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gonne National LaboratofyANL )] started operation. The
experience of these facilities encouraged the scientific
The European Spallation Neutron Source (ESS) decommunity to start new projects to develop next gener-

livers high-intensity pulsed particle beams with 5-MWation neutron sources to increase the usable neutron fluxes
average beam power at 1.3-GeV incident proton energyby at least one order of magnitude. It seems possible for
This causes sophisticated demands on material and géhe European Spallation Neutron Soutr¢ESS project
ometry choices and a very careful optimization of thebased on a proton accelerator of 5-MW beam power to
whole target system. Therefore, complex and detailed pareach a maximum pulsed peak thermal neutron flux of
ticle transport models and computer code systems have2 X 107 n/(cm?-s) in the moderator.
been developed and used to study the nuclear assess- A5-MW spallation neutron source engineering study
ment of the ESS target system. The purpose here is teas initiated in Germany asp@llations Neutronen
describe the methods of calculation mainly based on th@uelle? (SNQ). A first ambitious project was the pro-
Monte Carlo code to show the performance of the ESPosal of a continuous spallation source at Chalk River—
target station. The interesting results of the simulationghe Intense Neutron GenerafofING)—with a Pb-Bi
of the mercury target system are as follows: time-arget, 1-GeV proton beam, and a proton current of 65 mA.
dependent neutron flux densities, energy deposition and The other spallation neutron source projects are based
heating, radioactivity and afterheat, materials damageon 1-MW proton beam power. Studies are performed
by radiation, and high-energy source shielding. The re-at ANL (Ref. 10, Brookhaven National Laboratoty
sults are discussed in great detail. The validity of code$BNL), KEK (Ref. 12, Los Alamos National Labora-
and models, further requirements to improve the methtory’® (LANL ), and Oak Ridge National Laboratdfy
ods of calculation, and the status of running and plannedORNL). The first 1-MW neutron spallation source al-
experiments are given also. ready in operation is SINQRef. 15, which is a contin-

uous source.

The planned use in each of the aforementioned cases
needs high-intensity particle beams, which cause sophis-
ticated demands on reliability of materials, e.g., for con-

I. INTRODUCTION tainr_nent and target. Therefore, complex and detailed
particle production and transport models and computer
code systems have been developed. The utilized models

During the last decade several spallation neutror} g ; ;
nd codes were extensively tested and validated in con-
sourcesthe Intense Pulsed Neutron Sout¢#PNS), the nection with the existing pulsed and continuous neutron

Spallation Neutron Source at Rutherford Appleton Lab, ; . :
oratory? (ISIS), the Pulsed Spallation Neutron Facifity spallation sources for condensed matter studies and with

(KENS) at the High-Energy Accelerator Research Orga_detector and hadron calorimeter development at meson

nization(KEK), the Los Alamos Neutron Scattering Cen_factorles and high-energy accelerators.

ter* (LANSCE), the Schweizerische Intensive Neutronen

Quelle5 (S|NQ), and the Zero Gradient Synchrotron In- II. THE MERCURY TARGET SYSTEM FOR ESS

tense Neutron Generator-PrototfpeZING-P) at Ar-

The target system is crucial for the feasibility and
*E-mail: d.filges@fz-juelich.de performance of the whole spallation neutron source. In
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existing facilities, only spallation targets with pulsed beammmensions, with a constant radius of curvature in the ver-
powers of at least a factor 30 less than envisaged for ES#al plane and an elliptical contour in the horizontal one,
have been operated. This large step in power made it prin order to minimize the stress resulting from thermal gra-
dent to choose a design for the target that has future deélients and internal pressure.
velopment potential, rather than one based on existing
concepts, which might approach the limits of feasibility.

By design, the ESS target will be subject to high loadd!l. REQUIREMENTS OF CALCULATIONAL METHODS
from power density and thermal cycling. While these ef- ) )
fects may be deleterious to a heterogeneously cooled solid  To study and develop high-power spallation targets,
target, a liquid-metal target remains virtually unaffectedwe had to prepare the method of calculation and com-
by them. Other arguments in favor of a liquid target areéPuter codes into an integrated but modular system. We
its large mass and hence low specific activity even aftePegan to develop the computer code systégh+energy
many years of service and the fact that no active decafpdiation Monte Carlo_taborate_gstem'® (HERMES
heat removal may be required during service and mairfuring the SNQ projeétand updated it for our ESS stud-
tenance periods. In view of the foregoing considerationdes. Details are given in Ref. 17. We have to answer the
the ESS target group decided in June 1995 to study ®llowing important questions and predictions for high-
liquid-metal target with mercury as target material. Thecurrent accelerators and their target stations:
need for a hi_gh a;omic number for g(_)od neutron y_ield, 1. neutron, gamma, and charged-particle produc-
the good availability, and the fact that it remains liquid at tion and fluxes
room temperature makes mercury the number one can-

didate for a liquid-metal spallation target. 2. energy deposition and heating
The high thermal neutron absorption cross section 3. radioactivity and afterheat

of mercury is the main reason for not consideringitasa 4 materials damage by radiation

target material for steady-state spallation neutron sources, ) o

which depend on a long neutron lifetime in the modera- - Nigh-energy source shielding.

tor for high-flux densities. In the case of a short pulsed The main goal of the calculation is the optimization
source like ESS, however, some moderators are sugf the neutron flux.
rounded by decoupleréeutron absorbeydo prevent Particle fluxes and power density are mainly influ-
moderated neutrons from returning to the moderator angnced by the possibilities of cooling the target, the win-
deteriorating the pulse shape. In this case, the hightow, and the containment. Temperature gradients have
absorption cross section of mercury may turn out to bgo be kept in certain limits to avoid failure by stress. Ra-
an advantage, because it may avoid the need for the dgration damage is produced by different mechanisms as
COUpIer between the target and the moderator thus redugi-sp|acements per ato(n]pa), gas production, and nu-
ing complexity. The fact that no water is present in thegjide transmutation, which worsen the mechanical prop-
beam interaction region in a liquid-metal target meansgrties and limit the lifetime of the target- and structure
that there is virtually no moderation taking place in thematerials. Activation leads to global hazard rating of the
target volume. This results in a harder leakage spectrungarget station. Cooling circuits with their radiolysis and
~Inview of its relative advantages over the other cancorrosion problems of light and heavy water have to be
didate materialghighest density, lowest possible oper-stydied, especially, because radioactivity is transported
ating temperature, and no need for auxiliary heating through pumps, valves, and heat exchangers outside the
mercury was chosen as the preferred liquid-metal targghrget containment. Shielding of spallation facilities is dif-
material. The most critical part of the liquid-metal cir- ferent compared to nuclear reactor systems and fusion
cuit is the vesse(the target shell which contains the devices due to the high-energy neutron component that
liquid metal in the beam interaction zone and which isinfluences the safety and environment. Finally, the un-
exposed to the proton beam and neutron radiation.  certainties of the simulations should be assessed based
For the target itself, a slab-type geometry was chopn comparisons of the results of calculations with bench-
sen. Apart from the reflecting effect of the wings for fastmark experiments. The development, construction, and
neutrons, this geometry also offers the advantage of agperating experience has been published in great detail

lowing an elliptical cross section of the beam to be choin the ICANS I-XlIl-proceeding& in the last 20 yr.
sen, thus reducing the current density, the associated heat

load, and radiation damage in the window while keeping

the distance between the beam axis and the moderatans GENERAL DESIGN CHARACTERISTICS OF THE

small. Typical dimensions of the target in the interaction HERMES MONTE CARLO SYSTEM

region are 14 cnthigh) and 30 cm(wide), with an ellip-

tic cross section of the beam of 6-cm vertical axis and To simulate the histories, i.e., production, inter-

20-cm horizontal axis at the entry window. The front coveraction with matter, and transport, of high energetic
of the target(beam entry windowis curved in two di- particles, the latest state-of-the-art radiation transport
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codes and event generators are used in HERMEB8nergies and a set of particle types. Therefore, the com-
(Ref. 17). All the codes employ Monte Carlo techniquesputational work had to be shared between several Monte
with three-dimensional geometry description. WithCarlo codes, each solving a specific part of the general
HERMES, it is possible to treat in detail the reactionproblem. Currently, four Monte Carlo codes are imple-
mechanism and the transport of the high-energy partimented, namely HETC, MORSE-CG, MCNP, and EGS4
cles as well as of the low-energy particles created. Al[see references in HERME®Refs. 16 and 1)]. A de-
codes make use of a common data interface named tiseription of the system, including the communication file
“HERMES Submission File.” With this off-line cou- structure and the particle and the detector data flow, is
pling, it is much easier to implement additional Monteillustrated in Fig. 1.
Carlo codes or to replace codes. Thus, HERMES can be
extended in an easy way to represent the state of the art,
Vn‘fl'g:joe‘f; Sﬁﬁzdegogq‘;hagg'”g programs. Results from th‘ig EXAMPLES OF MODEL APPLICATION FOR THE
y be received as intermediate results o) g e er crarion DURING THE ESS PROJECT

to improve the understanding of the problem and the de-
pendency between these models.

The problems that can be solved with the aid of the  In the beginning of the ESS project, we calculated
HERMES system cover a wide range of incident particlea double wheel target and a double split target with
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Fig. 1. Organization of the HERMES program system for theoretical studies on beam material interactions.

32 NUCLEAR TECHNOLOGY VOL. 132 OCT. 2000



Filges et al. INVESTIGATION OF THE EUROPEAN SPALLATION SOURCE

tungsten target plates and water cooled, with three modular proton beanilo = £2.5 cn) truncated at a 10-cm
erator positions: the first moderator in front of the targetdiameter a temperature jump of 40, 25, and 15 K for 800,
the second moderator in the flux trap position betweerd600, and 3000 MeV, respectively.
targets one and two, and the third moderator behind the
second target. Details of the geometry are given in Ref. 19.
The incident proton energy was varied between 800 ang
3000 MeV. Some examples during the course of the ES I 'II\'IlIIEﬂ(T;g?'ENFLI:IIzI(DSITIIl:E%IElSIR[:(FTTL\AR“(I;TEI}LSUM'
target station development should be pointed out. '

Figure 2 shows the proton-energy-dependent power
deposition in the first part of the split target and in the  Based on the foregoing survey calculations, we com-
whole target. Between 800 and 1600 MeV, there is a strongared the nuclear properties of three target material can-
decrease of power deposition, which is much less versudidates, namely tantalum, tungsten, and mercury. The
higher proton energies. From this figure, the proton beartantalum and tungsten targets consist of three water-
for a target should not be far below 1500 MeV. cooled stacks of slightly one dimensionally bent rec-

We also investigated the power density in the targetangular plates. The plate configuration has the front
plates in a circular area of 1-cm radius around the protodimension of 12x< 40 cn?. The dimension increases to
beam axis. Figure 3 shows a power density of 11/kW16 X 40 cn?, and the overall length is 69 cm. For the
cm? in the first two target plates. This power density ismercury calculation, the target material and coolant was
reduced by a factor of 2 by increasing the proton beameplaced by mercurd? For optimal positioning of the
energy from 800 to 1600 MeV. A further doubling of the moderators, it is important to know the distribution of
proton energy gives less reduction than a factor of 2 fothe neutron flux density along the surface of the target.
the power density. Figure 5 shows that for an uncooled lead reflector,

Each proton pulse of a 5-MW accelerator at 50 Hzthe cooled tantalum target delivers the lowest neutron cur-
contains an energy of 100 kJ that is introduced into theent. A cooled tungsten target gives a total neutron cur-
target. This produces a space-dependent temperature jumgnt that is~20% higher in the maximum. The highest
in the target material. In Fig. 4, the temperature jump idotal neutron current at the target surface is produced by
plotted for the first tungsten target plate as a function othe mercury target and is30% higher compared to the
proton beam diameter in an area of radius 1 cm for  tantalum target. Especially along the target surface, the
three proton energies. We see for a Gaussian-shaped aturrent gradient in the case of Hg is lower than that in

@—@ Targetsystem
m—=a 1.Target
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Fig. 2. Power deposition in target systems as a function of incident proton energy.
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Fig. 3. Energy deposited in target plates in an area of 1-cm radius around the beam axis.
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Fig. 4. Temperature jump per proton pulse in the tungsten target as a function of proton beam diameter for different beam ener-
gies around the beam axis.
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Fig. 5. Leakage distributions for neutror20 MeV of reflected and cooled Ta, W, and Hg targets.

the case of the W target. This means that downstreafffuence of the reflector materials and coolants on pulse
moderators receive an even higher percentage of neleight and decay time has to be studied.

trons in the case of mercury. Table | shows a comparison The HERMES code system has been used to simu-
of possible fast and thermal neutron fluxes averaged aboldte the transport of hadrons and to estimate particle

the moderator volume.

VIl. THE PERFORMANCE OF THE ESS
MERCURY TARGET STATION

VII.A. Moderator Neutron Fluxes

fluxes, energy deposition, and induced radioactivity. The
estimations of neutron flux densities for the 5-MW tar-
get have been performed for a configuration where all
four moderators were $0 at room temperature. The de-
tailed three-dimensional geometry configuration of the
target has been considered in the simulation. Detailed de-
scriptions are given in Ref. 7. For the Monte Carlo sim-
ulation, the following simplifications have been madee

The ESS is a short pulsed neutron source with a pr Fig. 6):

ton pulse length of Jus and a repetition rate of 50 Hz.

1. The target containment consists of 5-mm-thick

The goal is to reach the highest possible peak neutroAT9 stainless steel.
flux densities for an incident proton beam of 1.334 GeV

and an average current of 3.75 mA or 2.8410%6

2. Moderators are surrounded by a 13-mm-thick

protong’s. For pulsed measurements, a short decay timgone, which simulates a 3-mm-thick aluminum can and
of the neutron pulse is also essential. Therefore, the irfives the possibility of adding absorber material for de-

TABLE |

coupling moderators from the reflect¢e.g., 1-mm
boron.

There are two moderators above and two below the
target. All moderators are 120150x 50 mn? and serve

Fast and Thermal Neutron Fluxes of Ta, W, and Hg Targetsthree beam channels from each visible face. The up-

(I)fast
[n/(cm?-s-5 MW)]

(I)thermal
[n/(cm?-s-5 MW)]

Target

Upstream
Moderato

Downstream Upstream

Moderator

Moderato

Downstream
Moderator

Tantalumn
Tungster
Mercury

7.2< 1013
6.4< 1013
8.2x 103

2.3x 1013
2.1x 103
3.5x 103

3.2x 10
3.5x 1014
3.9x 10

1.5x 104
1.7x 10*
2.3x 10
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stream ones are turned 36 deg to the proton beam axis
and have axially symmetric positions. The angle be-
tween two neighboring tubes of a bundle is 12 deg. Each
of the 18 neutron beam tubes has a cross section sf 80
120 mn? (width times height

The proton beam has a parabolic density profile with
an elliptical shape of 6-cm vertical axis and 20-cm hor-
izontal axis. The beam peak current over a pulse @1
was 75 A, which is the ESS design value. All the results
discussed here refer to values determined for the upstream
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Fig. 6. Cuts through the three-dimensional target geometry for Monte Carlo simulé&iatsgde the reflector vacuum boundary
conditions are assumed; reflector size is660 X 80 cn?), upstream moderator midpoint position is 11 cm, and down-
stream moderator midpoint position is 37 cm.

moderator(see Fig. 6. The time-averaged and time- neutron flux density of 1.& 10’ n/(cm?-s), whereas a
dependent neutron flux densities given for the downPb reflector of 150< 150 X 150 cn? gives maximum
stream moderator are1.5 to 2.5 times lower. peak neutron flux density of 24 10'” n/(cm?-s), about

To determine average and peak neutron flux densid0% higher compared to the Be reflector. Also, the long-
ties, the Monte Carlo calculations were based on the gederm decay constant= 165 us for lead is half the value
ometry model given in Fig. 6. The moderation time asof a beryllium-reflected system. The conclusion of the
well as the average and peak neutron flux densities ameflector size study is that the optimum reflector size is
not only influenced by the moderator materials but also~100 to 150 cm in all dimensions. For details see Table Il.
are highly dependent on reflector materials and geo- Figure 7 shows the time dependence of the thermal
metrical arrangements. These calculations used theeutron flux density in comparison for Pb- and Be-
time-dependent Monte Carlo code MORSE-CG of thaeflected uncooled systems and demonstrates the better
HERMES code system. HETC of HERMES uses a sinpulse performance obtained by using a Pb-reflected tar-
gle, delta-shaped proton pulse to simulate the rea$1- get system. The optimum position of the moderators de-
long pulse containing 4.68 104 protons and calculates pends on the neutron leakage distribution from the target.
the neutrons for MORSE. Because of the requirement to position four moderators

The neutron performance of the target station is in{see Fig. 8, there are two extremes in the optimization
fluenced by reflector size, reflector material, and mod-of the neutron flux density, either two symmetric mod-
erator position, which all have to be optimized. A Beerators with highest possible intensity or all four moder-
reflector of 60X 60 < 100 cn? gives the maximum peak ators with equal performance. For this purpose, the
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TABLE I

Expected Optimum Values of Therm@hyerageaNd ¢peakNeutron Flux Densitie$E < 0.4 eV)
of the Upstream Ambient Temperature® Moderator of the ESS Mercury Target System

Reflector Material Paverage Ppeak Decay Timer (us)
(Size (10" cm-2.s71) (107 cm=2.s71) (t >100 us)
Pb (60 X 60 x 100 cn?) 4.1 1.6 132
Pb (100X 100X 100 crn®) 5.4 2.0 150
Pb (15 vol% H,0) (100X 100X 100 cn¥) 55 1.5 180
Pb (15 vol% D,0) (100X 100X 100 cn?) 6.2 1.9 150
Pb (150X 150 X 150 crn®) 7.1 2.1 165
Be (60 X 60 X 100 cn?) 6.8 1.6 256
Be (100X 100X 100 cn?) 7.6 1.6 290
Be (15 vol% H,0) (100X 100X 100 cne) 6.6 1.4 245
Be (15 vol% D,0) (100X 100X 100 cn?) 7.5 1.6 260
Be (150X 150X 150 cn?) 7.9 1.6 289

average thermal neutron flux density as a function of thelow and mercury, i.e., midpoint position &0 cm. The
relative position of the four moderators to the target hasnidpoint distance between the upstream and down-
been determined. The results are calculated for unpestream moderator was always fixed to 26 cm. Monte Carlo
turbed beryllium and lead reflectof400 X 100X 100 simulations, under the ideal condition that no perturba-
cmq) and given in Fig. 8. These calculations give a max+tions by beam tubes are present, give the flux densities
imum peak neutron flux density of 1.6010'" n/(cm?-s)  in the two moderators as shown in Table II. The influ-
for the Be-reflected system with the upstream moderatognce of the coolants 40 and DO are also considered,
midpoint positioned 11 cm downstream from the mercurybecause energy deposition calculations show that the re-
window interfacgsee Fig. 8. The lead-reflected system flector system has to be cooled.

produces a peak neutron flux density of 21107 A lead-reflected mercury target system will produce
n/(cm?-s) in the upstream moderator if the midpoint is the highest peak neutron flux density 2010'" n/
positioned at 20 cm downstream from the mercury win{cm?-s) and has a low, long decay time= 150us, which
dow interface. The downstream moderator midpoint igs half the value of a Be-reflected system. Therefore, a
then at 46 cm. The moderators deliver equal pulse heightead-reflected mercury target is proposed. The decay con-
of neutron pulses if the upstream moderators midpoint istants seem to behave rather erratically whe® lnd
positioned abovgbelow the interface of the target win- D,O coolant substitute for part of the reflector material.

Reflector Size 100 x 100 x 100 cm3

]

10

S

16
10

BeReflector

15

10 PbReflector

Thermal flux ¢ (t) [cm

14 1 1 1 1 1
100 200 300 400 500

10

o

Time [us]

Fig. 7. Comparison of time-dependent thermal neutron flux density for Pb- and Be-reflected targets.
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Fig. 8. Thel_rmal peg_k neutron flux density as function of the the mercury target for a 5-MW beam, as obtained from
relative position of moderators to the target of a Be- Monte Cario calculations.
and Pb-reflected system with a reflector size of X00
100X 100 cn?.

accelerator and the beam lines. This knowledge allows
One has to consider that the material Pb is a pure refle@ne to estimate where hands-on-maintenance could be
tor material whereas Be is also a very good moderatgsossible and where remote-handling systems should be
material, which has an important influence on the neuforeseen. The calculation of the amount of radioactivity
tron spectrum. For a high-intensity upstre@ront) mod-  produced in the target can hint how to handle and deposit
erator with optimum time-integrated thermal neutron fluxthe burnt targets.
density, the midpoint of the moderator should be atadepth  In Figure 10, the calculation procedure used in the
of 11 or 16 cm for a Be or a Pb reflector, respectively. frame of HERMES is shown. The particle production and

The maximum thermal neutron sum flux density fordepletion code ORIHET is developed from ORIGEN

all four moderators is reached when the midpoint of thg Ref. 21). We used this procedure to compare the radio-
upstream moderator is at2 or 0 cm for a Be- or Pb- activity and afterheat in the different materials tantalum,

reflected system, respectively. tungsten, and mercury proposed as target materials in the
» context of the ESS.
VII.B. Energy Deposition We restricted ourselves to calculate the values of the

Using the defined elliptical beam cross section, caI{]a;gteéfz,[%ge:uﬁglghgﬁ]surrg;?egcttggt mg d?e(:rg\tlcl)tys agr? d‘r’ggzrl'_
culations for the temperature distribution in the window. 9 ’ ’

and the target volume were carried out. The axial distriing Systems are nearly the same for the different target

bution of the power density in the central cylinder of 1.cmMaterials. The nuclide generation and depletion was cal-

radius was obtained from Monte Carlo calculations angulated for a full-power ESS beam time of 1 yr and after
is shown in Fig. 9 together with a fitted curve. These caI-ShquWn of the beam for decay times reaching from 1 day

culations give a total deposited power of 2372 KW, i.e to 100 yr. The results are given separately for those caused

47% of the total beam power. The rest of the beam ener@y spallation and those caused by neutrons with energies

. . ! ) low 15 MeV.
is taken by escaping particlé€28% in other components— e . . . .
e.g., refleyctor, s%ie?dﬁng, and structli@nd bir?ding en- The most interesting time with respect to problems

ergy (25%). of cooling and handling of the target is the shutdown time.

For the power deposition in the window, Monte Carloln Table Il it can be seen that the activity and thermal

. ; 3 power caused by spallation are nearly the same for all
::%S;Lrjg:g(l)ilgiﬁg etﬁk‘,f (\)/gﬁ:edi?szl%gf ;&m /é?ét)eglt’ three targets, but the amounts caused by the low-energy

> . 3 neutrons are quite different. The total amount of activity
79 pA/em* and a density of 7.8 gm, and afterheat is largest in the tantalum target; the mer-
cury target shows the lowest values.
The next question is about the long-term radioactiv-
For spallation neutron sources, it is important to knowity and afterheat production with respect to storage and
the amount of radioactivity caused by beam losses in theaste management. The time behavior of the three targets

VII.C. Radioactivity and Afterheat
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Fig. 10. Simulation procedure to calculate radioactivity and afterheat with the HERMES code system.

is shown in Figs. 11 and 12. In Table IV, for the time ments, and transmutation. Therefore, first of all, beam
100 yr after shutdown, the total values are shown that ar@indows, target containment, inner target structure, and
caused by the spallation products only. thick solid target material damages have to be studied. In
the past, most research work has been performed in fusion
and reactor technology for particle energie20 MeV.
This knowledge is very valuable, but even more impor-

For high-power spallation targets, an essential point2t IS the damage induced by particles of energies
is the estimation of the lifetime of heavily irradiated com-—20 MéV. Until now, no correct description of the ex-
ponents. Material failure has safety and economic agerimental data on helium production and recoil energy
pects. Accelerated protons as well as produced sec:ondafi’ft,”b“t'onS at these higher energies has yet been
particles cause material damages mainly by three diffe@chieved. The procedure we used for ESS is shown in
ent mechanisms, such as helium embrittlement, displace-

VII.D. Material Damage by Radiation

®—@ Tantalum Ta
=—a Tungsten
*—x Mercury Hg

TABLE Il

Comparison of Radioactivity and Thermal Power 10
at Shutdown Time for Different Targets for 5-MW
Proton Beam Power and 1-yr Full-Power Operation

Tantalum| Tungsten Mercury

Radioactivity(TBq)
Total 46X 10°|1.7X 10°|1.2X 10°
Caused by spallation 7 10* | 8.5x 10*| 8.0 x 10*
Caused by neutrons

below 15 MeV 3.8 10° | 8.7x 10* [ 3.7 x 10*

Thermal power(kW) .
Total power 58.0 14.0 10.0 10t 10°
Caused by spallatio
Caused by neutrons

below 15 MeV 48.0 6.6 2.0 Fig. 11. Time behavior of radioactivity in terabecquerels in Ta-,

W-, and Hg-targets after 1-yr full-power operation.

radioactivity [TBq]
=
o

100 100 100 100 10°
9.8 7.6 7.9 time after beam shut down [d]

=
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10° . . . . " / Target Geometry \
) —® Tantalum Ta

10
S HETC MORSE
¢ Tungsten High Energy Transport Code n »| Multigroup Oak Ridge Stochastic Experiment|
1 *—x Mercury Hg E,, E,>20 MeV E_ <20 MeV
=10 l
X~

=
o

Proton Flux &,

Neutron FI
Neutron Flux &, eutro ux @,

N

Reaction Rates

thermal power
=
o

Cross Sections Cross Sections

10° DIDACS > Res Oxs  *
HETC-SID D x 3, ENDF/B-VI
3 %e Tpa rrans. Yie’ Hpa Frans. °KERMA
107 f
10 1 '0 '1 '2 '3 '4 5 He Rates, Transmutation Rates, dpa, Energy Deposition
10 10 10 10 10 10 10

time after beam shut down [d] Fig. 13. HERMES method to calculate radiation damage of ma-

Fig. 12. Time behavior of thermal power in kilowatts in Ta-, terials.

W-, and Hg- targets after 1-yr full-power operation.

tantalum target at ESS. Although this is relatively short,
Fig. 13. On the other hand, the results of calculations witf IS the same order of magnitude as the operating time of
different models do not agree. For example, helium pro@ core in a modern high-flux reactor such as at the Insti-
duction is either overestimated or underestimafed.  tuté Laue Langevin. ,

Assuming a peak density of the elliptical proton beam . 1he doses of 18 protons that steel windows sur-
of 80 wA/cm2, maximum values of the damage param-V'Ved at LAMPF are significantly higher, and these win-
eters, i.e., the production, displacement, transmutatio§lOWs were routinely removed from the beam without
and energy deposition, for a stainless st¢#T-9) win- visible damage orfallqre..OptlmlstlcaIIy, one may, there-
dow are given in Table V for the ESS mercury targetore, €xpect that the lifetime of a target shell will be at
window. least two to three times longer than that of a tantalum

Reliable lifetime estimates are not yet possible atd'9et.
present. Only a lower limit based on information from a ) o
spent ISIS tantalum target and four beam windows irVILE. High-Energy Neutron Source Shielding
radiated in the Los Alamos Meson Physics Facility can I . . . .
be given. The ISIS target operated for several years with, . 2" high-intensity spallation sources like the ESS, it
varying beam power and duty times that add up to afS important to have properly designed shielding for the
equivalent full-power service of1 yr. If scaled by the accelerator, the proton beam lines, the accumulator rings,

eak current densit{B0 uA /cm? at ESS versus 1A/ and the target station. Overdesigned shielding would cause
2m2 at ISI9), this corregponds to-6 weeks for ESS. A immense extra costs; underdesigned shielding would lead

comparison is shown in Fig. 14. Allowing for the fact to the reduction of maximum intensity and therefore to

that higher stress levels and thermal cycles may aﬁeé?ss of efficiency of the facility.
the lifetime, this implies a lifetime of-6 weeks for a

TABLE V

Maximum Damage Parameters for an HT-9
Stainless Steel Window

TABLE IV
Comparison of Total Radioactivity and Total Thermal

Power After 100-yr Decay Time for Different Targets for . ) ]
5-MW Proton Beam Power and 1-yr Full-Power Operation Maximum of the Target WindowHT-9)
He Power
Tantalum | Tungsten  Mercury| production TransmutationDisplacementtdepositior
. (ppm/day) | (ppm/day) | (dpa/day) | (W/cm?)
Total radioactivity
(TBq) 3.7 31 14.0 HETC 31.00 43.38 0.18 1326
Total thermal powef MORSE 0.40 5.37 0.14 5
(kW) 1.3x1073|1.1x10°3|1.8x 1073 Total 31.40 48.85 0.32 1331
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ISIS
1d 1 1 1
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Lo | Goan
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Fig. 14. Displacement and helium production in Fe and W, respect{belitom lineg, as a function of service time for targets
exposed to the proton beams of ISIS, SINQ, and B§$lines. For comparison, a rectangular beam profile with a 7-cm
diameter has been assumed in all cases, giving dpa and helium numbers averaged over the beam crotRsedions

The particles that cause the radiation problems areodes to calculate the flux in the vicinity of the target
the deep-penetrating neutrons with energid0 MeV.
They determine the dose rate at each point inside the shietde bulk shield. For this coupling procedure, we use the
because they produce there via cascade a neutron sp&ente Carlo code HETC of the HERMES code system
trum with energies down to thermal energies, which isand the one-dimensional deterministic ANISN céde.
for deep penetration more or less an equilibrium specthe second method is a semiempirical one, where the
trum if the material is not changed. Therefore, it is cleargeometry can be described exactly and the neutron flux
that the target station shield should consist of materialand dose values are derived from integral parameters
with short attenuation lengths for high-energy neutronsysing exponential attenuation relations. The code with
whereas the shielding of tunnels etc. might consist ofhese features is called the CASL ccdé® For both
methods, neutron transport cross sections are necessary,

To calculate the thickness of the shields, it seems tahich were available only up to 800 M&\Refs. 26 and
be reasonable to use deterministic methods instead @f7), so the cross-section LAHI libraf§f had to be up-
Monte Carlo codes because deep penetration problengsaded. This was done for the energy range from 800 to
lead to very high computation time to get sufficient sta-2800 MeV(Ref. 29 using the HETC code. The energy-
tistics. We chose for the deep penetration two calculadependent flux-to-dose conversion factors were taken
tional methods. One is a combination of Monte Carlofrom Ref. 30.

cheaper materials, e.g., concrete or soil.
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Fig. 15. Dose rates for all angular intervals

We used the coupling procedure to calculate the dosare

500 600 700

(cm)

versus radius of the shielding sphere.

necessary to validate the basic nuclear model assump-

rate behavior inside the shield for different polar angletions. Details and results of these experiments are given
regimes related to the proton beam direction. Fronin Ref. 31. As an example for double differential cross-
Fig. 15, it can be seen that with increasing polar anglesection measurements, Fig. 17 shows the comparison of

i.e., from the forward to the backward direction, the dose
rate is decreasing for the same distance from the target.
Using these calculation results, we designed for the ESS
a target station shield consisting of an iron cylinder with 5
a 9-m height and a 5.2-m radius. Inside this shielding *
block, the target moderator reflector area-i$ m in all
directions at such a position that in the forward direction —
5.2 m, in directions perpendicular to the proton beams
4.8 m, and in the backward direction 4.2 m of iron form
the main target station shield. The iron shield itself is sur-
rounded by 40 cm of concrete and based on a 3-m-thic
concrete layer. As can be seen from Fig. 16, the CASLZ
dose rate calculations show that the requirement to get &
dose rate<7.5 uSv/h outside the shield is fulfilled.

efcenter

Vill. MODEL VALIDATIONS AND FURTHER NEEDS FOR
SPALLATION-RELATED DATA AND EXPERIMENTS

Vertical distance fro

Many experiments have been performed to prove and
validate the physical models of secondary-particle pro-
duction and transport of particles through matter and their
Monte Carlo simulations. Two kinds of experiments have
to be distinguished—the so-called “thin” and “thick” tar-
get experiments. Cross-section measurements of doubleig.
differential particle production and excitation functions

42
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16. Isodose rates in a vertical cross section through target
shielding along the proton beam.
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Fig. 17. Measured double-differential neutron production cross
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section of iron and lead and comparison with Monte
Carlo calculations.

measurements and Monte Carlo calculations of the iron
and lead target neutron production induced by 800-MeV

protons.

The most extensive measurements are undertaken at 6.

LANL (Ref. 32 but only below 800-MeV incident pro-
ton energy. Results of measurements for higher energies
have recently been published, and others are plafiéd.

Michel et al®® have published a large amount of mea-

sured excitation functions of residual nuclei, which are

useful to validate residual nuclei production. The knowl-

edge of these cross sections is important for isotope pr

INVESTIGATION OF THE EUROPEAN SPALLATION SOURCE

measurements of quantities with both integral and dif-
ferential natures. The most important of these was the
accurate determination of the total neutron yi€ld®Re-
cently new preliminary results were published and show
excellent agreement for/p ratios of lead and lithium
targets except for thorium-lithium-fluoride targets with
the Los Alamos code systethCS) calculations®® Re-
sults of the comparison of experiments and calculations
of n/p ratios are given in Table VI. A good review about
results and uncertainties between different experimental
groups is given in Ref. 40.

Further experiments at higher incident proton
energies on “thin” and “thick” targets are planned and
performed at SATURNERefs. 35 and 4} at CERN
(Ref. 42, and at COSY-Juelicf? Also, high-energy cal-
orimeter detector resolution measurements are very
suitable to validate Monte Carlo simulation code systems,
because one may check particle correlations and conser-
vation laws for the shower propagation in thick targét&

The ability to predict, on a theoretical or computa-
tional basis, all aspects of radiation physics is crucial
not only to the performance optimization of the whole
system but also for advising engineers in their decisions
with respect to the effect on the source characteristics.
While the standard of computational models for charged
particle-, neutron-, and photon calculations is generally
guite high, there are still some areas where more re-
search is urgently needed. These include the following:

1. verification of cross-section and nuclear models

used for mercury

verification of calculated integral and differential
neutron flux density, secondary particle distribu-
tion, and energy deposition

residual nuclei distributions for induced radio-
activity, afterheat, and transmutation atom gener-
ation in target and structural materials

correlation effects by gas productiod and He
and by recoiling nuclei in radiation damage

. efficiency of shieldingmaterials combinations
against different types of radiation

development of scattering kernels for cold sources.

2.

ol

TABLE VI

Measured NeutrofProton Ratios Compared
to LCS-System Simulations

duction and transmutation.

A key factor in the design of each spallation target
system is the neutron production in thick target system
to benchmark the code systems. In the past, many thig

the development of spallation neutron sources for neutro

target experiments were performed in connection witjt
scattering applications. These experiments included the

NUCLEAR TECHNOLOGY
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=
Ratio

Energy n/p n/p Measured

STarget (MeV) | Measured| Calculated| Calculated
kLead 800 22511 22.2 1.01
Th-Li-F 800 11.1+ 0.6 12.6 0.88
“Lithium 400 4.4+ 0.3 4.4 1.00
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For this purpose and the various aspects, four colreutron at both sides of the maximum. It is not pos-
laborations were organized: the iteon Sintillator  sible to evaluate the real neutron multiplicity by ex-
Silicon Detecto( NESS)), the AGS Sallation Target x-  periment only, not even with the knowledge of the
periment(ASTE), the dielich Experimental Pallation energy-dependent detector efficiency, because the en-
Target ®tup n COSY Area(JESSICA, and RECOIL. ergy of the neutrons is not measured. Therefore, the sim-
Two experiments—NESSI and ASTE—are installed, andilation is absolutely necessary for the interpretation of

they have already delivered first resuifs. the experiment.
For thick target§multiple reactiony the alteration
VIILA. The NESSI Experiment of the neutron multiplicity distribution reflects the pro-

duction of additional neutrons produced in secondary
Within the NESSI collaboration at COSY-Juelich reactions, and thus it is a sensitive test to both the intra-
(Cooler Synchrotropn neutron and charged-particle mul- and internuclear-cascade part of theoretical models. We
tiplicities are measured up to 2.5-GeV incident proton enhave prepared target blocks cm in diameter and 40 cm
ergy for thin and thick targets for various structure andn length from three materials; i.e., tungsten, mercury,
target materials from Al to Ptand U). For thin targets and lead, which are all suited for spallation neutron
(only one nuclear interaction in the targethe number sources, with Hg being favored for the ESS. These blocks
of evaporative neutrons is a good measure of the distrare highly segmented in length and diameter, so that the
bution of the thermal excitation energy induced in theneutron production at some selected proton energies can
nucleus. In this sense, the neutron multiplicity distribu-be simultaneously studied as a function of target geom-
tion is a sensitive test of the primary spallation processetry, thereby adding constraints also to the transport part
i.e., the intranuclear-cascade part of the theoretical modedf the models. The idea is to provide benchmark data for
At high-excitation energies above2 to 3 MeV/nucleon the high-energy transport codes.
in heavy nuclei, additional information on light charged In Fig. 19, a comparison of INCE and low-energy
particles improves the excitation energy resolution by apneutron transport calculations with first experimental re-
proximately a factor of 2 to 3. For thick targdtaultiple  sults for thick mercury targets are given. The open trian-
reactiong, the alteration of the neutron multiplicity dis- gles represent the calculated values. The stars represent
tribution reflects the production of additional neutronscalculated values folded with the energy-dependent de-
produced in secondary reactions, and thus it is a sendector efficiency to compare with the experimental results.
tive test to both the intra- and internuclear-cascade part
of the theoretical models. VIIL.B. The ASTE Experiment
In summary, one can show the advantage of measur- o
ing the whole neutron multiplicity distributions instead ~ The purpose of the ASTE collaboration is to per-
of single average values. This brings much more conform experiments to verify a number of predictions from
straint to the intranuclear-cascade-evaporatitCE) ftheoretlcal_calculatlons_on the neutron_and thermomechan-
model. Also the measurements in both thin and thick taric@l behavior of spallation targets designed for pulsed op-
gets appear quite complementary since, in thick target§ration in the megawatt power regime. The experiments
compensation effects between the first reaction and seétarted in 1997 with a first test run with a bare cylindri-
ondary reactions can mask deficiencies in reproducin§a! (20-cm diameter and 130-cm lengtimercury target
the primary reaction by the INCE model. The thick tar-and will continue with reflected target systems.
get measurement brings an additional, although indirect, !N the experiments, the following are measured:
test of the thin target measurement insofar as it allows 1 gjstribution of neutron leakage reaction rates
one to follow the fate of the products of the primary in- i, S
teraction in generating extra neutrons. 2. energy erosmon distribution from 1.5- to 24-
For comparison with the experiment, the simulated GeV incident proton beam energy
result with HETC-HERMES of the neutron multiplicity 3. pressure waves in mercury
of a thin mercury target setup is shown in Fig. 18. 4. stress wave monitoring of the target container
Measured and simulated neutron multiplicities are )
distributed very differently. Whereas the experimental - Spallation product measurements
multiplicity shows its maximum at 15 neutrons, the sim- 6. reaction rate distributions in reflected target
ulation shows the maximum at 23 neutrons. The detector systems
system has an energy-dependent detection efficiency that ; ;
has to be taken into account. Therefore, we have toyfold 7. neutron spectra by time of flight.
the simulated neutrons with this energy-dependent de- Of major interest in the experiment is the measure-
tector efficiency. Then, we receive a simulated neutronment of energy deposition distribution in the target. A
multiplicity distribution that should be comparable to thepulse with all protons of the Alternating Gradient Syn-
measured distribution. In fact, we find a simulated dis-chroton (BNL) in two bunches, i.e., 2 4.0 X 102
tribution that tends to have a higher multiplicity by one protons of 24 GeV in less thar30 ms, introduced a
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Neutron Mulitiplicity Distribution do/dN
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Fig. 18. Measured and simulated neutron multiplicity for 1.2-GeV protons on a thin mercury target.

maximum temperature jump of 3.4 Kin the target. Acom-VIII.D. The RECOIL Experiment
parison of the axial distribution of measured and simu-
lated temperature jump is given in Fig. 20. The calculation ~ The recently formed RECOIL collaboratigRrance-
was performed using the measured incident proton beaf@ermany-Poland-Russiavill study the various aspects
density profile. of proton-induced reactions with nuclei by spallation
A first comparison of calculated and measured temphysics experiments. The main part of the experimental
perature jump distribution indicates that the calculationsnstallation is the large magnet called TETHYS from
are in good agreement with the measurements. Two fuERN with field strength of 1.2 T and wide gap of 2x0
ther experiments are in preparation at COSY-Jillich. 1.0 0.4 m? with a very homogeneous electromagnetic
field. The planned experimental program consists of the
VIIL.C. The JESSICA Experiment measurement of spallation cross sections of recoiling nu-
clei over a proton energy range of 0.1 to 2.5 GeV on dif-
JESSICA is planned as an ESS target-moderatoferent target materials and also of charged particle spectra
reflector station mockup with in-axial-direction movable from 50 MeV to beam energy. The energy spectra of the
ESS mercury target. The experiments will be performedecoiling nuclei are important to evaluate damage en-
with bare andreflected target systems including beamtubesrgy cross sections. The high-energy charged particle
and cooling systems for reflector and moderators. Reflecspectra are important to validate the distribution of the
tor and moderator materials and geometry can be changedcitation energy¥*, which is the transition energy from
easily forcomparable measurements. This mockup will béhe intranuclear cascade to the evaporation phase of the
an advanced cold moderator test facility for ESS. de-exciting residual nucleus.
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Mean Neutron Multiplicity In Hg-Target
R=7.5cm, 1.2 GeV Incident Proton Energy
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Fig. 19. Mean neutron multiplicity for 1.2-GeV incident protons on thick 15-cm-diam mercury targets.
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Fig. 20. Measured and calculated temperature jump in the mercury target during a 30-kJ incident proton pulse.
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ogy are predictions, which have to be answered for alNational Lat:oratory(199“5); see also R. PYNN and D.
high-current accelerators and their target stations. Th&/EINACHT, “ICANS-XIII,” Proc. 13th Mtg. Int. Collabora-
ability to predict radiation physics parameters on a theolion Advanced Neutron SourGéSI-Proc. 95-02, p. 798, Paul
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