source (Case 2), which
results in dgnificantly lower vdues of j *. The curve shows the same increedng trend as
for the (d,t)-source.

In Case 3, when the lead buffer at the centre of the sphere is replaced by U238, a
large increese in j * occurs a dl sub-citicdity leves because of U-238 fissons. The
same increasng trend as with the lead buffer is not obsarved here as j * remans nearly
condant.

The datidicd arors of the j* vaues are raher andl in the range 0.70 £ Ke £
0.99 — less than 1 % (1 dandard deviation), while around 2.5 % for the very last point
(kest = 0.996). In the dbsolute vidnity of criticdity ke 2 0.996) the computation time for
cdculating j * growstoo large to obtain rdiable results.

We condude that the variaions of j * with neutron importance are rather smdl in
the investigated range 0.70 £ Kest £ 0.996.

4.5 Decompostion of the Spallation Source

Mogt reactor code smulations only take into account neutrons with energies lower
than 20 MeV. However, a dgnificant fraction of the neutrons produced by spdlation have
enagies higher than 20 MeV (see Fig. 3. The contribution of those high-energy neutrons
to the source efficiency needs to be invedtigated. For this, the gpdlatiion source was
atifigdly it into two “low-energy” bins & from 0 to 5 MeV and S from 5 to 20
MeV) and two “high-energy” bins & from 20 to 150 MeV and & from 150 to 1000
MeV). The study was performed for the third sub-critica level Sc3 ke = 0.95) of the
MUSE-4 modd.

In order to derive a formula for the low- and high-energy contributions to the
source efficiency, we gart from Eq. (3), gpplied to each source bin

5] o] .
ji-k:(; 1 _1iv<Ff|>
gkeff I-J<S|>

where f ; = Hux resulting fromeach sourcebin (S ® f 1, S ® f; etc).

(6)
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Snce < Ff 1 >= a i4:1< Ff; >, the following reaionship for the decompostion of j * is
reedily obtained

4

. o . <Si>

jtr=alite=—— (7
iz1 <S>

where j t* = Effidency of thetotd source.
j i* = Efficency of each source bin done.

The  i* rexults obtained from the Monte Calo smulaions ae liged in Table 2. As
expected, for the firg lonenergy bin, j* is low (j 1*=1.25) and close to the vaue
obtained for the (d,d)-source. For the second bin, it is found to be higher § ,*=1.71) snce
many of the neutrons have energies above the lead (n,2n)-cross section threshold. For the
two high-energy pats, ¥ is vay high (j 3¥=4.58 and j 4*=14.4), which is the
consequence of fissons induced by neutrons born from (n,xn)-resctions and spdlation
interactions

Table2 MCNPX Resultsfor the Sc3 MUSE-4 Modd (ke = 0.94993) Obtained fromthe
Decomposition of the Spallation Source.

Source | Energylimits| «g > <Ff. > ji* _ <S >
Bin (MeV) 32| =FhiZs . J i*"ic

<S> <§ > <S>

St 0-5 0559 237 125 0.699 (30 %)

S; 5-20 0.268 325 171 0.458 (20 %)

Ss 20- 150 0137 86.9 458 0.627 (27 %)

S, 150- 1000 006 2731 144 0518(23%)

Sm=230
S;P 0- 1000 10 442 233

The superscripts A, B, Cand D in Table 2 gtand for:

A: Fraction of the total number of source neutrons in each energy bin (compare Fg. 3).
B: Neutrons produced by fisson in the core.

C: Contributiontototd j * (Product of column 3 and 5).

D: Smulation with thetota source, identical asfor Sc3in Table 1.

It is ds0 sen in Table 2 that the two high-energy parts (17.3 % of the totd
number of source neutrons), contribute for about 50 % of the totad j *, and the highest
energy part done (3.6 % of the totd number of source neutrons) for more than 20 %. The
aum of the contributions to j * from the four different parts in the rightmost column,
according to Eq. (7), is 230, which is in good agreement with the vaue obtained from the

gmuldion with the totd source (j T%=2.33). The datistical 5 eror edimates in the j *
vaues are lessthan 1 %.

The rather high average number of fisson neutrons produced per source neutron

for the two high-energy bins (87 and 273 respectively) might seem surprisng a first The
explanation for this is tha most of the high-energy neutrons from the spdlation source
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have dready been multiplied in the lead (via secondary spdlation and (n,xn)-reactions)
before they enter into the fud. Each of them gives birth to a number of lower-energy
neutrons, which then lesk out of the leed and induce fisson chain reactions in the fud.
Additiond smulaions in which the lead target done was kept showed that only about
5% of the neutrons lesking out of the lead have energies higher tan 20 MeV and about
1 % of them higher than 150 MeV.

We condude thet, dthough neutron trangport in the fud is largey dominated by
neutrons with low energy (B, <20 MeV) which can be wdl smulated with a number of
cdasscd cdculaion codes such as MCNP, the importance of the high-energy
contribution to j* indicaes the need for further invedigaing the effects from high-
enagy spdlation neutrons. This could be made easer by extending the cagpabilities of
exiging neutronics codes, in paticular determinigic codes, for sudying high-energy (20-
150 MeV) neutron transport.

5 CONCLUSIONS

Numericd smulaions have been peformed with MCNP and MCNPX to
invedtigate the neutronic properties of a sub-critical core representative of the up-coming
MUSE-4 experiments, dterndivdy coupled with a (d,d)-source, a (d,t)-source and a
spdlation source. The source-plus-core sysems have been sudied in terms of neutronic
gpectra and efficiency § *) in three different sub-critical configurations ke = 0.99, 0.97,
0.95).

The computed neutron spectra in dl cases show that fisson multiplication
dominates a didances past a few centimetres into the fud. This implies that, for the
purpose of ADS core studies, the presence of the source may be ignored in the calculation
of spectrum-weighted quantities, except possbly in the immediate vicnity of the externd
source.

The rddive effidency of the (d,d)-source is somewhat higher then 1 (~1.35). For
the (d,t)-source, it is much larger, aound 2.15. This ggnificantly larger vaue is due to
the (n,2n)-multiplication in lead (with an energy threshold & about 7 MeV) and the
induced fissons. To andyse the high vdue of j* obtaned for the spdlaion source
(~2.35), the source was atificdly split into four different energy bins and the efficency
of each bin was determined. It was found that these two high-energy bins (E,, > 20 MeV)
contribute for about 50 % to j * and to the totd number of fisson neutrons produced in
the core. This can be explaned by the fact that primary neutrons born with high energy
from gpdlation give hirth to a large number of lower-energy neutrons, which in turn
induce fissons. This rather high fraction indicates the need for extending reector andyss
code cgpabilities above 20 MeV for more detaled invedigaions of high-energy
gpdlaion neutron effects

The vaiaions of j* with neutron importance (and reectivity) was dso

invesigated for different sphericd  configurations. It was found that j* remans
aoproximately congtant or increases dightly intheinterva 0.70 < ket < 0.996.
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APPENDIX A

Table3 Material Conyposition for the Different Homogeneous Regions of the MUSE4

Modd.
Atomic Density of Materials[10® atoms/cm’]
I sotope Fuel Na/SS Axial Radial L ead Accelerator
Reflector Shield Shield Buffer Tube
C 2.75e-05 190e-05 164e-05 147e-03 164e-05 9.32e-05
0O-16 144e-02 - - - - -
Na-23 932e-03 466e-03 - - - -
Al-27 - - - - - 146e-02
Si 100e-05 118e-03 154e-03 298e-05 298e-05 115e-04
Cr-52 162e-03 102e-02 130e-02 800e-04 758e-04 175e-03
Cr-53 184e-04 115e-03 147e-03 907e-05 85%e-05 198e-04
Mn-55 124e-04 833e-04 107e-03 583-04 361e-05 175e-04
Fe54 4716e-04 2.74e-03 350e-03 470e-03 197e-04 458e-04
Fe-56 647e-03 426e-02 545e-02 7.30e-02 306e-03 701e-03
Ni-58 649%-04 348e-03 442203 743e-04 264e-04 6.782-04
Ni-60 250e-04 134e-03 - 286e-04 102e-04 261e-04
Pb-206 - - - - 7.72e-03 40%-03
Pb-207 - - - - 6.6%-03 354e-03
Pb-208 - - - - 159e-02 840e-03
Bi-209 - - - - 150e-06 -
U235 175e-05 - - - - -
U238 526e-03 - - - - -
Pu-239 152e-03 - - - - -
Pu-240 371e-04 - - - - -
Pu-241 2.84e-05 - - - - -
Pu-242 133e-05 - - - - -
Am241 49e-05 - - - - -
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APPENDIX B

Table4 Laboratory-system Angular and Energy Dependence (Derived from Basic
Kinematics) of the (d,d)- and the (d,t}-Source Neutrons Emitted at the Centre
of the Core, Resulting from the GENEPI 250 keV Deuterons Impinging on a
DeuteriumyTritium Target.

(D,D)-reaction (D,T)-reaction
Angle | Energy Emission Energy Emission
probability density probability dendity

0 3020 5250% 1512 4.924%
9 3042 5.243% 1510 4.922%
18 3020 5.23% 1507 4.916%
27 2934 5192% 1500 4.906%
36 2935 5150% 1492 4.893%
45 2876 5.098% 1482 4.876%
54 2808 5.038% 14.70 4.856%
63 2734 4970% 1457 4.834%
72 2656 4.89%% 1443 4.811%
81 2576 4.825% 1428 4.786%
0 24% 4.750% 1413 4.760%
99 2419 4.676% 1398 4.735%
108 2.346 4.605% 1383 4711%
117 2219 4.538% 1370 4.688%
126 2219 4.478% 1358 4.667%
135 2167 4.425% 1347 4.648%
144 2123 4.330% 1337 4632%
153 2089 4.344% 1330 4619%
162 2064 4.318% 1325 4610%
1 2049 4.302% 1321 4.604%
180 2044 4.29/% 1320 4.602%
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Spallation Neutron Source Effects in a Sub-Critical System

P. Seltborg”

Department of Nuclear and Reactor Physics, Royal Institute of Technology, Stockholm, Sweden
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CEA Cadarache, SPRC/LEPh Bat. 230, 13108 Saint-Paul-lez-Durance, France

Abstract — Numerical simulations of a sub-critical system coupled to a neutron spallation source
(1000 MeV protons impinging on a lead target) have been performed with the Monte Carlo code
MCNPX and the deterministic code system ERANOS. The investigations have focused on the
determination of the source neutron efficiency, ¢¥*, i.e. the ratio of the average importance of external
source neutrons to the average importance of fission neutrons. The calculations have been performed
for a model representative of the MUSE-4 experiments currently underway in the MASURCA facility.

1t has been found that the high-energy neutrons (E, > 20 MeV) born from spallation, even though they
represent only about 17% of the total neutrons, contribute for a large fraction (50%) to ¢* and to the
total number of fission neutrons produced in the core. It has also been found that codes such as
ERANOS, which do not take into account neutrons with energies higher than 20 MeV, largely

underestimate @*.

I.  INTRODUCTION

Accelerator Driven Systems (ADS) (Ref. 1) are being
investigated as a possible means for reducing the long-term
radiotoxicity of the spent reactor fuel. In principle, the sub-
criticality of ADS allows for dedicated cores with a much
higher concentration of minor actinides than what is
acceptable in critical reactors. Those dedicated cores could
achieve high transmutation rates. Research done on ADS
indicates that a radiotoxicity reduction factor of 50 to 100 is
theoretically possible (Ref. 2).

In an ADS, neutrons generated by an intense external
source, usually spallation reactions in a heavy metal target,
are supplied to a sub-critical reactor core. This idea is being
investigated in the MASURCA experimental facility at CEA
Cadarache in the framework of the MUSE experiments
(MUltiplication avec Source Externe) (Refs. 3, 4 and 5).
Different configurations and several sub-critical levels are
being studied.

" E-mail: per@neutron kth.se

The on-going MUSE-4 experiments do not use a
spallation source. Instead, a high-intensity pulsed neutron
generator GENEPI, constructed by CNRS/ISN/Grenoble, is
being used to accelerate a 250 keV deuteron beam towards
either a deuterium target or a tritium target, producing well-
characterized neutron sources via fusion reactions.

In a previous study (Ref. 8), we investigated spallation
neutron source effects in a MUSE-4 type sub-critical core
coupled to a 1000 MeV proton beam, in particular the
contribution of high-energy neutrons (E, > 20 MeV) to the
source efficiency (@*). The objective of the present study is
to complement this past work. Additional numerical
simulations have been performed with the Monte Carlo code
MCNPX (Ref. 6). The results have been compared to those
obtained with ERANOS (Ref. 7), the CEA reference
deterministic code system for fast reactor analyses.



A description of the MUSE-4 model, the MCNPX and
ERANOS codes and the spallation neutron source used in
this study is given in Section II. In Section III, the specific
procedure used for calculating ¢@* with MCNPX and
ERANOS is described. A decomposition of the spallation
source is performed and analysed. The results of the
MCNPX and ERANOS simulations are compared.

II. DESCRIPTION OF THE MUSE-4 MODEL, THE
CALCULATION CODES AND THE SPALLATION
NEUTRON SOURCE USED IN THIS STUDY

1I.LA. The Muse-4 Model

A homogeneous model representing one of the sub-
critical configurations (SC3) planned in the MUSE-4
experiments (k.; = 0.95) has been studied. The geometry of
the model is shown in Fig. 1. The fuel is MOX fuel with
72% U-238, 21% Pu-239 and 5% Pu-240 plus small
amounts of some other actinides. The fuel is homogeneously
distributed together with the Na-coolant (Ref. 8). The axial
(z-direction) dimension of the fuel is 60.96 cm, except in a
21.2 cm wide channel above and below the lead buffer and
the accelerator tube (in the y direction), where it was
extended by 10.16 cm. The sodium-steel reflector ends at z
= 161.76 cm. There is also a 10.16 thick axial shield (not
shown in the figure) above and below the Na/SS reflector.
The overall dimensions of the whole model, including the
reflector and the shields, are 159 cm x 169.6 cm x 143.84

cm.
7424 | |
y
53.0
| Il z X
21.21
| 0: Accelerator Tube
! 1: Fuel/Na-Coolant
4] 2: Na/SS Reflector
| 3: Axial Shield
4: Radial Shield
10.6 cm 5: Lead Buffer
10','5";};1' e g YA

Fig. 1. x-y cross-sectional view of the model of the MUSE-
4 sub-critical configuration (k.= 0.95).

II.B. The Calculation Codes
II.B.1. MCNPX

MCNPX is an extended version of MCNP where the
major capabilities of LAHET (Ref. 9) and MCNP-4B (Ref.
10) have been merged together. In MCNP, particle transport
relies entirely on nuclear data contained in externally
supplied cross section tables (E, < 20 MeV), which are
derived from evaluated nuclear data files. In LAHET, on the
other hand, particle transport is accomplished by using
various theoretical physics models embedded in the code,
covering the energy range up to several GeV. In MCNPX,
the table-based data are used whenever they exist, as such
data are known to yield the best results. When they do not
exist, the code built-in physics models are used.

Several physics models are available for high-energy
transport in MCNPX. In the first stage, in which the incident
particles interact with the individual nucleons via particle-
particle cross sections, the Intranuclear Cascade (INC) and
Multistage Pre-equilibrium (Ref. 11) Models are used. The
INC model used in this study is the Bertini package (Ref.
12). In the second stage the nucleus undergoes either
evaporation (emitting neutrons and light ions) or fission,
while in the final stage the excited nucleus decays by
gamma emission, with energies described by a decay library
(PHTLIB).

In this study, all simulations performed with MCNPX
relied on the same evaluated nuclear data library, namely
ENDEF/B-VL.6.

II.B.2. ERANOS

ERANOS is a deterministic fast reactor code system
developed by CEA in collaboration with other R&D
organizations (Ref. 7). It uses cross-section libraries based
on the JEF2.2 evaluated file. The ERANOS code system is
well validated for classical sodium-cooled fast reactors. This
validation has been recently extended to plutonium burning
cores with steel-sodium reflectors and high Pu-content.
However, the code is not yet fully validated for systems
characterized by large sub-criticalities and the presence of
high-energy neutrons from spallation.

In ERANOS, I-D cell or 2-D subassembly calculations
are performed with the ECCO code, while core calculations
can be performed with different 2-D or 3-D, diffusion or
transport theory modules. In this study, the two-dimensional
S, transport code BISTRO (Ref. 13) was used.



II.C. Description of the Spallation Source and the
Primary Spallation Neutrons

The MCNPX simulations calculating the efficiency of
the spallation source neutrons were divided into two steps.
In the first simulation, a large number of protons (1000
MeV) were accelerated towards the lead target (Fig. 2). The
protons were uniformly distributed across the beam of
radius 2 cm. The angular, energy and spatial distributions of
all neutrons that were created directly from the spallation
interactions (primary spallation neutrons) were recorded.
After that the neutron trajectories were immediately
terminated. This procedure produces the spectrum of
primary spallation neutrons, i.e. no secondary neutrons are
included.

Fig. 2. 1000 MeV protons accelerated towards the lead
target creating neutrons via spallation interactions. The
generated primary neutrons are “frozen” at the moment
when they are created, and emitted as fixed source neutrons
in a separate simulation.

In the second step, these primary spallation neutrons
were supplied to the MCNPX code as fixed source neutrons
for separate simulations and the source efficiency was
determined.

The spatial distribution where the primary neutrons
were created was found to be rather limited. Axially, most
of the neutrons were emitted in the upper part of the lead
target (77% within the first 20 cm, see Fig. 3A). The radial
distribution was found to be very peaked around the axis of
the incident proton beam, about 98% of the neutrons were
created within a 3 cm radius (Fig. 3B).
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Fig. 3. A) Axial distribution of the primary spallation
neutrons. B) Radial distribution of the primary spallation
neutrons.

The energy distribution of the primary neutrons
produced by the 1000 MeV protons is shown in Fig. 4. We
note that 16.8% of the neutrons have energies higher than 20
MeV and 3.3% of them higher than 150 MeV, and that the
neutrons with very high energy are mainly emitted in the
forward direction of the proton beam, as expected.
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Fig. 4. Energy spectrum of the primary spallation neutrons
created by the 1000 MeV protons.

There were about 14.5 primary spallation neutrons
produced per 1000 MeV proton. This value should be
compared to the total number of neutrons produced in the
lead target, i.e. around 21 neutrons per proton. Thus, almost
a third of the neutrons that exit the lead target and enter into
the fuel are secondary neutrons, most of them created in
neutron spallation reactions and (n,xn)-reactions.



It should be noted that, when calculating ¢* for a
spallation system, the results are directly dependent on the
definition of the neutron source. Other source definitions are
possible (Refs. 14 and 15), which will result in different
meanings and values for ¢*.

II. SOURCE EFFICIENCY
HI.A. Definition of p*

The neutron flux distribution ¢ in a sub-critical core is
the solution of the inhomogeneous balance equation:

A¢s:F¢s+S (1)

where F is the fission production operator, 4 is the net
neutron loss operator and S is the external source. The
quantity ¢@*, which represents the relative efficiency of
external source neutrons, is defined as the ratio of the
average importance of the external source neutrons to the
average importance of the fission neutrons (Ref. 1), i.e.:

<$*y,8 >

o <S> )
<$*o.F¢s >
<F¢, >

where
¢*, = The adjoint flux (the everywhere positive solution
of A*¢*, = 1/k,;- F*¢*,), which provides a measure of
neutron importance.
<F¢> = Total production of neutrons by fission.
<S§> = Total production of neutrons by the external
source.

In the above formula, the brackets imply integration
over space, angle and energy.

As some of the integrals in Eq. (2) cannot be directly
calculated with MCNPX, another procedure was sought to
compute ¢* By using the balance equation [Eq. (1)], the
properties of the adjoint flux ¢* the A, F operators and
their adjoints A*, F*, the source efficiency can be expressed
equivalently as:

w*:[kl _1].<F¢S> 5

Eq. (3) is a simple formula relating the total fission neutron
production <F¢> to the external source, @* and reactivity

(1 — 1/ kgp). It shows that, for given values of k. and <S>,
the larger @* the larger the fission power produced in the
system.

The quantities in the right hand side of Eq. (3) are
standard outputs from MCNPX.

HI.B. Decomposition of the Spallation Source

Most reactor codes take into account only neutrons with
energies lower than 20 MeV. However, a significant fraction
of the neutrons produced by spallation have energies higher
than 20 MeV (Fig. 4). The contribution of those high-energy
neutrons to the source efficiency needs to be investigated.
For this, the spallation source was artificially split into two
“low-energy” bins (S; from 0 to 5 MeV and S, from 5 to 20
MeV) and two “high-energy” bins (S from 20 to 150 MeV
and S, from 150 to 1000 MeV), as explained in Ref. 8.

In order to derive a formula for the low- and high-
energy contributions to the source efficiency, we start from
Eq. (3), applied to each source bin

oF; = 1 1 '<F¢i> )
kg <§; >

where
@ = Flux resulting from each source bin alone (S; — ¢,
S Y d ¢2 etc.).

Since < Fgp >= Z?:1< F¢; >, the following

relationship for the decomposition of ¢* is readily obtained:

Prr =D pF— ®)

where
¢*r = Efficiency of the total source.
@*; = Efficiency of each source bin alone.

III.B.1. Calculations Performed with MCNPX

The ¢*; results obtained from the MCNPX simulations
are listed in Table I. As expected, for the first low-energy
bin, @* is relatively low (@*; = 1.24). For the second bin, it
is found to be higher (¢*, = 1.63), since many of the
neutrons have energies above the lead (n,2n)-cross section
threshold (ref. 8). For the two high-energy parts, ¢*; is very
high (¢*;=4.79 and ¢*,= 13.9), which is the consequence
of fissions induced by secondary neutrons born from (7,xn)-



reactions and neutron spallation interactions. The statistical

relative 1o error estimates in the ¢* values are about 1 %.

TABLE I
MCNPX Results for the Decomposition of the Spallation Source, Obtained for the MUSE-4 Model (k.= 0.95013 * 14 pcm).
Source Bin Energy intervals <S;>aA <F¢; >B ¢*i . < S;>c

P 7 il Sl o — L

(MeV) <Sr> <S; > L <Sp >

S 0-5 0.592 23.5 1.24 0.736 (33 %)

S, 5-20 0.240 31.1 1.63 0.390 (17 %)

Ss 20 -150 0.135 91.3 4.79 0.647 (29 %)

S, 150 - 1000 0.033 264.3 13.9 0.458 (21 %)
Sum =2.23

S, P 0 - 1000 1.0 422 221

The superscripts 4, B, C and D in Table I stand for:

A: Fraction of the total number of source neutrons in each energy bin (compare Fig. 4).
B: Neutrons produced by fission in the core, per external source neutrons from bin i.
C: Contribution to total ¢* (Product of column 3 and column 5).

D: Simulation with the total source.

It is also seen in Table I that the two high-energy parts
(16.8% of the total number of source neutrons), contribute
for about 50% of the total ¢*, and the highest energy part
alone (3.3% of the total number of source neutrons) for
more than 20%. The sum of the contributions to ¢* from the
four different parts in the rightmost column, according to
Eq. (5), is 2.23, which is in agreement with the value
obtained from the simulation with the total source (¢*r =
2.21). Comparisons with additional calculations (Ref. 8)
show that this value is slightly higher than the @*-value
obtained for a (d,¢)-fusion source, coupled to the same
model (¢*;,= 2.12), and much higher than for a (d,d)-source

((P*d,d =1 34)

The rather high average number of fission neutrons
produced per source neutron for the two high-energy bins
(91 and 264, respectively) might seem surprising at first.
The explanation for this is that most of the high-energy
neutrons from the spallation source have already been
multiplied in the lead (most of them via secondary neutron
spallation and (n,xn)-reactions) before they enter into the
fuel. Each of them gives birth to a number of lower-energy
neutrons, which then leak out of the lead and induce fission
chain reactions in the fuel. Additional simulations in which
the lead target alone was kept show that only about 5 % of
the neutrons leaking out of the lead have energies higher
than 20 MeV and about 1% of them higher than 150 MeV.

We conclude that, although neutron transport in the fuel
is largely dominated by neutrons with low energies (E, <20
MeV) which can be well simulated with a number of

classical calculation codes such as MCNP and ERANOS,
high-energy neutrons contribute significantly to ¢*. Further
investigating these high-energy effects would be made
easier by extending the neutron data libraries of existing
codes from 20 MeV to at least 150 MeV.

II1.B.2. Comparisons between MCNPX and ERANOS

In practice, many hybrid system core studies rely on
deterministic codes such as ERANOS, which do not model
neutrons with energies above 20 MeV. It is therefore
interesting to compare the predictions of such codes with
MCNPX. While only small differences are expected in
reactivity and power shape predictions (see Fig. 5), the
results of the previous section suggest that a rather large
impact is anticipated on ¢*.

To verify this conjecture, a small benchmark was
defined and calculated with both MCNPX and ERANOS.
This benchmark is a simplified two-dimensional R-Z version
of the MUSE-4 model described in Fig. 1. The distribution
of the primary source neutrons was slightly simplified to
make it possible to use exactly the same sources in both
ERANOS and MCNPX.
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Fig. 5. Radial power profiles computed by MCNPX and
ERANOS.

There are at least two ways of calculating @* with
ERANOS. The first possibility is to use Eq. 2. However, this
requires an adjoint calculation. Another, simpler way is to
use Eq. 3, which may also be written as:

% -1
g = %eﬁ ' (©)
-1
kS

where k; =< Fgg >/< Agg >.
We chose this second alternative.

As can be seen in Table II, ERANOS produces values
of @* in fairly good agreement with MCNPX for the two
low-energy bins S; and S,, in spite of differences between
the nuclear datasets used by the two codes. The relative
statistical 1o error estimates in the ¢@* values for the
MCNPX-calculations are less than 1%.

TABLE II
MCNPX and ERANOS Results for a Simplified Two-Dimensional MUSE-like Model (k5= 0.95).
Source Bin Energy intervals <S8;> 0*;
(MeV) <Sp>
MCNPX ERANOS
S 0-5 0.592 1.20 1.14
S, 5-20 0.240 1.56 1.49
S5 20 - 150 0.135 4.56 -
Sy 150 - 1000 0.033 14.6 -
St 0-1000 1.0 2.17 1.42%

A When simulating the total source with ERANOS, all neutrons above 20 MeV (16.8%) were placed in the highest energy

group (14.2 to 19.6 MeV).

However, since the ERANOS libraries are currently
limited to neutrons below 20 MeV, the value of ¢* for the
total source is much lower (@*gravos = 1.42) than the
MCNPX value (¢*ycypx = 2.17). A large fraction (~ 35%)
of the total value of ¢* is actually not reflected in the
ERANOS results. This is something one should bear in
mind when calculating ¢* for a spallation source with
ERANOS or any other “low”-energy reactor code.

IV. CONCLUSIONS

Numerical simulations have been performed with
MCNPX and ERANOS to investigate the neutronic
properties of a sub-critical model (k.= 0.95) representative
of the on-going MUSE-4 experiments, coupled to a

spallation source (1000 MeV protons impinging on a lead
target). The system has been studied in terms of source
efficiency (p¥).

The efficiency of the total spallation source was found
to be 2.21, which could be compared to ¢* for a (d,7)- and a
(d,d)-source, coupled to the same system (¢*,;, = 2.12 and
o*;0= 1.34, respectively). To analyse this rather high value
of ¢*, the spallation source was artificially split into four
energy bins and the efficiency of each bin was determined.
It was found that the two high-energy bins (E, > 20 MeV)
contribute for about 50% to @* and to the total number of
fission neutrons produced in the core. This can be explained
by the fact that primary neutrons born with high energy
from spallation give birth to a large number of lower-energy




neutrons, which in turn induce fissions. This finding
indicates the need for extending reactor analysis code
capabilities above 20 MeV for more detailed investigations
of high-energy spallation neutron effects.

Comparisons of ERANOS and MCNPX calculations of
@* were found to be in good agreement for the energy bins
below 20 MeV. However, as ERANOS does not take into
account neutrons above 20 MeV, it largely underestimates
the total value of ¢@*. This effect should be remembered
when calculating ¢* with reactor codes that do not account
for neutrons above 20 MeV.
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APPENDIX VII

Y. Efimov, W. Gudowski, Checklist for TC-1 Target Test



Checklist for TC-1 Target Test

This document contains background information on the Project 559 Target Complex operations
and sensors as evidenced by the LabVIEW display of the data acquisition and control system, followed
by checklists for a series of verification tests to document performance of the target complex. This
verification testing represents the conclusion of the ISTC Agreement 559, and the checklists, along with
the associated data files, stand as record to the actual performance of the target complex prior to any
future associated experimental work.



Heating TC-1
Temperatures throughout the loop should be reach desired operating range (approx. 200°C) and the
heaters should be able to maintain them within this range
- heating should be performed with both primary and backup heaters




Filling the drainage tank inside TC-1 with L BE from the external melt tank
Level sensors BH5 and BH6 should indicate LBE level in drainage tank
Temperatures in and around drainage tank should change dightly based on the incoming LBE
temperature
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F|II|ng the TC-1 loop from the drainage tank
Temperatures throughout the loop should change slightly based on the incoming LBE temperature
Level sensor BH5 indicator light should turn off indicating that LBE level in drainage tank has
dropped
Level sensor indicator lights for BH1, BH2, BH3, and BH4 in expansion tank should turn on
indicating LBE present in expansion tank
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Turning the pump on
- Temperatures throughout the loop should change dightly based on the circulation of LBE
Pump voltage, current, and flow rate should be indicated on the dial gauges

During pump operation, temperatures throughout the loop will gradually rise until limiting
temperatures are reached and the pump shuts off

Temperatures thronghout the loop will
gradually rise until limiting temperatures are
reached

Pump voltage,
current, and flow
rate should be
indicated




Draining theloop back into the drainage tank
Level sensor BH5 indicator light should turn on indicating that LBE level in drainage tank has risen
Level sensor indicator lights for BH1, BH2, BH3, and BH4 in expansion tank should turn off
indicating LBE has drained from expansion tank



Check List for Operational Testing Run 1

Objective:  Operation testing of TC-1 starting from with heat-up from room temperature, followed by
loop fill, pump operation, and loop drainage.

Date of test:_ 16.04.01 — 23.04.01

Name of data file (to be distributed by emal to woloshun@lanl.gov, ammerman@lanl.gov,
wacek@neutron.kth.se, .....) _data 160401.txt, data 170401.txt, data 170401-1.txt, data 190401.txt,
data 190401-1.txt

Preheating:

Temperature Set Point (°C): __ low:190 °C, high: 200 °C (on regulative termocouples)

Comments on temperature distribution, heat-up rates, locations of maximums and minimums, anomalies

and concerns.

1. 16.04.01 the computer programm of TC-1 heating was started from room temperature to
temperature Set Points at first back up heaters were tested. 17.04.01 the same TC-1 tests were made
using primary heaters from the preheated conditions that were reached in the previoustest.
Temperature distribution, heat-up rates are in the files. data 160401.txt, data 170401.txt, data
170401-1.txt.

2. The inertia temperature exceeding above high Set Points were fixed on all sones after heaters were
switched off. The maximum inertial temperature exceeding were fixed on regulative thermocouples
255 °C — 260 °C.

3. The heater number 6 (Target) can provide the temperature no more than 180 °C on regulative
thermocouple

4. When temperatures of all zones achieves Set Points and are stabilized all zones have temperature that
dlow theloop filling from drainage tank

Verify: Data file contains complete heat-up history from room temperature start: data 160401.txt,
data 170401.txt, data 170401-1.txt

Filling of the L oop from the Drainage Tank (drainagetank previoudly filled):
Verify LBE in drainage tank and expansion tank (loop) is empty:

Level sensor BH5 on (indicator lit): on
Level sensor BH6 on (indicator lit): on
Level sensor BH1 off (indicator not lit): __ off
Level sensor BH2 off (indicator not lit): __ off
Level sensor BH3 off (indicator not lit): __ off
Level sensor BH4 off (indicator not lit): __ off

Transfer LBE to loop. (Slow pressurization of drainage tank with argon.)



Verify:

Level sensor BH5 goes off (indicator light goes off): goes off

Level sensor BH1 comes on (indicator light comes on): comes on

Level sensor BH4 comes on (indicator light comes on): comes on

Record pressure on analogue pressure gage on drainage tank side at end of transfer: 0,02 MPa
(excessive)

Record pressure on analogue pressure gage on expansion tank side at end of transfer: 0,02 MPa
(excessive)

Verify pressure equalized between drainage tank, expansion tank, and siphon interrupt device prior to
start-up. Note system pressure 0,28 M Pa (excessive):

Comments on loop fill: Anomalies, changes in temperature, etc:

1. In the course of TC-1 loop filling coolant level in the expansion tank was specidly rised. Level
indicators BH3 and BH2 were activated. Then coolant level was lowered to operation value and
sensors BH2 and BH3 were switched off.

2. _Dataon temperature and level sensors indication are in the file data 180401.txt

L oop Operation:
Pump on. Ramp up pump speed to design flow rate (14.2 m3/hr).

Verify:

Flow rate: 9,5 m¥hr, 13,0 m¥hr, 14,0 m¥/hr
Pump voltage: 152 B, 209 B, 218 B, 60??
Pump current A: 508A, 716 A, 725A
Pump current B: 492 A,69,3A,70,2A
Pump current C: _ 52,6A, 73.8A, 75,1 A

Operate at design flow until maximum pump temperature reaches 335 °C (emergency signal).
Pump off.

Comments on loop operation: Anomalies, changes in temperature (isothermality), uniformity of flow

rate, uniformity of pump parameters, changesin level indicators, etc:

1. The pump parameters are stable.

2. Flow rate was maintained on the level 14,0 m’/hr.

3. By flow rate 14,0 m*/h pump was in operation 58 min and was switched off when emergency signal
was produced on pump vessel temperature (BK13) 335 °C (set point) after that temperature of
pump vessel achieved 347 °C and stabilized. Temperatures of expansion tank, heat exchanger and
adjacent pipdines were 320°C — 350 °C. Temperature of the target vessd was 250 °C — 270 °C,
temperature of drainage tank was maintained automatically (by programm) 20 °C — 250 °C.

4. Additional data concerning the pump starts are presented in files data 190401.txt, data 190401-1.txt.




Draining theloop (L BE back to drainage tank):
Verify LBE in expansion tank, and drainage tank is empty:

Level sensor BH1 on (indicator lit): on
Level sensor BH4 on (indicator lit): on
Level sensor BH5 off (indicator not lit): __ off
Level sensor BH2 off (indicator not lit): __ off
Level sensor BH3 off (indicator not lit): __ off
Level sensor BH6 on (indicator lit): __on

Transfer LBE to drainage tank. (Slow pressurization of expansion tank with argon.)

Verify:

Level sensor BH4 goes off (indicator light goes off): goes of f

Level sensor BH1 goes off (indicator light goes off): goes off

Level sensor BH5 comes on (indicator light comes on): comes on

Record pressure on analogue pressure gage on drainage tank side at end of transfer: 0,15 MPa
(excessive)

Record pressure on analogue pressure gage on expansion tank side at end of transfer: 0,3 MPa
excessive

Verify pressure equalized between drainage tank, expansion tank, and siphon interrupt device prior at
end of transfer. Note system pressure: 0,02 MPa (excessive)

Comments on loop drainage: Anomalies, changes in temperature, etc:
1. All temperatures were stabilized within limits.
2. Anomalies have not been fixed

Signature of Observer (Dr. Gudowski):

Signature of 1PPE Project 559 Leader (Dr Y efimov):

Date:




Check List for Operational Testing Run 2

Objective: Repeat operation testing of TC-1. Run may start from the preheated condition of the
previous test; i.e., it is not necessary to repeat heat-up from room temperature.

Date of test: 18.04.-1 — 19.04.01

Name of data file (to be distributed by emal to woloshun@lanl.gov, ammerman@lanl.gov,
wacek@neutron.kth.se, .....) _data180401-1.txt

Preheating:

Temperature Set Point (°C): low:190 °C, high: 200 °C (on regulative termocoupl es)

Comments on temperature distribution, locations of maximums and minimums, anomalies and concerns.

1. All temperatures were stabilized within limits.

2. The heater number 6 (Target) can provide the temperature no more than 180 °C on regulative
thermocouple

Filling of the L oop from the Drainage Tank:
Verify LBE in drainage tank and expansion tank (loop) is empty:

Level sensor BH5 on (indicator lit): on
Level sensor BH6 on (indicator lit): on
Level sensor BH1 off (indicator not lit): off
Level sensor BH2 off (indicator not lit): off
Level sensor BH3 off (indicator not lit): off
Level sensor BH4 off (indicator not lit): off

Transfer LBE to loop. (Slow pressurization of drainage tank with argon.)

Verify:

Level sensor BH5 goes off (indicator light goes off): goes off
Level sensor BH1 comes on (indicator light comes on): comes on
Level sensor BH4 comes on (indicator light comes on): comes on

Record pressure on analogue pressure gage on drainage tank side at end of transfer: 0,28 MPa
(excessive)

Record pressure on analogue pressure gage on expansion tank side at end of transfer: 0,02 MPa
excessive

Verify pressure equalized between drainage tank, expansion tank, and siphon interrupt device prior to
start-up. Note system pressure: 0,02 MPa (excessive)

Comments on loop fill: Anomalies, changes in temperature, etc:

10



1. Loop temperatures are stabilized within limits 190 °C — 200 °C
2. Anomalies have not been fixed

L oop Operation:
Pump on. Ramp up pump speed to design flow rate (14.2 m3/hr).
Verify:

Flow rate. 14,0 mh
Pump voltage: 218B

Pump current A: 725 A
Pump current B: 705 A
Pump current C: 751 A

Operate at design flow until maximum pump temperature reaches 335 °C (emergency signal).
Pump off.

Comments on loop operation: Anomalies, changes in temperature (isothermality), uniformity of flow

rate, uniformity of pump parameters, changes in level indicators, etc:

1. Theflow rateis maintained on the level of 14,0 m*/hr

2. By the flow rate 14,0 m’hr the pump was in operation 58 min and was switched off when
emergency signal was produced on pump vessel temperature (BK13) 335 °C (set point) .After that
the pump vessel temperature achieved 351 °C and stabilized.

Draining theloop (L BE back to drainage tank):

Verify LBE in expansion tank, and drainage tank is empty:

Level sensor BH1 on (indicator lit): on
Level sensor BH4 on (indicator lit): on
Level sensor BH5 off (indicator not lit): off
Level sensor BH2 off (indicator not lit): off
Level sensor BH3 off (indicator not lit): off
Level sensor BH6 on (indicator lit): on

Transfer LBE to drainage tank. (Slow pressurization of expansion tank with argon)

Verify:

Level sensor BH4 goes off (indicator light goes off): goes off
Level sensor BH1 goes off (indicator light goes off): goes off
Level sensor BH5 comes on (indicator light comes on): comes on

Record pressure on analogue pressure gage on drainage tank side at end of transfer: 0,15 MPa
excessve)

Record pressure on analogue pressure gage on expansion tank side at end of transfer: 0,3 MPa
(excessive)
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Verify pressure equalized between drainage tank, expansion tank, and siphon interrupt device prior at
end of transfer. Note system pressure: 0,02 MPa (excessive)

Comments on loop drainage: Anomalies, changes in temperature, etc:
1. All temperatures were stabilized within limits.
2. Anomalies have not been fixed

Signature of Observer (Dr. Gudowski):

Signature of 1PPE Project 559 Leader (Dr Y efimov):

Date:
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Run 3: Check on overfill of expansion tank.

Objective:  Document the operation of al level sensors, and the ability of TC-1 to recover from an
overfill condition. Third run may start from the preheated condition of the previous test; i.e., it is not
necessary to repeat heat-up from room temperature.

Date of test: 23.04.01

Name of data file (to be distributed by emal to woloshun@lanl.gov, ammerman@lanl.gov,
wacek@neutron.kth.se, .....) _ data 230401.txt

Preheating:

Temperature Set Point (°C): low:190 °C, high: 200 °C (on regulative termocouples)

Comments on temperature distribution, locations of maximums and minimums, anomalies and concerns.

1. All temperatures were stabilized within limits.

2. The heater number 6 (Target) can provide the temperature no more than 180 °C on regulative
thermocouple

Filling of the L oop from the Drainage Tank (drainagetank previoudly filled):
Verify LBE in drainage tank and expansion tank (loop) is empty:

Level sensor BH5 on (indicator lit): on
Level sensor BH6 on (indicator lit): on
Level sensor BH1 off (indicator not lit): __ off
Level sensor BH2 off (indicator not lit): __ off
Level sensor BH3 off (indicator not lit): __ off
Level sensor BH4 off (indicator not lit): __ off

Transfer LBE to loop and overfill of expansion tank. (Slow pressurization of drainage tank with argon.)

Verify:
Level sensor BH5 goes off (indicator light goes off): goes off
Level sensor BH6 on (indicator light lit): on

Level sensor BH1 comes on (indicator light comes on): comes on
Level sensor BH4 comes on (indicator light comes on): comes on
Level sensor BH3 comes on (indicator light comes on): comes on
Level sensor BH2 comes on (indicator light comes on): comes on

Record pressure on analogue pressure gage on drainage tank side at end of transfer: 0,28 MPa
excessve)

Record pressure on analogue pressure gage on expansion tank side at end of transfer: 0,02 MPa
(excessive)
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Comments on loop overfill: Anomalies, changes in temperature, performance of level indicators, etc:
1. Anomalies have not been fixed

Draining theloop (L BE back to drainage tank):

Verify LBE in expansion tank, and drainage tank is empty:

Level sensor BH1 on (indicator lit): on
Level sensor BH4 on (indicator lit): on
Level sensor BH5 off (indicator not lit): __ off
Level sensor BH2 on (indicator lit): on
Level sensor BH3 on (indicator lit): on

Level sensor BH6 on (indicator lit): __on

Transfer LBE to drainage tank. (Slow pressurization of expansion tank with argon)

Verify:

Level sensor BH2 goes off (indicator light goes off): goes off

Level sensor BH3 goes off (indicator light goes off): goes off

Level sensor BH4 goes off (indicator light goes off): goes off

Level sensor BH1 goes off (indicator light goes off): goes off

Level sensor BH5 comes on (indicator light comes on): comes on

Level sensor BH6 comes on (indicator light comes on): comes on

Record pressure on analogue pressure gage on drainage tank side at end of transfer: 0,15 MPa
(excessive)

Record pressure on analogue pressure gage on expansion tank side at end of transfer: 0,3 MPa
(excessive)

Comments on loop drainage: Anomalies, changes in temperature, level indicators, etc:
1. Anomalies have not been fixed

Signature of Observer (Dr. Gudowski):

Signature of 1PPE Project 559 Leader (Dr Y efimov):

Date:
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Run 4: Loop Cool Down Data Record
Objective: A datarecord of cool down rates for later performance verification.

Date of test: 23.04.01

Name of data file (to be distributed by emall to woloshun@lanl.gov, ammerman@lanl.gov,
wacek@neutron.kth.se, .....) _ data 230401.txt

System is at temperature, following any previous operational test, and the system isin normal isothermal
or near isothermal mode following atransfer of LBE out of the loop and back to the drainage tank.
The computer programm of TC-1 heating must be off.

Verify dl heaters are off:__when all zones reached room temperature

Comments,
1. Anomalies have not been fixed
2. Temperature distribution, heat-up rates are in file: data 230401.txt

Signature of Observer (Dr. Gudowski):

Signature of 1PPE Project 559 Leader (Dr Y efimov):

Date:
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MONTE CARLO MODELING OF A SUB-CRITICAL ASSEMBLY
DRIVEN WITH THE EXISTING 660 MEV JINR PROTONS
ACCELERATOR.

W. Gudowski*, A. Polanski, I. V. Puzynin, V. Shvetsov
*Royal Institute of Technology, 100 44 Sockholm, Sveden

Joint Institute for Nuclear Research, 141980 Dubna, Moscow region, Russia

Abstract - A sub-critical assembly driven with the existing 660 MeV proton accelerator at the Joint Institute for
Nuclear Research (JINR) in Dubna has been modelled in order to choose optimal parameters for an experimental
set-up. Different combinations of the target, fuel and reflector materials have been considered. Future experiments
may also be used for validation of new computer codes merging high and medium energy particle transport with a

conventional neutron transport models.

l. INTRODUCTION

Joint Ingtitute for Nuclear Research in Dubna
together with foreign collaborators from CEA-
Cadarache, CIEMAT-Madrid, FZK-Karlsruhe and
KTH-Stockholm has proposed a project to develop
and construct a Subritical Assembly in Dubna (SAD)
driven by the existing phasotron accelerator of
protons with energy 660 MeV. A subcritical core will
be fuelled with MOX fuel elements containing a
mixture uranium and weapon grade plutonium
oxides.

In order to optimise the parameters of this
assembly and to choose the most flexible
experimental set-up a series of simulations have been
performed using MCNP4B/C [1], LAHET [2] and
MCNPX [3] codes. Different fuel compositions
surrounded by different reflectors have been tested,
as well as few different spallation target materials
have bee investigated.

[I.  MAIN CHARACTERISTICS OF SAD

The conceptual design of the SAD facility
(SAD) is based on a subcritica MOX core with a
nomina thermal power of 20 kW. This corresponds
to the multiplication coefficient kg = 0.95 for the
accelerator beam power of 1kW [4], [5].

A design of SAD installation — see Table | -
includes:

- The proton accelerator with energy 660 MeV;
Beam transport line;

Replaceable targets of various length and
material: Pb, W, Pb/Bi;

Subcritical core with fuel elements of a BN-
600 type;

Reflector and radiation shielding;

Systems of air-cooling of target and blanket;
Safety and monitoring systems.

The proton beam is to be transported horizontally
to the target through a vacuum track provided by a
concrete shielding. The proton beam will impinge on
the target placed in a steel tube. Surrounding
subcritical core will be set up with MOX fuel placed
in a stainless steel vessel. The lead reflector will
surround the subcritical core. A beryllium reflector
will be placed behind the lead reflector in order to
perform additional studies with moderated neutrons
and to increase experimenta flexibility of this
assembly.

The installation will be placed in accelerator hall
surrounded with a concrete wall with thickness of
about 2 meters.

Subcritical assembly will be placed inside the
concrete container that provides radiation safety at all
modes of operations of installation. Figure 1 shows a
schematic layout of SAD-setup which has been
intensively studied in different fuel-reflector
configurations. We have considered a standard fuel
batch used in a BN-600 fast reactor. The distance
between fuel batch centers has been 96 mm. The fuel
designed for the fast breeder BN-600 reactor will be
adopted for the core of the SAD-facility. The 127 fuel
elements are located in a hexagona stainless steel
fuel batch. The fuel elements with external diameter
equal to 6.9 mm consists of a stainless stedl tube 0.4
mm thick with the plutonium and uranium oxides
mixture. These fuel elements contain the fuel pallets
with 27%Pu0O, + 73%UQO, of average density of 10
g/cm®. The content of **Pu in PuO, is not less than
95%. Uranium in oxide is depleted to 0.4% of Z°U.

The diameter of afuel pellet is equal to 5.8 mm.
The full length of a fuel element is about 108 cm,
while the core length is 50 cm.

[1l.  RESEARCH PROGRAM OF SAD

The following research topics are foreseen for SAD
experiments:



1. Studies of the coupling between a spallation global energy gain of the ADS. All
target and a subcritical  assembly, targets will be instrumented for
development of techniques for measurement monitoring neutron and proton fields.
and control of physical parameters of the Post irradiation analysis of the targets is
facility (e.g. reactivity and subcriticality foreseen.
level) Validation of the codes and nuclear data

2. Measurement of kg and absolute value of a supporting development of ADS
power gain of installation; Specific properties of systems using fuels

3. Studies of the spallation target including that include Pu with very large fraction of

spallation neutron yields and spectra for:

a Different target materials (Pb, W, Pb-Bi)

b. Different target sizes

c. Different shapes of a target interface
surface and optimization of the target
shape.

d. Different position of the target in the
subcritical assembly. Investigations of
the spallation neutron source importance
and the resulting consequence on the

20

-20

239PU.

The measurement of the contribution of
high-energy (E >10 MeV) neutrons and
protons in particular studies of neutron
shielding for a high energy neutron tail.
Post-mortem analysis of the spallation target
and specia samples (transuranic isotopes)
including radiochemical analysis

-d0 -20 o 20 40

Figure 1. A schematic model of the SAD subcritical assembly as simulated for different set-up.
(green - lead, violet - fuel elements, blue — stainless steel, yellow-spallation target (Pb,Pb-Bi or
W), rose — vacuum.

Table |. Main final design parameters of the SAD assembly

Fuel MOX, 27% PuOz + 73% UO2. U-depleted (0.4 % of “*U)
Pu composition %Py - 95.0%, *°Pu —4.5%, *'Pu—0.5%

Fuel pins diameter 58 mm
Fuel density 10 g/cm®
Length of the fuel elements (core height) 50 cm
Fuel core diameter (with Pb target) ~50 cm
Weight of loaded fuel 350 kg
Kett 0.95
Thermal power 20 kW
Proton beam energy 660 MeV
Beam power 1.0kW
Spallation target diameter 8-9cm
Neutron flux ~10" n/cm’s




V. MODELLING OF THE SAD-FACILITY

The MCNP4B/C, LAHET and MCNPX codes
have been used to model different configurations of
the SAD-facility. In order to choose the best fuel-
reflector configurations for SAD the geometrical
modelling has been performed using MCNP standard

ENDFB6.4 and ENDFB6.5 libraries[1], [6].

Table Il summarizes results of these
investigations. Based on these results one can see that
SAD set-up with a Pb-reflector and kgt ~ 0.95 can be
realised with about 350 kg of the MOX fuel. This
option has been chosen for the final SAD-design.

Table 11. Results of SAD-configuration modeling for different material and geometrical options.

Fuel Core Noof Fuel  Weight of MOX fuel, Reflector Kest

density height batches Material

(glem’)
1 10.2 50 18 357 Pb 0.965 + 0.0012
2 10 50 18 350 Pb 0.948 + 0.0011
3 9.6 50 18 335 Pb 0.930 + 0.0010
4 8.6 30 12+6 180 Be 0.945 + 0.0011

halves

5 8.6 50 6 100 Be 0.948 + 0.0011

IV.A. Investigations of different MCNPX high
energy transport models on the SAD set-up.

One of the possible SAD set-up has been
recalculated with different modes of high energy
transport availablein MCNPX v. 2.1.5[3].

IV.A.1l. Bare spalation target studies

A bare spallation neutron target of Pb — as
presented on Fig. 2 - has been studied first in order to
investigate the neutron yields, neutron spectra and
proton scattering out from the target.

Figure 2. Geometrical model of a bare
spallation target.

Neutron yield from Pb target of 82 mm radius is
15.5 neutrons/proton or 23.8 n/p” GeV.

Fig. 3 presents spectra of the spallation neutrons
emerging from the target in different directions, i.e.

crossing surfaces 1 - forward, 5 - backward or 12 -
side. Results labelled with “/150 lib” were obtained
using CEM-model (Cascade, Evaporation Multi-
fragmentation) and 150 MeV neutron data libraries
for Pb, other results were obtained using standard
20MeV neutron data libraries and high-energy
transport models above this energy. Maximum of the
neutron energy is - as expected —at about 2.5 MeV
corresponding to the evaporation neutrons. In the
backward direction there is a visible peak between 20
and 30 MeV corresponding most probably to the peak

Neutron flux through surfaces - Pb target, 8.2 cm - CEM-model
10° oy L) oy Y .y y .y

Forward
Backward
Side
Forward/150 lib
Backward/150 lib
Side/150 lib

Neutrons*cm™ per one proton

10° 107 10° 10° 10 10° 10° 10° 10° 10° 10° 10°
E, Mev

Figure 3. Spectra of the spallation neutrons emerging
from the spallation target. /150 lib indicates
simulations performed with 150 MeV data library.
Forward — neutrons passing surface 1 — see Fig.2;
Backwards — neutrons passing surface 5; Sde —
neutrons passing surface 12 (side of the cylinder).

of different neutron interactions around this energies.
There is no visible effects of applying the neutron
data libraries over 20 MeV in the spallation neutrons
emerging from the target, except for the neutrons
emerging in the backward direction. In the energy
interval from 20 to 80 MeV, high energy interaction
models give somewhat higher values. This is a



general pattern of discrepancies between the results
of high energy transport codes and experiments and
also applications of cross section data in this region
for different isotopes like Fe, Ni, Pb etc. [7]

Table Il summarizes the discrepancies of the
results for spallation neutron yields modelled with
different options of MCNPX. It is generaly
considered that spallation neutron production is one
of the least sensitive results for different HET
models. However, it is visible in Table Ill that
discrepancies are definitely not negligible, well over
15 % between the different models. With existing
experimental technique we hope to be able with SAD
facility and accompanied experimental activities to
measure spallation neutron yields with sufficiently
small errors in order to be able to contribute to the
improvement of models and data in the energy range
of 20 —600 MeV.

Table I11. Spallation neutron yield for different HET-
modes in MCNPX.

Model Neutrons/proton
(standard deviation well
below 1 %)

CEM 155

CEM + 150 MeV lib 151

Bertini 17.6

| sabel 16.8

High-energy protons leaking from the spallation
target and entering subcritical core can be a potential
source of severe material damages around the
spallation target area. It has been shown that ~ 2.0%
of protons are not contained in the spallation target,
most of them (1,98%) are scattered to the side of the
target and can directly enter the core damaging the
walls and fuel elements. Only a small fraction of the
protons — 0.02 % leak from the target in the forward
direction, some of these protons pass the target
without a single interactions building up a small peak
on the spectrum at 660 MeV — see Fig. 4.

Figure 4 presents spectra of the protons leaking

Proton spectrum through surfaces of Pb target, 8.2 cm - CEM-model
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Figure 4. Spectra of proton leaking from the
spallation target. “ Forward” stands for protons
passing surface 1 — see Fig.2, “Sde” — for
protons passing surface 12.

from the spallation target. “Forward” stands for
protons passing surface 1 of the target — see Fig. 2,
“Side” — stands for protons passing the side of target
cylinder. Most of the protons leaking aside to the
subcritical core have energy peaking at 200 — 300
MeV and lower, following the shape of ionisation
interactions. Protons in forward direction have two
pronounced peaks, one at 660 MeV corresponding to
protons passing through without interactions, and
ancther one a about 30-40 MeV coming most
probably from the multiple scattering effects. This
figure should be compared with Fig. 9 on which
leakage of protonsis compared for different targets.

IV.A.2. Comparison of the spallation target
simulations with experimental results

A series of experiment has been performed in
Dubna using a phasotron proton beam [8], [9]. The
experimental target was assembled from the four
equal cylinders of natural lead. Each cylinder was of
12.5 cm length and 8.2 cm in diameter. The target
was enclosed in a 1,5 mm thick stainless stedl
cylinder. The proton beam extracted from the
phasotron with timing stretching passed through the
narrow collimator of a carbon absorber in order to
reduce the original proton current of ~0.2 mA down
to intensity of 10° | 10% s*. The proton beam was
focused at the centre of the target by the coupled
quadrupole magnetic lens. Location and dispersion of
the proton beam was controlled during the
experiment with a help of the beam position monitor.
The spatia distribution of the protons in front of the
target was measured by the matrix of the
thermoluminescent detectors to have the average
standard deviation of 4.2 mm.

For absolute monitoring of the number of
protons interacting with the target the thin ionization
chamber (25 cm of diameter) was placed in 30 cm
up-stream the target. The effective air thickness
between chamber eectrodes was 6 mm and high
voltage bias was chosen equal to 850 V. These
conditions caused a negligible level of protons
recombination into the chamber. The chamber current
through 2 meters cable leaked in the current-
frequency converter with sensitivity 37.5 impnC™.
The current-frequency converter calibration with
direct current source showed that up to 10° impss*
rate itsintegral nonlinearity was less than 0.2%.

The absolute calibration of the beam current
chamber was carried out with thin carbon-contained
activation detectors (10 cm of diameter) placed
directly on the chamber surface. The calibration
procedure was repeated four times at different beam
intensity within the real beam intensity range. The
detector activities were measured by the gamma-
spectrometer very thoroughly with account to the real
source-detector geometry and  self-absorption
processes. The cross section of the C(p,pn)*'C
reaction was taken equal to 27 + 1 mb. The resulting



error of the number of protons per cm?
measurements was estimated as 5, 6 % (including the
reaction cross section error, methodological and
statistical errors taking into account irradiation time).
The chamber conversion factor was determined to be
6.18" 10° proton¥mp .

The measurement of the energetic distribution of
the neutrons generated in the target was performed at
this stage using a conventional multisphere technique
(Bonner Spheres). This technique is considered to be
rather imprecise for the demanding physica
experiments with targets, but it is a basic tool in
radiation protection measurements in mixed scattered
radiation fields. The advantages of this technique are
a very wide energy range (from thermal neutron to
the energy of impinging protons), insensitivity for
charged particles and good sdlectivity for gamma
rays. Moreover, it is a smply technique which does
not require any sophisticated instruments. This
method requires, however, sophisticated procedures
for unfolding of neutron spectra and gives relatively
poor results in energy region above severa tens
MeV.

The measurements were performed using a
multisphere neutron spectrometer with a Lil(Eu)
crystal (4 mm of height and 4.3 mm of diameter)
enriched up to 90% with °Li. The spectrometer was
coupled with the spectrometric photomultiplier. A set
of polyethylene spherical moderators of 2, 3, 5, 7, 8,
10 and 12 inches in diameter was used [8], [9].

The unfolded neutron spectra require a solution
of the Fredholm integral equation system of the 2™
kind:

E

N, = F (E)% ,(E)E ®

E

where F (E) — the neutron spectrum, j ;(E) — the
response function of the i- sphere, N; — neutron counts
for the i-sphere. The set of the response functions
have been calculated using the MCNP code up to
neutron energy of 20 MeV. For higher neutron
energies up to 1.5 GeV the caculation of the
response functions were performed using the
HADRON code [9]. Unfortunately, it was not
possible to verify or cadibrate experimentaly the
response functions for neutron energies above 14
MeV. The cdlibration of the response functions for
al spheres was done with a standard 2*°Cf source
with neutron yield known within 5% accuracy. The
errors of the unfolded spectrum presented as standard
deviation of the spectrum function a the given
neutron energy, are not realy easy to assess in this
methodology due to the systematic errors introduced
in unfolding calculations and they should be
interpreted with a special attention.

Figure 5 shows results of the neutron spectrum
measurements at different angles in comparison with
the computer simulations of LAHET and MCNPX
using different options for high-energy transport

physics. For al 3 angles the experimental data

are well reproduced by the simulations for neutron
energies below 2 MeV. Above 2 MeV agreement
between experiment and simulations become to be
poor, worsening even more with the decreased angle.
Experimental data does not exhibit a pattern of the
“shoulder” on the high-energy part of the spectrum
curve, which is very visible on simulation curves,
particularly for lower angles. A smooth shape of the
experimental data is caused by the imprecise
experimental technique. The multisphere technique is
not well suited for precise  spectroscopic
measurements, particularly a this high-energy
neutron range. The precision of the experimental data
in this energy region is also heavily biased by the
experimental  difficulties to calibrate response
functions above 14 MeV.

The differences between various high-energy
transport models used in LAHET and MCNPX codes
seem to be very small for this type of experiments
and much more precise and refined measurements

Comparison of Calculated and Experimental Neutron Spectra
10 m T T T T T T

105°

*  Experimental Spectrum
H — LAHET - Bertini INC + ENDFBS E
—— MCNPX - Bertini INC + ENDFB6
—— MCNPX - Dubna INC + LA150
MCNPX - Dubna INC + ENDFB6
1 —— MCNPX- Isabel INC + ENDFB6 -
10 I I I

2 1

10° 10°
T T T T T T T

(E*F(E), Neutron/cm® per Unit Lethargy)

Figure 5. Comparison of experimental results of the
neutron spectrum measurements at different angles
with computer simulations of LAHET and MCNPX
using different options for a high-energy transport.
Label at upper figure specifies options.



and better statistics in simulations are needed to make
any conclusions concerning the performance of the
specific models. Thisis in principle a good message
for those who simulate accelerator-driven systems —
neutron yields and their spectrain high-energy region
are not very senditive on different models used for
high-energy transport simulations.

IV.B. Sudies of different set-up options for SAD

Before the fina design of SAD was chosen a
series of studies had been performed to assess
important physical parameters of different target-
subcritical core arrangements. Special attention was
focused on a subcritical core design, which would
minimize the amount of required fuel elements. A
simplified core set-up with a beryllium or lead
reflectors was studied with 2 different targets of 9
and 18 cm diameters. See Fig. 6 for detalls.

The caculated quantities were: the neutron
multiplication coefficient, the neutron spectra at
different places (“detectors’) inside subcritical
assembly and the energetic gain G of system.

Few options for the fuel have been considered
with 27% and 35% of a plutonium dioxide (PuO,)
contents. These fuel options cover the range of the
effective fuel density from 8.6 to 10 g/cm ® The
results of these calculations for lead target and lead
reflector are presented in Table 1V.

Table 1V. The neutron multiplication coefficient ke
for different size of target and different percentage of
PuO,

Fuel density (g/cm®) Kett

9 cm diameter target and 27% of PuO,

9.5 0.92711 +/-0.00263
10.0 0.94831 +/- 0.00310
18 cm diameter target and 35% of PuO,

9 0.90103 +/- 0.00263
9.5 0.93262 +/- 0.00305
10.0 0.96131 +/- 0.00310

According to Table 1V, it was found that it is
possible to reach kg = 0.95 for the effective fuel
density lessthen 10.0 g/cm 3

Figure 7 presents neutron spectra averaged over
small volumes of the subcritical set-ups depicted on
Figure 6. Calculations were performed for protons
with energy 660 MeV and 1 kW beam power
impinging 9 cm diameter lead target enclosed in a
subcritical set-up with lead and lead + beryllium
reflectors.

Neutron fluxes of 2.23 102 em?3s?, 1.36" 102
cm?s?, 9.21 10" em%?, and 571" 10" cm%s?t at
volumes 1,2,3 and 4, respectively, corresponding to
the upper part of Fig. 7, were obtained for the
subcritical assembly with only lead reflector. ke for
this setup was 0.948. Neutron fluxes of 1.21° 10 cm
gl 59210 cm?s?, 9.41°10% cm®s?, and
2.85 10% cm?%! a volumes 12,3 and 4, were

_ Beam |

Figure 6. Smplified models of SAD-facility for target-
core simulations. Upper figure — 9 cm target diameter
model with 27% PuO,, lower figure — 18 cm target
diameter model with 35% PuO,. Colors symbolize
different materials: green — lead, violet — MOX-fuel,
blue — steel, light blue — air, dark green iron and air
mixture, yellow — lead or beryllium. Circles show
volumes at which the neutron spectra have been
calculated. Dimensions in cm.

obtained for the subcritica assembly with the lead +
beryllium reflector at ke=0.985.

Figure 8 shows neutron spectra calculated for the
subcritical assembly presented on lower part of Fig.
6, i.e. the setup with the 18 cm diameter spallation
target with lead reflector and to two different targets:
lead or tungsten. Neutron fluxes at volumes 1,2,3 and
4 were estimated to 1.64” 10 cm’s?, 9.85" 10" cm
st 6.80°10" om%! and 5.04 10" cm%?
respectively, for the assembly with lead target. For
the setup with tungsten target the neutron fluxes at
volumes 1, 2, 3 and 4 were estimated to 4.48 10™cm
gl 274 10%em%s?,  1.89°10" cm?s?, and
1.14" 10" cms?, respectively.

Severa conclusions follow from the presented
results: (i) different neutron spectra can be formed
inside the assembly - from a very hard neutron
spectrum hard the core to epithermal ones in lead
reflector; (ii) fast neutron flux is about 10 2 cm 2 s
(iii) the combined lead-beryllium reflector aters very
strongly the neutron spectra in all regions except for
the fud, (iv) the beryllium reflector strongly increase
ket (0.98) and the neutron flux in all regions of
subcritical assembly due to moderation of the neutron
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Figure 7. Neutron spectra at volumes 1,2,3 and 4
(Fig. 6, upper) for 9 cm spallation target set-ups.
Upper picture — the lead reflector set-up (kg= 0.948),
lower picture — the lead-beryllium reflector set-up
(ks= 0.985).

spectra, (V) the tungsten target strongly decrease ke
(0.91) and the neutron flux in al regions of
subcritical assembly due to increased neutron
absorption in the target.

The energetic gain, G calculated by using
MCNPX code for presented systems with kg ~ 0.95
is about 20.
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Figure 8. Neutron spectra at volumes 1,2,3 and 4
(see Fig. 6, lower) for 18 cm spallation target set-
ups. a) — the lead target and lead reflector set-up
(k= 0.951); b) — the tungsten target and lead
reflector set-up (k= 0.914)

The results of calculations have shown that
a beryllium reflector allows to decrease significantly
the amount of the required MOX fuel (See Table 2,
100 kg). For lead-beryllium reflector a whole range
of the neutron spectra from very hard to thermal can
be obtained, with aremarkably flat pattern in Be (see
green line in Fig. 7, lower part, exhibiting a constant
lethargy pattern over the 8 energy decades). Using
only lead reflector with the lead target fast and
epithermal neutron fluxes about 10” cm?s* can be
obtained. For subcritical setup with the 18 cm
diameter lead target and lead reflector we can use 15
standard assemblies of BN-600 reactor and 300 kg of
the fuel with 35% of PuO, The neutron
multiplication in this case reaches a value of 0.95.
For subcritical set-up with the 9 cm diameter lead
target 8 standard assemblies of BN-600 reactor and
350 kg of fuel with 27% of PuO, can be used. The
neutron multiplication in this case will be 0.95 with
energetic gain of about 20.

Finally, proton leakage from the spallation target
was studied for different target diameters and 2 target
materials. Fig. 9 shows an integrated proton flux over
all target surfaces. The figure shows clearly that 9 cm
target scatters out to the core structure well over one
order of magnitude more protons (50 times more). It
may have severe consequences for the radiation
damages in constructional materials adjacent to the
spallation target.

Proton flux leaking from the target
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Figure 9. Proton flux leaking the spallation target
of different diameters and different materials.

V. CONCLUSIONS

Based on extensive simulation studies the final
setup of SAD facility has been chosen. Existing
simulation tools, in particular  MCNPX, are
sufficiently precise to design such a facility. High
energy particle transport options used in MCNPX
give not a significant impact on the neutronic
characteristics of SAD-like experiments. It implies
that such experiments may be reliably simulated
without specia sensitivity analysis, but on the other
hand they can hardly be used for a precise validation
of the high-energy transport modules.



It has been shown that experimenta results on a
simple spallation target can be properly normalized
and show remarkable agreement with simulations in
the energy range below few MeV. High energy
measurements require, however, a much better
methodology and more refined  experimental
technique in order to match accuracy of the results
necessary for conclusive comparisons.

The next step of these studies will be
investigations of kinetics of SAD-facility. As
indicated by the results presented in this paper, such
studies will require thorough modeling of the whole
environment of SAD-facility including building wall,
floors etc. Neutrons moderated in these structures
entering back into SAD facility may significantly
affect time characteristics.
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DISCLAIMER

Paragraph six of the Swedish nuclear technology law reads:

" 6 8§ Ingen f&r utarbeta konstruktionsritningar, berékna kostnader,

bestélla utrustning eller vidta andra sadana forberedande atgéarder

i syfte att inom landet uppfora en karnkraftsreaktor.”

" 6 § No one may prepare blue prints, calculate costs,

order equipment or commit other preparative actions
aiming at, within the country [ Sweden], constructing

a nuclear reactor.”

The authors hereby declare that currently we have no intentions to build a nuclear reactor in
Sweden.



ABBREVIATIONS

ADS
Am
BOL
BWR
COE
Cm
DOE
EOL
ENEA
EPRI
FBR
Gwdit
Gy
HLW
HM
IAEA
kgHM
kWe
kWh
LHC
LLFP
LWR
MOX
MWth
0o&M

PUREX
PWR

Accelerator Driven System
Americium

Beginning of Life

Boiling Water Reactor

Cost of Electricity

Curium

US Department of Energy

End of Life

Italian energy agency

US Electric Power Research Institute
Fast Breeder Reactor

Gigawatt days per tonne

Gray

High Level Waste

Heavy Metal

International Atomic Energy Agency
kilogram heavy metal

kilowatt electric

kilowatt hour

Large Hadron Collider

Long Lived Fission Product

Light Water Reactor

Mixed Oxide Fuel

Megawaitt thermal

Operations and Maintenance
Plutonium

Plutonium and Uranium extraction process
Pressurised Water Reactor
Sing-Sing Core

Uranium



1 BACKGROUND

1.1 Nuclear wastes

During it's over fifty years of operation nuclear installations have been producing increasing
amounts of highly radioactive waste. The spent fuel of the nuclear power plants contributes to the
main part of the waste. In some countries nuclear weapon programs have also produced
considerable amounts of radioactive wastes, however those wastes have different form and
composition compared to the commercial nuclear wastes. Also industry and health care produce
non-negligible amount of radioactive wastes from their routine use of radioactive isotopes and

advanced nuclear facilities, like particle accelerators.

1.1.1 Nuclear processes

In a nuclear reactor there are two dominating processes generating radioactive isotopes. nuclear
fisson and neutron capture. The dominating process is the nuclear fission reaction. A heavy
element, e.g. uranium or plutonium, absorbing a neutron undergoes nuclear fission and forms two
or three nuclei. Fission may produce any of the isotopes lighter than the element fissioned.
However the most probable is that the heavy nucleus splits into two parts, one with a mass just
above half the initial mass, and another with a mass just below half the initial mass. These fission
products are in most cases radioactive isotopes decaying rather fast through a chain of beta
decays. Only a few of the radioactive fission products, like *Tc, **| and some others, are long-
lived.

The other process is the capture of neutrons. Uranium is the most abundant element in thermal
reactors. With some finite probability uranium nuclei capture neutrons and - instead of fissioning
- they form heavier isotopes. These isotopes decay through beta or alpha decay and form other
elements. By successive neutron captures and decays, elements such as plutonium, neptunium,
americium and curium are produced. These are usualy referred to as minor actinides (MA). The
probability of neutron capture varies with neutron energy. This will show to be a very important
property when designing reactors dedicated to burn minor actinides. Fresh light water reactor
(LWR) fuel consists of uranium oxide - UO,. About 95-97 percent of the uranium composition is
#8 and 3-5 percent fissionable' ?*U. As the fuel in a reactor is burned out, the composition
changes. When the fuel eventually gets removed from the reactor, it still consists of over 90

weight percent uranium. Most of the U is burnt out, so the remaining uranium is mostly #®U.

1See " Thefission process’, page 3



There is about 0,7 weight percent “°U left and there is also some *°U, produced by neutron
capturein #°U.
About one weight percent of the spent fudl is plutonium. The minor actinides comprises another

0,1 weight percent. [1]

1.1.2 Uranium and the transuranic elements

Uranium is from a radiotoxic point of view is not amajor problem to the biosphere. The uranium
isotopes found in nature have very long half-lives — Appendix A. Hence, they are not especialy
radioactive. Most of the fission products are short-lived in comparison to the transuranic
elements. Typically their half-lives are less than 100 years. From the long-time waste
management point of view, the heavy transuranic elements are the most problematic ones. They
are till very radioactive, even though their half-lives are relatively long. Especially plutonium
and americium are cumbersome due to their relatively high abundances. Neptunium and curium
also appear in the spent fuel, but in significantly lesser amounts.
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Figure 1: The radiotoxicity of spent UOX-fuel. The left graph shows the radiotoxicity of the
transuranic elements. To the left the radiotoxicity of the fission products is shown. It is obvious
from the graphs that the main problem in the short time scale is the fission products. The
transuranic elements are the main problemon a long time scale [ 2] .

1.1.3 Technetium

As mentioned before, only a few fission products contribute to the long-time problems for waste
management. One of them, *Tc with the half-life of 214000 years, may be a good candidate for
transmutation through neutron capture. However storing *Tc geologically in Sweden does not

pose a mgjor problem. In the chemical environment of the Swedish granite bedrock, technetium



does not exist in mobile forms. In the US geological storage in Y ucca Mountain® though, *Tcisa

problem sinceit is mobile in the acid chemical environment of volcanic ashes found there.

1.1.4 lodine

For most of the planned geological disposal sites **| will create problems due to its volatility and
chemical reactivity. There are afew options to handle *°I. Today the isotope is released into the
atmosphere at reprocessing plants. This is a major radiation source to people working in the
reprocessing industry. It may be possible to transmute '#| if it is first formed into Nal. But it
requires an isotopic separation from a stable **'I-isotope in order to avoid the activation of **I.
Ancther possibility is separating the iodine from the rest of the wastes, stabilise it as some
chemical compound and finally put it into a geological disposal. Today release of the iodine into
the atmosphere is considered to be a technically acceptable solution. However with increased
reprocessing, I release will at some point start becoming problematic due to the sixteen million

year half-life and consequent build up of radioactive iodine in the atmosphere.

1.1.5 Waste handling options

Two methods are seriously considered to handle radioactive wastes. One is to isolate the wastes
from the biosphere by placing them in a safe place, usually in a geological formation, and then
wait for them to decay. Geological formations and a proper design of waste containers have to
guarantee in practice “an eterna” isolation from the biosphere. Most nuclear countries try to
adopt this strategy. Geological disposals are being planned in severa places around the world.
The setback of the repositoriesis their “eternity”. Since we have to wait for transuranic el ements
to decay, the time the storage has to be closed is in the order of several hundreds of thousands
years.

One other possibility is to fission the minor actinides into lighter elements before storing them.
Since the lighter elements have much shorter half-lives, a waste consisting of only fission

products would need to stay for aconsiderably shorter time in the repository.

1.2 The fission process

In a fission reactor, the nuclei of heavy elements are split into lighter elements. The matter
remaining after the process is somewhat less than the origina mass. The difference has been
transformed into energy.

The binding energies of nucleons — neutrons and protons - in different nuclei are different. Nuclei

with an atomic mass of about 56 atomic mass units, thus containing about 56 nucleons, are the

2y ucca Mountain is the geological repository being built in the United States. http://www.ymp.gov



tightest bound. Heavier nuclel are less strongly bound. One would need to pull harder to pick out
a strongly bound nucleon than a loosely bound one from a nucleus. Also one would gain more
energy when merging an extra nucleon with a nucleus in the 56-nucleon area than with a heavier
nucleus. Fissioning a nucleus implies going from a comparatively loosely bound structure to a
more tightly bound one closer to the 56-nucleon area. The idea of a utilisation of nuclear power
is to release the difference in energy between heavy and lighter nuclei, and to transform it into
some useful energy like heat or electricity. The composition of the nuclei also has an impact on
binding energy. An even number of both neutrons and protons (even-even) results in higher
binding energy than a composition with an odd number of either neutrons or protons. Nuclei with

odd numbers of both neutrons and protons (odd-odd) have low binding energies and are often

very unstable.
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Figure 2: The binding energy per nucleon as function of mass number. The highest binding
energies exist in the 56-nucleon area [ 3] .

In principle all elements made up of more than 56 nucleons are fissionable. But in practice it is
not so simple. There is a Coulomb barrier in the nucleus that has to be overcome. The nucleus
simply prefers status quo. However, if the nucleus gets excited to an energy level above the
Coulomb barrier, it will fission.

In acritical fission reactor, one uses a fuel of isotopes that have an even number of protons (e.g.
Th, U or Pu) and an odd number of neutrons. When a neutron hits and penetrates a nucleus of

such an isotope, the nucleus becomes even-even. Since even-even nuclei have higher binding



energies some energy has to be released. This energy excites the nucleus and brings it over the
coulomb barrier. The nucleus fissions.

The transuranic elements in the nuclear waste are, from a waste management perspective,
interesting to fission into lighter isotopes with shorter half-lives. However as discussed above not
all isotopes are suitable of fissioning, particularly not using neutrons of low energy. Isotopes with
even numbers of protons and odd numbers of neutrons have the highest probability, i.e. cross-
sections, for being fissioned with neutrons. Hence some isotopes have to be altered into
fissionable isotopes to reach a reasonable probability of fissioning.

Proton and neutron content changes in the reactor environment through neutron capture or alpha
and beta decays. In a beta decay, the number of protons in a nucleus increases by one and the
number of neutrons decreases by one. Phenomenologically it can said that in a beta decay a
neutron in anucleus is converted into a proton, while releasing an electron and an accompanying
anti-neutrino. A nucleon in a neutron environment always has a chance to capture a neutron. The
probability, expressed by the nuclear cross-section, is different for different nuclei and for

different neutron energies.
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Figure 3: The neutron capture and fission cross-sections for 22U and *Pu

Moreover the neutron capture and fission rates are proportional to the density of capturing nuclei

and to the neutron flux.

The neutron flux is given by

F = n(v)dv (@

n - number of neutrons

V - neutron velocity

Thereaction rateis given by



F=sFNV =SFV 2

S - microscopic cross section for the reaction
N - number of nuclel per volume in the target, number density
V - target volume

S - macroscopic cross section.

In a critical reactor the neutron flux has to be high — in the range from 10" to 10™ n/cm’s - in
order to maintain the required power level determined by the fission rate. Fuel for critical power
reactors is engineered to suit reactor operation. In a transmutation reactor the fuel must be
different due to the different operational conditions. Fuel has to be designed to facilitate burn-up
of acertain isotope mix as efficient as possible. The fuel designed for transmutation purposes will
react differently than ordinary reactor fuel on temperature changes. The temperature reactivity
feedback is one of the main reasons why a transmutation system has got to have an externa
neutron source. The external neutron source ensures a subcritical operation with arequired power
level without a self-sustained chain reaction. Also the external source gives the possibility to
counteract any undesired mode of operation or a power excursion.

Neutrons are really tricky to handle. They are not charged, so thereis no simple way to accelerate
them or to bend a neutron beam. The most efficient, intensive source of neutrons besides the
fission process itself is spallation. Spallation is the process where neutrons are emitted out of
nuclel in a powerful collision with a high-energy charged particle. For transmutation reactors
proton beams hitting a target of a heavy material such as lead or tungsten are proposed as a
neutron source. Thisiswhy we refer to these reactors as Accelerator Driven Systems (ADS). The
spallation target would be located in the middle of the reactor core. By controlling the proton

current from the accelerator, the reactor power could be altered.
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Figure 4: Spallation processes [4]

Throughout the ADS operation fuel composition constantly changes as heavy nuclei fission into
lighter ones and neutrons are captured by nuclei. When the amount of heavy elements decreases,
the beam power, and hence the neutron flux, has to be increased to maintain the required power
level. Eventually thereis not enough fissionable material |eft to maintain the ADS operation. The
decrease of transuranic isotopes up to this point is called the burn-up of the system. When
designing an ADS system, a high burn-up is very desirable because it determines the
transmutation efficiency. The ultimate goal isto fission all of the transuranic atoms. A high burn-
up system can achieve this faster and cheaper. Another important design parameter is the beam
power. For economical reasons it is desirable to construct a system with a low beam power. For
safety reasons the reactor should be sub-critical with some margin to becoming critical. It isaso
desirable, both for economic and safety reasons, to run the reactor with the same beam power all
the time. Running an ADS with alarge variation of the beam power may be risky because of the
potential increase in beam power, which would immediately be followed by an increase in reactor

power.



2 GOAL AND METHOD

The nuclear fud cycle is the whole path of the reactor fuel from the mine to the final disposal. In
a once through fuel cycle materia is used only once. A closed fuel cycle involves recycling of
reactor fuel in order to utilize fissile isotopes built up from #®U. Closed fuel cycles use
significantly less uranium and also produce far less waste than does the once through cycle. The
somewhat misleading phrase “closed” suggests the same fuel would be used forever. Thisis not
true of course, but the fuel does get used much more efficient than in the once through cycle. The
closure of the nuclear fuel cycleis an important research topic in many countries. Several designs
of ADS have been proposed to address this issue [5], [6]. Also several fuel cycles are being
discussed. Some aspects of the fuel cycles are of a specia interest. First, the transmutation
efficiency is very important. The efficiency is strongly connected to the time needed and the cost
to transmute the wastes. Radiation hazard is another important issue. Transmutation will increase
safety for human generations to come. However it might increase the exposure of radiation to
people living today. The risk of proliferation of nuclear weapon usable materials has to be given
serious concern. In a fuel cycle with extensive reprocessing it will be easier to find highly
enriched elements compared to the once through fuel cycle. However, after afew hundred years
of storage, disposed wastes from light water reactors will make up a prime plutonium ore. It will
be possible to mine the plutonium, as radioactivity will have become low enough for industrial
handling of the material. Geological disposal means postponing the proliferation risks.

On top of these aspects, there is the question of economics. The technology for accelerator driven
transmutation and for the reprocessing seems realistic today without major unresolved technical
issues even if some elements of these technologies require very intensive development. Moreover
there is no consensus on the costs for implementation of a transmutation strategy on alarge scale.
When assessing costs of a complex technological system, there are two main strategies to choose
between. One may either adopt a bottom up or atop down approach. A bottom up strategy means
calculating the costs of individua components and eventually summing up to reach an overall
cost estimate. The top down approach is based on unit costs estimations for flows through
different parts of the system.

In this paper we try to — via a top down approach - calculate costs for a fuel cycle based on the
Sing-Sing core design [7] considering a Swedish perspective®. A rather simple model based on
unit costs, mass flows and losses have been used to calculate fuel cycle costs and costs of

electricity.

3Please read disclaimer, pagei



All calculations have been performed assuming a steady state, where al mass flows have levelled
out. In practice steady state is a very unlikely situation. It would take a very long time to reach
steady state. More likely is a situation where Sweden builds ADSs that in the beginning run
together with LWRs. Eventually the LWRs are closed and the transmutation of waste continues

for the following century” or so.

3 PRESENT KNOWLEDGE

There is a lot of information available on the costs for running light water reactors. Costs of
uranium, LWR fuel fabrication and so on are well known. There are also several estimates
published concerning the short and long-term developments of these costs. Also the costs of
producing, burning and reprocessing MOX fuel are fairly well known.

The EPRI report “A Review of the Economic Potential of Plutonium in Spent Nuclear Fuel” from
1996 [17] contains an Appendix C in, which the breakeven uranium ore cost for plutonium to be
acompetitive fuel is calculated. Several interesting cost estimations were performed in this work.
The “Global ‘95" international conference on evaluation of emerging nuclear fuel cycle systems
contains new estimations of fuel cycle costs. B. G. Chow wrote “Plutonium Economics and the
Civilian Nuclear Future” where both MOX fabrication and reprocessing costs are presented
together with estimations of fixed charge rates for nuclear power investments[16].

The OECD/NEA produced several reports on nuclear fuel cycles over the years. The most recent
OECD/NEA publication containing a lot of information in this field is the not yet published
“Trendsin the Nuclear Fuel Cycle’ [15].

Both the american and European scientists published “roadmaps’ for accelerator driven
transmutation of nuclear wastes [5], [6]. The two reports are suggestions on how to reach a
situation with a running transmutation system, starting from the present situation. This includes
estimations of the associated costs of research and construction.

The advanced fuel cycles though are not as well examined. Experience originates mainly from
fast reactor programs. A few estimates have been done concerning reprocessing of and fuel
fabrication from really radioactive material. Two reports are the prime sources of information in
thisfield. Thereisthe US ATW roadmap [5] and there isthe MIT-NFC-TR-019 by D. Kim et al.

[21]. Both reports try to find the costs of the advanced fuel cycles. However since there is

“Transmuting the last fuel would take a very long time since the amounts get so small. It would be reasonable to
cooperate between countries to handle the last wastes. The “one century” mentioned is meant to give the reader an
order of magnitude, not as an exact prediction.



basically no industrial experience in this field, all figures originate from small scale experiments
and subsequent estimations.

Fuel cycle calculations for advanced nuclear fuel cycles have been performed. R. A. Krakowski
of PSI in Switzerland has been working on this for a long time [26]. Those calculations were
based on a number of unit costs and parameters. Krakowski spends at lot of effort on the
sensitivity analysis his results. The calculations performed in this work are similar to the ones

performed by Krakowski, but have been tailored to fit the Sing-Sing core design.

4 TRANSMUTATION

4.1 Physical properties of ADS

The goal of an ADS is to decrease the long-lived radiotoxic inventory of finally disposed waste.
The main contributors to the spent fuel radiotoxicity are - in a long time perspective - the
transuranic elements - Figure 1. We are interested in transmuting those into short-lived fission
products. When designing a transmuter, one has to look for a design that favours the fission
reactions of the transuranic elements over the capture of neutrons in those elements. Energy
dependence of neutron cross sections show - Figure 5 - that the fission to capture ratio goes up
with increasing neutron energy for all the isotope of interest. However working with a harder®
neutron spectrum in combination with the decrease of the uranium content of the core leads to

some operational control problems.
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Figure 5. The neutron caption and fission cross-sections for some important transuranic
elements. At high neutron energies fission dominates over capture.

A reactor working with neutrons in the thermal® spectrum is dependent on a medium moderating
the neutrons to thermal energies. A good moderator is water, which can also be used as coolant.
In a water cooled, water moderated reactor, loss of coolant will lead to a decrease of reactivity
and consequently to reactor shutdown. In nuclear systems with fast neutron spectrum use of water
is clearly prohibited by physics since water is an efficient moderator that thermalizes the
neutrons. Therefore other coolants are used such as Na, Pb, Pb/Bi or gas. Loss of coolant” in such
asystem in most cases increases the reactivity and contributes to dangerous positive temperature
reactivity feedbacks.

The Doppler effect in uranium fuel ensures another important feedback in light water reactors.
When temperature of the reactor fuel increases the nuclei in this fuel get higher thermal
vibrations. This process increases the neutron capture probability due to the Doppler effect in
neutron capture cross-section® resonances. The Doppler effect gives a prompt negative feedback
to temperature increases by increasing the capture of neutrons. This effect is especialy strong for
28, having very large resonances. However, capture reactions in ***U leads to increased
production of transuranic isotopes. The purpose of the transmuter is to reduce the amount of
transuranic material. Hence ®U content in the transmuter has to be kept as low as possible.

Absence of 28U severely reduces the negative Doppler feedback to reactivity.

5Thermal neutrons have low energies, typically in the order of 0,25 eV.

" Metal coolants are the most common.

8The cross-section is a measure of the interaction probabilities between particles. It is expressed as the area of a particle
“seen” by another particle. The unit is“barn”. 1 barn = 10?2,
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Figure 6: *®*U has very strong resonance peaks, which Doppler effect broadens when
temperature increases.

The smooth and reliable power control of the thermal reactors fuelled with uranium is ensured by
a control of the delayed neutrons. Delayed neutrons are released from fission products within
seconds after the fission reaction. The neutrons released directly in the fission reactions are
referred to as prompt neutrons. The life time of the prompt neutrons in a reactor core is orders of
magnitude shorter than the time delay corresponding to release of delayed neutrons Therefore, the
thermal reactor is designed in such a way that prompt neutrons themselves are not sufficient to
maintain the self-sustained chain reaction. The delayed neutrons constitute for those extra
neutrons needed for the reactor to become self-sustained, i.e. critical. Since these neutrons are
released after much longer time compared to the life-times of prompt neutrons, the reactor
operation is determined by these longer time-constants. It is virtually impossible to control a
reactor which runs on prompt neutrons only, the increase of power is driven by the very fast
increase of neutron flux determined by the short life-time of the prompt neutrons. These changes
are very rapid compared to the thermal hydraulic time constants determining efficient cooling of
the reactor core. The delayed neutrons appear relatively abundantly when fissioning uranium.
With plutonium or minor actinides as a fuel the fraction of delayed neutrons is reduced
significantly.

In conclusion, when replacing the uranium fuel with transuranic fuel and simultaneously
hardening the neutron spectrum, al three major phenomena of inherent safety of the thermal
uranium reactor are lost. Something has got to be done in order to improve the safety of the
transmuter.

To increase the safety of the transmuter, the best solution is not to let the fission reaction be self-
sustainable. This solution requires an external neutron source, which constantly supplies the

reactor with the extra neutrons needed to maintain the fission reaction rate under normal
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operation, and cuts the neutron source in case of unexpected events. Such a system would operate

in steady state until the external neutron source was switched off.

4.2 System design

4.2.1 Accelerator

An accelerator driven transmutation system consists of four main parts; the proton accelerator,
the spallation target, the reactor core and the fuel reprocessing facility.

The accelerator has one task only. It should deliver an intense and reliable current of protons.
Beam stops are very undesirable, since aloss of beam shuts down the nuclear reaction. There are
afew options for accelerators needed for ADS. First of all a decision has to be made whether to
use a linear accelerator or a cyclotron®. A second choice is whether to use one or several
accelerators per reactor. Using more than one accelerator decreases the probability of reactor
shutdown due to beam stops. But cost may also increase. A different option is to use one (or
more) very powerful accelerator and split the beam between several cores. This solution was
suggested by the US ATW roadmap [5]. However there is a mgjor safety concern to this kind of
solution. If the beam would lock on one of the cores when operating at full power, the sudden
power increase at this core would lead most probably to a severe accident. For such a design a
single beam stop would lead to the shutting down of severa transmuters simultaneoudly. If the
transmuters are to be used for electricity production, this raises very high demands on the

electrical grid, especialy on reserve capacity.

4.2.2 Target

The gpallation target is to be manufactured from heavy elements, having neutron rich nuclei with
small cross-sections for neutron capture reactions. Lead, |ead-bismuth eutectic alloy and tungsten
have been suggested. As the spallation target is placed inside the reactor core, the environment is
rather hot. Both lead and bismuth are present in their liquid states.

4.2.3 Target window

The accelerator beam pipe has to operate under vacuum. But, it still hasto stay in contact with the
liquid metal spallation target. A kind of “window” has to be placed in between the beam pipe and
the spallation target. This spallation window has got to be thin to let through most of the particle
beam. But, it will also have to be extremely radiation resistant in order to withstand the intense

particle beam passing through it. In fact radiation induced material damage to the spallation

The characteristics of accelerators are discussed in a separate chapter.
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window is one of the main stumbling-blocks of transmutation research. It might be necessary to
replace the spallation window even more often than once per year [8]. Keeping down the lengths

and number of transmuter stopsis amain economic concern.

424 Core

Surrounding the spallation target is the subcritical reactor core. It consists of the fuel elements
with isotopes to be transmuted. Important design parameters are burn-up and power peaking™.
Power peaking is the relation between the highest and lowest unit power in the core. Since a
major limitation to reactor construction is the allowed upper fuel temperature, a homogeneous

temperature distribution, and thus alow power peaking, is desired.

4.2.5 Reactor criticality

The criticality of the reactor core is determined by the parameter kg The value of one
corresponds to the reactor operational conditions called shortly - “criticality”, which can be
understood as the constant fission rate in areactor, where one fission process generates only one
consequent fission, i.e. only one neutron from the fission generates the next fission. Fission
process in this mode is self-sustained. A subcritical reactor operates at a kg values less than one,
where the nuclear fission chain is not self-sustained.

Reactor reactivity is defined through Ke; as:

r= keff -1 €)
keff

r - reactivity

kett — k-effective

Safety problems may arise from uncontrolled increases in reactivity. Should anything happen
which causes kg to rise above one, the reactor power starts increasing. The higher the value of
kg, the faster the power increase. A reactor operating with a value of kg far below oneis less
probable to reach a value of ke; larger than one, and is thus safer than is a reactor running with
k«: Close to one. But, the smaller we make kg, the more neutrons have to be added to maintain
the chain reaction. This means more power has to be added to the accelerator generating the

gpallation neutrons. Of course from an economic point of view this means the amount of energy

The power peaking is the relation between the highest and lowest power densities in the core. Since upper
temperature is alimit to construction, the power density should ultimately be kept constant all over the core.
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available to be sold to the grid will decrease. Choosing a proper value of kg becomes a delicate
problem where we choose between safety and the benefits of the transmuter.

The value of kg is determined by many parameters of the reactor core, like geometry, enrichment
of the fudl, type of the fuel and presence of neutron absorbing materials etc. The burn-up of the
fuel also causes changes of ky. It is desirable to keep kg constant because changes in kg will
lead to the altering of beam power. This in itself is a safety problem. The accelerator driven
system has to be constructed in such a way, that a proton beam will be turned off when reactor
power increases too quickly. In order to function automatically this switching off has to rely on

phenomena like thermal expansion or pressure.

4.3 The Sing-Sing core design

A design for a 1200 MWth transmutation core called the “ Sing-Sing Core” (SSC) was suggested
by Wallenius et a [7]. The main proposal of the authorsis to introduce large amounts of burnable
absorbers into the core. Boron carbide (**B,C) effectively absorbs thermal neutrons. Because of
high capture cross-sections, thermal neutrons are undesirable in atransmuter. The absorbers leave
the fast neutrons that have far more favourable capture to fission probability ratios. Hardening the
neutron spectrum also decreases core power peaking. A major benefit from the introduction of
the absorbers is the decrease in neutron capture in *Am. This capture reaction is a problem since
americium alpha-decays and produces helium. The helium production raises the pressure within
the fuel pins and eventually destroys them. In a uranium fuelled reactor neutron economy is a
very important design parameter. Introducing neutron absorbers into such a reactor may
jeopardize the criticality of the reactor. However fissioning minor actinides gives a far better
neutron economy. There are more neutrons released in an average fission reaction, which makes
the use of absorbers possible.

The SSC uses a nitride fuel matrix. Nitride fuel was chosen because of its high actinide content
compared to oxide fuels, and the possibility of reprocessing using traditional agueous methods.
Even if a primary choice for transmutation systems is pyrochemica reprocessing opening
possibilities for reprocessing of highly radioactive fuel and consequently shortening fuel-
recycling times, such technology is not readily available today though. This gives reason to keep
the possibility of using agueous reprocessing.

The spent LWR fuel is assumed to have cooled down in the interim storage for about thirty years

before it enters the transmutation cycle.

43.1 Coolant
As coolant, liquid lead-bismuth eutectic has been proposed. L ead-bismuth has a very high boiling

point. The loss of coolant due to temperature increases and subsequent boiling is unlikely when
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using lead-bismuth. The neutron capture cross-section is very low which makes the lead-bismuth
almost transparent to neutrons. Lead-bismuth has got a high scattering cross-section that helps
distributing neutrons evenly throughout the core. Table 1 summarizes physical properties of the

main reactor coolant candidates.

r Toat Tou C, v k h heat
glcme oC oC kJkg, ms  W/ni eC transfer
oC (___ 4000) coeff.
KW/me" oC
Na 0.82 98 880 1.3 6 75 132
Pb/Bi 1073 1235 1670 0.15 3 13 29
Pb 1107 3274 1737 0.15 347 16 23
Hg 13.2 -38 357 0.14 6 12 32
NaK 0.78 18 826 1 6 29 20
(56/34
w%)
H,O 0.75 - 325 5.2 45 0.6 30
12MPa (sat)

Table 1: Physical properties of major reactor coolant candidates

Setbacks of using lead-bismuth are several. Neutron capture in ?*Bi produces ?°Bi, which, with a
half-life of 5 days, decays to #°Po. The ?°Po is a very mobile isotope, which alpha-decaysin 138
days. It is thus very radiotoxic. Further lead-bismuth is very corrosive and may cause severe
material damages. Corrosion of Pb-Bi eutectic may be controlled dynamically by creation of an
oxide film on fuel cladding and reactor parts. This oxide film is destroyed if temperatureis raised
over 620°C or coolant flow exceeds 3 m/s. In practice this reduces coolant temperature to 550°C.
An alternative to using lead-bismuth would be using sodium as coolant. Sodium has better
thermo dynamical properties — see Table 1, needs less pumping effort and isless corrosive than is
lead-bismuth. However sodium is very inflammable in an oxygen environment. Using sodium
would mean amagjor risk of fires and explosions. The choice of |ead-bismuth is mainly dueto its

high boiling temperature and to the safety concerns of sodium.

4.3.2 Core design
The SSC is divided into four fuel zones - Figure 7. The innermost zone is a so-called driver zone
designed mainly for efficient neutron multiplication. Here >®U is introduced to enhance neutron

production. Zone two is similar to zone one, but also contains *Tc to be transmuted. The outer
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zones, three and four, are the main transmutation regions in the reactor. Fuel in these two zones
contains mainly minor actinide nitrides. In these zones the absorber pins are al so introduced.
With the suggested composition, the SSC reaches an average burn-up of 8,7 percent in 300 days.
At the beginning of life (BOL) kg is 0,972. The value of kg decreases as the actinides burn. At
the end of life (EOL) kg is down to 0,916. Radial power peaking increases from 1,2 at BOL to
1,7 at EOL. The beam power is 20,5 MW at BOL and hasto be increased to 75,1 MW at EOL.

Figure 7: Sing-Sing core sketch. The spallation target is located in the centre of the core [1].

5 FUEL CYCLES

Three different fuel cycle scenarios are considered in this paper. The main ideais to examine the
benefits and associated costs of using a Sing-Sing type transmuter in a closed nuclear fuel cycle.
As reference case, the once through fuel cycle is assumed. In the once through cycle, uranium ore
is mined, after enrichment the uranium is sent to a fuel fabrication facility where it is turned into
uranium oxide fuel bundles. The fuel stays in the reactor for five years leading to a burn-up of
just above 40 GWd/t. A burn-up of 40 GWd/t isrealistic for Swedish BWRs. Spent fuel isleft to
cool for forty years after which it is encapsulated and deposited into a geological storage.

A closed fuel cycle including an accelerator driven system would look like the once through fuel
cycle up to where the fuel is removed from the light water reactor. Instead of depositing the spent
fuel though, it is reprocessed in an agueous process. Plutonium and the minor actinides are
extracted from the spent fuel. The losses of the process are treated as high-level waste and
deposited in ageological storage. Irradiated depleted uranium is the main reprocessing product. It
is not very radiotoxic and is no longer high-level waste. The transuranic elements and long-lived
fission products are fabricated into nitride ADS-fuel. Due to the high Am and Cm content the fuel
is very radioactive after irradiation in the ADS. Since the burn-up in the ADS is far from
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complete the fuel has to be recycled and the isotopes resent to the fuel fabrication facility.
Because of the radioactivity, ADS fuel should ultimately be recycled using pyrochemistry in
order to keep down fud recycle times. In the reprocessing short-lived fission products are sorted
out and sent to the geological storage.

A developed alternative to the ADS fuel cycleisthe introduction of a LWR-MOX step. With this
strategy mixed-oxide fuel (MOX) containing plutonium is loaded into light water reactors. The
main part of the plutonium is burned in the LWRs. The ADS takes care of the surplus plutonium,

the rest of the transuranic elements and of the long-lived fission products.

Fuel
fabrication
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Figure 8. Sketch of a fuel cycle with recycling of Pu in LWRs and burning of transuranic
elements in Sng-Sng reactor (FP-fission products, SL-separation losses, MA-minor actinides)

[2].
6 ACCELERATORS

High-energy protons are produced in particle accelerators. Two main types of accelerators are
suitable for spallation. Cyclotrons, in which the particles are accelerated in a loop, and linear
accelerators in which the particles pass through the linear beam pipe only once. Neutron yield of
the gpallation is dependent on the incident proton energy, the target nuclei and on the spallation
target design.

6.1 Cyclotrons

A cyclotron accelerator is a circular device consisting of areas with and without electric fields.
Two half-spheres are separated by a gap. The particles start out in the middle of the cyclotron.
They are accelerated over the gap by an electric field. After the acceleration they enter a meta
half-sphere where the electric field is zero. Here, the particle beam is bent 180 degrees by a
strong magnetic field. Then, the beam enters the acceleration gap again. The electric field is
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produced by alternating current, so this time the voltage has shifted and the field has been
redirected.

As the energy of the particles increases they circulate further away from the centre of the
cyclotron. Hence, the path travelled every turn grows longer. However, the increased speed
compensates exactly for the increased distance — the frequency remains constant.

The cyclotron is a simple accelerator with one major setback. As particles reach relativistic

energies, their momentum changes according to:

P=gmn (4)

g‘?&g ©

p — particle momentum
v — particle velocity
C — speed of light

The reativistic effect causes the particles to move to slowly and get out of phase due to the
increased energy needed to increase particle velocity. This gives an upper limit to proton energy
around 40 MeV. The problem of relativistic effects can be overcome by altering the frequency of
the electric field. A cyclotron where the electric field varies with the radius is caled a
synchrocyclotron. Particle energy in the synchrocyclotron is limited by cost. A 500 MeV
synchrocyclotron is in the order of hundreds of millions of dollars. The cost is believed to
increase as the cube of the energy [3], which means a 5 GeV synchrocyclotron would cost
hundreds of billions of dollars.

If both the frequency of the electric field and the strength of the magnetic field are atered energy
may be increased at a more modest cost. This kind of cyclotron is called synchrotron. In the
synchrotron, the particles follow the same path during the acceleration. As particle energy
increases the power to the bending magnets is increased and also the frequency of the
acceleration field is increased. There are a few really big synchrotrons built. The LHC (Large
Hadron Collider) currently being constructed at the European particle physics laboratory CERN
in Geneva will be able to reach energies above 1 TeV. Still however, the particle current in such
an accelerator is rather small. To run an ADS a current of 5 to 40 mA of 1 GeV protons may be
needed. Today there is no synchrotron that can deliver a sufficient current for the ADS, but it is
believed that it will be possible to reach such currents with two or three synchrotrons working
together [9].
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Figure 9: Sketch of a proposed ADScyclotron [4].

6.2 Linear accelerators

Acceleration of particlesin alinear accelerator is based on the same principle, asisthe cyclotron.
Particles are accelerated over evacuated gaps by an aternating current. As the voltage changes
the particle travels through afield free “drift tube’. The main difference to cyclotrons is that the
beam travels adong a linear path. No bending magnets are needed. Loss of beam focus problems
are amost eliminated.

As particle velocity increases the length of the drift tubes has to be increased. Linear accelerators
tend to be very long. When energies increase linear accelerators grow expensive compared to
circular accelerators. However, linear accelerators may produce larger currents than synchrotrons

and one linear accelerator will be able to run the ADS alone.
Normal-Conducting Buperconducting

30 Mz 700 Miz Spoka Cavitles 700 MHz Eftiptical Cavitias

0 mA
Immﬁimme_uwml 2,00 Mvim ’ 2,82 Mvim l 441 MV |

TMeEY BT MeY Z1ZMaV 48 MaY 1060 e 240 May 1000 Ma¥

Figure 10: Linear Accelerator [9]
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7 PARTITIONING TECHNIQUES

All nuclear fuel cycle strategies except from the once-through cycle require partitioning of
radioactive material. In the simple case MOX fuel is manufactured from uranium and plutonium
from spent fuel. More advanced strategies may involve fuel mixed with minor actinides, such as
MINOX-fuel. Some strategies even involve the transmutation of fission products. These
strategies all need reprocessing. The elements have to be separated to make construction of
advanced fuels and transmutation targets possible.

Many methods of partitioning have been proposed, but today only the aqueous PUREX processis
used industrially for commercial purposes. There are a few important aspects when discussing
partitioning methods. The main limiting factors today are losses and costs. Losses have to be very
small in order to reduce the amounts of secondary wastes. With transmutation, the losses together
with theburn-up in the ADS decide the efficiency of the entire fuel cycle.

Safety is another important issue. An industrial scale reprocessing plant holds huge amounts of
radioactive material. Both radiation hazards to workers and to the environment have to be
considered. Also, the separating of plutonium, thus making it attainable for potential weapon

makers, has to be given serious consideration.

7.1 Liquid — liquid agueous partitioning

The partitioning technique that is used predominantly in industry today is called PUREX
(plutonium-uranium extraction). It is a hydro metallurgical process. Variants of the process have
been used for forty yearsto partition spent LWR fuel.

The principle of liquid-liquid agueous partitioning is the following. The spent fuel isdissolved in
an acid. In PUREX nitric acid is used. This aqueous phaseis put in contact with an organic phase
with some organic molecule [*'] dissolved in a hydrophobic solvent. The molecule extracts
metals from the aguatic solution. In PUREX uranium, plutonium and neptunium can be extracted.
Extracting americium and curium is difficult; they are both trivalent and mix with trivalent
lanthanides. As the organic molecule has picked up the metals, the aqueous and organic phases
are separated. The metals are then stripped from the organic molecule into another aqueous
solution. By changing the valence of plutonium from 1V to |11, plutonium can be extracted from
uranium. The losses in agueous reprocessing are small, PUREX shows losses in the order of 0,01
percent.

There are some major setbacks to the PUREX technique. As discussed it cannot separate trivalent

actinides from trivalent lanthanides. Several lanthanides show strong neutron capture resonance.

1 For the PUREX process tri-butyl-phosphate (TBP) is used.
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However, if running the transmutation process with a hard neutron spectrum, the problem of
neutrons getting captured in lanthanides becomes smaller compared to when running with a
thermal spectrum [10]. Also, the organic molecules are sensitive to radiation. Hence hot fuel with
high americium and curium contents have to cool before reprocessing, or it will destroy the
organic molecules. In an advanced fuel cycle with, for example, an ADS present, the cooling
would significantly lengthen the times needed to transmute the transuranic elements. However for
reprocessing LWR spent fued PUREX works fine. Even the hotter LWR-MOX fuel can be
reprocessed if it isdiluted with ordinary LWR fuel.

There have been a few agueous processes suggested to deal with the minor actinides. These are
all based on organic molecules that extract the transuranic isotopes from some acid solution.
Much research effort is being performed around the world to improve these techniques. The
efforts are concentrated on finding molecules that extract the metals without binding them to hard
to strip them again. These molecules also have to be soluble in some liquid that does not mix too
much with water. Today there are laboratory scale processes that can separate TRUs with small
losses. But still the problem remains to find extraction molecules that withstand intense radiation

and which is not too expensive for industrial applications.

7.2 Chromatographic reprocessing

Chromatographic methods are similar to the liquid-liquid agueous ones. The dissolved waste
passes through a column filled with ion exchange resins. Different resins might be placed in the
column, thus extracting different elements at different positions. The elements are then released
from the resins using some other solution. As with agueous partitioning the main problem is the
radio sensitivity of the organic molecules. Today there are molecules that can withstand about 10°

Gy [11]. The hot fuels will give much higher doses though.

7.3 Pyrochemical partitioning

There are some partitioning methods that do not involve any aqueous technologies but rather
molten salts. These are referred to as pyrochemical partitioning methods. Pyrochemical methods
were developed early before the PUREX process got into use.

There are two main methods of pyrochemica partitioning. The one primarily considered for
advanced fuel cyclesis electro refining. The electro refining process uses the differences in redox
potentials of the actinides, fission products, cladding material and process construction materials.
The fuel isreleased from its cladding, chopped and put in an anode basket. The anode is placed in
a molten lithium-potassium salt. By altering the voltage between the cathode and the anode, one
element at atime can be extracted. After some time the salt gets polluted with fission products

and hasto be purified. Research in thisareais underway. The purification is based on aliquid salt
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— liquid metal process. Today, the main difficulty of electro refining is keeping away oxygen and
water from the argon atmosphere that surrounds the molten salt. More than a few parts per
million of those gases in the atmosphere would ruin the extraction process. Also the purification
of the salt at an industrial scale is a major engineering task that has got to be managed.

The other pyrochemica partitioning method is based on chemical reactions in molten
oxochlorides and oxoflourides. This second method has been used a lot by the Russians to
separate uranium and plutonium from the minor actinides. However it is almost impossible to
then separate the minor actinides from the lanthanides. This is because the metals gets poisoned
by oxochlorides and oxoflourides. Pyrochemical reprocessing has one major advantage to
agueous reprocessing. The process is very insensitive to radiation. It is possible to partition hot
material directly without cooling. Problems arise because of the radiation hazards to process
personnel, but the process itself will withstand extreme radiation doses. However the need for
radiation shielding when partitioning highly active material makes the process expensive. On the
other hand a pyrochemical facility may be very compact and potentially generates small amount

of secondary waste streams.

8 UNIT COsTS

A top down approach has been used to calculate the costs of nuclear fuel cycles. Using this
approach, unit costs control total costs. The estimated unit costs are multiplied by for example
material flows or installed power. Summing together gives the total cost of the entire system.
Thistotal cost can easily be transformed into for example the unit cost of produced e ectricity.

The aternative is to use a bottom-up strategy where explicit costs for different processes are
summed together to give the total cost of the system. The top-down strategy was chosen due to
the large technological uncertainties in the technologies connected to some of the unit costs. It is
in some cases ssimply not possible to guess the explicit cost of a process. Estimations based on the

costs of similar processes have to be used. A bottom-up approach does not alow for this.

8.1 Calculation models

In estimating the costs two economical models have been applied. With increased experience
technology gets cheaper. Costs for design and construction decreases. This is known as the
learning effect. For nuclear power alearning rate of 5.8% applies[12], meaning costs fall by this
amount for every doubling of experience. Costs of operations are usually estimated to rise over
time as maintenance (O& M) costs are estimated to increase. Here, steady state is assumed, O& M

costs are assumed constant as installations are assumed being of different ages.
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Second a model for calculating the economies of scales has been used. The idea of the model is
that bigger plants are relatively cheaper than smaller ones. The following expression has been
used.

X

C, =C, gxn? ©)
EK, 5

C - cost (o: reference, n: scaled cost)
K - capacity (o: reference, n: scaled capacity)
X -0.6 for reactor systems, 0.7 for fabrication and reprocessing [13]

Further all monetary values were recalculated to 2001 dollars. In doing this recent exchange rates
have been used. The inflation has been set to being three percent over al time.

Comparing costs and the value of money is problematic. Costs develop differently in different
countries and in different industries. Thus, it is not so easy as to just recalculate between
currencies using the exchange rate valid at the time the figure was given. The average inflation
approach was chosen. It does give some errors, but those errors are assumed being rather small in

comparison to the errorsincluded in unit costs them selves.

8.2 Description of unit costs

Unit costs are summarized in appendix B.

8.2.1 Costy — Cost of natural Uranium ($/kg)

Natural uranium prices are fairly easy to estimate in the short time scale. However in the longer
time scale the price is not as obvious. The price today is about 40 $/kg. The unit cost was chosen
to 30 $/kg [14]. OECD/NEA [15] suggests 20 $/kg as lower and 80 $/kg as upper bound for

uranium price fluctuations.

8.2.2 Costyeon — Cost of Uranium conversion ($/kg)
The cost for uranium conversion has been chosen to 5 $/kg. A lower limit estimation is 3 $/kg
and an upper 8 $/kg. Conversion costs are discussed in details in the ‘Global 95’ conference

precedings [16].

8.2.3 Costyen — Cost of Uranium enrichment ($/kg)
Different authors address the cost of enriching uranium [16], [17]. There seems to be some

understanding of a price around 90 $/kg ranging between 70 $/kg and 120 $/kg.
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8.2.4 Costygep — Cost of the handling of depleted Uranium ($/kg)
The handling of depleted uranium is not performed in Sweden. Hence, the cost of it does not
show in our calculations. The cost is included in the other uranium costs and was simply set to

Z€er0.

8.2.5 Costyoxmn — Cost of UOX-fuel fabrication ($/kg)
Much has been written [15], [16] on the cost of fabricating UOX-fuel. The general belief is that
the cost of future manufacturing will be about 250 $/kg ranging from 200 $/kg to 350 $/kg.

8.2.6  Costyoxinstor — Cost of spent UOX-fuel interim storage ($/kg)

The unit cost of the Swedish interim storage CLAB is 59 $/kg UOX [18]. International references
[15], [16], [19] suggest somewhat higher costs, both the Global '95 conference and OECD/NEA
suggests unit costs as high as around 300 $/kg UOX. Based on this, a reasonable unit cost for
spent UOX-fuel interim storage in the future is assumed to be 120 $/kg UOX ranging from 60
$/kg to 300 $/kg.

8.2.7 CoStyoxrepro — Cost of spent UOX-fuel reprocessing ($/kg)

Reprocessing of the spent UOX-fuel is assumed to be performed by an aqueous process such as
the UREX or PUREX process. There are afew reprocessing plants, e.g. La Hauge and Sellafield,
running today. These installations are rather old and are more or less paid off. Future
reprocessing is assumed to be a bit more expensive than reprocessing today. Several references
[15], [17], [20], [21] suggest a unit cost ranging from 500 to 1100 $/kg heavy metal®® (kgHM). A
reasonable estimate of the unit cost in the future is 800 $/kgHM. The Global '95 conference
proceedings suggests a cost as high as 1800 $/kgHM [16]. Since all other references suggest far
lower values the lower value of 800 $/kgHM ranging from 500 $/kgHM to 1100 $/kgHM was

chosen.

8.2.8  Costyoxap — Cost of MOX-fuel fabrication ($/kg)
The unit cost has been set to 1100 $/kgHM ranging from 600 to 1750 $/kgHM. This is based on
figures from the EPRI, Globa ' 95 and OECD/NEA references [15], [16], [17].

8.2.9 Costyioxrepo — Cost of MOX-fuel reprocessing ($/kg)
The mass flow of spent MOX-fuel is rather small in comparison to the flow of spent UOX-fuel.
Hence dilution of the MOX-fuel with UOX-fuel is assumed to decrease the radiation per mass. If

the fraction of MOX-fuel is kept below twenty percent of the total mass flow, the same processis

2\When spesaking of heavy metal (HM) both the fuel metal itself and the cladding material, which mostly consists of
zirkaloy, are included.
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assumed as for pure UOX-fuel, leading to the same costs. The unit cost for reprocessing spent
MOX-fuel was set to 800 $/kgHM, ranging from 500 to 1100 $/kgHM.

8.2.10 Costyoxgeo — Cost of spent UOX-fuel geological disposal ($/kg)

A number of countries have announced estimations of the costs of disposing spent UOX-fuel
geologically. The estimations differ a bit, mainly depending on which storage method is
preferred. The value published for Sweden is 220 $/kgHM [18]. The unit cost value was chosen
to be 300 $/kgHM ranging from 130 to 500 $/kgHM.

8.2.11 Costywgeo — Cost of High Level Waste geological disposal ($/kg)
The cost of storing high level waste is about 400000 $/m® [22]. The unit is often expressed as cost
per volume as volume is the real cost driver when constructing geological storages. One tonne of

glass waste needs two cubic metres meaning the unit cost would be 800 $/kgHLW.

8.2.12 Costapstan — Cost of ADS-fuel fabrication ($/kg)

Estimating unit costs for the ADS-fuel is hard. ADS fuel is very radioactive. All handling needs
major radiation-shielding measures. The shielding makes handling expensive. There are rather
few references that address this hot fuel. Estimates originate from the few references though.
Costs were rescaled according to the mass flow of interest. Figures given in PNNL-13018 [20]
and MIT-NFC-TR-019 [21] suggest the unit cost for manufacturing ADS fuel to be 11700
$/kgHM. After scaling this value fals to 5000 $/kgHM, This is a major scaling that ends up far
away from its origin. Five thousand $kgHM is suggested as unit cost, however this is
questionable. The unit cost is assumed ranging from 5000 to 17500 $/kgHM. A lower boundary
of 2600 $/kgHM was suggested by MIT-NFC-TR-019 originating from the estimate for integral
fast reactor fuel fabrication, however 5000 $/kgHM is a more recent estimate. The upper
boundary is twice the unit cost suggested.

8.2.13 Costapsrepro — Cost of spent ADS-fuel reprocessing ($/kg)

Spent ADS-fuel will be very hot due to high contents of mainly americium, but also curium. To
shorten cooling times, and thus the fuel cycle length, non-agueous reprocessing methods should
be used for the reprocessing. Radiation from the spent fuel is the main cost driver of the
reprocessing plant. A high content of americium and curium makes the process more expensive.
The PNNL-13018 [20] and MIT-NFC-TR-019 [21] reports discuss the costs for small scale
reprocessing of hot fuel [20], [21]. The unit cost was estimated to 20000 $/kgHM. However
scaling the unit cost for the Swedish nuclear power park suggests a lower unit cost of 16000
$/kgHM. More recent estimates [22] suggests 11000 $/kgHM would be a better value. This was

chosen as the unit cost in the calculations. Five thousand dollars per kgHM is proposed as lower
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limit. The unit cost was scaled to fit a US sized reactor park running in a transmutation scenario.
This gives 10000 $/kgHM. The figure was then halved to give some space for technological
breakthroughs. Thus, the lower limit was calculated to 5000 $/kgHM. As an upper limit for the
unit cost 30000 $/kgHM is proposed. Thisissimply fifty percent more than the value proposed in

the references.

8.2.14 CAP_ g — Investment LWR ($/kWe)

Some LWR-reactors are being built around he world today. Finland is planning for a fifth
commercial reactor. It is estimated to cost around 1590 $/kWe installed [23]. Cost estimations for
other reactors are as high as 2200 $/kWe installed [22]. These values include interest during
construction and decommissioning. In the calculations 1700 $/kWe was chosen as unit cost.
Labour costs in Sweden are rather low which together with a low expected interest during

construction motivates this rather low value.

8.2.15 CAP4ps — Investment ADS ($/kWe)

To estimate the investment needed to build an ADS plant, figures from fast reactor construction
have been used [16], [24], [25]. An ADS system is very similar to the fast reactor when it comes
to heat transfer, cooling and electricity production. The very different component is the
accelerator. The unit cost for the ADS was estimated to the cost of building afast reactor plusthe
cost of an accelerator. A fast reactor is assumed to need an investment of 1950 $/kWe ranging
from 1200 to 3450 $/kWe installed power.

8.2.16 Costyeam — Cost of accelerator ($/W beam)
The beam cost is assumed to be 15 $/W beam ranging from 5 to 20 $/W beam. This assumptionis
mainly relying on the US ATW roadmap [5].

8.2.17 O&Meacior — Operations and maintenance costs for reactors (% of investment / yr)
Operations and maintenance cost for LWR-reactors is known [26], [27] to be ranging from two to

three percent of the original investment annually.

8.2.18 O&Mpps - Operations and maintenance costs for ADS (% of investment / yr)
The O&M costs for an ADS system is assumed to be twice the LWR costs, i.e. four to six percent
of the original investment annualy. This is mainly due to accelerator maintenance and the

frequent replacements of spallation windows.

8.2.19 FCR - Fixed charge rate (%)
The fixed charge rate is assumed to be ranging from eight to fourteen percent. This should be

understood as the return on investment expected by investors.
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A ten percent fixed charge rate paid during twenty years corresponds to an interest rate of 7,8
percent if paying the dept in equal amounts during the twenty years. This follows from the

expression for annuity

Lt
Bt
a=cx® ﬂ..t (7)
a+ PO .4
e 100 g

a— annual payment

c—original dept

p —interest rate expressed in percent
t — pay back time expressed in years

9 UNIT PARAMETERS

9.1 Description of unit parameters

Most of the unit parameters chosen for the calculations are more or less standard and need not be
commented. There are a few though, which might need a comment. Unit parameters are
summarized in appendix B.

Table 2. Unit parameters used in modelling

Total electric energy produced in LWR park per year 73TWhe
Therma efficiency LWR 34%
Thermal efficiency ADS 40%
Load factor LWR 82%
Load factor ADS 70%
Own energy consumption LWR (% of thermal power) 1%
Own energy consumption ADS (% of thermal power) 5%
Loss factor in mining & milling 0,01
Loss factor in conversion 0,001
Loss factor in enrichment 0,001
Loss factor in UOX-fuel fabrication 0,001
Loss factor in MOX-fuel fabrication 0,01
Loss factor in UOX-fuel reprocessing 0,001
Loss factor in ADS-fuel fabrication 0,001
Loss factor in ADS-fuel reprocessing 0,001
Scaling exponent for reactors 0,6
Scaling exponent for fuel fabrication 0,7
Scaling exponent for reprocessing 0,7
ADS Accelerator beam power 40MW
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9.1.1 Thermal efficiency LWR - 34%
The modern Swedish LWRs reach 34% thermal efficiency. This value seems reasonable also for

new reactors, especialy if they are big ones.

9.1.2 Thermal efficiency ADS — 40%
An ADS will reach a higher thermal efficiency than does the LWRs. This is due to the much
higher upper temperature in the ADS. In theory an even higher efficiency could be reached. It is

just a question of how many steam over heaters you can afford to build.

9.1.3 Load factor LWR — 82%
The average availability of Swedish LWRsis historically around 82%.

9.1.4 Load factor ADS - 70%

The ADS load factor depends mainly on the accelerator availability and is thus very hard to
estimate with good accuracy. Some suggest 85% [2], [22], which we believe is a bit optimistic.
Here, 70% is used, it might be a bit to low, but we choose to not exaggerate the ADS availability

in the calculations.

10 RESULTS

10.1 Cost of electricity

The cost of electricity from nuclear power has been calculated in three different fuel cycle
scenarios. As the reference case a light water reactor scenario without reprocessing was used
(Once through). The two other scenarios use dedicated subcritical systems to transmute the
wastes from the light water reactor park. In one of the scenarios (LWR UOX + ADS) spent UOX
fuel is sent directly to transmutation. The other scenario (ADS + LWR MOX) contains an
intermediate step of plutonium recycling in the light water reactors.

The costs for producing electricity in these three scenarios range from 24,54 millskwWh to 37,24
mills’lkWh - Figure 11. Only the production costs were considered. No taxes or subsidises were
taken into account. Once through is the cheapest scenario. The advanced fuel cycles show a
higher cost of electricity, but are still low enough to be competitive in a future market with

anticipated higher electricity prices.
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Figure 11: Overall cost distributions for the three fuel cycles considered. COE isthe
abbreviation for Cost of Electricity, O& A - for Operation and Maintenance.

The main cost driver of the three fuel cyclesisthe capital cost of the light water reactors. Alsoin
the advanced fuel cycles light water reactors are still the main reactor type. Operation and
mai ntenance costs are proportional to the installed power and follow the capital costs. The cost of
nuclear waste management is higher in the once through scenario. The transmutation scenarios
produce aless radioactive waste, which is cheaper to handle.

Even though mass flows are rather small, the ADS fuel cycle accounts for amain part of the total
cost in the advanced fuel cycles. In the second scenario these costs are very close to half the total

cost. But, recycling plutonium in light water reactors as MOX-fuel significantly reduces the

30



amount of material to transmute and consequently reduces the cost of the transmutation. The total
capacity of light water reactors have to be a bit greater which increases LWR related costs, but

the total cost of the third scenario remains smaller than does the total cost of the second scenario.

10.2  Sensitivity analysis

A sensitivity analysis has been performed in order to understand the impact of some parameters
of the final cost of electricity. The cost calculations were based on estimated unit costs and
parameters - Appendix B. The results of these sensitivity studies for some important parameters

are presented in Figure 12 through Figure 23.

10.2.1 Capital costs
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Figure 12: The cost of electricity as function of the LWR investment

The cost of constructing the light water reactors is a very important part of the total economy of
al three fuel cycles - Figure 12. Even small changesin the cost may significantly change the cost
of electricity. As an example a ten percent higher capital cost raises the once through cost of

electricity by 8,8 percent.
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Figure 13: The cost of electricity as function of the fixed charge rate

The capital cost is very closely connected to the interest rate. Also changes in the interest rate

have a great impact on the cost of electricity - Figure 13. Doubling of the interest rate increases

the cost of electricity almost by fifty percent.

10.2.2 Reactor operation

Other very important aspects of the total fuel cycle economy are the parameters of the reactor
operation. The thermal efficiencies, availabilities and burn-ups all affect the cost of electricity
produced significantly. Figure 14 presents the effect of LWR thermal efficiency on the final cost

of electricity.
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Figure 14: The cost of electricity as function of the LWR thermal efficiency.

32



The cost of electricity lowers as the efficiency of the turbines and generator increases. For the

advanced fuel cycles the effect is stronger. This is because the need for expensive transmutation

decreases as the fuel is used more efficient in the light water reactors.
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Figure 15: The cost of electricity as function of the ADSthermal efficiency

Also the ADS thermal efficiency has a rather large impact on total economy - Figure 15. The

ADS thermal efficiency can be raised quite a lot by over-heating steam. However every extra

steam over-heater requires an investment. That effect is not taken into account in the plot above.

This means at some point the curve will start rising again.
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Figure 16: The cost of electricity as function of the LWR load factor
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A high load factor for LWR operation is a prerequisite for an efficient reactor operation. Reactor
stops are very expensive. Figure 16 shows the impact of the LWR load factor on the COE.
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Figure 17: The cost of electricity as function of the ADS|oad factor

As seenin Figure 17 the effect of low load factors of ADS is smaller than in the LWR case. This

is due to the much smaller power production in the ADS part of the fuel cycle.
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Figure 18: The cost of electricity as function of the ADS burn-up.

Together with separation losses the burn-up factor in the ADS determines the efficiency of the
transmutation. The higher burn-up, the less reprocessing is needed. Since reprocessing is very
expensive, this is an important aspect to the total cost. However the largest impact of increased

burn-up can be seen in the interval of 5 — 20% burn-up — Figure 18 — were the final costs can
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drop by almost 30%. A further increase in the burn-up over the twenty percent level has a minor
impact on the final costs. The Sing-Sing reactor design has a burn-up of 12,4%, increased burn-
up to 20% could give a 10% drop on the final cost of eectricity.

10.2.3 Accelerator economics

The cost of particle accelerator construction for commercia use in transmutation facilitiesis still
difficult to assess.

Figure 19, based on the data from the US ATW Roadmap [5] shows, surprisingly, that these are
not driving costs. However the accelerator has a great impact on total economy since its
properties are important to the ADS availability. It is important to achieve high accelerator
reliability since beam stops lead to the stopping of the electricity production. Even though the
ADS load factor is not the main cost driver, the prime interest apart from producing electricity is

to transmute radioactive wastes. Transmutation is only possible when the accelerator is running.
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Figure 19: The cost of electricity as function of the cost of constructing the ADS accel erator
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10.2.4 Fuel cycle economics
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Figure 20: The cost of electricity as function of the uranium price

Figure 20 indicates that uranium price is not a very important cost driver of the nuclear fuel
cycles studied. The once through fuel cycle uses more uranium per kWh produced than do the
other scenarios. Consequently the once through fuel cycle is affected more by changes in the

uranium price. However, the changes are still small.
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Figure 21: The cost of electricity as function of the uranium oxide (UOX) reprocessing costs

Reprocessing of spent UOX fuel is an important element in both of the advanced scenarios -
Figure 21. Even though, the impact of rather large changes in the unit cost is still within a few

percent on the total cost of eectricity. The once through fuel cycle does not include any form of
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reprocessing; consequently the cost of electricity remains the same when the unit cost for
reprocessing changes.

It is very difficult to estimate the cost of handling the very radioactive spent ADS fudl. It shows
though - Figure 22 and Figure 23 - that neither the ADS fuel fabrication nor ADS reprocessing
are very important cost drivers. An increased ADS fuel fabrication costs by a factor of two gives
only afew percent (2-3%) impact on the final electricity cost. Variations of the reprocessing costs
by a factor of six - from 5000 $/kg HM to 30000 $/kg HM — results in COE increases of only
12% and 16% respectively for the two advanced schemes.
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Figure 22: The cost of electricity as function of the ADSfuel fabrication cost.
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Figure 23: The cost of electricity as function of the ADS reprocessing cost
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11 CONCLUSIONS

Figure 12 through Figure 23 all have one thing in common. In all of them, the three scenarios line

up in the same order. “Once through” is cheaper than is “ADS + LWR MOX” which, is cheaper
than is“LWR UOX + ADS’. It is obvious that an ADS strategy needs MOX recycling in light

water reactors to be competitive.

The COE show a linear behaviour in most cases described here. The calculation moddl used

contains very few feed-backs between variables. Mainly this is because of the bad knowledge in

many areas. Even finding a single estimate for a unit cost is often difficult. Finding the

dependency of that cost on another oneis very hard.

Once through TRU in ADS TRU in ADS + MOX
LWR Fuels 1,74 1,36 3,34
LWR Capital cost 14,20 11,13 12,16
LWR O&M 7,31 5,73 6,26
ADS Fuel cycle 6,45 3,24
ADS Capital cost 6,10 4,05
ADS O&M 6,28 4,16
Wastes 1,29 0,19 0,19
COE 24,54 37,24 33,40

Table 3: Summary table of fuel cycle costs

Compared to other sources of electricity nuclear shows to be a realistic alternative. The costs of

electricity from many types of power plants are in the range of the costs discussed above.
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Figure 24: The cost of electricity from different power plants®.

As seen in Figure 24 nuclear power plants are competitive to other power plants. It is also —from

an economic point of view - redistic to transmute the nuclear wastes in a transmutation fuel

cycle.
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12 FINAL REMARKS: ASPECTS OF ADVANCED NUCLEAR FUEL CYCLES

When, in the beginning of the last century, people realised it might be possible to tap matter itself
of energy, optimism was enormous. At last there seemed to be a distant possibility of creating a
paradise on earth. The almost free energy from the fission and fusion processes would give
mankind totally new possibilities. With water from the ice at the poles Sahara would be
transformed into a garden. People would travel around the planet in hours leaving no smoke, nor
noise. And, poverty would be extinct.

Until today, nuclear power did not fulfil this dream. Several accidents taught us of the dangers of
nuclear power. The destructive side of nuclear power got obvious, and forever connected to, the
cruelty of the human race on the sixth of August 1945.

Today the dreams are al gone. Nuclear energy is part of everyday life. It will stay that way as
long as our benefits form having nuclear power exceeds the cost of doing so. Discussion on the
costs and benefits of nuclear power finaly caught wind after the Three Mile Island accident in
1979. It boosted following the Chernobyl meltdown in 1986. The discussion is, and should be, a
very important aspect of nuclear power itself.

The once through fuel cycle used in Sweden today could easily be mistaken for the ultimate clean
and safe way to produce cheap electricity. People using the electricity discover no severe
problems. They do not see the opencast mines where huge amounts of radon leaks into the
atmosphere and living creatures are poisoned by the heavy metals leaking from slag deposits.
Also these people will have been long dead when eventually material from the geological
disposals starts reaching the biosphere. The only thing left for them to care about is the risk of an
accident in a nuclear power plant. Considering the experience gained from running nuclear
reactors combined with the culture in the nuclear industry to always work on safety thisrisk is
probably small. Even if a severe accident would occur the amount of radiation released would
most probably be small. However, people actually do care, especially people care about the
geological disposal of wastes. People would rather see that there was no radioactive waste at all.

12.1 Radiation hazards

Transmutation does offer a possibility of amost deleting the storages of radioactive wastes.

However, new problems arise in atransmutation fuel cycle.

*The costs were calculated using a computer-based model provided by the Swedish National Energy Administration.
Costs apply to the current Swedish situation.
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In a once through fuel cycle uranium mining and geological disposal seem to be the main
problems. With recycling of reactor fuel far less uranium is needed and with transmutation far
less waste is left for disposal. Both of the main problems are reduced. Recycling though raises
new problems. If running recycling on a big scale for many years, somewhere, someday there is
going to be a malfunction of some system which is going to cause release of radioactive material
into the biosphere. With less reprocessing plants the average time for this to happen islonger, but
it will still happen somewhere, someday. From a radiation hazards point of view, the question of
using transmutation is condensed to the question whether to expose the people living today to the

radiation or to expose the generations to come.

12.2  Proliferation risks

As long as there are plants enriching uranium or reactors producing plutonium, there will be the
threat of nuclear weapons. A once through fuel cycle has the advantage of not piling up
plutonium anywhere. When reprocessing the spent fuel, there will be plutonium lying around to
be stolen, or removed in alega way, to produce nuclear weapons.

However in a few hundred years though, when the wastes in the geological repository have
cooled down, they will make a prime uranium ore. Anyone who needs plutonium could just start
mining it from the bedrock.

The benefit of the reprocessing alternative is that we know who might want the plutonium today.
We could protect ourselves from it at least in the short term. We do not know though how society
looks in, say, five hundred years, and who might need the plutonium then. The choice is who to
trust, the people of today, who deliberately killed 183 million people the last century [28], or our

grand grand children whom we do not know.

12.3 Social aspects of transmutation

Whether to use advanced nuclear fuel cycles like transmutation is not an issue for scientists or
engineers. Society has to make the choice based on the costs and the benefits of different
aternatives.

A really important aspect is the stability of society. Transmutation is a major project. If started it
would have to run for a long time. Society should be ready to accept nuclear power as the main
power source for several hundreds of years. Of course nuclear power can only be safe, especially
considering non-proliferation aspects, in a peaceful and stable society. Before making the
decision to start the transmutation fuel cycle we would need to be confident that our society will
stay stable for along time.

In order to decide for transmutation in Sweden a pro transmutation opinion would be needed.

Then parliament could change laws concerning planning of nuclear power. Also severa
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paragraphs in the environmental laws would have to be changed in order to build Sing-Sing
cores. Especially aclearance to use huge amounts of |ead would be vital.
We have shown that advanced fuel cycles might become an economically redlistic option. It

seems society will have to reach the decision pretty soon, whether to use nuclear power or not.
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ABSTRACT

This paper estimates the economical costs and benefits associated with a nuclear waste
transmutation strategy. An 800 MWy, fast neutron spectrum, subcritical core design has been
used in the study (the so called Sing-Sing Core). Three different fuel cycle scenarios have been
compared.

The main purpose of the paper has been to identify the cost drivers of a partitioning and
transmutation strategy, and to estimate the cost of electricity generated in a nuclear park with
operating accelerator driven systems.

It has been found that directing all transuranic discharges from spent light water reactor (LWR)
uranium oxide (UOX) fuel to accelerator driven systems leads to a cost increase for nuclear
power of 50+15%, while introduction of a mixed oxide (MOX) burning step in the LWRS
diminishes the cost penalty to 35+10%.

INTRODUCTION

Severa detailed studies have been performed on fast reactor fuel cycle costs [1], [2], [3]. The
advanced fuel cycles though are not as well examined. Experience originates mainly from fast
reactor programs. A few estimates have been done concerning reprocessing of, and fuel
fabrication from, really radioactive material. Two reports are the prime sources of information in
thisfield. Thereisthe US ATW roadmap [4] and there isthe MIT-NFC-TR-019 by D. Kim et al.
[6]. Both reports try to find the costs of the advanced fuel cycles. However since there isbasically
no industrial experience in this field, all figures originate from small scale experiments and
subsequent estimations.

Fuel cycle calculations for advanced nuclear fuel cycles have been performed. R. A. Krakowski
of Paul Sherrer Institute (PSI) in Switzerland has been working on this for along time [7]. The
calculations were based on a number of unit costs and parameters. Krakowski spends at lot of
effort on the sensitivity analysis his results. The calculations performed here are similar to the
ones performed by Krakowski, but have been tailored to fit Swedish conditions.

A subcritical core, called SSC, designed for transmutation of TRU-discharges from Swedish
LWRs was suggested by Wallenius et a. [8]. The main proposal of the authors is to introduce
large amounts of burnable absorbers into the core. A major benefit from the introduction of the
absorbers is the decrease in neutron capture in **Am leading to a decrease in He and Cm
production.

The cost of eectricity (COE) from a Swedish reactor park including such cores has been
calculated.

SSC TRANSMUTATION CORE

The SSC uses a nitride fuel matrix, which means >N costs of about 10% of the fuel cost has to be
included. Nitride fuel was chosen because of its high actinide content compared to oxide fuels,



and the possibility of reprocessing using traditional agueous methods. Even if a primary choice
for transmutation systems is pyrochemical reprocessing opening possibilities for reprocessing of
highly radioactive fuel and consequently shortening fuel-recycling times, such technology is not
readily available today though. This gives reason to keep the possibility of using agueous
reprocessing.

The SSC is divided into distinct fuel zones. The innermost zone is a so-called source
multiplication zone designed mainly for maintaining source neutron multiplication. During burn-
up U is introduced for that purpose. The outer zone is the main transmutation region in the
reactor. The fuel in these two zones contains all minor actinides. In these zones the absorber pins
are also introduced.

With the suggested composition, the SSC reaches a TRU burn-up of 12,4 percent in 600 days.

UNIT COSTS

A top down approach has been used to calculate the costs of nuclear fuel cycles. Using this
approach, unit costs control total costs. The estimated unit costs are multiplied by for example
material flows or installed power. Summing together givesthe total cost of the entire system. This
total cost can easily be transformed into for example the unit cost of produced electricity.

The alternative is to use a bottom-up strategy where explicit costs for different processes are
summed together to give the total cost of the system. The top-down strategy was chosen due to
the large technological uncertainties in the technologies connected to some of the unit costs. It is
in some cases simply not possible to guess the explicit cost of a process. Estimations based on the
costs of similar processes have to be used. A bottom-up approach does not allow for this.

Calculation models

In estimating the costs two economical models have been applied. One assuming that with
increased experience technology gets cheaper and costs for design and construction decrease.
This is known as the learning effect. For nuclear power a learning rate of 5.8% is commonly
applied [9], which assumes costs fall by this amount for every doubling of experience. Costs of
operations are usually estimated to rise over time as maintenance (O& M) costs are estimated to
increase. Here, steady state is assumed, O& M costs are assumed constant as installations are
assumed being of different ages.

As a second model - amodel for calculating the economies of scales has been used. The idea of
the model is that bigger plants are relatively cheaper than smaller ones. The following expression
has been used.

X
C.=C, EEKQ (1)
Ko

C - cost (o: reference, n: scaled cost)
K - capacity (o: reference, n: scaled capacity)
X - 0.6 for reactor systems, 0.7 for fabrication and reprocessing [10]

Further all monetary values were recalculated to 2001 dollars. In doing this recent exchange rates
have been used. The inflation has been set to being three percent over al time.

Comparing costs and the value of money is not straight forward. Costs develop differently in
different countries and in different industries. Thus, it isnot so easy as to just recal culate between
currencies using the exchange rate valid at the time the figure was given. The average inflation
approach was chosen. It does give some errors, but those errors are assumed being rather small in
comparison to the errorsincluded in unit costs themselves.



Description of unit costs

CostU — Cost of natural Uranium ($/kg)

Natural uranium prices are fairly easy to estimate in the short time scale. However in the longer
time scale the priceis not as obvious. The price today is about 40 $/kg. The unit cost was chosen
to 30 $/kg [11]. OECD/NEA [3] suggests 20 $/kg as lower and 80 $/kg as upper bound for
uranium price fluctuations.

Costyeony — Cost of Uranium conversion ($/kg)

The cost for uranium conversion has been chosen to 5 $/kg. A lower limit estimation is 3 $/kg
and an upper 8 $/kg. Conversion costs are discussed in details in the Global ‘95 conference
precedings [2].

Costyenr — Cost of Uranium enrichment ($/kg)
Different authors address the cost of enriching uranium [2], [1] There seems to be some
understanding of a price around 90 $/kg ranging between 70 $/kg and 120 $/kg.

Costygep — Cost of the handling of depleted Uranium ($/kg)

The handling of depleted uranium is not performed in Sweden. Hence, the cost of it does not
show in our calculations. The cost is included in the other uranium costs and was simply set to
zero.

Costyoxsap — Cost of UOX-fuel fabrication ($/kg)
Much has been written [3], [2] on the cost of fabricating UOX-fuel. The general belief is that the
cost of future manufacturing will be about 250 $/kg ranging from 200 $/kg to 350 $/kg.

Costyoxinsor — Cost of spent UOX-fuel interim storage ($/kg)

The unit cost of the Swedish interim storage CLAB is59 $/kg UOX [12]. International references
[3], [2], [13] suggest somewhat higher costs, both the Global '95 conference and OECD/NEA
suggests unit costs as high as around 300 $/kg UOX. Based on this, a reasonable unit cost for
spent UOX-fuel interim storage in the future is assumed to be 120 $/kg UOX ranging from 60
$/kg to 300 $/kg.

Costyoxrepro — Cost of spent UOX-fuel reprocessing ($/kg)

Reprocessing of the spent UOX-fuel is assumed to be performed by an aqueous process such as
the UREX or PUREX process. There are afew reprocessing plants, e.g. La Hauge and Sellafield,
running today. These installations are rather old and are more or less paid off. Future reprocessing
is assumed to be a bit more expensive than reprocessing today. Several references [3], [1], [14],
[6] suggest a unit cost ranging from 500 to 1100 $/kg heavy metal® (kgHM). A reasonable
estimate of the unit cost in the future is 800 $/kgHM. The Global '95 conference proceedings
suggests a cost as high as 1800 $/kgHM [2]. Since al other references suggest far lower values
the lower value of 800 $/kgHM ranging from 500 $/kgHM to 1100 $/kgHM was chosen.

Costyoxtan — Cost of MOX-fuel fabrication ($/kg)
The unit cost has been set to 1100 $/kgHM ranging from 600 to 1750 $/kgHM. Thisis based on
figures from the EPRI, Global ' 95 and OECD/NEA references [3], [2], [1].

Costvoxrepro — Cost of MOX-fuel reprocessing ($/kg)

The mass flow of spent MOX-fuel is rather small in comparison to the flow of spent UOX-fudl.
Hence dilution of the MOX-fuel with UOX-fuel is assumed to decrease the radiation per mass. If
the fraction of MOX-fuel is kept below twenty percent of the total mass flow, the same processis

"When speaking of heavy metal (HM) both the fuel metal itself and the cladding material, which mostly consists of
zirkaloy, are included.



assumed as for pure UOX-fuel, leading to the same costs. The unit cost for reprocessing spent
MOX-fuel was set to 800 $/kgHM, ranging from 500 to 1100 $/kgHM.

Costyoxgeo — Cost of spent UOX-fuel geological disposal ($kg)

A number of countries have announced estimations of the costs of disposing spent UOX-fuel
geologically. The estimations differ a bit, mainly depending on which storage method is
preferred. The value published for Sweden is 220 $/kgHM [12]. The unit cost value was chosen
to be 300 $/kgHM ranging from 130 to 500 $/kgHM.

Costhiwgeo — Cost of High Level Waste geological disposal ($/kg)

The cost of storing high level waste is about 400000 $/m°®[15]. The unit is often expressed as cost
per volume as volume is the real cost driver when constructing geological storages. One tonne of
glass waste needs two cubic metres meaning the unit cost would be 800 $/kgHLW.

Costapsap — Cost of ADSHuel fabrication ($/kg)

Estimating unit costs for the ADSfuel is difficult. ADS fuel will be very radioactive. All
handling will need major radiation-shielding measures. The shielding makes handling expensive.
There are rather few references that address this hot fuel. Estimates originate from the few
references though. Costs were rescaled according to the mass flow of interest. Figures given in
PNNL-13018 [14] and MIT-NFC-TR-019 [6] suggest the unit cost for manufacturing ADS fuel to
be 11700 $/kgHM. After scaling this value falls to 5000 $/kgHM, This is a major scaling that
ends up far away from its origin. Five thousand $/kgHM is suggested as unit cost, however thisis
guestionable. The unit cost is assumed ranging from 5000 to 17500 $/kgHM. A lower boundary
of 2600 $/kgHM was suggested by MIT-NFC-TR-019 originating from the estimate for integral
fast reactor fuel fabrication, however 5000 $/kgHM is a more recent estimate. The upper
boundary is 150 percent of the 11700 $¥kgHM.

Costapgero — Cost of spent ADSfuel reprocessing ($/kg)

Spent ADS-fuel will be very hot due to high contents of americium and curium. To shorten
cooling times, and thus the fuel cycle length, non-aqueous reprocessing methods should be used
for the reprocessing. Radiation from the spent fuel is the main cost driver of the reprocessing
plant. A high content of americium and curium makes the process more expensive. The PNNL-
13018 [14] and MIT-NFC-TR-019 [6] reports discuss the costs for small scale reprocessing of hot
fuel [14], [6]. The unit cost was estimated to 20000 $/kgHM. However scaling the unit cost for
the Swedish nuclear power park suggests a lower unit cost of 16000 $/kgHM. More recent
estimates [15] suggest 11000 $/kgHM would be a better value. This was chosen as the unit cost in
the calculations. Five thousand dollars per kgHM is proposed as lower limit. The unit cost was
scaled to fit a US sized reactor park running in a transmutation scenario. This gives 10000
$/kgHM. The figure was then halved to give some space for technological breakthroughs. Thus,
the lower limit was calculated to 5000 $/kgHM. As an upper limit for the unit cost 30000
$/kgHM is proposed. Thisis simply fifty percent more than the value proposed in the references.

CAP wr— Investment LWR ($/ kVVe)

Some LWR-reactors are being built around he world today. Finland is planning for a fifth
commercial reactor. It is estimated to cost around 1590 $/kWe installed [16]. Cost estimations for
other reactors are as high as 2200 $/kWe installed [15]. These values include interest during
construction and decommissioning. In the calculations 1700 $/kWe was chosen as unit cost.
Labour costs in Sweden are rather low which together with a low expected interest during
construction motivates this rather low value.

CAPpps— Investment ADS ($kWe)
To estimate the investment needed to build an ADS plant, figures from fast reactor construction
have been used [2], [17], [18]. An ADS system is very similar to the fast reactor when it comes to



heat transfer, cooling and electricity production. The very different component is the accelerator.
The unit cost for the ADS was estimated to the cost of building a fast reactor plus the cost of an
accelerator. A fast reactor is assumed to need an investment of 1950 $/kWe ranging from 1200 to
3450 $/kWe installed power.

CoStpeam — Cost of accelerator ($/W beam)
The beam cost is assumed to be 15 $/W beam ranging from 5 to 20 $/W beam. This assumptionis
mainly relying on the US ATW roadmap [4].

O& M eactor — Operations and maintenance costs for reactors (% of investment / yr)
Operations and maintenance cost for LWR-reactors is known [7], [19] to be ranging from two to
three percent of the original investment annually.

O&Maps - Operations and maintenance costs for ADS (% of investment / yr)

The O& M costs for an ADS system is assumed to be twice the LWR costs, i.e. four to six percent
of the origina investment annually. This is mainly due to accelerator maintenance and the
frequent replacements of spallation windows.

FCR—Fixed chargerate (%)

The fixed charge rate is assumed to be ranging from eight to fourteen percent. This should be
understood as the return on investment expected by investors.

A ten percent fixed charge rate paid during twenty years corresponds to an interest rate of 7,8
percent if paying the dept in equal amounts during the twenty years. This follows from the
expression for annuity

Wt
®. PO,
& 100 4 100 (2

Lt
ée1+7p 2.1
e 100 g

a = ¢cx

a— annual payment

c—origina dept

p —interest rate expressed in percent
t — pay back time expressed in years

UNIT PARAMETERS
Description of unit parameters

Most of the unit parameters chosen for the calculations are standard ones and need not be
commented. There are afew though, which might need a comment.



Table 1. Unit parameters used in modelling

Total electric energy produced in LWR park per year 73 TWhe
Thermal efficiency LWR 34 %
Thermal efficiency ADS 40 %
Load factor LWR 82%
Load factor ADS 70%
Own energy consumption LWR (% of thermal power) 1%
Own energy consumption ADS (% of thermal power) 5%
Loss factor in mining & milling 0,01
Loss factor in conversion 0,001
Loss factor in enrichment 0,001
Loss factor in UOX-fuel fabrication 0,001
Loss factor in MOX-fuel fabrication 0,001
Loss factor in UOX-fuel reprocessing 0,001
Loss factor in ADS-fuel fabrication 0,001
Loss factor in ADS-fuel reprocessing 0,001
Scaling exponent for reactors 0,6
Scaling exponent for fuel fabrication 0,7
Scaling exponent for reprocessing 0,7
Mean ADS Accelerator beam power 40 MW

Thermal efficiency LWR - 34%
The modern Swedish LWRs reach 34% thermal efficiency. This value seems reasonable also for
new reactors, especidly if they are big ones.

Thermal efficiency ADS—40%

An ADS will reach a higher thermal efficiency than does the LWRSs. This is due to the much
higher upper temperature in the ADS. In theory an even higher efficiency could be reached. It is
just a question of how many steam over heaters you can afford to build. The upper temperature of
coolant reaching the heat exchanger limits the thermal efficiency.

Load factor LWR —82%
The average availability of Swedish LWRsis historically around 82%.

Load factor ADS- 70%

The ADS load factor depends mainly on the accelerator availability and is thus very hard to
estimate with good accuracy. Some suggest 85% [15], which we believe is a bit optimistic. Here,
70% is used, which might be below the targeted load factor, but isin good agreement with proven
load factors for the fast reactors BN-600 and BOR-60.

RESULTS
Cost of electricity

The cost of electricity from nuclear power has been caculated in three different fuel cycle
scenarios. As the reference case a light water reactor scenario without reprocessing was used
(Once through). The two other scenarios use dedicated subcritical systems to transmute the
wastes from the light water reactor park. In one of the scenarios (LWR UOX + ADS) spent UOX
fuel is sent directly to transmutation. The other scenario (ADS + LWR MOX) contains an
intermediate step of plutonium recycling in the light water reactors.



The costs for producing electricity in these three scenarios range from 24,54 mills’kWh to 37,24
millskWh - Figure 1. Only the production costs were considered. No taxes or subsidises were
taken into account. Once through is the cheapest scenario. The advanced fuel cycles show a
higher cost of electricity, but are still low enough to be competitive in a future market with
anticipated higher electricity prices.
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Figure 1: Overall cost distributions for the three fuel cycles considered. COE is the abbreviation
for Cost of Electricity, O& A - for Operation and Maintenance.

The main cost driver of the three fuel cyclesis the capital cost of the light water reactors. Alsoin
the advanced fuel cycles light water reactors are still the main reactor type. Operation and
maintenance costs are proportional to the installed power and follow the capital costs. Even
though mass flows are rather small, the ADS fuel cycle accounts for a main part of the total cost



in the advanced fuel cycles. In the second scenario these costs are very close to half the total cost.
But, recycling plutonium in light water reactors as MOX-fuel significantly reduces the amount of
material to transmute and consequently reduces the cost of the transmutation. The total capacity
of light water reactors have to be a hit greater which increases LWR related costs, but the total
cost of the third scenario remains smaller than does the total cost of the second scenario.

Sensitivity analysis

A sensitivity analysis has been performed in order to understand the impact of some parameters
of the final cost of electricity. The cost calculations were based on estimated unit costs and
parameters [20]. The results of these sensitivity studies for some important parameters are
presented in Figure 2 through Figure 13.

Capital costs
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Figure 2: The cost of electricity as function of the LWR investment

The cost of constructing the light water reactors is a very important part of the total economy of
all three fuel cycles - Figure 2. Even small changes in the cost may significantly change the cost
of electricity. As an example a ten percent higher capital cost raises the once through cost of
electricity by 8,8 percent.



70

60 —
= 50 =~ .
% 40 .- " Once through
= -- / LWR UOX +ADS
E 32"
W / - - - -ADS+LWRMOX
O 20 -

10

0 T T T T T T T T T

4 5 6 7 8 9 10 11 12 13 14
FCR (%)

Figure 3: The cost of electricity as function of the fixed charge rate

The capital cost is very closely connected to the interest rate. Also changes in the interest rate
have a great impact on the cost of electricity - Figure 3. Doubling of the interest rate increases the
cost of electricity aimost by fifty percent.

Reactor operation

Other very important aspects of the total fuel cycle economy are the parameters of the reactor
operation. The thermal efficiencies, availabilities and burn-ups all affect the cost of electricity
produced significantly. Figure 4 presents the effect of LWR thermal efficiency on the final cost of
electricity.
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Figure 4: The cost of electricity as function of the LWR thermal efficiency.
The cost of electricity lowers as the efficiency of the turbines and generator increases. For the

advanced fuel cycles the effect is stronger. This is because the need for expensive transmutation
decreases as the fuel is used more efficiently in the light water reactors.
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Figure 5: The cost of electricity as function of the ADSthermal efficiency

Also the ADS thermal efficiency has arather large impact on total economy - Figure 5. The ADS
thermal efficiency can be raised quite a lot by over-heating steam. However every extra steam
over-heater requires an investment. That effect is not taken into account in the plot above. This
means at some point the curve will start rising again.
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Figure 6: The cost of electricity as function of the LWR load factor

A high load factor for LWR operation is a prerequisite for an efficient reactor operation. Reactor
stops are very expensive. Figure 6 shows the impact of the LWR load factor on the COE.
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Figure 7: The cost of electricity as function of the ADS|oad factor

As seen in Figure 7 the effect of low load factors of ADS is smaller than in the LWR case. Thisis
due to the much smaller power production in the ADS part of the fuel cycle.
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Figure 8: The cost of electricity as function of the ADS burn-up.

Together with separation losses the burn-up factor in the ADS determines the efficiency of the
transmutation. The higher burn-up, the less reprocessing is needed. Since reprocessing is very
expensive, this is an important aspect to the total cost. However the largest impact of increased
burn-up can be seen in the interval of 5 — 20% burn-up — Figure 8 — were the final costs can drop
by amost 30%. A further increase in the burn-up over the twenty percent level has a minor
impact on the final costs. The Sing-Sing reactor design has a burn-up of transuranic elements
(TRU) of 12,4%, increased burn-up to 20% could give a 10% drop on the final cost of e ectricity.
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Accelerator economics

The cost of particle accelerator construction for commercial use in transmutation facilitiesis still

difficult to assess.

Figure 9, based on the data from the US ATW Roadmap [4] shows, surprisingly, that these are
not driving costs. However the accelerator has a great impact on total economy since its
properties are important to the ADS availability. It is essential to achieve high accelerator
reliability since beam stops lead to the stopping of the electricity production. Even though the
ADS load factor is not the main cost driver, the prime interest apart from producing electricity is
to transmute radioactive wastes. Transmutation is only possible when the accelerator is running.
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Figure 9: The cost of electricity as function of the cost of constructing the ADS accel erator

Fue cycle economics
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Figure 10: The cost of electricity as function of the uranium price

Figure 10 indicates that uranium price is not a very important cost driver of the nuclear fuel
cycles studied. The once through fuel cycle uses more uranium per kWh produced than do the
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other scenarios. Consequently the once through fuel cycle is affected more by changes in the
uranium price. However, the changes are still small.
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Figure 11: The cost of electricity as function of the uranium oxide (UOX) reprocessing costs

Reprocessing of spent UOX fuel is an important element in both of the advanced scenarios -
Figure 11. Even though, the impact of rather large changes in the unit cost is still within a few
percent on the total cost of electricity. The once through fuel cycle does not include any form of
reprocessing; consequently the cost of electricity remains the same when the unit cost for
reprocessing changes.

It is very difficult to estimate the cost of handling the very radioactive spent ADS fuel. It shows
though - Figure 12 and Figure 13 - that neither the ADS fuel fabrication nor ADS reprocessing
are very important cost drivers. An increased ADS fuel fabrication costs by a factor of two gives
only afew percent (2-3%) impact on the final electricity cost. Variations of the reprocessing costs
by a factor of six - from 5000 $/kg HM to 30000 $/kg HM — results in COE increases of only
12% and 16% respectively for the two advanced schemes.
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Figure 12: The cost of electricity as function of the ADS fuel fabrication cost.

13



45
40 .
=
% 35 SRR — Once through
g [T LWR UOX + ADS
‘éj 30 1 - - = =ADS+LWRMOX
25
20 T T T T T T T

5000 10000 15000 20000 25000 30000
ADS Reprocessing ($/kgHM)

Figure 13; The cost of electricity as function of the ADS reprocessing cost

CONCLUSONS

Analysis of the sensitivity study results show that the three scenarios line up in the same order.
“Once through” is cheaper thanis“ADS + LWR MOX" which, is cheaper thanis“LWR UOX +
ADS’. It is obvious that an ADS strategy needs MOX recycling in light water reactors to be
competitive.

The COE shows a linear behaviour in most cases described here. The calculation model used in
this study contains very few feedbacks between variables and further development of the models
containing more sophisticated i nterrel ations between parameters requires much deeper knowledge
in many areas important for ADS economy. Even finding a single estimate for a unit cost is often
difficult.

Table 2 summarizes the cost analysis.

Once through LWR UOX + ADS ADS + LWR MOX
LWR Fuels 1.74 3.29 3.34
LWR Capital cost 14.20 11.13 12.16
LWR O&M 7.31 5.73 6.26
ADS Fuel cycle 0.00 4.52 3.24
ADS Capital cost 0.00 6.10 4.05
ADS O&M 0.00 6.28 4.16
Wastes 1.29 0.19 0.19
COE 2454 100% 37.24 152% 33.40 136%

Table 2: Summary table of fuel cycle costs

Electricity fromthe“LWR UOX + ADS’ scenario is 52% more expensive than is “once through”
electricity, “ADS + LWR MOX" is 36% more expensive. Assuming an 85% ADS load factor and
20% TRU burn-up would lower the relative costs to 136% and 125% respectively for the
advanced fuel cycle scenarios.

Compared to other sources of electricity nuclear shows to be aredlistic aternative. The costs of
electricity from many types of power plants are in the range of the costs discussed above.
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Figure 14: The cost of electricity from different power plants’.

As seen in Figure 14 nuclear power plants are competitive to other power plants. It isaso —from
an economic point of view - realistic to transmute the nuclear wastes in a transmutation fuel
cycle.
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Abstract - International Atomic Energy Agency (IAEA) has coordinated a benchmark activity on Accelerator-
Driven System (ADS). First stage of this benchmark was focused on simulations of Energy Amplifier-like systems
fuelled with Th/?*U and cooled with liquid lead. The results showed a common pattern for ke evolution as a
function of time with a strong Protactinium reactivity swing. However, with a proper choice of the initial kg an
acceptable kg evolution can be obtained limiting the necessity for large variation of the proton accelerator
power. A low level of Minor Actinides accumulation has been observed and consequently a relatively low long-
term radioactivity of the spent ADS fuel. Essential discrepancies were found in simulations of the kg curves for
the end of simulating periods (about 5 years). Thisis a sign of a significant deficiency in some codes simulating
burnup processes and accumulation of the errors in a fission product treatment. Also results for void
coefficients, spectral indices distributions and effectiveness of spallation neutrons have not been in the

acceptable limits of discrepancies.

I. INTRODUCTION

International Atomic Energy Agency has
coordinated a benchmark activity on Accelerator-
Driven System (ADS). First stage of this
benchmark was focused on simulations of Energy
Amplifier-like  [1] systems fuelled with
23 Thorium and cooled with liquid lead.

The following goals have been envisaged for the
Stage 1:

o Intercomparison of the principal neutronic

features of EA-ADS:

- fuel enrichments corresponding to a
different subcriticality levels,

- sensitivity of subcriticality level to fuel
burnup value (burnup evolution curves)
(stability of ADS-reactivity between fuel
rel oading)

- evolution of proton current requirements,

- void effect in the EA-ADS fuelled by Th-
based fue,
- long-term activity of fuel under irradiation;

0 Intercomparison of results of different
calculation codes and data libraries in order
to understand the level of current dispersion

in principad neutronic parameters and to
identify sources of these discrepancies.

The caculations performed in the very early
stage of this benchmark generated a vivid
discussion about the importance of k-source (k)
parameter for the subcritical systems. It was one of
the achievements of the benchmark to clarify and
fully understand the significant differences in
source multiplication - ks and kg approaches for
simulations of the subcritical systems.

Stage 2 of the benchmark was to devoted to an
assessment of the neutronic potential of a modular
fast gspectrum ADS for radiotoxic waste
transmutation. A simplified description of an ADS,
restricted to the reactor part, with TRU or MA fuel
(Ket = 0.96) has been analysed.

In the Stage 3 calculations of the existing
experimental  subcritical  facility have been
performed. A thermal neutron subcritical system
“Yalina’, at the Radiation Physics and Chemistry
Problems Ingtitute in Minsk, has been simulated
and results have been compared with experimental
data.

This paper due to the limited space and a lot of
results to be reported will concentrates on the stage
1 of this benchmark.



Il. PRINCIPAL NEUTRONIC FEATURES OF
ADS

Neutronics of ADS can be described by the
neutron transport equation for neutron flux F:

AF =MF +S (1)
where:
A - neutron consumption operator (neutron

absorption and |eakage),
M- neutron production in a subcritical blanket,
S- neutron source.

The neutron source can be presented as

S=5yx(r,E)

where S, - total neutrons production rate and
x (r,E) normaisedto (@dr'dE'X(r',E')=1)
space-energy distribution for the source.

If the source depends on spallation neutron
production through the blanket power W(expressed
infission’s per time unit), then

Sp =GMW =Gmadr'dE'S ¢ (E',r')F (E,r")
where:
mis afraction of the power being spent for
spallation,
Gisthe number of neutrons produced if each fission
can be transformed in proton beam.

Let us consider the eigenvalue-type equation for
neutron importance F * (related to Keg):

A*F*:—l M*F = 2
eff
Combining (1) and (2) one can get easily:
1 F=*S
=1+ < > 3
Kest (FMF)
where
S
(F*S) _w. Fs

(F*MF) n Fr

@pdrdedE'F * (r,E) c(E)nS¢ (r,E")F (r,E')

S

adrdEdE'F * (r,E)S¢ (r, E')F (1, E')

- the averaged number of secondary neutrons

—*  adrdEx(r,E)F *(r,E

Fs=(md (LE)F*(r.E) - the averaged
@drdEx(r,E)

importance of the “external” source,

— napdrdEdE'F * (r,E)S¢ (1, E)F (1, E')
F =
F @drdE'S ¢ (r,E')F (r,E')

the averaged importance of the neutrons producing
fission (or “internal neutron source”).

It follows from (3)

n £1 0
m=——~G&—-17 @)
G *gkeit
Fs |
where | *= is the ratios of averaged

importances of the “external” and “interna”
sources. This parameter can be caled as the
“ effectiveness of spallation neutrons’ in an ADS.

Equation (4) describes the fraction of power
produced by subcritical system, which isrequired to
sustain spallation processes. It does not depend on
power level and serves as the basic eguation for
ADS's integral neutronic parameters. Dynamics of
such a system is similar to dynamics of a critical
system having a supplementary fraction (m) of
delayed neutrons (due to spallation process). Delay
time of these neutrons (tsp) is determined by
processes taking place between fissions in the
subcritical core and production of spallation
neutrons in the target. This delay time can be
controlled (optimised) within some reasonable
interval. For point Kinetics approximation, the
equation for ADS-power P can be presented in the
following form:

dP(t) 1 (t)- b(t)
d 1) PO (49)
+al JCJ +mGEP(t -t
j

%)

Where all notations are used as traditionally for
critical reactors. ADS's reactivity r(t) takes into
account both: initial subcriticality level and
reactivity insertion during transients. Intermediate
cases can be also realised, when external neutron
source is activated simultaneously with delayed and
time independent fractions of a spallation neutron
source.

Equation (4a) has no external neutron source,
similarly as for al critical reactors. This means that
if real fraction of power which is being spent for
spallation, exceeds one defined by (4) then ADS
power will unlimitedly grow. In its turn, if rea
fraction will be less than (4) ADS will have “zero-
power”. Hence, such ADS can be considered as
criticl  system with two different sources of
delayed neutrons: those coming from the decay of
fisson products and the gpallation neutrons.
Spallation source delay can be useful for an
enhancement of some inherent safety features (self-
protection against overheating during transients
without scram: LOFWS, LOHSWS, etc.) as well as
for improving “load-following” characteristics of
ADS. In the case of a long “delay time’ of



spallation neutrons, one has a system similar to the
case of “independent external neutron source”.

For completely independent source, equation (3)
defines the corresponding power level:

S

W =——"—fissions/s
19 (4b)

Skt 5

if Spisexpressed in neutrons/s.
Equations (3-4) dlow to evaluate ADS

neutronics on the base of kg and j * (n does not
change much): this is so caled “kg-method” of
anaysis.

There is another method of the integral-like
assessments of ADS-neutronics on the base of the
source multiplication factor ks. ks is defined through
integration of (1)

’ (MF) ®)

S (aF)

where <,> means an integration over all domain of

variables of an operator.

Neutron consumption operator consists of two
parts: fisson and parasitic capture (including
neutron leakage) AF =FF +CF

Then
&1 9 S (6)

kS g Wi

Equation (6) is equivalent to (3) and it gives the
fraction mof a subcritical core energy for spallation
asthe following, if one puts Sy=nGW:

5
m=—&—- 17 (7)
1%}

Comparing (7) and (4) one can get a coupling
between | * and integral parameters kg and ks:

®1 0

gk;

-1

(8)

et
9
ksB

One can use any of two equivalent expressions
for evaluating m- the fraction of power needed for
accelerator required to produce the external neutron
source sufficient to keep any desirable ADS's
power. The mvaue defines so caled “energy
amplification” factor ky as the ratio of ADS's
power and proton beam power:

== G - ©
0 e 0
S
8keff p S o
For evaluation of proton beam parameters and

proton current, one can use the following equations:
the number of protons (p) per fissionin an ADS:

-&1 0

ng -1
_nG_ &k 5
z ] *z

the number of protons (z) produced by an ADS per
1 Watt of power

P2 &) o] P2 o]
- 1 - - 1 _
nék -17 nék -17
eff : eff :
V= 2. y» 2 3.1 1010
j *z ] *z
where

y- the number of fissions generating 1W of power,
z- the number of neutrons produced by one proton.
proton currentin ADS (1 ):
& <'.5
"Ser '3
6, €= Z 5w, (0
I

where ADS-power W isexpressed in MWy,

Equations (4) or (7) can be used for evauations
of al principal reactivity effects including the void-
effect of reactivity playing one of decisive rolesin
safety analysis.

Void effects reflect a change in neutron balance
of a nuclear system in the case of voiding. For
subcritical system (driving by an external source),
the “void-power effect” can be introduced as a
potential change of the power (in relative units)
when an ADS is voided.

If one uses kg-method of the ADS neutronics
analysis then three parameters define a change of

I(my =V 16”10 05

daw - -
power — : kg, j * and n . Thelast one, n , does
w

not change essentially during voidage.
Then one can get

daw dkeﬁ +dj * 1 dkeﬁ di * (11)
0 jr “1- Keff  Keff i *
keﬁ =17
St 5
This means that void-power effect consists of

dk
the “void-reactivity effect” —— and the void-

Keff

di *

external neutron source importance effect” -
J *



aw
Expression (11) shows that — is rather sensitive
w

to kg-changes for kg in vicinity 1.
For ks version of ADS neutronics assessment,
one has

dw & 1 0Odkg

w 1- kg B kg

One can see that some parameters inside of the
ks-version are simplified for calculations. However,
ks -value itself depends on both multiplication
properties of reactor and source "quality” (neutron
spectrum, spatial distribution, etc.) because kg is
defined by the solution of transport equation with
an externa source. It means that the genera
information about an external source contains in Kk
value. Meanwhile, kg depends on multiplication
properties only and j * reflects an external source
properties being applied to the given multiplication
system.

1. I1AEA-ADS-BENCHMARK GOALS AND
DEFINITION

The first stage of ADS-Benchmark was devoted
to neutronics analysis of those ADS which are
under development for Nuclear Energy production
with alow long-term activity of wastes.

As a background of this concept, a simplified
model of the Energy-Amplifier (EA-ADS) [1] was
intercompared.

The goals of the Stage 1 have been mentioned
already in the Introduction.

The majority of participants have been used the
“kgt - methodology” for caculation integral
neutronics parameters. In this case kg (as a degree
of subcriticality) and the effectiveness of spallation
neutrons were taken as the principal parameters for
“parametric study”. At the same time, all spatial
distributions and evolution curves have been taken
from “source dependent neutron transport code
versions’. CERN-group performed the benchmark
calculations using ks methodology which gives a
very visible impact on the results (as shown on Fig.
1V.2)

11 groups from different institutes participated
in the benchmark:

IPPE - Obninsk (Russia), Drs V. Dekoussar, V.
Korobeinikov and A. Chebeskov,

PSI  (Switzerland), Drs P. Wydler and G.
Y ouinou,

ENEA (Italy), Drs. U. Broccoli and V. Peluso,
CEA-Cadarache (France), Drs |. Slessarev and G.
Ritter,

FzZK-Karlsruhe (Germany), Drs. C. Broedersand I.
Broeders

NRG-Petten (The Netherlands), Drs. H.

Gruppelaar,|W. Freudenreich and A. Hogenbirk,
JAERI (Japan), Dr. T. Takizuka

IRPCP-Sosny (Belarus), Drs S. Chigrinov, A.
Kievitskaia, |. Rakhno and C. Routkovskaia
KTH-Stockholm (Sweden), Drs W. Gudowski, K.
Tucek, J. Wallenius, J. Cetnar and J. Soltan

KAERI (Korea), Dr. W. Park et al.

CERN - EET Group, Dr. Y. Kadi, F. Carminati et
al.

1. A° BENCHMARK SPECIFICATION

The goal of the Benchmark — Stage 1 has been
mainly a verification of reactivity burnup swing, as
well as verification of some important reactivity
effects for a fast spectrum ASDS (**U — #?Th fuel
with an external (spallation type) neutron source at
different levels of subcriticality.

11.A.1 ADSGEOMETRY

A graphical representation of the ADS
geometry, as modelled in MCNP [3], is given in
Fig. I11.1. The system is cylinder symmetric around
the vertical axis and symmetric around the
midplane.

-1ca

]

~am

Figure 111.1. ADS-geometry for benchmark
calculations. Numbers and colors indicate
different material regions. No. 1 is a position
of spallation neutron source.

[11.A.2 SPALLATION NEUTRON SOURCE

The main characteristics of the proton beam
were defined as.

Proton Energy 1.0 GeV

Proton Beam Intensity Source adjusted to yield a
thermal power of 1500
MW,

Proton Beam Diameter 20 cm

Proton Beam Profile  Parabolic



Energy cut-off 20 MeV

The proton beam entered the subcritical core
from above and interacts with lead at a distance
located some 25 cm above the core center.

I11.A.3 ADS POWER

The power was set to be constant during burnup
calculation — 1500 MWy,

Averaged temperatures of the principa
components of ADS were:

Fuel 1200K

Lead and steel 900K

I11.A.4 NUCLEI DENSITIES

Nuclei densities at Beginning of Life (BoL) are
giveninthe Tablelll.2.

23-enrichments had to be adjusted to get the
given kg-values. The isotopic concentrations of Fe,
Cr, Mn, W and Pb corresponded to their natural
isotopic content.

I11.A.5 REQUIRED CALCULATIONS

The requirted calculations were formulated as
follows:

1. Initial (BoL) enrichments of 2®U in
regions 1, 2 (the same for both regions)
which correspond to the given initial
(BoL) kg-values.

Initial kg-values: 0.98; 0.96; 0.94

2. For every given kg (BoL) the evolution
(function of time) curve has to be
calculated :
ket = f(t), where t = 0 - 2250 days, time
step Dt=150 days of continuous work.
Simultaneously, a burnup level (averaged
over regions 1, 2) (GWd/it of heavy
atoms) has to be presented, for the final
time.

The external source intensity S (n/s) was
to be adjusted to maintain the given total
power of 1500 GWy,.

3. Void reactivity effect:

Calculation of kg (BoL) for voided ADS

Table111.1 Nuclide densities [(barn-cm)™] at BoL

1) Pb density isequal to O inregion 1.
2) Pb densities are equal to O in regions

1+2
4, Spectral indices and power distributions:
Calculation of a radial

<s f >Th /<s f >U spectral  indices
distribution for BoL.

5. Cadculation of al inventory activities in
Bag/g (cooling time : 107, 10°, 10%, 10°, 10°
years) at EoL (t = 2250 days).

I11.B INPUT AND OUTPUT DATA

I11.B.1INPUT DATA

An externa neutron source has been defined as
shown on Fig. 111.2 (blue line). The spectrum of the
external neutrons has been chosen to be much
harder than a more “redlistic’ one obtained later
with MCNPX [2] (red line). All the neutrons with
energy higher than 20 MeV were summed up in the

T T T
Benchmark spectrum
Real spectrum (MCNPX)

0,20

Neutron spectrum (dn/dE)
o
5

,
10° 10° 10? 10° 10 107 10°
Energy (MeV)

Figure 111.2. Spectrum of the spallation neutron
source used in the benchmark. The neutron
source used in the benchmark (blue line) is much
“harder” than a realistic spallation neutron
source (red ling) as shown here in the results of
MCNPX-simulations.

last energy bin covering a 10-20 MeV interval, in
order to make caculations possible with
“conventional” neutron transport codes having
neutron data libraries only up to 20 MeV.

Nuclide Region 1 Region 2 Region 3 Region 4 Region 5
Z2Th - - 7.45E-03 - -
Y + 22Th 6.35E-03 7.45E-03 - - -

0 1.27E-02 1.49E-02 1.49E-02 - -

Fe 8.10E-03 8.87E-03 8.87E-03 - 6.63E-03

Cr 1.12E-03 1.06E-03 1.06E-03 - 8.00E-04

Mn 4.60E-05 5.10E-05 5.10E-05 - 3.80E-05



W 4.60E-05 5.10E-05 5.10E-05 - 3.80E-05

Pb 1.77E-02 1.56E-02 1.56E-02 3.05E-02 2.41E-02

Total 4.6062E-02 4.7982E-02 4.7982E-02 3.05E-02 3.1606E-02
IV.RESULTS

Participating groups, codes and nuclear data
libraries used and figure designation is presented in
TablelV.1.

Table 1V.1. Participants of the IAEA benchmark — Stage 1, tools and figure designation.

Participants Codes Databasis Figure designation
| PPE Diffusion code RZA, RHEIN ABBN Ya (Ba
IPPE Monte-Carlo - MMKFK ABBN Yam¥s
PSI Deterministic—2DTB JEF-2.2 YaxYi
PSI Deterministic—2DTB JENDL-3.2 EMEA
ENEA MCNP/Origen [4] ENDFB6 Y4 a4
CEA-Cadarache Deterministic JEF2.2 Y, AY,
FzK Deterministic— TWODANT [5] JEF2.2
NRG Monte-Carlo — MCNPA4A [3] JEF2.2 Yom¥Ys
JAERI Monte-Carlo JENDL3.2 AN
IRPCP-Sosny Diffusion code ENDFB6 Yo m¥Ys
KTH Monte Carlo- MCB [6] JEF-2.2 Yo Y
KTH Monte Carlo- MCB JENDL-3.2 Yy Yy
KTH Monte Carlo- MCB ENDFB6.5 ENE
KTH Monte Carlo- MCB ENDFB6.5+

DN
KTH MCNP/ORIGEN JEF2.2 Y,0%
KAERI MCNP/ORIGEN ENDFB6
CERN EA—Monte Carlo [7] JEF-2.2 , m
CERN EA-Monte Carlo JENDL-3.2 , u
CERN EA-Monte Carlo ENDFB6 , |
CERN EA-Monte Carlo JAR

IV.A ADSFUEL ENRICHMENT

Results of the enrichment calculations — Table
IV.2 - show the essential dispersion in neutron
balance of the ADS even in beginning of core life
(BoL) due to the following factors. different
neutron cross-section libraries (see, for example,
JEF and JENDL results presented by PSI, JEF,
JENDL and ENDFB presented by KTH) and
Monte-Carlo versus deterministic codes results
(look at IPPE results). This difference can provoke

an accumulation of errors to the end of core life
(EoL).

Some extra attention should be put on the
results of KTH, showing in row denoted by
ENDFB6.5+DNS, an effect of delayed neutron
spectrum. Results of KTH- ENDFB6.5 and
ENDFB6.5+DNS show clearly an impact of the
spectrum of delayed neutrons. Delayed neutrons
having a “softer” spectrum reduce enrichment of
the fuel by about 0.14%

Table 1V.2. 233-U enrichment (E in %) in the zones 1 and 2 and dispersion D(E)

Participants Datalibrary

| PPE Diffusion code
IPPE ABBN

PSI JEF-2.2

PSI JENDL-3.3
ENEA ENDFB
CEA/Cadarache JEF-2.2

FZK JEF-2.2

k-

E %

10,01
10,26
10,28
9,88
10,29
10,27
10

eff =0,98 k-eff=0.96 k-eff=0.94
DE) E% DE) E% D(E)
-01% 969 00% 938 0,1%
24% 9925 24% 961  25%
26% 995 26% 962 2,6%
-14% 957 -13% 925 -13%
27% 996 27% 963 2,7%
25% 994 25% 961 25%
-02% 968 -02% 936 -0,1%



NRG JEF-2.2 10,13 11% 9381 1,2% 9,49 1,3%
JAERI JENDL-3.2 9,7 -3,2% 94 -3,0% 9,1 -2,9%
|RPCP-Sosny ENDFB6 10,5 47% 10,17 49% 9,85 5,1%
KTH JEF-2.2 10,31 29% 9,96 2,7% 9,59 2,3%
KTH JENDL-3.2 10,02 0,0% 9,701 0,1% 9,38 0,1%
KTH ENDFB6.5 10,137 1,1% 9,77 0,8% 94 0,3%
KTH ENDFB6.5+DNS' 995 -0,7% 9613 -08% 926 -12%
KAERI ENDFB6 9,85 -1,7% 9,48 -22% 9,2 -1,8%
CERN-corr. for k-€ff JEF-2.2 9898 -13% 9564 -13% 9,23 -1,5%
CERN-corr. for k-€eff JENDL-3.2 9,618 -41% 9,294 -41% 8,97 -4,3%
CERN-corr.for k-eff ENDFB6 9598 -43% 9274 -43% 8,95 -4,5%
CERN —K JAR 9,76 -2,6% 9,45 -25% 9,2 -1,8%
E-AVERAGED 10,024 9,6947 9,3726

CERN calulation based on ksapproach

CERN JEF-2.2 9,77 9,42 9,07

CERN JENDL-3.2 9,49 9,15 8,81

CERN ENDFB6 9,47 9,13 8,79

CERN JAR 94 91 8,8

CERN JAR no n,xn 9,78 9,41 9,175

* DNS— denotes “ Delayed Neutron Spectrum” , i.e. simulations using a real delayed neutron spectrum.
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Figure 1V.1. Results of ?*U enrichment calculations for different benchmark

participants.

IV.B kgt EVOLUTION (BURNUP) ANALYSIS,
REACTIVITY BURNUP SWING

The kg evolution results are presented in
following series of Figures from V.2 to 1V.4. On
Fig. IV.2 the variation of ks calculated by CERN-
group has been also presented to show the striking
difference between kg and ks formalism.

A KTH-MCB-JENDL curve (%" %) on Fig.
IV.2 starts at a somewhat higher initia vaue
resulting in a very small “Protactinium dip”. Final
values of kg are remarkably dispersed over arange

of over 3000 pcm from 0.928 (JAERI) to 0.96 (PSI-
JEF2.2)

A kg evolution curve for the initial kg — Fig.
IV.3 — shows similar pattern as Fig. IV.2. Again
dispersion of the data for EoL is very large
exceeding 4000 pcm. The curves are enclosed in
between the highest values of ECN/NRG and
lowest of IRPCP.

For the initial value of kg = 0.94 — Fig. IV.4 -
dispersion of of data at EoL is even bigger
exceeding 5000 pcm. The highest estimation is
given by PSI-JEF2.2, the lowest by IRPCP.
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Figure 1V.2. Evolution of kg in time for an initial ke
~0.98. ks calculated by CERN group evolution is
also included in this picture.
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Figure IV.3. Evolution of kg in time for the intial ks
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Figure 1V.4. Evolution of kg in time for an initial
ke ~0.94.
A gpecid attention has been focused on the
discrepancies originated from different nuclear data
libraries. The calculations performed by KTH with
MCB-code using different nuclear data libraries:

JEF2.2, JENDL3.2 and ENDFB6 indicate that
JENDL3.2 and ENDFB6.5 give virtually the same
results for initiadl kg of 094 and 0.96.
Unfortunately, for kg= 0.98 the reported simulation
results for JENDL calculations are biased with too
high initial values. However, it is not difficult to
predict that renormalisation of this data will give
the same pattern as two other cases. The JEF2.2
library gives for al three cases higher estimations
of kg reaching at EoL a difference of 1000 pcm.

However, the differences in results for the
different nuclear data libraries are smaller than
discrepancies between different codes using the
same data library. Looking carefully at the different
codes using the same data (eg. PSI — JENDL,
JAERI — JENDL and KTH-JENDL) one can notice
that discrepancies between the codes reach a value
of about 2000 pcm at EoL, compared to about 1000
pcm for the discrepancy between JEF2.2 and
JENDL3.2 for the MCB calculations.

Analysing the evolution curves (Figures IV.2 —
IV.4), one can conclude the following:

a) Near beginning of life time interval (0, 150
days) one can see a large reactivity
depression due to the "Protactinium effect”
(Pag). These values

k _ -k
Pag; = eff(t—1k50d) eff (BoL)
eff (BoL)

are decreasing when subcriticaity level
decreases, from 1800 pcm (in average) at Ky
-BoL = 0.98 up to 1600 pcm at kg - BoL =
0.94 and are sensitive to Protactinium cross-
section data (see PSI JEF versus JENDL
calculations). KTH-JEF results show a
different trend but it is most probably due to
relatively large statistical uncertainties in
Monte Carlo module in MCB-code. Runs
with better statistics are necessary to explain
this different behaviour. Discrepancies (%)
between participants sometimes are rather
large exceeding 500 pcm, see Fig. 1V.5

b) On alarge time interval evolution curves are
not flat as it has been expected :

for larger kg (~0.98), long burnup leads
(in average) to essentia decrease of
reactivity,

in vicinity of ke ~0.96 breeding of U
breeding flattens the evolution curve but
aso leads to "humpbacked" type of
evolution curve with some overshoots.
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Figure IV.5 Protactinium effect for different initial
ket values as obtained by the benchmark
participants.

for smaller kg (~0.94), neutron balance
enhancement is very visibile, however
due to Protactinium effect, the kg
evolution curve have  significant
overshoots exceeding the initial value of
ket by over 1000 pcm. PSI results give
the biggest overshoots, KTH-MCB
curves give nice, flat curves, IRPCP
results are most probably not correct
giving a steep fall of kg with time

the most favorable kg evolution can be
anticipated to be for initia Kg
somewhere in between 0.94 and 0.95.

c) Dispersion on neutron balances on every
time point is accumulating to the EoL, hence,
one can see a large dispersion in kg at EoL
between participants.

As a consequence of variable kg, externa
source intensity required to support the given power
is also significantly varying with time.

A possible source of of discrepancies in ke
evolution could be fission yield models for 2U. In
some codes these yields are not at al available for
Th?U systems, eg. in standard ORIGEN
application “°Pu yields are used for fast reactor
calculations. This was pointed out the ECN Petten
contribution  (comparison of FISPACT and
ORIGEN inventory codes).

IV.C EVOLUTION OF THE SPALLATION
NEUTRON SOURCE INTENSITY.

Fig. 1V.6 summarizes the results for a source
intensity growth with time. Most of these growths
factors are in the range of 2 to 3. An unusually high
value for KTH-MCB, JENDL for kg=0.98 (Fig.
IV.6) is a conseguence of too high initial value of
K, as shown on Fig. 1V.2.

It should be noted that required increase of the
source intensity is larger for higher k. It is adirect
effect of a steeper decrease of kg with time for
higher values of the initia kg — see Figs 1IV.2 —

IV.4. Breeding processes seem to work most
effectively for the initia kg = 0.94. Fig. 1V.7 shows
an example of the gpallation neutron intensity
evolution in time for kg =0.94. The dispersion of
the results at EoL is very large — as a simple
consequence of the large discrepancies in the ke
evolution curves. The reasons for that should be
investigated in details, 2000 pcm differences in ke
at EolL trangdlates to variation of required accelerator
power by the factor of 2.

Variation of the Spallation Neutron Source Intensity
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Figure 1V.6. Variation of the spallat|on neutron
source intensity as a ratio of source intensity at
t=1800 daysto the intensity at BoL (Max/BolL).
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Figure 1V.7 Evolution of the spallation neutron
source intensity demand in time for the initial K-
value of 0.94.

IV.D SPALLATION NEUTRON SOURCE
EFFECTIVENESS) *

Effectiveness of the spallation neutrons is, as
expected, rather high reaching a value 1.4 compared
to fission neutrons. However, high effectiveness of
spallation neutrons leads in most cases to high
power densities around the spallation source and
consequently to high power peaking factors. Fig.
IV.8 shows the values of j * at BoL as obtained by
benchmark participants. The spallation neutron
effectiveness at BoL for different kg shows 2
different patterns. Some results (IPEE, PSI, CEA)
show decreasing spallation neutron effectiveness

with decreasing kg , other — like KTH — a distinctly
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Figure 1V.8. Spallation neutron effectiveness at BoL

as obtained by the benchmark participants.

opposite  pattern, i.e.  spalation  neutron
effectiveness is bigger for lower ky. ENEA and
IRPCP got the same values for al kg Intuitively,
one could expect that gpallation neutron
effectiveness in the ADS like in this benchmark
should be higher for lower k.

Taking into account importance of the source
neutrons for ADS economy this parameter will be
definitely investigated in depth in many other
studies.

In Fig. IV.9 one can see a remarkable
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Figure 1V.9. Effectiveness of the spallation neutron
source as a function of burnup. IPPE, ENEA and

KTH-JEF results for kg at BoL = 0.98

depression of the spallation effectiveness with
burnup (independently on kg at BoL). This is one
of important (besides ky) factors leading to increase
of proton current towards EoL. Figure 1V.9 shows
also that the general pattern of the evolution of
spallation neutron effectiveness does not depend
strongly on the simulation method, neither nuclear
data library. Results of IPPE, ENEA and KTH are
very similar in spite of some fluctuations on KTH
data resulting from statistical uncertainties.

IV.EVOID EFFECTS

As have been indicated, void power effect for
subcritical system can be presented in the form of

(11), where the void reactivity dk / ket and the

Raectivity change - pcm

10

void-external source importance effects dj : /j i

play the most important role.
In the Benchmark, one could not assess void
power effect - there is no information about the

d /J " component yet.

The void-reactivity effect has been assessed as
the following :

dke,ff /ke,ff ={ kg (BoL,void)- ke (BoL)}/ker (BOL)
Results of the void effect calculations are
presented on Fig. 1V.10 showed the following :

1. The void reactivity effect in the central core
zone is positive (in average) and changes its
sign (becoming negative) for full core.

2. The void effects and their components are
weakly sensitive to kg value.

3. The most important components of the void
effect are neutron leakage and neutron
absorption plus scattering - a competition
between them (due to different signs)
definesits principa value.

4. Discrepancies of the results are large,
particularly for the total voiding of regions 1
and 2. Moreover, deviating results of JAERI

Voiding effects - Region 1

S 2000

1000
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0 @ keff=0,98

W keff=0,96

O keff=0,94
& &

Reactivity change - pcm

Voiding effects - Region 1+2

-800 -
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-1200

Figure IV.10. Voiding effects for different initial ey
as obtained by the benchmark participants. Upper
part of the picture — voiding effect of the region 1,
lower part — total effect of voiding regions 1 and 2.



indicate some major errors in the calculation
or methodology.

IV.F SPATIAL DISTRIBUTIONS OF
POWER DENSITY AT BoL

Spatial distributions of power show a large
deviation from "cos' or "Bessel" type distributions
in a critical system due to the subcriticality and the
presence in ADS of an intense external neutron
source.

IV.F.1 RADIAL DISTRIBUTIONS

Example of the results of the radia core power
distribution is presented on Fig. IV.11. Somewhat
lower values for KTH-MCB-JEF data result from a
strict normalization to the total energy deposition in
ADS, including decay heating.
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* \
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Figure IV.11. Radial power distribution for the
initial kg of 0.94 obtained by benchmark
participants.

Power density is very much peaked in the
vicinity of the spallation target and it flattens with
increasing kg as depicted on Fig. 1V.12. Strong
peaking of the power density around the spallation
target is a real challenge for ADS and will require
some novel engineering solutions.

IV.F.2 AXIAL DISTRIBUTIONS

Figures IV.13 shows an example of an axial
power distribution for r=42.5 of the ADS-core for
ket Of 0.94. Again somewhat lower values for KTH-
MCB-JEF data result from a strict normalization to
the total energy deposition in ADS, including decay
heating.

All results show similar shape, dispersion is
most probably due to differencies in treating decay
heat process. Specia attention should be put on
comparison of KTH results: KTH to JEF/ENDFB
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and KTH-MCB-JEF. KTH-JEF/ENDFB in
difference KTH-MCB-JEF had no strict treatment
of gamma heating. For r=42.5, in the region where
fisson heating dominates two curves amost
overlap. For larger r where gamma heating begin to
play asignificant role those 2 curves are shifted.

It is aso worth to observe a very good
agreement between FZK and KTH-MCB results for
most of the cases.
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Figure IV.12. Comparison of radial core power
distribution for different kg values. Results of KTH-
MCB-JEF simulations.
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FigureIV.13. Axial power distribution for theinitial
ADS-core at kg=0.94 at r=42.5 as obtained by the
benchmark participants.

IV.G. SPECTRAL INDEX : %?TH /2y
FISSIONS

Spectral indices distributions (see example on
Fig. 1V.14) show an essentia change of neutron
spectrum character :

In the target area, where (due to spallation
source) spectrum is very hard,
In the region around target, where
spectrum is changing rapidly.

The most important discrepancy of results
occurs in the spalation source area. Most of the
results nicely overlap, except for the values close to
r=0 where discrepancies reach about 20%.
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Figure|V.14. Radial core distribution of the spectral

indices at z=0 for the initial kg=0.98.

IV.H RADIOACTIVITY OF THE
IRRADIATED FUEL

Activity of irradiated fuel depends very weakly
on the subcriticality of ADS. The dispersion of
calculated radioactivity of irradiated fuel as
presented on Fig. 1V.15 is acceptable except for
JAERI's results for 100 years. The biggest
deviations from averaged values are observed for
the short time interval after irradiation, where the
impact of fission products is very significant. The
treatment of the fission products for many codes is
gtill very robust and not precise. Long-term
radiation, originated from transuranic elements is
simulated without bigger discrepancies by most of
the codes.

Radioactivity/radiotoxicity of the irradiated fuel
at equilibrium could be an attractive characteristic
of the Thorium fuel cycle in ADS compared to the
U/Pufuel cycle.

1,00E+10 o IPPE
H B PSIJEF-2.2
O PSI-JENDL-3.2
OCEA
B ENEA
D IAERI
W Averaged value

1,00E+09

1,00E+08 +

Radioactivity (Bq/g)

100 1000 10000 100000 1000000
Cooling time (years)

Figure 1V.15. Radioactivity(Bg/g of HM) of
irradiated fuel as a function of cooling time. The
initial kg = 0.98.

V. CONCLUSIONS

Neutronics of the Energy Amplifier like ADS
with the Th/?®U fud cycle has been studied
internationally in the frame of the I|AEA
Coordinated Research Project.
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The principal integral parameters have been

studied in two ways :
by calculation of the standard kg for ADS
blanket, and
by calculation of the source neutron
multiplication factor ks.

These two procedures based on parametric
studies of kg or ks are adequat, however, the first
one has been chosen by majority of participants
taking into account traditional terminology and the
experience in nuclear critical reactors.

Common conclusions can be drawn from the
results concerning some principal neutronic features
of thisADS:

- kgt evolution with time (or burnup) and
consequently the intensity of spallation
neutron source depend strongly on the initial
subcriticality level (kg at BoL),

“3pa build-up effects strongly reactivity of
the system (up to 1800 pcm) within 0, 300
day interval after start. Then a reactivity
swing occurring at the time interval between
900-110 days can exceed initial Ky .
variation of the proton current during fuel
burnup may be as high as over 3 times due
to kg changes and due to a change in the
effectiveness of spallation neutrons. Lower
ket can dsignificantly mitigate this
disadvantage.

alow level of Minor Actinides accumulation
has been observed in this ADS,

long-term radioactivity of the spent fuel is
lower than for U/Pu fuel cycle,

results for the spatial power distribution do
not show any significant discrepancies. This
is rather determined by the presence of the
point-like external neutron source.

Essentia discrepancies were found in:

- long term kg evolution curves towards to
EoL. This is a sign of a significant
deficiency in some codes simulating burnup
processes and accumulation of the errors in
fission product treatment
“3pa effect values (up to 120%), mostly,
due to differences in the neutron cross-
section libraries.
void reactivity effects, differences in the
neutron library data for Pb, particularly the
inglastic scattering cross section in the 1
MeV region are most probably responsible
for this effect
spectral indices distribution and
effectiveness of spallation neutrons at BoL
due to a hard neutron spectrum in target
area, and the mentioned above differences in
Pb neutron data

Results of the benchmark stage 2 and 3 covering
an assessment of the neutronic potentiad of a
modular fast spectrum ADS for radiotoxic waste



transmutation including some fission products
transmutation and simulation of the existing
experimental subcritical facility are to be reported

separately [8].
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1. Introduction

MCB is a Monte Carlo Continuous Energy Burnup Code for a generd- purpose use to calculate
a nuclide dengty time evolution with burnup or decay. It includes eigenvaue cadculations of critica
and subcritical systems as wel as neutron trangport caculations in fixed source mode or k-code
mode to obtain reaction rates and energy deposition that are necessary for burnup calculations. The
code integrates well-known code MCNP, verson 4C [1], which is used for neutron transport
cdculaion, and a novel Transmutation Trgectory Anayss code (TTA) [2], which serves for
densty evolution cdculation, including formation and andysis of the transmutation chain. MCB is
compatible with MCNP and preserves the sructure of it. Complete burnup caculations can be
done in aone sngle run and it requires preparation of only one input file by a modest modification
of an MCNP input file. The code was extensvely tested in benchmark caculations and reactor
core designing. The general conclusion from practica gpplication shows that MCB1C produces
vauable results that are physicaly inherent and the correctness of physica model applied has been
proved. MCB1C has been dso equipped with new features among them the smulation of materid
processing including continuous feeding of materias is the most important. Development of the code
was addressed towards improving caculation effectiveness and system diagnostic and towards
improving physical modd for rigid treatment but also providing Smplified mode option for quick
design studies or benchmarks.



2. Featuresof MCB

The man god of a burnup code is to cdculate materid densty evolution function. In a red
system under irradiation or decay the nuclide composition undergo evolution that generdly can be
describe with a continuous function of time. The way of obtaining its gpproximation by MCB
throughout time step procedure starts from assessing reaction and decay probabilities of every
possble channd by means of Sationary neutron trangport caculations. In the next step the
transmutation chain is formed and solved to produce nuclide density table in required time points.
Snce the varied materiad compostion changes the reection probabilities they should be
recalculated. This way the time step process is formed where the neutron transport caculations are
performed in discrete time points while obtained reaction probabilities are assumed congtant until
new recalculation is accomplished. In MCB the time of reaction probability recaculation can be
specified by the user or set by the program itself if user activated sdlf-adjusting time step procedure.

2.1. Neutron Transport Calculations

MCB1C is usng MCNPAC subroutines for neutron transport calculations and evaluation of dl
necessary physical quantities required for burnup calculaions. It adopts the cross section tables in
continuous energy approach. Reaction rates, that are required for transmutation chain formation are
caculated excusvely by continuous energy method applying the point-wise transport cross-section
libraries and, in case of lack of proper library, by usng dosmetry goss section library. The
contributions to reaction rates are being scored at every ingant of neutron collision occurring in cdlls
filled with burnable materiad by using the track length estimator of neutron flux.

Numerous cross-section libraries and data sets are automatically loaded into computer memory
in order to caculate adequately reaction rates and nuclide formation probabilities. It includes the
possibility of usng temperature dependent cross section tables for different burnable zones, to
account for thermd effects agpplication of energy dependent distribution of fisson product
formation, and energy dependent formation of isomer nuclides. The user specifies the libraries
explicitly or by using the default library option scheme smilar to the ane used in MCNP (NLIB
entry on M card).

The physca modd puts no limitation on the geometry and the volume divison into cdls or
materid assgnment. Those limits however can be imposed by the computer memory or speed. The
trangport calculations are invoked in MCB many times in one of the multiple calculation modes. If
k-code mode is activated, that is recommended in systems with fissonable materids, every step
darts from evauating the system criticality followed by the trangport calculations for reaction rates
evauations. Reaction rates can be caculated ether in externd fixed source mode (in output files
referred to as trangport) or in fisson source mode (in output files referred to as k-code).

Since the reaction rate calculaions consume the most of computer time, a quick trid trangport
run can be performed with a limited Satistics. At the beginning of life or after materia processing,
MCB invokes emerging nuclide list formation run to set up the ligt of nudlides that can emerge from
the initiad compogition due to burnup. In this run no reaction rates are scored, which would be time
consuming, but only the neutron flux, o it is fast. The reaction rates are then caculated from the
obtained neutron flux and are goplied in formation of emerging nudide lig throughout the
transmutation caculation procedure. This ligt is used latter in so-cdled “sound runs’, with full
coverage of reaction rates and heating caculaions limited however only to the existing or emerging
nudides. Theligt isaso updated at every sound step.



The other cases of short runs with lower gatistics, concern the sdlf-adjusting step procedure
where the caculdtion at time that was selected by the code itsdlf to roughly evauate variation of
energy deposition or criticdity.

2.2. Normalization and Transmutation Chain Formation

After completing the sound run with assessed reaction rates and radiation energy depostion, the
system need to be normalized in order to caculate the absolute probabilities of nuclear reactions
and decay and to form nuclide transmutetion chains. The system normdization can be made to the
externa neutron source intengty when the hesting has no influence on the neutron source, or to the
therma power when one smulates a sysem with alimitation of the total power.

Hesting is caculated automatically on asmilar way as the reaction rates during neutron transport
smulatiion by usng heating cross sections, i.e. KERMA factors included in the standard cross
section tables. In order to account for gamma heeting the heating data in cross section libraries
should be processed with an option for loca deposition of gamma heeting being added to neutron
heating. In that way the gamma heating from gamma radiaion induced by neutron capture or
scatering is aready incorporated into the cross section data for neutrons. The cross section
libraries processed for MCB have this feature. In case of using cross sections without heating data
the user should specified the power without the unaccounted gamma heating. MCB does not
implement gamma heating that could be produced in photon transport and if invoked they are not
taken to the normaization. The user can adso use an option to caculate heating from recoverable
energy of fisson. This data is by default loaded with transport cross sections. The code calculates
automaticaly the heating from natural decay of nuclides, what dlows for consderation of afterhesat
effects. The energy of decay is taken from the ORIGEN library.

The decay schemes off dl possible nuclides and their isomeric sates are formed and analyzed
on the bass of decay data taken from two sources. The first one — TOI.LIB is prepared on the
basis of Table of 1sotopes and describes decay schemes for over 2400 nuclides. The second one -
XS.LIB isadecay datafile used for ORIGEN code system and it supports energy-integrated ratios
of nuclide formation in excited Sates.

Formation of excited state nuclides due to process of the neutron capture or (n,2n) reactions is
cdculated from energy dependent isomer formation ratios supplied by file ISB.LIB, or, in case of
lacking data in this library, by usng the integral isomer formation ratios taken from the ORIGEN
library - XSLIB file.

Fisson product yidd is caculated from incident energy dependent digributions of fisson
products prepared separately for every fissonable nuclide, which are loaded from the FY .LIB file.
Snce condderation of production and time evolution of fisson products is computer time
consuming this option can be disabled by the user or smplified trestment with lump fission product
assisted by important neutron absorbers can be used instead.

Nuclide decay and trangtion through a reaction channd are dso andyzed for emitted particles,
which are scored and appended to the transmutation chain.

For the purpose of output file clarity the nuclides are divided into few groups depending on their
decay hdf-life versus the fast decay threshold the THFM parameter set by the user. The nuclides
that fal into fast decaying group are trested in a smplified manner; they are assumed to decay on
prompt of therr appearance. However, nuclides having transport cross-sections or explicitly
specified on the MR card are treated in a full extend. The calculated system activity or decay heat
depositions account for appearance of short-lived nuclides in the sysem. However, if the user



chooses the fast decay threshold high it results in biasing of dengty evolution of some nudlides for
which the calculated evolution is faster than the redl one.

Having caculated one step trangtion probabilities the code forms on-line the transmutation chain
that istime step and materia dependent. The process of chain formation is performed aong with its
resolution according to generd solution of Bateman equations. The transmutation chain is expanded
into a series of transmutation trgectories during the trgectory andysis process. Every transmutation
trgectory contributes to the destination nuclide dengity at the end of time step with the value equals
the product of starting nuclide dendty at beginning of time step and the transmutation trangtion
probability. The trgectory extenson process is truncated when the transmutation trangtion
probability of any extended trgectory drops below cutoff level — the CMIN parameter.

2.3. Calculation of Bateman Equations

Time evolution of nuclide dengties is cdculated with the complete set of linear transmutation

chainstha are prepared for every zone and time step, being automaticaly adjusted to time evolving
transmutation conditions. The code uses an extended linear chain method, which is based on the
Bateman approach, to solve prepared-on-line, set of linear chains that noticesbly contribute to
nuclide formation. Program calculates transmutetion trangtions from nuclide to nuclide and prints
them out to the bmes file. Transmutation chains that are formed by the code can be aso printed out
for the nuclides of interest.
The series of tranamutation trgjectories is congructed in the following way. The firg trgectory
consgts of only one nuclide and represents Smply the surviva of the initid nuclide. In the second
step, the second generation of trgectories is formed. Those trgectories are extensions of the firgt
trgjectory created by the transmutation to one d the daughters of the initid nucdlide. During the
trgectory formation process, the contribution to the destination nuclide (transmutation trangition) is
caculated as well as the passage through the trgectory (trgjectory passage). The meaning of the
trgjectory passage is the sum of trangmutation trangtions from initia nuclide aong al trgectories
that would emerge as an extenson of the consdered trgectory to dl other nuclides lying beyond
the conddered trgectory. The vaue of trgectory passage is used to truncate the trgectory
extenson process if it drops below a minimum level of concentration that would be worth attention
according to the user-defined the CMIN parameter. Since the physical sense of the trgectory
passage is the accumulated contribution to the concentration of other nuclides that emerge as
products of the trgectory degtination nuclide, it can stand for the chain truncation error of
contribution caculations. The process of trgectory formation ends when dl possible trgectory
extensgons are done. As a result, the set of trgectories that represents the initia nonlinear
transmutation chain is obtained. Each trgectory is flagged by its parent trgectory identification that
can be used to kip it in case of inggnificance. The tranamutations obvioudy change the nuclide
concentrations, which after some time can induce changes in the flux as well asin the transmutation
rates. Particularly, the nuclides that were absent in the irradiated materid at the beginning of
irradiation, but emerged as a result of transmutations, may not only decay but dso can be
transmuted due to the irradiation. Therefore, transmutation rates of newly created nuclides are dso
caculated gtarting from their reaction rate caculations regardless if materid is specified in the input
or not.

2.4. Time Step Procedure



The code can be used for smulaion of subcriticd systems with fixed externd source of
neutrons and for critical systems for which the neutron eigenflux is used for normdization. Pure
decay mode is ds0 available. The system normdization can be set in user defined time periods by
specification of the externa neutron source strength or the system tota thermal power. The periods
of irrediaion can be mixed with the cooling periods with possible materia processing at any desired
time point. Possble materia processng includes remova or admixture of the nuclides as well the
shifting of materids from cdl to cdl as well continuous supply of materiad to the system.

Sdf-adjusting step routine becomes active when the user defines dlowed variation of  k-eff
or heeting. The code controls the caculation mode, by setting the externd source mode or the
fisson source mode (k-code), upon the current value of k-eff reaches the vaue specified with the
VKSW parameter.

2.5. Evaluations of Physical Quantities and System Parameters

Radiotoxicity of materid is caculated as the dose potentialy taken by human population in
case of ingestion on the bads of committed dose per intake tables, according to regulation by
EURATOM Directive. The program then lists the most dangerous nudlides adong with their
radiotoxicity.

The program caculates neutron multiplication and neutron multiplication factors both in the
fixed externd source cadculations and in criticality caculations with a fission source. Obtained vaues
are then used to caculate the neutron source importance defined in two ways. The first one is the
importance for generating the fisson reactions, i.e. for fisson heating generation. The second is the
importance for neutron multiplication that includes non-fisson multiplicetive reactions. Time
evolution of those parameters is printed out together with a neutron source strength, energy
deposition per source neutron, potential dose and materid activity.

2.6. Cross Section Librariesand Data Files

In order to provide accurate transmutation calculations the code requires data files, which alow
for complete smulation of neutron transport and nuclide formation. The bulk of data congss d
numerous cross-section libraries for calculation of reaction rates and transport cross-section library.
The scope of neutron libraries distributed with MCNP package is limited and lacks data for many
nuclides, S0 it is recommended to use an enlarge st of cross sections. Other problems considers
number of avalable reactions. Since the standard cross-section library for neutron transport
contains limited reaction lig, it is recommended to supplement the dosmetry library for to complete
the reection list. The code is designed to use smultaneoudy transport and dosimetry cross section
tables for every specified materid. The standard xsdir file is used. The code was successfully
tested with continuous energy cross section libraries for transport and reaction rates prepared for
various materid temperatures on the basis of: JEF2.2 JENDL 3.2, ENDF-B/VI-8 and EAF99 files
[3].

Second pat of data files concerns a nuclide formation process and radioactive nuclide
properties. The decay schemes of over 2400 nuclides, including metastable nuclides, were
prepared on the basis "The Table of Isotopes 8E" [4] while the dose data of 738 nuclides were
prepared on the basis of Euratom Council Directive 96/29/EURATOM [5]. The library file toi.lib



contains the data describing decay congtants with branching ratios, and the vaues of committed
effective dose per unit intake.

Since isomer formation processes are not adequately trested neither in exidting libraries of
MCNP, nor in “Table of Isotopes’, data from other sources has been applied . The one-group
cross-section library of ORIGEN [6] serves for caculation of isomer formation ratio due to decay,
reaction (n,2n) or neutron capture. Thislibrary is supplied asthe xsllib file

Since the ORIGEN file supports only average energy data, for some important energy-
dependent isomer formation ratios have been prepared as ISB.LIB file. Currently available file
contains formation ratios of 2**"Am and **™Am based on the Mann & Schenter modd [7].

Incident energy and nuclide dependent fisson product yields have been prepared based on the
Wahl modd [8] and are supplied as the fy.lib file, containing fisson product yieds functions for 36
heavy nuclides



3. Transmutation System Definition.

The MCB code can work as a standard MCNP unless burnup option is switched on. The
BURN card that contains the list of burnable materia activates burnup caculation mode. In this
mode the code takes control over user specification of the transmutation conditions and gives
warning messages in a case of user errors in the specification input. Obvioudy program does not
perform full checkup of physica consistency of the system definition but checks consistency with
program requirements to complete caculations. Without BURN card the MCNP mode is used
while al other burnup control cards are ignored but the new option of material definition remains
vaid. The user can use this feature in case of errors to determine if problems occur in system
definition for MCNP or in burnup specification. In order to properly set up asmulation run the user
needs to introduce following burnup specifications:

burnable materid,

libraries required for reaction rates caculations,

duration of transmutation time periods,

system normalization with externa neutron source strength or therma power,

In addition to above the user can specify vaues of control parameters which otherwise would
have default values. Table 1 shows available control parameters with their default vaues and the
control card to specify in.

3.1. Material and Library Definition.

MCB requires a large number of materid specifications. This implies a necessty of somewhat
amplified materid specifications in order to avoid unnecessary data processing. Since a caculation
process is complex the materia and libraries should be differentiated compared to MCNP-input
gandards. Different trestment is required for abundant materias that influence the neutron transport
process and for low abundant materids negligible from the neutron trangport point of view.
Moreover, in trangmutation processes some nuclides may disgppear while others emerge.
Therefore a burnup mode requires that libraries for dl possibly emerging nuclides must be specified.
The materid and library definition can be setup for such cases using an extended materia definition
option. MCB, offers acombination of M, MB, MR, and MIX cards.

Following three categories of materid are defined:

i) Transport material - is usad in partide trangport Smulations and dso in remaning
cdculations. It is specified on M card and obvioudy has its density and assigned library.

il) Burnup material - is not used in trangport calculaion unless its dengty do not accumulate
to a certain level, when its contribution to the total cross section of the cdll materias achieves the
disrimination level - TRNDCR specified on the DISCR card. In such a case the materid is
ranked-up to the transport materid. It is specified on the MB card and assigned library is used for
caculations of reection rates.

iil) Residual material - has no defined dendty and is used only for transmutation trangtion
caculations, so it cannot be depleted due to burnup. It does not contribute neither to the buildup of
other nuclides unless it has accumulated as a daughter nuclide due to the burnup of other materids.
Resdua materid can be used dso for specification of cross-section library for zones when the
nuclide is absent at BoL. It is specified on the MR card and no dengity is required nor alowed.



Table 1. Main control parameters of MCB

Parameter | Default Card Short description
value

THFM 10*[g] BATCT | Decay hdf life threshold for fast decay treatment

CMIN 10" BATCT |Discrimingtion levd of nudide-to-nuclide transmutation
trangtion

VKSW 1.0 BATCT |Vdue of k-eff above which k-code is used to caculate
reaction rates

VKLIM 2.0 BATCT | Vaue of k-€ff that terminates the caculaions

FHEAT OFF BATCT | Switch to cdculate heating only from fisson

BURHT OFF BATCT | Switch to cdculate heeting only in burnable zones

TRNDCR |0.0 DISCR | Contribution discrimination level for collison smulétion in
neutron transport caculaions. By default al nuclides having
trangport cross sections are included

CPRCUT |10° DISCR | Discrimination level for nudide density printout

DPRCUT |10° DISCR | Discrimination leve for dose printout

VART 10[year] |STPCT |Longest dlowed irradiation time step (does not concern
decay periods).

VARK 0.0 (OFF) | STPCT |If greater than zero - dlowed variation of k-eff during one
time step

VARH 0.0 (OFF) | STPCT |[If greater than zero - dlowed variation of energy depodtion
per source neutron during one time step

The mixing of severd materids defined by cards M, MB or MR can be done with a new card
MIX. The MIX materid number is the actud materid number of the compound materid and it
should be placed in the respective cdll cards. The mixing option can smplify system definition dso
for MCNP since any materid can be made of its component materid, and not only directly of
nuclides.

The MIX card can be used dso for cross-section library hierarchy definition. This option was
prepared for cases when cross-section libraries of nudides used in the sysem has different id
numbers and it would be time consuming to specify them dl directly. In such a case the user should
specify library id-s with NLIB keyword on M, MB or MR cards and use materia-mixing option.
MR cards with no materid but with NLIB specification are dlowed for such purpose. The materid
numbers from congtituting M, MB or MR cards with specified NLIB entries should be specified in
required order of importance in the MIX card. Hierarchy list work in a natural way that the cross
section table with highest pogtion in the ligt will be loaded. The lack of the library hierarchy lid,
results in loading only those cross-section libraries that are, directly or by default, specified for
neutron transport caculations. It means that nuclides, which are absent at BoL will have no cross
section loaded, but they can emerge as transmutation products what can result in a bogus
tranamutation system definition.

Appropriate sysem definition requires that for every burnable materid the library hierarchy list
should be formed having at least one NLIB specification. There are possible cases when the user
does not accept some nuclide cross-section and needs to replace this by other library cross section.
In such a case the required nuclide library should be specify directly in on of materid card



compounding burnable materid. 1t will replace the default specified by NLIB for only this case
while cross sections for other nuclides will be loaded with id specified by NLIB.

The library hierarchy list is aso required when the user needs to use both transport library and
dosmetry library for to support full available lig of reaction. Since one nuclide cannot appear twice
in the materid lig it is only way to use one MR card with NLIB specification of dosmetry library
and admix it with MIX card to the transport library.

Other problem appears with metastable nuclides since in case of MCNP libraries, there is no
digtinction between isomers. A new standard of ZAID definition was introduced to solve the
problem. When a ZAID number represents a mass number greater than 300 it is treated as isomer
excited gate of nuclide. The ZAID-s of this form are introduced in MCB cross section libraries
distributed with the code should be made at the cross section preparation process and the XSDIR
file should contain it. However the cross section libraries distributed with MCNP code in some
cases do not disinguished a ground dtate nuclide from its metastable isomer. For example
AM242m is presented like a ground state nuclide what would imply its trestment as a ground State
isomer while the actual metastable one would not be represented at al. For such cases the user can
use a specid GTMET card assigning the loaded cross section tables to the both required isomers
unless recognition of the library for metastable isomer is possble. In order to smplify materia
recognition the user can aso use subdtitutes of ZAID by replacing ZA with nuclide or eement
chemica symbols. Currently, the subgtitutes of following forms are accepteble:

Pu239.55c for 94239.55c
Pb.55¢c for  82000.55c

U235 for 92235
Pb for 82000
Am242m for 95339
FP for 50120.35c

The last symbol can be used for lump fisson products by default assigned to shown ZAID. The
LMPFP card can overwrite default ZAID assgnment of lump fisson products.

3.2. Neutron Sour ce Specification

Since MCB performs cdculation in fixed source mode or in k-code mode (with fisson source)
with one load of input file, the user needs to support neutron source specification for both cases.
Comparing to pure MCNP some source definitions are not alowed while new combinations are
possble:

The KSRC card is not allowed.

If SDEF is specified, it is used both for trangport in fixed source mode and k-code, unless
the SRCTP card is used.

When both SDEF and SRCTP cards are specified then k-code uses the SRCTP file
prepared earlier while the code in fixed source mode uses SDEF specification.

Usage of RSSA in fixed source mode implies usage of SRCTP for k-code. In such a case
the SRCTP card is not required.

The KCODE card is dlowed with the NPS card.

The CTME card is dlowed with the NPS card. Termination occurs when one condition is
satisfied.



3.3. Mode of Calculations

Burnup calculations can be done ether in k-code mode or in fixed source mode. This means
that reaction rates are cdculated in one of the modes. Also it is possible that system switches
between two modes depending on current vaue of k-eff. In both cases if user whishes to control
level of k-eff the k-code mode must be used for this purpose. To invoke k-code caculation the
user must use the KCODE card. There are few possibilities:

Lack of the KCODE card will result in omitting k-eff evaluation and program will make
burnup only in fixed source mode and can accomplish cdculations providing system remains
subcriticd.

If the user requires usng only k-code then VKSW should be set to 0.0. In such acasethe
system will never switch to the fixed source mode thus the POWER card must be used to
enable neutron flux normaization to the therma power.

If VKSW is st grater than zero, the program itsef will sdect the mode of burnup
cdculdions. If k-eff exceeds VKSW then k-code mode is used, otherwise — fixed source
mode.

For periods with therma power and source strength set to zero the burnup is calculated as a
natural decay and no reaction rates are need to be cal culated.

3.4. Period Specification and System Normalization

The user pecifies periods of congtant physica conditions by using the PRIOD card. Duration of
periods limit the time steps so in cases when physical conditions are not changed but we prefer to
fix time steps the periods can be used to specify time steps. Upper limit for time step duration is st
in the VART parameter. VARK and VARH should be set to their default values in case of fixed
time steps. Otherwise time step sdlf-adjusting procedure will be invoked.

Sysem normédization (i.e. normdization of the neutron flux) can be done by the POWER card
setting system therma power or by the SRCST card that contains externa source strength. When
both the POWER and SRCST cards are used then the specified values are treated as limitsto the
system parameters. The actud source strength will be lowered if actud power exceeds the limit or
the actua power will be lowered to correspond to the limit of the source strength. If the both
parameters, POWER and SRCST, are set to 0, decay caculations are invoked. If the POWER
card is used done the source strength will be adjusted to the level a which the system releases
required power. The number of entries on the POWER and SRCTP cards should not exceed
number of periods. The last entry fills up the remaining part of the table.
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4. User Input Specification

Input data for burnup are handled by the same routines, which MCNP uses for the problem
setup, adthough the new data and tables used in burnup caculations are stored in a separate
common block. They are shared among the subroutines by the same technique as MCNP does -
dynamicaly alocated storage. Cards described below are optiona and they can be used according
to users needs, otherwise defaults are used.

4.1 Material Cards

Complete definition of amaterial can be done using the same number for the M, MB and MR cards
or usng different numbers for those cards and then mixing them with the MIX card with a new and
find materid number. The user should pay attention to dendty treatment by MCNP that are
specified on cdl cards. This density concerns only materids used in trangport caculations (the M
card only). Therefore in option without mixing, pseudo-fractions on the MB card must be used
defined as ratio of a burnable nuclide concentration to the sum of trangportable nuclides
concentrations. In case of mixing normalization as described below is gpplied.

)] Burnup materid card

Syntax:
MB{n} [NLIB ={id}] {ZAID_1} {fraction 1} [{ZAID_2} {fraction_2}...]

where:
{n} materid number for which definition will be applied
{id} cross section library identifier

{ZAID_I} nuclide name as ZAID or chemica symbol
{fraction_I}  nuclide's pseudo-fraction in material compaosition
i)  Resdud materia cad

Syntax:
MR{n} [NLIB ={id}] {ZAID_1} [{ZAID_2}..]

where:
{n} materid number for which definition will be applied
{id} cross section library identifier

{ZAID_I} nuclide name as ZAID or chemica symbol
Notice that MR card does not contain fractions, and it can conast only from library definition.
i) Materid mixing card

Syntax:
MIX{n} {n1} {c1} [{n2} {c2Z} ...]
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where:
{n} is the defined materiad number that can be used ether in the cel card or in the
gpecification fied of the MIX card. All materid cards including the M card of
MCNP mugt use different numbers for materia definition.
{nl} material number defined earlier in one of the materid cards M, MB, or MR.
{cl} relative contribution of materia {n1} to the new materia {n}.

The materid mixing procedure requires condgtency of fraction definition concerning mass
fraction or aomic fraction. Fraction normdization is done for mixed materid and not for its
components. At the beginning, fraction of each nuclide is calculated as a product of respective
component fraction ({ fraction} on M or MB) and its contribution ({cl} on M1X) integrated over al
components. In the next step al nuclide fractions are normalized using the sum of transportable
nuclides (specified on the M cards). After normaization the sum of transportable nuclides fractions
equas one while sum of al fractions becomes larger than one by the fraction of nuclides defined on
the MB cards. The nudlide density then is obtained by multiplying the fraction by materid dengty
entered on the cdl card (that respects only transportable materias). It is advised to use fractions
normalized to 1.0 in component material card, or &t least to the same value, to keep control over
resultant fractions. Notice that since materid in the MR card has no fractions therefore its
contribution specified on the MIX card isadummy.

4.2. Control Cards
)] Main control card
Syntax:

BATCT [THFM {vaue}] [CMIN {vaue}] [VKSW {vadue}][VKLIM {vaue}]
[FHEAT] [BURHT] [SUPEM ]

where:
THFM decay hdf-life threshold for fast decay treatment
CMIN discrimination level of nuclide-to-nuclide transmutation trangtion
VKSW vaue of k-eff above which reaction rates are calculated in the k-code mode
VKLIM value of k-€ff that terminates the calculations
FHEAT use fisson heeting for normalization
BURHT use hegting only in burnable zones for normalization
SUPEM uppresses emerging nudlide runs. Only a BoL the emerging nudide run will be

executed.
i)  Dengty discrimination card

Syntax:
DISCR [TRNDCR {vdue}] [CPRCUT {vaue}] [DPRCUT {vaue}]

where:



TRNDCR discrimination leve of the contribution to tota macroscopic cross section, which is
used for the nuclide sdection to the ligt of nuclides that neutron can collide with
during trangport Smulation

CPRCUT discrimination level of nuclide dengty to be printed out to bout file

DPRCUT discrimination leve of the nuclide toxicity dose to be printed out to bout file

iy  Time step control card

Syntax:
STPCT  [VART {vdue}] [VARK {vdue}] [VARH {vaue}]

where:
VART longest alowed time step under irradiation
(The vaue can be followed by time unit: day or year or second, by default second
is assumed unit.)
VARK if grester than zero - dlowed variation of k-eff during onetime step
if equals minus one — suppress checkup of criticality will be applied
VARH if grester than zero - dlowed variaion of heeting generation

if equals minus one — suppress checkup of heating will be applied

4.3. Material processing and forced action cards

The materia processing cards conssts of time specification cards and processing specification
cards. Two kinds of processing are dlowed: point processing, i.e. processing at specified time
points, for which the sequence of time points should be specified, and continuous processing, for
which the time periods need to be specified. They can be grouped together to form processing
batches to be performed in specified time points or during time periods. The batches can be formed
from the same kind of cards concerning continuous or point type of processing. For each batch at
required time point or at beginning of the continuous processing period the vector of nuclide dendty
changes is integrated over al processng that form the batch. In case of point processng the
dendties are changed by this vector in prompt. In case of continuous processing, the vector of
changes varies the dendties continuoudy over dl time the continuous processing for this batch is
performed. If it is physicaly alowed dl required changes would be accomplished at the elapse of
continuous processing batch time. However, dengties are till subject to additiona change

)] Time point card

Syntax:
AT {time 1} [{time 2}...]

where:

{timeg}  the time when the processing batch will be performed. It creates time sub-periods The
vaue can be followed by time unit: year, day, second or the firgt letter of unit. By the
default seconds are assumed as time unit. Multiple entries are alowed.

13



i)  After period card

Syntax:
AFTER {n1} [{nZ}...]

where:
{n} the number of atime period, according to the PRIOD card specification, at the end of
which the time point processing batch will be performed. Multiple entries are alowed.

i)  Time sub-periods for continuous processing card

Syntax:
FROM {t1} TO {t2}

where:

{t1} the beginning time of the sub-period for continuous processing. The time unit can
follow each entry.

{t2} the end time of sub-period for continuous processing. The time unit can follow each
entry.

iv)  Time periods for continuous processing card

Syntax:
WHILE {n1} [{n2} ...]

where:

{n} the number of atime period, according to the PRIOD card specification, during which
the continuous processing batch will be performed. Multiple entries are allowed.

V)  Remove nuclides card

Syntax:
RMOVE{n} {ZA_1} {ZA 2} ....... [ DENSITY {trestment} {density}] ]
where:
{n} the materia number for which the nuclides will be removed
{ZA} nuclide names (by ZA number or chemical symbol) to be removed
{treatment}  trestment type of the overal nuclide dengity to be applied for the processed
meterid
{ dengty} dengty of processed materiad with the sense depending on the dengty trestment
type

Avallable dengity trestment types.
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ADJUST

RESTORE

it invokes recaculation of overal materid dengity due to remova of some nuclides.
Densties of the each remaining nuclide will be preserved.

the overal materid atomic dengty will be preserved after processing, what can
impliesthe rise of densties for particular nuclides.

It removes nuclides from materias. By default the ADJUST option is assumed.

vi)  Limit nuclide densties card

Syntax:

LIMIT{n} {type} {ZA_1} {density 1} [{ZA_2} {densty 2} ..]

where:
{n}
{type}
{ZA}
{density}

the materia number for processing

the limit type to be used for density modification

nudide name (by ZA number or chemica symbol) to be modified
nuclide densty limit according to the limit type

Avalablelimit types

UPPER

LOWER

EXACTLY

it invokes recdculation of the current nuclide dengity to be not greater then the
specified dengty. It remains untouched if dreedy satify the limit
it invokes recdculaion of the current nuclide density to be not smdler then the
gpecified densty. It remains untouched if dready satisfy the limit
it changes the current nuclide dengty to be exactly as specified.

It adjusts nudlide dengity in materids according to given limits. The overdl maerid dengty is
adjusted to the sum of nuclide dengties after processing

Vi) Admix nuclides card

Syntax:

ADMIX{n}  {ZA_1} {fraction 1} [{ZA_2} {fraction 2} ...] [ DENSITY
[{ trestment} ] { density}]

where:
{n}
{ZA_1}
{fraction_1| }
{treatment }

{density}

the material number for processing

nuclide names (by ZA number or chemica symbol) to be modified

nuclide fraction or dendity according to density trestment

treatment type of the overdl nuclide density to be applied for the processed
meterid

dengty of processed materiad with the sense depending on the dengty trestment
type

Avallable dengity trestment types.
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NEW

ADD

ADJUST

RESTORE

the specified dendity concerns the overal dendty of the newly created compaosition.
It should contain current materia dengty enlarged by the dengity of the admixed
compound. The fractions specified on the card do not need to be normalized.

the specified density concerns the overdl density of the admixed compound. It
invokes recdculation of overdl materid dengty by smple summation of the old
dengity and the added dengity. The fraction specified on the card does not need to
be normalized.

it invokes recdculation of overdl materid dendty due to admixture of some
nuclides. In this case the entry {dengty} should not be specified. The fraction
specified on the card take the meaning of nuclide dengties so the user should
normalized them to the desired level.

it preserves overdl materid atomic dengty. In this case the entry {dengity} should
not be specified. The fraction specified on the card take the meaning of nuclide
dendties to be mixed with the nuclide densties of the materid before the
processing. So the user should normalize them to the desired level. Neverthdess
they will be changed latter due to normdization of the overdl densty.

Admixes new portion of nuclides to materids. By default the ADJUST typeis assumed.

vii)  Copy materid card

Syntax:

COPY{r} {m} [DENSITY [{treatment}] {density}]

where:
{n}
{m}
{ treatment}
{density}

the target materid number for copying

the source material number for copying

trestment type of the overal nuclide dengty to be applied for the target materid
densty of processed materiad with the sense depending on the dendty trestment

type

Avallable dengity trestment types:

ADD

NEW
ADJUST

the specified dengty concerns the overall dendty increment as compared to the
source materid dengity.

the specified dengty concernsthe overdl density of the target materid.

dengity is kept the same for target as the source material has.

It copies materia composition from one materid to other with possibility of overal dendty can
be modification. By default the ADJUST option is assumed

iX)  Materid shuffling card

Syntax:

SHUFL {n1} {m1} [{n2} {m2Z}... {nl} {mi} ]
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where:
{ni} {ml} are pairs of materid numbersto be shuffled

The user can shuffle burnable materid with not- burnable while paying attention to the cdll density
treatment. In cases when the user defines two or more cells having assigned the same materid but
with different dengties and then uses the materid for shuffling the dendties of the cells of new
locations of the materid will have the same dengty that is of the cdll with lowest program number
before the shuffling.
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X)  Print new input card

Syntax:
INPRT [MCNP/MCB] [NOID] [ZAID] [CLEAN]

where:

MCNP  only input cards accepted by MCNP will be printed to the new input.

MCB the MCB specific input cards will be copied to the new input.
By default MCNP is assumed.

NOID invokes printout of materia ZAID-s without library identifiers. By default complete
ZAIDSfor every materia are printed.

ZAID invokes printout of materia ZAID-singtead of symbols. By default for MCB input the
symbols are used for materia definitions.

CLEAN  invokesremoving material cards not needed for anew run.

Prints materid compaosition a required evolution time point. The fractions and densities will be
printed to created MINP file in the format requited by the MCNP input file. Must be used with
cards AT or AFTER specifying the evolution time point for printout. In case when INPRT card is
used in a batch together with materid processing card, the actual composition that emerges after
accomplished processing will be taken. Shortly the position in the batch does matter.

xi)  Forcecriticaity caculation card

Syntax:
KEFF

Card can be used for invoking criticdity caculation in decay periods or in required poits in cases
of suppressed criticality checkup (VARK =-1)
xii)  Forcetrangport calculation card

Syntax:
TRNSP

The TRNSP card can be used for invoking transport caculation in fixed source mode for
heating and neutron multiplication in required points when by default the action is not performed (for
example at the end of irradiation period that is followed by decay period). Not to apply in the
decay mode.

Xiii)  Force reaction rates caculation card

Syntax:
REACT
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Card can be used for invoking neutron transport with reaction rates caculation (it aso includes
heating and neutron multiplication) in required points when by default the action is not performed
(for example at the end of irradiaion periods that is followed by decay period or materiad
processing). Not to apply in the decay mode.

Xiv)  Force emerging nuclide list formation card

Syntax:
EMERG

When emerging nuclide runs are suppressed this card can be gpplied for pecific time points. It
forces action of emerging nuclide ligt formation.

4.4. Period Specification Cards

)] Burnup periods card

Syntax:
PRIOD {tper(1)} {tper(2)} ....{tper(jpen}

Where {tper(i)} isthe end time of i-th period. The value of tper(i) can be followed by time unit:
day or year, otherwise second is the unit. Specifies duration of periods of established externd
physical conditions. The number of entries becomes the number of defined periods— j per.

i) Source strength card

Syntax:
SRCTP {scst(1)} {srcst(2)} ... {srest(jpern)}

Specifies the neutron source strength, or its upper limit, versus period

i) System power card

Syntax:
POWER  {pwr(1)} {pwr(2)} ...{pwr(jper)}

Specifiestherma power of the system in watts, or its upper limit, versus period
4.5. Burnup Material Specification Card.
Syntax:

BURN  {nmt(1)} {nmt(2)}... {nmt(izn)}
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Where {nmt(i)} are the numbers of the burnable materids. The BURN card invokes burnup
cadculations. If burnup caculation is required for a cel then the materid assigned for it must be
specified on the BURN card. The frs zone is created by dl cdls to which materid nl was
assgned. The second and next zones are formed the same way. The user should digtinguish
between the zone number and the burnable materia number. Severd cdls with the same materia
assgned constitute one burnable zone. The reaction rates are averaged for each zone over dl
condtituting cdlls and for next time step the new averaged nuclide concentrations will be set for
every condituting cell. The fird negative materid specification denotes the zone for which
transmutation trgectories are buildup and selected. If no entry is negative but trgjectory sdlection is
required then it will be done for the first zone. The number of entries becomes the number of

burnable zones — izn.
4.6. Additional Cards.
1) Print transmutation chains card

Syntax:
CHPRT {ZA_1} [{ZA_2}...]

Where ZA is made from anuclide Z and A numbers or its chemica symbol. Specifies nuclides
for which st of transmutation chains will be printed out to the bmes file. The printout takes place
during the transmutation trgjectory selection process.

i)  Fisson sourcefile card

Syntax:
SRCTP

Attaches the stctp file for kcode caculaions. Needed if the SDEF card is used for fixed
source case but in k-code caculations the user prefersto use the srctp file
i)  lsomer cross section assgnment card

Syntax:
GTMET

If recognition of the cross-section library for a metastable isomer is not possible the system
assigns the loaded library to both required isomers.
iv)  Datadlocation debugging card

Syntax:
DEBUG {sub_1} [{sub 2}..]



Where {sub 1} is subroutine name in which crash error invokes the CKCMR subroutine.
Allowed are following subroutines: EXPIRE, STEPRUN, ACECOL and BANKIT. The CKCMR
subroutine that checks the data including cross sections stored in the dump file againg the same
data stored in loca memory in common areain cases of crash error occurrence will be called. This
feature is design for code developers for crash instances of unknown reasons. Our experience from
the code testing shows us imperfection of nuclear data often leading to crashes. This option gives an
answer if crucid fixed data used in caculaion stay intact dong with caculations.

v)  Burnup hisory file card

Syntax:
BHIST OFF [ON]

Invokes creetion of a burnup higory file - bhist, which can be used later for result extraction
and processing. Suppressed by default.
vi)  Burnup messagefile card

Syntax:
BMES ON [OFF]

Invokes cregtion of alarge file - bmes with burnup results and messages. It is active by default.

vi)  No fisson product card

Syntax:
NOFP

Excludes congderation of fisson product evolution with time. It results in instant remova from
the caculation system of dl fisson products being currently produced.

viii)  Lump fisson product card

Syntax:
LMPFP[{n}] {ZAID_0} {fraction O} [{ZAID_1} {fraction_1}..{ZAID_I}
{fraction_I}]
where:
{n} is the materid number for which deffintion will be gpplied. Zero or no number

assumes that definition for al burnable materials.
{ZAID_Q0} corresponds to required lump fisson product materid. The default vaue is
50120.35c that isused in MCNP.
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{fraction O}  correponds to fraction of lump fisson product in fisson yied. The default vaue is
2.0

{ZAID 1} corresponds to accompanying fisson product directly specified as nuclides. They
will be consecutively transmuted.

{fraction I}  corregponds to fraction of accompanying fisson product in fisson yied normaized
to 2.0

It invokes lump fisson product trestment. All crested fisson products will be cast to the lump
fisson product materia specified by the user or by default value encoded in the source code with
the ZAIDFPO parameter. The lump fission product influences the neutron transport Smulation but
does not undergo transmutation.



5. Implementation.

The integration of MCNP and TTA is done through the development of a PATCH file for the
CODEF file of MCNP-4C for processing with the PRPR preprocessor.

Definition of data for burnup section is done in the way that is employed by the original code and
it is implemented, in the most extends, in a block called COMDECK BP. For this data, new
commons are defined and new dynamicaly dlocated storage with the array offsets is implemented
separately from the MCNP data. In order to smplify the program flow the externd file names and
ther logica unit definition used in burnup caculaions are sored within the MCNP locations as well
as some arrays used for smplification of materid definition by the user. New cards for the user
input, new required data libraries as well as the produced externd files for output, dumps and
scratch files for burnup calculations are defined.

The MCB code can run on standard UNIX platforms as well as on LINUX-PC-s. In both cases
the PVM option d parald execution and the pointer option (dynamic dlocation of memory) are
avalable. To activate dynamic dlocation of memory on an Inte LINUX-PC-s the commonly
available FORTRAN GNU compiler isingppropriate while the ABSOFT compiler does the job.

It is compatible with the MCNP-4C code and can work in the pure MCNP mode run while
keeping newly introduced options of materid definitions that can smplify the input file preparation
process. MCB can be interrupted and restarted a smilar way as MCNP does while the backup
RUNTPE file can be used for a new restart, dso in cases of system mafunction during the run.

Few changes were introduced in the file name definitions. File names are not longer limited to 8
character length strings. The basic default names of the files used are the same asin MCNP: inp,
outp, srctp, rssa, wssa, runtpe, xsdir, dong with added ones: bout, bmes, bhist, debug.
Deferent meaning is given to the execution line key: n=. If the user runs the code by using following
syntax:

mcbl1c n={name}
where {name} is the name of an input file, the systlem will assume following names for other
required files {name}.outp, {name}.srctp, etc. However in cases of the files srctp, rssa,
runtpe and xsdir alack of file with the “{name}.” prefix when required for reading will cause
system to search for afile with the basic default name i.e. without the prefix. This solution alows
the user for fast cleaning of a working directory from produced files during a bad run, while
keeping the files required for another try by applying command:
rm {name}.*

An interrupted MCB run can be retarted as follows:

mcblc n={name} cb

or:



mcblc n={name} cbn={n}

without a need for a runtpe file specification. The system by default assumes {name}. runtpe or
runtpe in the absence of the former one.

MCB run interrupts have aso different meaning as compared with MCNP. A sdlection of “g”
after Ctrl_C interruption will impose a termination of the currently performed trangport calculation
but, differently from MCNP run, caculation will proceed into next step of burnup procedure. This
can result in consecutive error occurrence if achieved datistics fals below required level and burnup
caculations cannot proceed, otherwise burnup caculaion will continue. The user can use this
feature to shorten caculation time of particular step if changes his mined about required datitics.
To inflict burnup premature termination process one should sdect “e” indead of “q”. This
termination will produce the runtpe file that can be used latter for burnup run continuation as
described above.

5.1. Fast decay analysis

Fast decay andyss module is implemented in the FASTD subroutine and makes andysis of
nuclear data concerning radioactive decay, checks its consstency and data availability on thefile. It
divides dl nudlides into categories depending on the decay hdlf life that is compared with the user
defined threshold, and forms the decay paths for further processing. As aresult, the physical decay
paths are changed into paths leading to not fast decaying nuclides, which will be used in burnup
caculations. When fast decay processing is done the list of nuclides that survive is established and
fixed for dl time steps. The necessary pointers from the nuclide list to cross section index table and
to other tables are formed as well as the table offsets for dynamicaly dlocated storage are findly
completed to reserve possible storage for nuclide densities, reaction rates, etc.

5.2. Time step procedures

Control subroutine STEPRUN is called &fter the fast decay andys's and consists mainly of calls
to data processing routines or to caculation routines. It controls the program flow depending on the
obtained results that are checked with the user requirements. The time step procedure is done with
subsequent execution of PREPARE, MCRUN and PROCEEDE routines.

5.3. Reaction Cross Section Processing

Reaction table settings and preparation for the firs MCNP run is implemented in SETRC. The
reection ligt is established on the bass of a specification confined in the cross section files by a
sdection procedure that protects heating data and data of reactions, that lead to nuclear
transmutation, against being scratched. The reaction list is used to set daughter for reaction
products and other table pointers. At the end, the data are saved on a scratch file as the BOC data,
which latter will be used, for system reetting in following time steps.

5.4. Heating and Reaction Rates

The systlem heating calculations are cone in the HEATING routine by using the contributions
from nuclear energy release that occurred during every neutron path that was generated in the
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neutron transport smulation. The reaction rates are converted into reaction probabilities in the
SETCON routine, after hesting normdization if required, and the al parameters of the Bateman
equations are caculated as well. The contributions to reaction rates are scored by the RATES
routine while those for hegting - in the HEATR routine.

5.5. Transmutation Chain Formation and Tranamutation Calculations

Transmutation calculations are performed in the PASSAGE routine. The transmutetion chain is
expanded into a series of transmutation trgectories during the trgectory analysis process that is
based on the andyticd solution of Bateman's equations. The series of tranamutation trgjectories is
congructed in the following way. The firg trgectory conssts of only one nuclide and represents
amply the surviva of the initid nuclide. In the second sep, the second generation of trgjectoriesis
formed which are extensons of the first trgectory by the transmutation to one of the daughters of
the initia nuclide. During the trgectory formation process, the contribution to the detination nuclide
(transmutation trangtion) is caculated as well as the passage through the trgectory (trgectory
passage). The meaning of the trgectory passage is the sum of transmutation trangtions from initia
nuclide adong al trgectories that would emerge as an extenson of the considered trgectory to dl
other nuclides lying beyond the considered trgectory. The vaue of trgectory passage is used to
truncate the trgjectory extenson process if it drops below a minimum level of concentration that
would be worth attention according to the user-defined the CMIN parameter. Since the physical
sense of the trgectory passage is the accumulated contribution to the other nuclides that emerge as
products of the trgectory destination nuclide, it can stand for the chain truncation error of
contribution caculations. The process of trgectory formation ends when dl possible trgectory
extensons are done. As a result, the set of trgectories that represents the initid nonlinear
transmutation chain is obtained. Each trgectory is flagged by its parent trgectory identification that
can be usad to ip it in case of inggnificance. The tranamutations obvioudy change the nuclide
concentrations, which after time can induce changes in the flux as well as in the tranamutation rates.
Particuarly, the nuclides that were absent in the irradiated materid at the beginning of irradiation,
but emerged as a result of transmutations, may not only decay but dso can be transmuted due to
the irradiation. Therefore, transmutation rates of newly created nuclides are also calculated sarting
from their reaction rate caculations regardiess if materid is specified in the input or not.

The st of trgjectoriesis used for transmutation caculations, for other materias - or zones after
recdculations of the transmutation congtants. During the transmutation calculation process, the
trgjectory passage is being checked in order to skip the trgectories that contribute below the
required level or in a possble oppodte case to inform that the truncation error exceeds the
acceptable leve. In such a case, the chain resolving procedure is repeated for this particular case.
The PASSAGE routine caculates nuclide-to-nuclide transmutation trangitions and uses them to
cdculate nuclide dendty evolution.

5.6. System Summary

Calculation results of MCNP are printed out to one standard outpuit file that contains every step
of cdculation. Results of transmutation caculation and summary results are output to two MCB
files

- bout - the main output file with the burnup calculaions that contains the most important
summary results, both from transport and burnup modules.
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- bmes - ddalled informetion files with data rdated to burnup caculations. The file is very
large but can be reviewed easily by searching for brake lines that contain following string:  ####.
The summary of system performance is caculated and printed out in the SUMBP routine.
In cases when caculation results or system setup need an attention the program prints out awarning
message. For those purpose both, output files and the console are used.

For the summary of system performance the following data are printed out to the bout file:

- thermd power of the system as a whole or its burnable part — depending on the user
specification,
neutron source intensity, when in case of fisson source the neutrons from al generaion are
accounted for,
average neutron flux in the trgjectory sdlection zone,
effective neutron multiplication factor Ker) with its standard deviation estimated by K-CODE
as an average of collison, absorption and track-length estimators,
energy deposition per source neutron (H/S) ( in cases of fisson source the H/S vaue will be
severd times smdler than in cases of externd source due to differences in source intensity
definition)
potential dose in case of ingestion and activity (activity contains dso contributions from fast
decaying nuclides),
neutron multiplication for fisson source (Mkiss);

This is net neutron multiplication cadculated in k-code mode, if performed, over al neutron

" MO - wp
fiss= .

1- Keft
generations according to the formula:
where:

M is the net nonfission multiplication of fisson neutrons trested as the source neutrons,
WY is the weight of neutrons lost to fission per source neutron — fission source,

neutron multiplication for external source Mey); it is the actud neutron multiplication of the
externa source, caculated in the trangport mode (fixed source), if performed, according to the
formula

Mext=1+Gy - Wy +Gs - W

where:

Gy isthe weight of crested neutrons in the non-fisson multiplicative processes (n,xn) per source
neutron,

W, is the weight of lost neutrons to the non-fisson multiplicative processes (n,xn) per source
neutron,

Gt isthe waght of created neutrons due to fisson per source neutron,
W isthe weight of lost neutrons to the fisson per source neutron,

fisson source generated per externa source neutron, defined above as Gy,
neutron multiplication factor for externa source (Ke¢) defined as.

Gy
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Itis, theratio of the fisson source multiplication from generation to generation, averaged over all
neutron generations in the cascade of fisson chain originated from externa neutron source.

fixed neutron source importance (1,) defined as.

I — MeXt
1 —
Mfiss

it shows effectiveness of net neutron multiplication of the externd source as compared with
neutron multiplication of the asymptotic fisson source,

fixed neutron source importance (I,) defined as.

I Kt

it shows effectiveness of fisson multiplication, that means dso heat generation, of the externd
source as compared with the asymptotic source case.
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SIMULATION OF NUCLIDE TRANSMUTATIONSWITH
MONTE-CARLO CONTINUOUS ENERGY BURNUP CODE
(MCB1C)

Jerzy Cetnar’, Waclaw Gudowski, Jan Wallenius and Kamil Tucek
Nuclear and Reactor Physics
Royal Institute of Technology
Sockholm Center for Physics, Astronomy and Biotechnology
106 91 Stockholm, Swveden

Abstract - A growing research interest in Accelerator Driven Systems (ADS) for nuclear waste
transmutations raised requirements for an application of a Monte Carlo approach to burnup calculations of
transmutation systems. However, Monte-Carlo based burnup calculations with reasonable statistics are very
lengthy and an average computational time required for these calculations is much than for stationary
radiation transport calculations. Therefore effective Monte-Carlo burnup methods require dedicated numerical
toolsto perform a fast analysis of nuclide transitions in a transmutation phase space. Code system named MCB
- Monte Carlo Continuous Energy Burnup Code is a general-purpose code that can be used for calculation of
nuclide density evolution with burnup or decay, including kg calculations of critical and subcritical systems
and neutron transport calculation together with all necessary reaction rates and energy deposition. The code
integrates code MCNP, version 4C, used for neutron transport calculations, and a novel Transmutation
Trajectory Analysis module (TTA) performing density evolution calculations, including formation and analysis
of transmutation chains.

MCB is compatible with MCNP and complete burnup calculations can be done in a single run that requires
preparation of a single input file with a very few more data lines compared to a regular MCNP input. A
continuous or batch fuel feed/extraction can be simulated including a possibility of reloading and shuffling of
the fuel elements. The code uses extensive data libraries that covers nuclide decay schemes, continuous energy
transport and reaction cross-sections, isomer state formation ratios, incident energy and target nucleus
dependent fission product yield, and radioactive hazard indexes. This novel and advanced numerical tool can
be used for a design of various nuclear systems, particularly for simulations of the accelerator driven systems.
The extensive tests on the system were performed on |AEA and NEA ADS-benchmark data covering both, time
evolution of kg and transmutation of some isotopes. The very good results of these benchmarks serve as the
first validation of the MCB-code.

I. INTRODUCTION for density evolution calculation, including
formation and analysis of the transmutation chain.
MCB is compatible with MCNP and keeps its
structure. Complete burnup calculations can be
done in a one single run requiring preparation of
only one input file by a modest modification of a
standard MCNP input file. MCNP version 4C is

MCB is a Monte Carlo Continuous Energy
Burnup Code for a general-purpose use to calculate
a nuclide density time evolution with burnup or
decay. It includes eigenvalue caculations of
critical and subcritical systems as well as neutron

transport calculations in fixed source mode or k-
code mode to obtain reaction rates and energy
deposition that are necessary for burnup
calculations. The code integrates well-known code
MCNP, version 4C [1], which is used for neutron
transport calculation, and a novel Transmutation
Trajectory Analysis code (TTA) [2], which serves

" On leave:
Faculty of Physics and Nuclear Techniques,

used to buildup MCB1C. The code was extensively
tested in benchmark calculations and reactor core
design. The general conclusion from practical
application shows that MCB1C produces reliable
results that are physicaly inherent proving the
physical model applied in the code is correct.
MCB1C has some interesting practical options for
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burnup calculations among them the simulation of
material processing including continuous feed of
materials is the most important.

Il. FEATURES OF MCB

The main goa of a burnup code is to calculate
material  density evolution function. In a rea
system under irradiation or decay the nuclide
composition undergo evolution that generally can
be describe as a continuous function of time. MCB
approximates this continuous function throughout a
time step procedure starting from assessing
reaction and decay probabilities of every possible
reaction channel by means of stationary neutron
transport calculations. In the next step the equation
of transmutation chain is formed and solved to
produce nuclide density table with required time
steps. Since the varied material composition alters
the reaction probabilities they have to be
recalculated. This way the time step process is
formed where the neutron transport calculations are
performed in discrete time points while obtained
reaction probabilities are assumed constant until
new recalculation is accomplished. In MCB the
time of reaction probabilities recalculation can be
specified by the user or set by the program itself if
user activated self-adjusting time step procedure.

I1.A NEUTRON TRANSPORT
CALCULATIONS

MCB1C is using MCNPAC subroutines for
neutron transport calculations and evaluation of al
necessary physical quantities required for burnup
calculations. It adopts the cross section tables in
continuous energy approach. Reaction rates, that
are required for transmutation chain formation are
calculated exclusively by continuous energy
method using the point-wise transport cross-section
libraries and, in case of lack of proper library, by
using dosimetry and/or activation cross section
libraries. The contributions to reaction rates are
being scored at every instance of neutron collision
occurring in cells containing with burnable material
by using the track length estimator of neutron flux.

All necessary cross-section libraries and data
sets are automatically loaded into computer
memory and used to calculate reaction rates and
nuclide formation probabilities. Temperature
dependent cross section tables for different
burnable zones may be used, if available, to
account for thermal effects. Models for energy
dependent distribution of fission product yields and
energy dependent formation of isomer nuclides are
applied in the code. The user specifies the libraries
explicitly or by using the default library option
scheme similar to the one used in MCNP.

The physical model puts no limitation on the
geometry and the volume division into cells or
material assignments. Those limits however may be
imposed by the available computer memory or by
increased speed of calculations.

The MCNP transport calculations are invoked
in one MCB run many times with different options
concerning the calculation mode, statistics, reaction
rates or heating calculation. If k-code mode is
activated, what is always recommended in systems
containing fissionable materials, every time step
calculation starts from estimating the system
criticality followed by the transport calculations for
reaction rate evaluations. Reaction rates can be
calculated in external fixed source mode (in output
files referred to as transport) or in fission source
mode (in output files referred to as k-code).

Calculations of the reaction rates consume most
of the computer time, therefore a quick trial
transport run is performed in some occasions. At
the beginning of life or after material processing,
MCB invokes a MCNP-run to set up the list of
nuclides that can emerge from the initia
composition during burnup. In this run no reaction
rates are scored but the neutron flux so it is fast.
The reaction rates are then calculated with the
obtained neutron flux and serve for formation of
emerging nuclide list throughout the transmutation
calculation procedure. This list is used latter in so-
called “sound” runs, with full coverage of reaction
rates and heating calculations limited however to
the meaningful nuclides. The list is also updated
with every sound step.

Quick transport calculation runs with lower
statistics are also used in the self-adjusting time
step procedure for rough evaluation of energy
deposition or criticality.

I1.B NORMALIZATION AND
TRANSMUTATION CHAIN FORMATION

After completing the “sound” run with assessed
reaction rates and radiation energy deposition, the
system need to be normalized in order to calculate
the absolute probabilities of nuclear reactions and
decay and to form nuclide transmutation chains.
The system normalization can be made with regard
to the external neutron source intensity when
heating has no influence on its vaue, or with
regard to the system thermal power.

Heating is calculated automatically on a similar
way as the reaction rates during the neutron
transport simulation by using heating cross section
i. e KERMA factors from standard cross section
tables. In order to account properly for gamma
heating, the heating data in the input cross section
libraries should be processed with local deposition
of gamma heating being added to neutron heating.
In that way the gamma heating from gamma



radiation induced by neutron capture or scattering
is properly included in the neutron cross section
data. In case of using cross sections without heating
data the user should specified the power without
the unaccounted gamma heating. MCB does not
count gamma heating that could be produced in
photon transport and even if photon transport is
invoked its contribution is neglected in the
normalization procedure. The user can aso use an
option to calculate heating from recoverable energy
of fission. This data is by default loaded with the
transport cross sections. The code calculates
automatically the heating from natural decay of
nuclides, what allows for consideration of decay
heat effects. The energy of decay is taken from the
ORIGEN library [3].

The decay schemes of all possible nuclides and
their isomeric states are formed and analyzed on
the basis of decay data taken from two sources. The
first one — TOI.LIB is prepared on the basis of
Table of Isotopes and describes decay schemes for
over 2400 nuclides [4]. The second one - XS.LIB
is a decay data file used for ORIGEN code system
and it supports energy-integrated ratios of nuclide
formation in excited states [3].

Formation of excited state nuclides due to
process of neutron capture or (n,2n) reaction is
calculated from energy dependent isomer formation
ratios supported by file ISB.LIB or, in case of their
lack, by using the integral isomer formation ratios
taken from the ORIGEN library - XS.LIB file.

Fisson product yields are calculated from
incident energy dependent distributions of fission
products prepared separately for every fissionable
nuclide, which are loaded from the FY.LIB file.
Since consideration of production and time
evolution of fisson products is computer time
consuming this option can be disabled by the user
or simplified treatment with lump fission product
assisted by important neutron absorbers can be
used instead.

Nuclide decay and transition through reaction
channel are also analyzed for emitted particles,
which are also scored and appended to the
transmutation chain.

For the purpose of output file clarity the
nuclides are divided into few groups depending on
their decay half-life versus the fast decay threshold
set by the user. The nuclides that fall into fast
decaying group are treated in a simplified manner;
they are assumed to decay on prompt of their
appearance. However nuclides having transport
cross-sections or explicitly specified on MR card
are treated in full extent. The calculated system
activity or decay heat depositions accounts for
appearance of short-lived nuclides in the system.
However, if the user chooses the fast decay
threshold to be high it results in biasing of density
evolution of some nuclides that the calculated
evolution is faster than the real one.

Having calculated one step transtion
probabilities the code forms on-line the
transmutation chain that is time step and material
dependent. The process of chain formation is
performed along with its resolution according to
general solution of Bateman equations. The
transmutation chain is expanded into a series of
transmutation trajectories during the tragectory
analysis process. Every transmutation trajectory
contributes to the destination nuclide density at the
end of time step with the value equals the product
of starting nuclide density at beginning of time step
and the transmutation transition probability. The
trajectory extension process is truncated when the
transmutation transition probability of any
extended trajectory drops below a cutoff level.

I1.C CALCULATION OF BATEMAN
EQUATIONS

Time evolution of nuclide densities is
calculated with the complete set of linear
transmutation chains prepared for every zone and
time step so it is being automatically adjusted to
time evolving transmutation conditions. The code
uses extended linear chain method, which is based
on the Bateman approach, to solve, prepared-on-
line, set of linear chains that noticeably contribute
to nuclide formation. Program calculates
transmutation transitions from nuclide to nuclide
and prints them out to one of the output files.
Transmutation chains that are formed by the code
can be also printed out for nuclides of interest.

The series of transmutation tragjectories are
constructed in the following way. The first
trgjectory consists of only one nuclide and
represents ssimply the survival of theinitia nuclide.
In the second step, the second generation of
trajectories is formed which are extensions of the
first trgjectory by the transmutation to one of the
daughters of the initial nuclide. During the
trajectory formation process, the contribution to the
destination nuclide (transmutation transition) is
calculated as well as the passage through the
trajectory (trajectory passage). The meaning of the
trgjectory passage is the sum of transmutation
transitions from initial nuclide along all trajectories
that would emerge as an extension of the
considered trajectory to all other nuclides lying
beyond the considered trgjectory. The value of
trgjectory passage is used to truncate the tragjectory
extension process if it drops below a minimum
level of concentration that would be worth
attention according to the user-defined parameter.
Since the physical sense of the trgjectory passageis
the accumulated contribution to the other nuclides
that emerge as products of the trajectory
destination nuclide, it can stand for the chain
truncation error of contribution calculations. The



process of trajectory formation ends when al
possible trajectory extensions are done. As a resullt,
the set of tragjectories that represents the initial
nonlinear transmutation chain is obtained. Each
trajectory is flagged by its parent trajectory
identification that can be used to skip it in case of
insignificance. The transmutations obviously
change the nuclide concentrations, which after time
can induce changes in the flux as well as in the
transmutation rates. Particularly, the nuclides that
were absent in the irradiated material at the
beginning of irradiation, but emerged as a result of
transmutations, may not only decay but also can be
transmuted due to the irradiation. Therefore,
transmutation rates of newly created nuclides are
aso caculated starting from their reaction rate
calculations regardless if materia is specified in
the input or not.

[1.D TIME STEP PROCEDURE

The code can be used for simulations of
subcritical systems with fixed external source of
neutrons and for critical systems for which the
eigenflux is used for normalization. Pure decay
mode is aso available. The system normalization
can be set in user defined time periods by
specification of the external neutron source
strength or the system total thermal power. The
periods of irradiation can be mixed with the
cooling periods with possible material processing
a any desired time point. Possible material
processing includes removal or admixture of the
nuclides as well the shifting of materials from cell
to cell as well continuous supply of material to the
system.

Self-adjusting step routine becomes active
when the user defines allowed variation of kg or
heating. The code controls the calculation mode, by
setting the external source mode or the fission
source mode (k-code), upon the current value of ke
reaches the value specified by the user.

I11. CROSS SECTION LIBRARIES AND
DATA FILES

In order to provide accurate transmutation
calculations the code must be supported with data
files, which allow for complete simulation of
neutron transport and nuclide formation. The bulk
of data consists of numerous cross-section libraries
for calculation of reaction rates and transport cross-
section library. The scope of neutron libraries
distributed with MCNP package is limited and
lacks data for many nuclides, so it is recommended
to use an enlarge set of cross sections. Another
problem is the number of available reactions. Since

the standard cross-section library for neutron
transport contains limited reaction list, it is
recommended to supplement the dosimetry and/or
activation data library in order to complete the
reaction list. The code is designed to load in
simultaneoudly, transport and dosimetry libraries
for every specified material. The standard MCNP
xsdir file needs to be used to guide the program
through cross-section libraries. As it is reported
below the code was positively tested with
continuous energy cross section libraries for
transport and reaction rates prepared for various
material temperatures on the basis of: JEF2.2
JENDL3.2, ENDF-B/VI and EAF3.1 files.

Second part of data files concerns a nuclide
formation process and radioactive nuclide
properties. The decay schemes of over 2400
nuclides, including metastable, were prepared on
the basis "The Table of Isotopes 8E" [4] while the
dose data of 738 nuclides were prepared on the
basis  of Euratom Council Directive
96/29/EURATOM [5]. The library file TOI.LIB
contains the data describing decay constants with
branching ratios, and the values of committed
effective dose per unit intake.

Since formation process of isomer nuclides is
not well treated in existing libraries of MCNP, as
well as in “Table of Isotopes’ data from other
sources is needed. The first one is the one-group
cross-section library of ORIGEN [3] which serves
for calculation of isomer formation ratio due to
decay, reaction (n,2n) or neutron capture. It is
attached to the program as XS.LIB file.

Since the ORIGEN file supports only average
energy data, for some important energy-dependent
isomer formation ratios have been prepared as
ISB.LIB file. Currently available file contains
formation ratios of *?"Am and 2*™Am basing on
Mann & Schenter model [8].

Incident energy and nuclide dependent fission
product yields were prepared basing on Wahl
model [9] as a file FY.LIB, containing fission
product yields functions for 36 heavy nuclides.

IV. TRANSMUTATION SYSTEM
DEFINITION.

The MCB code can work as a standard
MCNPAC code unless burnup option is switched
on. The card BURN that contains the list of
burnable material does the switch. In the burnup
mode the code takes control over user specification
of the transmutation condition and gives warning
messages in case of user error of specification.
Obvioudly program does not perform full checkup
of physical consistency of the system definition but
checks consistency with program requirements to
complete calculations. Without BURN card the
MCNP mode is used while all other burnup control



cards are ignored but the new option of material
definition remains valid. In order to properly set up
the problem the user need to introduce following
specifications:

0  burnable material,

0 libraries required for reaction rates
calculations,

0  duration of transmutation time periods,

0  system normalization with external neutron
source strength or thermal power.

IV.A MATERIAL AND LIBRARY
DEFINITION.

MCB requires an extensive number of materials
handling what results in necessity of improving
(simplification) material specification from the user
point of view as well as materia differentiation in
order to avoid unnecessary data processing. Since a
calculation process is much more complex than in
case of pure MCNP the material and libraries
should be differentiated. Different treatment is
required for abundant materias that influence the
neutron transport process and for low abundant
material. Moreover, the case is fluent when with
transmutation some nuclides disappear while others
emerge. Therefore for burnup case libraries for all
possibly emerging nuclides must be specified. The
material and library definition can be done for such
a case with usage of extended material definition
option design for MCB.

IV.B NEUTRON SOURCE SPECIFICATION

Since MCB performs calculation in transport
mode (with external source) or in k-code mode
(with fission source) with one load of input file the
user need to support neutron source specification
for both cases.

IV.C MODE OF CALCULATIONS

Burnup calculations can be done either in k-
code mode or in transport mode. This means that
reaction rates are calculated in one of the modes.
Also it is possible that system switches between
two modes depending on current value of kg:. In
both cases if user whishes to control level of kg the
k-code mode must be used for this purpose. To
invoke k-code calculation the user must use the
KCODE card.

IV.D BURNUPTIME STEP
SPECIFICATION AND SYSTEM
NORMALIZATION

The user specifies intervals of the constant
physical conditions, i.e. the burnup time step. Also
a time sep self-adjusting procedure can be
invoked.

System normalization, i.e. determining of the
absolute value of the neutron flux in cells, can be
done to the required thermal power or based on a
required external source strength. If the system is
to be normalized to the required power the source
strength is automatically adjusted to the level at
which the system reaches the required power.

V. IMPLEMENTATION.

The integration of MCNP and TTA is done
through the development of a PATCH file for the
CODEF file of MCNP for processing with the
PRPR preprocessor.

Definition of data for burnup section is done in
the way fully compatible with by the original
MCNP code. New commons are defined and new
dynamically alocated storage with the array offsets
is implemented separately from the MCNP data
location. In order to simplify the program flow the
external file names and their logical unit definition
used in burnup calculations are stored within the
MCNP locations as well as some arrays used for
simplification of material definition by the user.
New cards for the user input, new required data
libraries as well as the produced external files for
output, dumps and scratches for burnup
calculations are defined.

The MCB code can run on standard UNIX
platforms as well as on LINUX—computers. In both
cases the PVM option of parallel execution and the
pointer option (dynamic allocation of memory) are
available. To activate dynamic allocation of
memory on an Intel Linux-computers the
commonly available FORTRAN GNU compiler is
inappropriate while the ABSOFT compiler does
thejob.

Figure 1 shows a flow diagram of the MCB-
code reflecting its main logic and a full integration
with the MCNP-code.

Fast decay analysis module is implemented in
the FASTD subroutine and makes anaysis of
nuclear data concerning radioactive decay, checks
its consistency and data availability on the file. As
a result, the physical decay paths are changed into
paths leading to not fast decaying nuclides, which
will be used in burnup calculations.
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Figure 1. A flow diagram of the basic structure of the MCB1C code. Routines in bold are the original
burnup routines, routines in normal font are modified MCNPAC routines.



Reaction table settings and preparation for the first
MCNP run is implemented in SETRCT. The
reaction list is established on the basis of a
specification confined in the cross section files by a
selection procedure that protects heating data and
data of reactions, that lead to nuclear
transmutation, against being scratched. Control
subroutine STEPRUN s called after the fast decay
anaysis and consists mainly of cals to data
processing routines or to calculation routines. It
controls the program flow depending on the
obtained results that are checked with the user
requirements. The time step procedure is done with
subsequent execution of PREPARE, MCRUN and
PROCEED routines.

The reaction rates calculation is implemented in
the SETCON routine while heating calculation is
done in the HEATING routine by using the
contributions from every particle paths that are
scored directly during transport calculations, that
is, with usage of data tables prepared for particle
travel simulation. The contributions to reaction
rates are scored by the RATES routine while those
for heating - in the HEATR routine.

Material processing that includes material
admixture or remova as well as shuffling and
copying material composition are implemented in
the MATPROC subroutine. The material
processing is initialized in grouped into processing
batches with application of the subroutines
SETPROC and DENPROC.

The PASSAGE routine expands the
transmutation chain isinto a series of transmutation
trajectories during the trajectory analysis process
that is based on the anaytica solution of
Bateman's equations, and then transmutation
calculations are performed. The set of trajectories
is used for transmutation calculations after
recalculations of the transmutation constants
separately for every burnable material and time
step. During the transmutation calculation process,
the tragjectory passage is being checked in order to
skip the trajectories that contribute below the
required level or in a possible opposite case to
inform that the truncation error exceeds the
acceptable level. In such a case, the chain resolving
procedure is repeated for this particular case. The
PASSAGE routine calculates nuclide-to-nuclide
transmutation transitions and uses them to calculate
nuclide density evolution what is done in
subroutine STEPDEN.

V1. BENCHMARKING THE MCB CODE

The MCB code has been extensively
benchmarked in 2 internationa benchmark
activities.

VI.A NEA/OECD BENCHMARK ON
“COMPARISON CALCULATIONS FOR AN
ACCELERATOR-DRIVEN MINOR ACTINIDE
BURNER”

Already the earlier, preliminary version of
MCB (based on MCNP-4B) [1] with JEF2.2 cross-
section library showed a reasonable agreement with
6 other participants of the NEA/OECD benchmark
on “Comparison Calculations for an Accelerator-
Driven Minor Actinide Burner” [10]. In this
benchmark a relatively simple model of an
accelerator-driven  minor actinide burner with
liquid Pb-Bi target and cooling systems was
benchmarked by seven participants using a variety
of simulation codes from fully deterministic ones
like ERANOS, TWO-DANT and SCALE code
system through a popular Monte-Carlo and
ORIGEN burnup hybrid code system to a full
Monte-Carlo approach as the MCB-code. Even if
the version of the MCB code used in this
benchmark was a preliminary one, the comparison
with the results of other codes was very good, like
for example an evolution of kg for initial and
equilibrium cores — see Figs 2 and 3. Some
discrepancies observed in a neutron flux
distribution, as presented on Fig. 4, where MCB
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Figure 2. kg evolution in time for a start-up core of
the NEA-OECD benchmark [10]. RIT (JEF2.2) label
corresponds to MCB-results.
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clearly overestimate the flux level, lead to
significant improvements of the heating and decay
heat treatment in the next version of the code.

Axial neutron distribution (r = 0 cm)
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Figure 4. Axial flux distribution in the centre of the
start-up core of the NEA-OECD benchmark [10].
RIT label corresponds to MCB-results and shows a

clear overestimation of the flux level.

VI.B IAEA -ADS BENCHMARK

The recent version of MCB1C was very
extensively benchmarked in a large IAEA
Accelerator-Driven  System Benchmark. This
benchmark summary (stage 1) is separately
presented on this Conference [11].

12 participants from different countries
performed a series of very different calculation of a
simple model of Th-*®U fuelled Pb-cooled
Accelerator-Driven  System with a cylindrica
symmetry (look to [11] for specific details of the
system description).

MCB1C simulations have been uniquely
performed for 3 different cross-section data
libraries, ENDFB6.5, JEF2.2 and JENDL3.2. All
the data libraries have been processed by NJOY 99
[12] in order to produce temperature dependent
cross section libraries for 2 different temperatures
used in this benchmark: 900K for coolant and
structural materials and 1200K for fuel. MCB1C
code itself is distributed with 6 temperature
dependent cross section libraries starting from
300K up to 1800K with a temperature step of
300K.

Figure 5 shows an excellent performance of
MCB compared to other codes for kg evolution of
the simulated ADS. The kg evolution curves of
MCB are very much close to the average results for
al 3 data libraries. Even if it is not an
unguestionable argument for the absolute quality of
the code, it definitely proves that for the simulated
ADS system the code gives physically correct
results. It is very interesting to intercompare the
results for the MCB-code using different data
libraries. Fig. 6 presents just this comparison for
the kg evolution for the different initial values of
ke Of 0.94, 0.96 and 0.98. Taking into account the
dispersion of the initial data (due to the imprecise
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Figure 5. Time evolution of kg for the IAEA-
benchmarked ADS for the 2 initial ke of 0.94 and
0.96 [11]. KTH-MCB stands for MCB results with
different cross-section data libraries. Satistical
precision of the MCB resultsis of the order of 0.1%.
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Figure 6. MCB results of the evolution of kg in time
for different initial kg-values and different nuclear
datalibraries: JEF2.2, JENDL3.2 and ENDFB6.5.

simulations of the initial k) it can be concluded
that results for ENDFB6.5 and JENDL3.2 data
libraries coincide very well. Results for JEF2.2
show higher values of kg throughout the simulation
period. This difference is most probably due to the



keff

inelastic neutron cross sections for Pb in a high
neutron energy range.

However it is important to note the differences
in results for the different nuclear data libraries is
smaller than discrepancies between different codes
using the same data library. It is clearly shown on
Fig. 7 that discrepancies between the codes reach a
value of about 2000 pcm at EolL, compared to
about 1000 pcm for the discrepancy between
JEF2.2 and JENDL 3.2 for the MCB calculations.
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Figure 7. Discrepancies of the kg evolution
calculations for | AEA benchmark. The same neutron
data library JENDL3.2 used in different codes. PS
— deterministic code 2DTB, JAERI — Monte Carlo
MCNP-ORIGEN code system, KTH — MCB1C code
[11]. Theinitial kg value — 0.96.

Another very interesting feature which can be
uniquely simulated with the MCB based on the
recent version of MCNPAC is the impact of the
delayed neutron spectrum on the ADS reactivity
and burnup. For the fast neutron spectrum, like
IAEA ADS benchmark, the contribution of the
delayed neutron spectrum is worth about 2000
pcm, which gives, for example, a reduction of the
initial fuel enrichment of the order of 0.15 %
(absolute weight %).

Effectiveness of the spallation neutrons as a
function of time is also very reliably simulated by
MCB. Fig. 8 shows the comparison of the results
for 3 different codes. The small discrepancies
between the results can be easily caused by
statistical fluctuations of the Monte Carlo method.
Decreasing effectiveness of the spallation neutrons
with time is due to the higher burnup of the central
zone of the core.

VII. CONCLUSIONS

MCBCL1 is a hew Monte Carlo burnup code,
which was successfully validated for the fast
neutron spectrum in benchmark simulations of the
Accelerator Driven Systems. Comparison of the
results gives a confidence that the physica
phenomena important for the steady state and
burnup caculations are properly modeled.

Effectiveness of spallation neutrons
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Figure 8. Effectiveness of the spallation neutron
source as a function of burnup. IPPE (diffusion
code), ENEA (MCNP + Origen) and KTH MCB with
JEF2.2 results for ke at BoL = 0.98 [11].

Application of very fast routines for burnup
calculations and optimized time step mitigate the
run-time requirements, which is still the biggest
disadvantage of the Monte-Carlo burnup approach.
Compatibility with the widely used and extensively
validated MCNP code is a very attractive feature of
MCB and is an important add-on value for
simulation of the complex nuclear systems saving
the time needed for the preparations of the burnup
calculations. Moreover, a concise summary of the
results offered by this code saves also significantly
time needed for the analysis of the result.

Reported benchmark results give a confidence
that use of MCB for simulation of accelerator-
driven system give correct results, at least for the
fast neutron spectra. The MCB1C source code with
the temperature dependent neutron cross-section
libraries will be soon available through the
NEA/OECD data bank.

The next step in the development of the MCB
code is a benchmark and a validation of the
calculations for the therma neutron spectra,
continuous feed and reloading/fuel management of
the core. Moreover, a graphical interface for an
automatic presentation of the burnup resultsis of a
high priority for the code devel opment.

1500 1800 2100
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SOURCE EFFICIENCY IN AN ACCELERATOR-DRIVEN SYSTEM
WITH BURNABLE ABSORBERS

Kamil Tucek, Jan Wallenius, Waclaw Gudowski
Department of Nuclear & Reactor Physics
Royal Institute of Technology
100 44 Stockholm, Sweden

ABSTRACT

Burnable absorbers have been suggested by the present authors for mitigation of reactivity losses in sub-critical
systems fuelled by transuranic fuel. In this study, we investigate the source efficiency in redlistic designs of
accelerator-driven systems with massive presence of burnable absorbers. Different design options of distributing
burnable absorbers, diluents and fissile material in the core are considered in order to optimize the value of source
efficiency while at the same time keeping favourable transmutation characteristics of the system. The source
efficiency showed to be a strong decreasing function of target radius due to inelastic slowing down of neutrons
in the target. We present a conceptual core design of a transuranium sub-critical burner with improved safety
characteristics (negative void worth, transient of beam power behaviour) while fission probability for 2**Am still
remains above 25%.

Keywords: accelerator driven systems (ADS), burnable absorbers, source efficiency

1-INTRODUCTION

Incineration of americium and curium in transmutation reactors is inevitable if the radiotoxic inventory of spent
fuel is to be reduced by more than afactor of 100 [1]. However, the extensive helium production in minor actinide
fuel pinsis the principal limiting factor of achieving high fuel burnups and actinide fission fraction rates. As we
have shown in our previous studies, boron carbide in sub-critical transuranium burners acts as an effective shield
of thermal neutrons, protecting them from being captured in even neutron number actinides. In comparison to sys-
tems relying on the diluent option, afactor of 2-3 higher fission-to-absorption probabilities of even neutron number
americium isotopes (>**Am and 2**Am) can be achieved in the minor actinide fuel pins. This consequently reduces
build-up of the strong a-emitter 22Cm, which paves away for extension of fuel burnup and residence times [2].
Difficulties with power peakings and reactivity losses during burnup can also be somewhat mitigated. The in-
troduction of burnable absorber, on the other hand, deteriorates the reactor's safety characteristics, particularly
coolant void reactivity and Doppler effect.

Another major concern specific for ADS is the accidental insertion of full available accelerator margin into
the reactor which could lead to fuel and/or clad damage. Such scenario is particularly relevant for the burners
fuelled with high quality transuranic fuel without a massive fertile material support. In such cases, accelerator
beam margins larger than a factor of 3-4 have to be provided in order to maintain constant reactor power.

One of the remedies is a substantial increase in pin pitches (more than twice the pin diameter) which provides
sufficient coolant flow areato carry out the excess heat from the system until reactor operators or passive inherent
safety devices can react. Burnup reactivity swing and consequently accelerator margin can be also minimised by a
subsequent breeding of fissile material compensating for fuel burnup and fission product poisoning. On the other
hand, decreased fuel and fissile material fractions have adverse effect on source efficiency [3].

In this study, we present a preliminary, conceptual design of a medium power, 800 MW ¢, accelerator-driven
lead-hismuth cooled core, featuring transuranic nitride fuel. We pay special attention to the economy of the source
neutrons and the source efficiency is studied for different target radii and axial target positions in the core.

2-SOURCE EFFICIENCY

The source efficiency isadirect coupling factor between the fundamental mode multiplication and the intensity of
the external neutron source, i.e. accelerator power needed to keep total thermal power of a system constant. The
efficiency of an external neutron source @* relates the external source neutron multiplication to the multiplication

of aneutron from an averagefission as:

L S 1
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where Mg is the externa source multiplication Me¢=1+VNs, V is the average fission neutron yield, Nt is the
number of fissions per source neutron, Ko is the external source neutron multiplication factor, and M fjss=1/(1-Kef 1)
is the fundamental mode neutron multiplication. The multiplication of the neutron chain except of thefirst neutron

generation (i.e. neutrons produced by an externd source particle) can be expressed as:

1+ki+ki-ko+ki-ko-ks+...= 2

11—k’

where k; are multiplication factors of fission neutrons.

For conformity with present definition of keff, Mex iS the total number of neutrons produced in the system
from fission reactions per source neutron. Alternatively, Mgt could be viewed as a total number of neutron both
from fissions and non-fission multiplicative reactions ((n,xn), (y,n), etc.), which would consequently require a
redefinition of ke and neutron generation as being per one multiplication.

By introducing ko, the physical model of a neutron chain propagation in the system can be conveniently sep-
arated into the source and fission parts. Such decomposition of a neutron multiplication is a practical tool for
scoping calculations while simulations of awhole neutron cascade are inevitable in order to determine the value of
the source efficiency. For a system with a source multiplication of M= 25, corresponding to ks=1-1/Mg=0.96,
about 45% of the power is released for neutron cascades longer than 1000 and 80% for cascades longer than
100 [4].

The external source neutron multiplication for spallation is usually obtained in calculation codes per incident
particle, e.g. proton, and appropriate renormalisation of results per source neutron is necessary. For this purpose,
in our simulations, we introduce the multiplication parameter k , of a source particle, which is equal to the number
of neutrons per source particle (i.e. proton).

3-CALCULATION METHODOLOGY

The Monte Carlo code MCNPX [5] in coupled neutron, proton and photon mode with LA 150 libraries was used
for calculation of spallation neutron yields and subsequent particle transport. However, in the present version
of the LA150 library, only about 20 isotopes (e.g. lead, bismuth, iron and chromium) has been supplied with
evaluated cross-section data with threshold energies up to 150 MeV. Up to now, no cross-section data for actinides
are available for high energy transport. Since the current version of the MCNPX code (2.1.5) does not support
concurrent usage of data libraries with different energy thresholds, an external surface source was written on the
target surface for subsequent simulationsin MCNPX.

MCNPAC [6] code was used for eigenvalue calculations. Burnup cal culations have been performed by Monte
Carlo code MCB [7], integrating neutron transport simulations with in-flight calculations of reaction rates and
nuclide density evolution.
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Figure 1. Theaxial distribution of normalized neutron flux exiting target of a given radius (a). The external source
multiplication factor kg as a function of beam impact relative to the core center (b).
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Figure 2: The fraction of neutrons not directly entering the reactor core as function of active pin length. Ris the
radius of the spallation target.

4-SPALLATION TARGET

In these simulations, the target height was taken to be 3 m and a beam tube of 15 cm radius was adopted. A proton
beam having a Gaussian shape (beam radius of 7.5 cm) was assumed to impinge on top of the lead/bismuth target.
The proton energy was set to 1 GeV, corresponding to the optimal neutron gain per source proton and energy unit.

4-1 Axial position relative to the reactor core

The optimal relative axial position of the spallation target beam impact was investigated in terms of minimizing
leakage of neutrons to axia reflectors. Leaked neutrons have lower probability to enter the reactor core and,
consequently, induce fission. The neutron leakage is minimized when the target surface is placed 17.6 cm above
the core center for aradius of 20 cm, whilefor R = 50 cm, the optimal positionisz=19.7 cm, see Figure 1(a). The
dlight shift of the optimal position can be attributed to enhanced diffusion of neutrons in the target material. The
corresponding external neutron multiplication factor was evaluated for a realistic design of a sub-critical system
with target radius of 25 cm [2] and is displayed on Figure 1(b).

Considering atypical active core length of 100 cm, about 8.5% of the neutrons leak outside the core (2.6% in
the forward, 5.9% in the backward direction), which is to be compared to the 25.6% in the case of target radius of
50 cm (forward 10.8%, backward 14.8%). The total number of neutrons leaking out of the target without entering
the coreis showed in Figure 2. More than 95% of neutrons enters the core when the fuel pin length is larger than
1.3 m, for the 50-cm target the corresponding figureis 2.1 m.

4-2 Radius

The spectrum of neutrons escaping the target has been determined for five different target radii. Results are dis-
played in Figure 3 together with fission probabilities of even neutron number actinide nuclides. The probability
to induce a fission for source neutrons sharply decreases with increasing target radius, in the range investigated.
We note that a change of source neutron spectrum has the largest effect for fertile matrices 238U and 232Th, while
americium, neptunium and plutonium fission thresholds are lower, at energies of 400-600 keV. Remembering that
fission neutrons are born with amedian energy of 1.6 MeV, it is clear that the source efficiency may fall well bellow
unity for targets of any reasonable sizes. The number weighted mean energy of the spectrum decreases by a factor
of five for target radius increasing from 20 cm to 50 cm. Only 0.4% neutrons are above 20 MeV in the case of the
50 cm target radius while, 3.2% in the case of 20 cm radius.

We conclude that a small target radiusis favourable not only from the viewpoint of gaining fast neutron spectra
but also for minimizing neutron losses to the axial reflector, both effects yielding higher source efficiency.
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Figure 3: Energy spectra of neutrons exiting target (a) together with fission-to-absorption probabilities of even
neutron number actinides (b).

5-DESIGN CONSIDERATIONS

We embark reactor system investigations by revising our design of an accelerator-driven transuranium burner
employing burnable absorbers [2]. The design consisted of four zones containing 84 hexans, surrounded by a one
row of asted reflector. Six central sub-assemblieswere removed and replaced by atarget module. Thedistribution
of materialsis givenin Table 1.

Material | TRUN UN B4C Tc P/ID  Pins
Zonel 033 067 000 0.00| 1950 331
Zone 2 038 042 000 020 | 178 397
Zone 3 063 000 037 000 | 178 397
Zone4 080 000 020 0.00| 1.785 397

Average | 0.60 018 018 0.04

Table 1: Distribution of fuel, boron carbide, and technetium given as relative volume fractions together with pin
pitch-to-diameter ratios and total number pins in one sub-assembly of each fuel zone[2].

Boron carbide has been chosen for these simulations as a reference absorber material, mainly due to its rel-
atively favourable burnability in the fast reactor spectrum, neutronics, thermal and irradiation stability. The 1°B
enrichment was taken to be 90% and the composition of the TRU vector was assumed as being that from LWR
spent fuel discharges after a burnup of 41 GWd/tHM and 30 years of decay.

5-1 Refined core

First, the technetium was removed from zone 2, and the amount of uranium was adjusted in order to obtain a flat
power profile. Additionally, an appropriate choice of subcriticality at BOL (keft = 0.96) was made to accom-
modate the maximum reactivity increase associated with lead-bismuth coolant voiding followed by fuel nitride
decomposition [8].

5-2 Improving core design

In order to improve source efficiency, according to the above findings, we start by decreasing the target radius from
25 t0 19.6 cm. Consequently, power of the system was decreased to 800 MW ¢, in order to assure the removal of
dissipated heat in the target. The basic core characteristics for thisimproved design are summarized in Table 2.
While in the former design concept all transuranics were loaded homogeneoudly into the whole core, we
now remove all the minor actinides from the vicinity of target and place them only in sub-assemblies containing
burnable absorbers. The core now consists of three distinctive zones: the source multiplication zone ensuring



Core power (MWip) 800
Cycle length (days) 300
k-eigenvalue at BOL 0.96
Target radius (cm) 19.6
Target wall thickness (cm) 0.5
Fuel (U,TRU)N + ZrN
Pellet density (% TD) 0.85
Coolant and target material Pb/Bi
Maximum coolant velocity (m.s™1) 25
Structural material Fe/Cr-steel
Pin design
Active pin length (cm) 100
Pellet inner radius (mm) 1.00
Pellet outer radius (mm) 240
Clad inner radius (mm) 249
Clad outer radius (mm) 294
Smear density (% TD) 0.67
Sub-assembly design
Outer flat-to-flat (cm) 17.12
Duct wall thickness (cm) 0.25
Sub-assembly pitch (cm) 17.32

Table 2: Parameters of the core design improved with respect to source efficiency.

effective multiplication of spallation neutrons, the transmutation zone where al minor actinides are placed and
outer driver supplying neutrons to heavy poisoned transmutation zones. In the multiplication zones the 238UN is
mixed together with plutonium nitridein order to compensate for burnup of fissile plutonium isotopes. Use of ZrN
as inert support in the multiplication zones would be preferable from a viewpoint of the source efficiency [3], but
increasing losses of source neutrons during burnup makesits application unfavourable in the vicinity of the target.
However, ZrN still remains aviable option for a reactor with high minor actinide content (> 30%) fuels, ase.g. in
JAERI ADS design [9]. The boron carbide pins are placed in transmutation zone assemblies together with minor
actinides and plutonium. The outer fuel zones are loaded by plutonium fuel, alternatively mixed with zirconium
nitride in order to compensate for high Pu reactivity and limitsto pin linear ratings.

Parameters Unit Refinedref. [2] P/D=1.883-UOX P/D=1883-MOX P/D=2448
Power MWih 1200 800 800 800
Ket 0.960 0.960 0.961 0.961
ko 0.82 0.91 091 0.77
Kp 322 315 30.9 317

¢ 0.88 112 1.05 0.72
Reactivity loss pcm/cycle 5600 7000 6800 4300
Beam current increase 35 3.0 26 20
S/A (multipl/transm/driver) 12/72/0 30/66/20 30/66/20 54/126/74
Average linear power kW/m 475 404 404 26.3
Uranium content % U/TRU 224 220 19.2 16.3
Fissileinventory kg 4302 3227 3227 4862
Absorber inventory kg 306 224 224 236

Table 3: Data and performance characteristics of individual core design options.

5-3 Pin pitch impact

In this study, the source efficiency is studied for geometries with high coolant fractions (pin-to-diameter ratio
higher than two) required to mitigate beam power transients [10]. For this purpose, two reactor configuration with



Zone 1 2 3 4 5 6 7 8 9 10 11 12
Fuel pins 61 61 61 61 26 26 27 28 29 29 37 37
B4C pins 0 0 0 11 11 11 10 9 8 8 0 0
Pin PID 183 183 183|233 233 233 233 233 233 233| 233 233

Table 4: Sub-assembly design parameters yielding a radial power peaking less than 1.25 at BOL; at BOL power
peaks at the outer part of the core (zone 12) and shifts during burnup toward the core center.

P/D=1.883 and 2.448 were set up. A summary results of these studiesis given in Table 3 together with parameters
of therevised original design. Inall cases, the plutonium fraction in the TRU vector was taken to be 82.5%, which
is the plutonium share in TRU vector of aged spent LWR UOX fuel after 30 years of cooling. At the same time,
the distribution of fuel, BA and diluents was adjusted in order to achieve aflat power profile (radial power peaking
factor < 1.2). For P/D = 1.883, a plutonium vector corresponding to aged, once-recycled spent MOX fuel (average
burnup of 43 GWd/tHM, 30y decay) was alternatively supplied into the multiplication zone.

It appeared that for pin pitches equal to 1.883 a source efficiency higher than unity can be obtained. On the
other hand, even though the amount of boron carbide fissile inventory is actually lower for a P/D=2.448 core
design the source efficiency drops to 0.7-0.8 due to neutron slowing down in the coolant. With respect to the
source efficiency, high 2*°Pu content fuels appear to be more favourable due to the breeding of highly reactive
241py from 24°Pu. In this case, source efficiency remains constant during burnup, reducing thus in comparison to
designs with UOX plutonium vector accel erator margin needed in one irradiation batch.

5-4 Fina coredesign

These results suggest to apply a “reverse strategy” of the reactor lattice design and set up smaller pitchesin the
multiplication zones while larger in transmutation zones and driver. As the AmN (decomposition temperature
> 1573 K) was removed from the multiplication zones, small pitches would not immediately result in the fuel
decomposition in the case of accidents (especially transient of beam power).

For the final core design, the flat-to-flat (FTF) of the core sub-assembly was further decreased to 9.72 cm,
alowing thus a finer distribution of fuel and burnable absorbers in the core. Further decrease of the duct FTF is
however not meaningful as this would lead to an excessive fraction of construction material in the core. The outer
radius of the target is kept at 19.6 cm and the core now consists of 12 zones, see Figure 4. The distribution of
the fuel pins and BA is further summarized in Table 4. The three innermost zones are fuelled with uranium and
plutonium, 238U content ranging from 80% to 60% in zone 1-3, and Pu vector being as that of high burnup MOX
fuel. The volume fraction of boron carbide in transmutation zones (3-10) is kept at 25-30%, yielding fission-to-
absoption probabilities of *LAm equal to 0.25, still a factor of two higher than for typical moderated designs.
The amount of MA in TRU pins is kept under 30% as pins with larger MA fractions may start to be difficult to
fabricate. Driver zones contain high reactive plutonium fuel mixed with 15-20% of zirconium nitride in order to
mitigate high power peakings.

The system features favourable safety characteristics. Coolant void worth (upon voiding the core and upper
plenum from coolant) is negative, -1500 pcm. An average fuel burnup of 12.4% is reached during 600 efpd (4 x
150 days). The associated burn-up reactivity swing can be managed by a 70% increase in source intensity. Such
a beam margin can be safely accommodated by the core, providing sufficient time for passive safety devices or
system operator to respond.

The source efficiency of this core design is equal to 0.71 which is comparable to the design with P/D=2.448.
The source efficiency is mutually interconnected with power peaking in the target vicinity, and thus this rather low
value can be attributed to the “ power swing” behaviour.

6-CONCLUSIONS

Small target radii are desirablein order to minimize slowing down of neutronsin spallation targets and their leakage
into axial reflectors. Thus, multiple target concepts as those envisioned by FZK [11] are profitable not only from
apoint of view of better power and flux distribution characteristics but also better utilisation of source neutrons.
However, the technological feasibility of such a design still remain to be assessed. The source efficiency can be
further improved by optimisation of active fissile column length with respect to the target radius[12].



Figure 4: Core map of the conceptual design.
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Abstract

An informal expert group on transmutation of nuclear waste was formed a few years ago in
Sweden. The Group is aforum for discussion of Swedish national research and cooperation in
international research in the field. The Group has members from the Chalmers Technical
University, the Royal Technical Institute and the Uppsala University with Observers from the
Ministry of Environment, Swedish Nuclear Power Inspectorate (SKI) and the Swedish
Nuclear Fuel and Waste Management Co (SKB). Mostly basic research on partitioning,
reactor and neutron physics, and material research is made at the named Universities with
financial support from SKB and by participating in P&T projects within the European
research framework programs.

The Group has actively participated in discussions with Russian laboratories about
applications for research on transmutation to the International Scientific and Technical Centre
(ISTC) in Moscow. In particular, a1 MW Pb/Bi neutron spallation source has been designed
and manufactured at IPPE, Obninsk with ISTC financial support by Sweden, USA and the
European Union.

I ntroduction

Sweden has today 11 nuclear power reactors in operation. Until recently it was twelve
reactors but one was shut down as afirst step to move out of nuclear energy until about 2010.
The nuclear reactors produce 40-50 percent of the electric power consumption in Sweden.
The other 50 percent is mainly produced by hydro power.

The nuclear power reactors in Sweden will up till 2010 produce about 8000 tons of spent
nuclear fuel. According to the Swedish Act on Nuclear Activities, the companies licensed to
operate nuclear power plants have full responsibility for safely managing all nuclear
production waste and for waste resulting from the dismantling of the facility. The financing
system is based on a fee charged per generated kilowatt hour of electricity and is paid to the
government. There is a specific law — the Act on the Financing of Future Expenses for Spent
Nuclear Fuel etc. — regulating the way in which the expenses are calculated and how they
should be met. The total estimated cost for the Swedish program for managing all nuclear
waste and for dismantling nuclear power plants are about SEK 50 billion ($ 10 billion). The
nuclear power utilities have formed a jointly owned company, the Swedish Nuclear Fuel and
Waste Management Company (SKB AB) to fulfil the obligations of the power utilities
regarding nuclear waste. The research and development (R&D) for waste management is
carried out by SKB AB. The R&D program is evaluated each third year by governmental
ingtitutions (Swedish Nuclear Power Inspectorate (SKI1) and Swedish Radiation Protection
Institute (SSI)) followed by afinal decision taken by the government.



The present Swedish program for managing nuclear waste contains the following steps. The
spent nuclear fuel is shipped to an interim storage (CLAB) for a 40 years cooling down
period. Subsequently, the spent fuel will be put in a deep geological repository. The
government has accepted, as the main alternative, that the spent fuel will be encapsulated in
canisters of steel and copper, which are placed in crystalline bedrock, at a depth of 500
meters, surrounded by highly absorbent clay in the repository. A demonstration repository
will be built. When 5-10 percent of the spent fuel has been lowered in the repository, an
evaluation of the method will be made and a definite decision will be taken by the
government if the rest of the spent fuel can continue to be deposited in the repository.

As one of the aternative options to the direct deposition of the total nuclear waste in a
repository, the government has asked the SKB AB to study partitioning and transmutation
(P&T) of the nuclear waste in combination with geological deposition of the remaining waste.
This request has resulted in a limited support on P& T research from SKB to three different
universities in Sweden, the Chalmers University of Technology, the Roya Institute of
Technology and the Uppsala University. Furthermore, the same university research groups are
also actively taking part in P&T research projects within the European 5" framework
program.

An informal expert group on P&T with members from the above mentioned university
research groups was formed in the early 90-ties to establish a forum for discussions on
research strategies, means to find support for doing research, research coordinating and
collaboration, and information exchange. One early activity of the expert group was to
consult Russian nuclear weapon experts in their ambition to apply for support of civilian
research projects on transmutation from the International Scientific and Technical Centre
(ISTC) in Moscow. The ISTC was set up by the USA, Russia, Japan and the European Union
to support civilian research activities at the weapons laboratories in the former Soviet Union.
Sweden contributed directly to the ISTC fund when it was set up, but since Sweden became a
member of the European Union the contribution is channelled through this organisation.

The present report gives the background, the members and the agenda for the Expert Group
on Transmutation. It also shortly describes the P& T research in progress by the university
groups, which are represented in the Expert Group, including the ongoing ISTC projects with
Swedish involvement.

The Swedish Expert Group on Transmutation

A renewed interest of partitioning and transmutation of nuclear waste was raised in the early
90-ties mainly due to the technical developments of large accelerators, which made the
accelerator driven transmutation concepts more likely to be realized. This interest initiated
basic research on partitioning and accelerator driven transmutation at a few Swedish
universities namely at the Chalmers University of Technology (partitioning), the Royal
Institute of Technology (reactor physics) and the Uppsala University (nuclear data). An
informal group was formed with members representing the research groups of the named
three universities.

At the early 90-ties the International Scientific and Technical Centre (ISTC) was set up in
Moscow as a joined undertaking of US, Japan, Russia and the European Union as reported
above. The aim was to financialy support civilian projects at nuclear weapon |aboratoriesin
the former Soviet Union. Sweden joined this effort by contributing to the ISTC fund, first



directly and later, when Sweden became a member of EU, through that organisation.
Accelerator driven transmutation was a civilian research area to which the Russian experts
could give an important contribution. Thus, discussions started about transmutation research
projects that could be made in Russia with support from ISTC. A workshop was arranged at
Saltgobaden in Sweden in 1991 with participation mainly from US, Russia and Sweden.
Following that meeting a number of ISTC funded projects in Russia has been initiated
through the years with Swedish collaboration. The Expert Group was charged to report on
those projects to the Swedish Nuclear Power Inspectorate (SKI) and subsequently got
financial support for travelling expenditures to fulfil that task from the same organisation.

Nowadays, an international Contact Expert Group (CEG) has been established to advice the
ISTC on which projects related to the research on accelerator driven systems should be
supported. The CEG works with subgroups, one for each supporting partner to ISTC, namely
US, Japan, EU and Korea. The Swedish Expert Group has close links to the EU subgroup
within CEG and channel its recommendations on ISTC projects through that body.

The international R&D on transmutation is closely followed. The university research groups
participate in international P& T research projects mainly within the EU framework programs
and collaborate in ISTC projects. Members of the Expert Group are actively engaged in
international working groups, advisory committees, and project steering committees. The
Group is arranging conferences, symposia and expert meetings on ADS among those were the
2" International ADTT Conference in Kalmar, Sweden in 1996.

The present members of the Swedish Expert Group, which are the named authors of this
report, represent a broad know-how in scientific disciplines of importance for R&D of
accelerator driven systems. Observers at the regular meetings of the Group, about 4 per year,
come from the Ministry of Environment, the Nuclear Power Inspectorate (SK1), and the
Nuclear Fuel and Waste Management Co (SKB).

Swedish Research on partitioning and transmutation

The remarkable increase in the international research and development on transmutation has
taken place during the last few years. This is in particular true for many of the countries
within EU. A European road-map for producing an ADS demonstration facility within about
the next decade has been produced by a working-group with members from 9 European
countries among them Sweden. EU has given a strong support to practical demonstrations of
the key issues according to the road-map like the spallation target experiment MEGAPIE at
the cyclotron of the Paul Scherrer Institute, Switzerland and the preliminary design study of
an demonstration accelerator driven system (PDS-XADS) but also to several basic studies of a
wide range of technical and scientific problems for partitioning and transmutation.

Chamers University of Technology

The Department of Nuclear Chemistry, CTH participates in the project PARTNEW
within the EU 5" framework programme. The project is a continuation of NEWPART
(4™ EU FP) to study the extraction of lathanides and actinides using pyridins or similar
nitrogen-based molecules. The work to be carried out concerns the design of solvent
extraction processes of Am(l11) and Cm(l11) that are contained within the agcidic high
active raffinates (HARs) or concentrates (HACs) from the reprocessing of spent



nuclear fuels. The work to be done is sorted out in eight Work Packages WPs)
corresponding to 3 research domains:

* the actinides (I11) (AN(II1)) + lanthanides (I11) (LN(II1)) co-extraction
from acidic HARs or HACs (DIAMEX processes)

* the An(lI1)/Ln(ll1) group separation from acidic feeds (SANEX
processes)

* the Am(I11)/Cm(111) separation system

For each domain, basic research and limited flowsheet developments will be carried
out.

Rovya Institute of Technology

The Department of Neutron and Reactor Physics at the Royal Institute of Technology,
Stockholm participates in a number of projects under the 5" Framework Programme of
the European Commission. The group coordinates the CONFIRM project aiming to
manufacture and test nitride fuel. Irradiaton tests will be made at the R2 reactor at
Studsvik. The group also participates in the SPIRE and MUSE projects, in which
studies are made of radiation damage effects in martensitic steels and of the coupling
between an accelerator driven neutron source and the subcritical assembly MASURCA
in CEA/Cadarache, respectively.

The aspects of severe accidents in transmutation systems have been studied together
with a group at the EURATOM Joint Research Centre at ISPRA, Italy. Furthermore,
the use of Pb-Bi eutectic as the coolant of an accelerator driven system has been
studied together with a group at the Technical University, Bilbao, Spain.

Extended studies have been made of a Pb/Bi cooled ADS concept (Sing-Sing) for
transmutation of the nuclear waste from the Swedish reactors.

Uppsala University

The transmutation related research at Uppsala University is mainly performed by the
Department of Neutron Research and makes use of the unique 20-180 MeV quasi-
monoenergetic neutron beam at the The Svedberg Laboratory in Uppsala.

Since 1998 a project is run, with the aim to measure elastic neutron scattering from
some nuclel at 100 MeV. Such data are crucial to improve existing nuclear models, and
in this way improve the existing data libraries and extend them to higher energy. These
libraries are needed to reliably calculate neutron and other particle transport in a
transmutation target and blanket. The differential elastic scattering cross sections for
carbon and lead have been measured using the detector facility, SCANDAL.

The group aso participates in an EU supported project HINDAS. Within HINDAS, all
kinds of reaction channels for incident neutrons and protons are considered, both
experimentally and theoretically. The ultimate goal is to construct a new data library
for the energy range 20-2000 MeV, which can be used for engineering design of



transmutation devices. Several of the European experimental groups use the Uppsala
neutron beam for their work. Studies linked to the HINDAS project are also made of
nuclear models and code developments for ADS at the Department of Radiation
Sciences.

ISTC projects

Short information is given on a few ISTC research projects in progress related to ADS of
special Swedish interest due to initiative in formulating the project and/or close cooperation
with Swedish research groups. A general recommendation has been given by the officials of
the European Commission who are responsible for the ADS research within the framework
programs, that one should seek close links between corresponding EU and ISTC projects.

M easurements and comparison of proton- and neutron-induced fission cross section of Lead

and neighbouring nuclei in the 20-200 MeV enerqy region (ISTC project #1309)

Project leader: Vilen P. Eismont, V.G. Khlopin Radium Institute, Sit Petersburg

Proton- and neutron-induced fission cross sections of isotopes and elements in the
lead region are being measured. The neutron experiments are made at the neutron
beam facility of the 200 MeV cyclotron of the The Svedberg Laboratory,.Uppsaain
collaboration with the Department of Neutron Research, Uppsala University. The
produced database is partly unique and will put light on existing discrepancies
between model calculations and experiments. A follow-up project on measurements of
proton- and neutron-induced fission cross sections of separated tungsten isotopes and
natural tungsten in 50-200 MeV energy region is planned

Pilot flow lead-bismouth target of 1 MW1 for accelerator-based systems (1STC project # 559)

Project leader: Boris F. Gromov, Institute of Physics and Power Engineering (IPPE), Obninsk

The Expert Group took originally the initiative to this project, which was supported by
Sweden but also became strongly supported by USA and EU.

The purpose of the project was to develop a heavy metal flow target which possesses
the best features for producing neutrons at a high power proton accelerator. Thus, the
technical key problems of a flowing lead-bismuth 20 MWth-power target should be
investigated. The technical base should be established by the design of a pilot lead-
bismuth 1 MWth-power target (TC-1). It was planned that the pilot target was going
to be tested at the linear proton accelerator (LANSCE, 800 MeV, 1.5 mA proton
beam) of the Los Alamos National Laboratory.

The project benefited from the broad experience of specidists at IPPE and RDB
"Gidropress', whose experience was developed by designing and operating the Russian
nuclear submarines with lead-bismuth cooled reactors. The target design was a result
of a close cooperation primarily between IPPE and LANL but was also discussed at
several technical meetings with the participants from Sweden (Swedish collaborator:
Department of Neutron and Reactor Physics, Roya Institute of Technology,
Stockholm) and France (EU collaborator: CEA/Cadarache).



The target past the final delivering tests and was accepted by the Los Alamos National
Laboratory, the CEA/Cadarache and the Royal Institute of Technology in the Spring of
2001. The Russian Authorities (MINATOM) has given clearance for exportation of the
target. Decisions are still pending on the site for an irradiation test and the financing of
that test if any.

Experimental Research of Transmutation of Fission Products and Minor Actinides in a
Subcritical System Driven by a Neutron Generator. (ISTC project B-70, Belarus)

Project leader: S. E. Chigrinov, Radiation Physics & Chemistry Institute, Minsk-Sosny

The Yainafacility consists of an accelerator driven 14 MeV neutron source
surrounded by a sub-critical blanket. The planned experiments will yield information
in the following fields.:

. physics of sub-critical systems driven by a neutron generator,

. transmutation rates of fission products and minor actinides,

. gpatial kinetics of sub-critical systems with external neutron sources

. experimental techniques for sub-criticality monitoring

. dynamical characteristics of sub-critical systems with an external
neutron source (pulse mode operation of the neutron generator)

The Department of Neutron and Reactor Physics at the Royal Institute of Technology
contributes to the project with the development of computer codes for simulation of
the neutronics of the facility.

Experimental Mock-up of Molten Salt L oop of Accelerator-Based Facility for Transmutation
of Radioactive Waste and Conversion of Military Plutonium (ISTC project # 1606)

Project Manager: K. F. Grebyonkin, Russian Federal Nuclear Centre — Institute of Technical
Physics (VNIITF), Shezhinsk, Chelyabinsk reg.

Project Scientific Leader: V. V. Ignatiev, Kurchatov Research Centre, Moscow

The mission of the project is to perform an integral reevaluation of the Molten Salt
(MS) Nuclear Fuel Technology potential as applied to safe, low-waste and
proliferation resistant treatment of RadWaste and Plutonium management as well as to
develop a comprehensive program plan of the Technology commercialisation.

Members of the Swedish Expert Group were actively engaged in the planning of the
ISTC project #1606. The Department of Nuclear Chemistry, Chalmers University of
Technology and the Department of Neutron and Reactor Physics, Roya Institute of
Technology will both be project collaborators. Furthermore, a close link will be
established with the 5" European Framework project on Molten Salt Reactors (MOST)
with 12 participating European institutes.

Combined radiochemical and activation analysis of long-lived nuclear waste transmutation in
fast reactors and high energy accelerators (ISTC project # 1372)




Project manager: E. Ya. Smetanin, Institute of Physics and Power Engineering (IPPE),
Obninsk

The project will include radiochemical analysis and activation measurements of the
isotopic composition changes of minor actinide samples irradiated in fast reactors and
by the radiation field from a massive lead spallation neutron source. Comparative
analysis of the radioactive isotope transmutation efficiency in fast neutron reactors and
accelerator driven systems. The Department of Neutron and Reactor Physics, Royal
Institute of Technology will be the Swedish collaborator of the project.

Experimenta and theoretical studies of the vields of residua product nuclei produced in thin
Pb and Bi targetsirradiated by 40-2600 MeV protons (ISTC project #2002)

Project manager: Yu. E. Titarenko, Institute of Theoretical and Experimental Physics, (ITEP),
Moscow

The project is aimed at experimental and theoretical studies of the independent and
cumulative yields of residual product nuclei in high energy proton irradiation of thin
targets of highly enriched isotopes and natural Pb and natura Bi. Information
exchange will be made with similar projects in progress at Univ. of Hannover and
GSl, Darmstadt within the 5" EU Framework program HINDAS,

Preliminary contacts have been taken between ITEP and the Department of Neutron
Research, Uppsala University to see if some of the experiments within the project can
be made at the accelerator facilities of the The Svedberg Laboratory in Uppsala.

The subcritical Assembly in Dubna (SAD)

The planning of the "Subcritical Assembly in Dubna— SAD — project” isin afinal
stage with participation of the Department of Neutron and Reactor Physics, Royal
Institute of Technology (RIT). The project goals are: to design and construct a small
power subcritical system fueled with MOX and driven by the 660 MeV cyclotron,
development and validation of techniques for measurements of subcriticality and
neutronic properties of the assembly, validation of relevant computer codes and data
libraries, dosimetry of high energy neutrons (above 20 MeV) Project is scheduled for
3 years and will use existing infrastructure of institutes in Dubna. A pre-ISTC project
is discussed with financial support from ForschungsZentrum Karlsruhe, CIEMAT
Madrid, RIT Stockholm, and CEA Cadarache.

Summary

A direct disposal of the total spent reactor fuel in a deep geological repository after a cooling
period of about 40 yearsis the option with highest priority of treating the Swedish reactor
waste.

A limited research effort is devoted to partitioning and transmutation of the waste mainly to
keep track of the international R&D in the field if that should pave the road to transmutation
concepts which would be technical and economical applicable for the Swedish reactor waste
within a foreseeable future.



An informal Expert Group on P& T with members from three universities in Sweden has been
formed to establish aforum for discussions on research strategies, means to find support for
doing research, research coordinating and collaboration, and information exchange.

The university research groups actively participate in many of the research projects on P& T
within the on-going 5™ EU Framework Program but also collaborate with transmutation
research projectsin Russia financed by ISTC.
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FAST SUB-CRITICAL ASSEMBLY WITH MOX FUEL FOR RESEARCH
ON NUCLEAR WASTE TRANSMUTATION

The paper deals with theoretical investigation of transmutation rates for a number of long-lived
fission products and minor actinides as well as with neutron spectra formed in a sub-critical assembly
driven with the following monodirectional beams: (i) 660 MeV protons; (ii) 14 MeV neutrons. The
assembly consists of a central cylindrical lead target surrounded with a cylindrical layer of mixed-
oxide (MOX) fuel. As the first step in the studies of characteristics of ADS the «Pluton» project was
proposed [1-51 based on metallic weapon-grade plutonium fuel. But the results of the calculations
have shown [6, 7] that MOX fuel (25%Pu0, * 75%UQ,) is better than metallic plutonium for this
sub-critical assembly. Present conceptual design of the.sub-critical assembly in Dubna (SAD) is
based on the core with a nominal unit capacity of 15 kW (thermal). This corresponds to the multi-
plication coefficient ke = 0.945 and the accelerator beam power of 0.5 kW. The blanket based
on MOX fuel of BN-600 type of the Russian manufacture will be used with average density of fuel
8.64 g/cm3. Content of 239Pu in PuO, is not less than 93%. Uranium in oxide is natural one. The
fuel is placed in a stainless steel vessel. In addition beryllium and lead reflectors will be used in radial
and longitudinal direction respectively. A concrete shielding surrounds the blanket. The proton beam
will be transported horizontally to the target through a vacuum track provided inside the concrete
shielding. The experimental electronuclear installation will include: 660 MeV proton accelerator,
beam bending magnets, spallation target with different materials (Pb, W, Pb—Bi, Hg), subcritical
blanket based on BN-600 type fuel elements, beryllium reflectors, concrete shielding, protective
control and measuring systems.

The installation will be placed in an experimental hall of the accelerator surrounded with
a concrete wall with thickness not less than 2 m. The hall of the accelerator is equipped with special
ventilation system with the control of radioactive aerosols. For transportation of the extracted beam
of protons to blanket the transportation line will be created. To measure the spectra of the neutrons
leaving the sub-critical assembly, we propose to use a spectrometric method of neutron slowing down
time in a block of lead.

Main parameters of the ADS facility are given in table 1. The CASCADE, LAHET and MCNP
computer codes [8—10] have been used for the calculations.

Table 1. Main parameters of the ADS facility with the lead target

| Characteristic | Value
Proton beam energy 660 MeV
Beam power 0.5 kW
Kefr 0.945
Energetic gain 30
Fission power 15 kW
Core length of a fuel element 30 cm
Core diameter (with Be reflector) 80 cm

In this work our main objective is comparison of neutron spectrum in the MOX assembly for
different external driving sources: 660 MeV proton accelerator and 14 MeV neutron generator. It is
well known that in high energy region (several GeV/A) nuclear reactions are described in the frame
of three-stage mechanism including cascade, pre-equilibrium and equilibrium stages. Energy distri-
butions of secondary particles formed in nuclear reactions in this region depend weakly on projectile
type and energy, mass number of target nucleus, and angle of emitting. It is possible to extract pre-
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Calaulated neutron spectra averaged over small volumes (1 em?) arranged along radius of the subcritical assembly with keg = 0.95,
irradiated with monodirectional proton (a)and neutron () beams. Computer codes LAHET®, MCNP!% and SONET!2 were

used. Normalization was performed per 1 pA proton current (a)and per one incident neutron per second (b)

equilibrium and equilibrium stages in nuclear reactions induced by 14 MeV neutrons as well. In this
case energy distributions of secondary particles are similar to that observed for high energy projec-
tiles. When considering thick heavy metal targets one should take into account slowing-down of par-
ticles and fission of nuclei in wide energy region. It was shown [11] that energy distributions of es-
caped neutrons for such targets bombarded with high- energy protons and 14 MeV neutrons are the
same. It gives principal possibility to investigate different characteristics of accelerator driven sub-
critical systems by means of low energy accelerators and neutron generators.

In figure calculated neutron spectra averaged over small volumes arranged along radius of the
sub-critical assembly are presented. The three volumes are situated inside core of the assembly in its
middle (along Z-axis) cross-section. Several conclusions follow from the presented results:(i) neutron
spectra inside the core are the same disregarding whether projectiles are relativistic protons or low
energy neutrons; (ii) different neutron spectra can be formed inside the assembly — from hard up to
almost thermal ones; (iii).neutron fluences about 1012 cm=2s~! can be obtained inside the core; (iv)
" neutron spectra calculated by means of the computer codes LAHET and SONET [12] are similar not
only qualitatively but quantitatively also.

151



To describe quantitatively the scaling between protons and neutrons as projectiles different
calculated reaction rates are presented in table 2. One can see from it that the average scaling factor
equals to 6.6 with local deviations being equal approximately to calculated statistical uncertainty
(20) This value can be easily understood when taking into account number of neutrons generated in-
the lead target by a 660 MeV proton (=12) as well as reaction (n,2n) for a 14 MeV neutron incident
on the target.

Table 2 Calculated reaction rates for two positions inside the sub-critical assembly irradiated with proton (a)
and neutron (b) beams. Computer codes SONET and MCNP were used. Normalizationwas performed per
one target nucleus and per one incident particle per second

Reaction Rate T, = 660 McV Ty = 14MeV (ReactionRate)/(Reaction Rate),
(107457 R=6cm ! R=30cm R=6cm | R-30cm R=30cm
99T¢(n, y)10Tc 2.0* 2.9.10~1* 6.7
191(n, )1301 12 1.6.10-1 7.0
135Cs(n, y)136Cs 6.010™! 8.5:1072 71
137Cs(n, y)!38Cs 6.0-.1073 9.4.10~4 6.4
237Np(n, y)?3¥Np 2.4.1071* 10.2 3.2.1072* 15 7.0
MIAmM(n, y)¥2Am | 291071 3.6 6.1.10-2" 45 7.0
243Am(n, y)>*Am 3.8.10°1** 9.0* 6.5-1072" 1.5* 5.9
2"Np(n, H 9.7.10—2 1.2.10—2 14102 1.9:10-3 6.3
281Am(n, f) 85.10—2 18:.10"! 1.3.10—2 2.7.10—2 6.8
243Am(n, f) 6.7-102 19.10-2 1.0.10—2 3.010-3 6.2

Note: Statisticaluncertainties (1a)for most of the values in the table do not exceed 5%.
*) Statistical uncertainty is within the range 5—10%.
**) Statistical uncertainty is within the range 20—30%.

Another interesting conclusion from the table 2 is that for the considered actinides the
transmutation rates due to reactions (n,y) significantly exceed these due to fission reactions even for
the hard spectrum observed near boundary between the lead target and the core.

In conclusion one can state that such an assembly fuelled with commercially available MO X fuel
enables us to investigate nuclear waste transmutation in different neutron spectra by means of the
currently available proton accelerator and neutron generator.

Summary

The paper deals with theoretical investigation of transmutation rates for a number of long-lived fission
products and minor actinides as well as with neutron spectra formed in a sub-critical assembly driven with the
following monodirectional beams: (i) 660 MeV M)rotons; (if) 14 MeV neutrons. In this work the main objective is
the comparison of neutron spectrum in the MOX assembly for different external driving sources: 660 MeV
proton accelerator and 14 MeV neutron generator. The SAD project (JINR, Russia) has being discussed. In the
frame of this project a sub-critical assembly consisting of cylindrical lead target surrounded by cylindrical MOX
fuel layer will be constructed. Present conceptual design of the sub-critical assembly is based on the core with a
nominal unit capacity of 15 kW (thermal). corresponds to the multiplication coefficient ke = 0.945 and
the accelerator beam power of 0.5 kW. The results of theoretical investigations on a possibility to incinerate
long-lived fission products and minor actinides in fast neutron spectrum, formation of neutron spectra with
different hardness in sub-critical systems based on the MOX subcritical assembly are discussed.
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