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Abstract 

Accelerator-driven neutron technologies include facilities for neutron scattering research, accelerator transmutation of 
waste (ATW), and accelerator production of tritium. These systems use spallation neutron sources (SNS's) in which 
high-energy protons ( E =  1000-2000 MeV) strike a heavy-metal target, producing spallation neutrons with energies 
extending up to the incident proton energy. The nature of the spallation process and the codes used to calculate spallation 
radiation damage are reviewed. Calculations of displacement and helium production in a major target material, tungsten, are 
described. Displacement cross sections reach about 9000 b for 1600 MeV neutrons or protons. In a simulated high-current- 
density ATW SNS, displacement production rates are about 0.1 and 1 dpa /d  due to the spallation neutrons and incident 
1600 MeV protons, respectively, and the He production rates are about 1 and 250 appm H e / d ,  respectively. These damage 
rates probably represent an upper limit to what can he tolerated. More realistic solid-target SNS's will operate at lower 
current densities, and the damage rates are likely to be reduced by a factor of 3 or 4 from the values cited above. In any case, 
however, radiation damage to target and container materials is a major consideration in the design of SNS's. 

I. Introduction 

Accelerator-driven neutron technologies use spallation 
neutron sources (SNS's) in which high-energy protons 
bombard a heavy-element target and spallation neutrons 
are produced. For spallation to occur, the energy of the 
proton must be sufficiently high so that its DeBroglie 
wavelength is short compared to the size of the target 
nucleus, thus enabling the incident proton to interact sepa- 
rately with individual nucleons within the nucleus. The 
DeBroglie wavelength is given by 

A = h i p  (1) 

where h is Planck's constant and p is the momentum of 
the proton, given by 

p2 = E (  E + 2 E o ) / C  2 (2) 
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where E is the proton's kinetic energy, E o is its rest 
energy, and c is the speed of light. Thus, 

A = ch[ E ( E  + 2 e o )  ] -  ~/2 (3) 

For the nuclear radius, we may take as a crude approxima- 
tion [1]: 

g = R o A I/3 (4) 

where A is the atomic weight of the target nucleus. As 
pointed out in [1], the nuclear radius does not have a 
definite value for a given target element, and different 
types of experiments yield different measures of R (e.g., 
nuclear-force radius and nuclear-charge radius). Taking the 
approximate minimum energy for spallation, E L, as the 
energy corresponding to the condition h = R, we find from 
Eqs. (3) and (4) that 

EL = [ E 2 + ( h c / R o ) 2 a _ 2 / 3 ]  t / z  _ Eo (5) 

Fig. 1 shows E L versus A, for two values of R o, 1.1 and 
1.6 fm (l fm = 10 -~5 m) that may be considered to span a 
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Fig. 1. E L ve r sus  atomic weight of target for two values of R 0 in 
Eq. (4). E L is a rough measure of the minimum neutron (or 
proton) energy for spallation. 

reasonable range of possible values [1]. We see that even 
for the heaviest targets the approximate minimum energy 
for spallation is likely to be above about 20 MeV and for 
the lightest targets like Li or Be this energy is much 
higher. However, Fig. 1 should probably be regarded as 
being rather conservative; in fact, spallation is generally 
not considered to be a prominent reaction in the heavy 
targets unless the proton energies are above about 100 
MeV [1,2]. 

It may have been about 1947 that the term 'spallation' 
began to be used in the context of nuclear interactions 
[3,4]. Serber [4] proposed a model in which spallation 
reactions are considered to occur in two stages, an intra- 
nuclear cascade stage followed by a de-excitation stage. In 
the intranuclear cascade, the incoming projectile collides 
with one nucleon at a time within the nucleus, and the 
struck nucleons leave the nucleus with considerable en- 
ergy. The nucleus, left in an excited state, then de-excites 
by nucleon evaporation or by fission. In nucleon evapora- 
tion, nucleons are ejected until the excitation energy falls 
below the nucleon binding energy of several MeV, where- 
upon the remaining energy is removed by gamma-ray 
emission. As concerns de-excitation by fission, it is per- 
haps useful to refer to this as high-energy fission, in order 
to distinguish it from the low-energy fission (E  < ~ 20 
MeV) that occurs in thermal and fast reactors. Low-energy 
fission shows the familiar double-humped mass yield curve, 
whereas high-energy fission resulting from spallation gives 
a broader curve. The spallation product generation rate 
versus atomic number, Z, of the yielded product is illus- 
trated in Fig. 2, taken from Russell et al. [5] for Pb and W 
targets bombarded by 1000 MeV protons. We see in Fig. 2 
a large product yield near Z of the original target plus a 
lower single broad peak near Z / 2 .  Semi-empirical formu- 
lae for cross sections expressing the product yield as a 

function of Z and A have been given by Rudstam [6] and 
by Silberberg and Tsao [7,8]. Cloth et al. [9] have noted 
that the probability that fission occurs during de-excitation 
is proportional t o  Z2/A, Since Z / A  is roughly constant 
over the periodic table (at a value of about 0.45, except for 
hydrogen), this probability should be approximately pro- 
portional to Z. 

Spallation-induced high-energy fission may be con- 
trasted to nuclear-reactor low-energy fission in a number 
of other ways, as is pointed out in [5,10]. The number of 
neutrons produced by spallation in a heavy target nucleus 
is quite high; for example, calculations described below 
indicate that 32 neutrons per proton are produced upon 
bombardment of tungsten by 1000 MeV protons. By con- 
trast, only about 2.5 neutrons are produced upon low-en- 
ergy fission of a fissile or fissionable nucleus. Also, the 
energy distribution of the neutrons is quite different for the 
two cases. Spallation neutrons have an energy distribution 
that may be described as a degraded fission spectrum with 
a high-energy tail that extends up to the incident energy 
above ~ 100 MeV of the bombarding protons, whereas 
the average neutron energy in the low-energy fission flux 
is only 1-2 MeV. Calculated spallation neutron spectra are 
presented in [1 l] for 800 MeV protons on Cu and W, and a 
study of neutron and proton dosimetry at the LAMPF 800 
MeV proton accelerator is described in [12]. Furthermore, 
despite the greater number of neutrons produced in spaila- 
tion, the energy deposited per neutron produced is less for 
spallation reactions ( ~  25 MeV) than for low-energy fis- 
sions ( ~  180 MeV) [5]. 

In the above discussion, we have considered the inci- 
dent projectiles to be protons, but spallation also occurs 
when the bombarding particles are neutrons (or deuterons, 
pions, muons, etc.), provided that the condition )t < R is 
satisfied. This means that many of the particles ejected 
from the nucleus in the initial intranuclear cascade will 
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Fig. 2. Spallation product generation rate (number of product 
nuclei per incident proton) versus atomic number, Z, of the 
product for Pb and W targets; diameter 0.5 m, length 2 m, 
bombarded on axis by 1000 MeV protons. After Russell et al. [5]. 
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Table 1 
Operating pulsed spallation neutron sources for neutron scattering research 

179 

Facility Site a Beam power (kW) Beam current (mA) Proton energy (MeV) Target 

ISIS RAL, UK 160 0.2 800 U 
LANSCE LANL, USA 48 0.06 800 W 
IPNS ANL, USA 6.8 0.015 450 U 
KENS KEK, Japan 3 0.006 500 U 

" RAL, Rutherford Appleton Laboratory; LANL, Los Alamos National Laboratory; ANL, Argonne National Laboratory; KEK, National 
Laboratory for High Energy Physics. 

strike other nuclei and produce additional intranuclear 
cascades there, and the ejected particles may in turn stimu- 
late further spallation events. This succession of events is 
known as an internuclear cascade. Radiation damage spe- 
cialists will be aware of the analogy to displacement 
cascades. 

Accelerator-driven spallation neutron sources (SNS's) 
are found to be extremely useful in facilities for neutron 
scattering (and diffraction) research. In this application, the 
incident protons are pulsed at frequencies in the range 
10-60 Hz. Presently, there are four operating pulsed SNS's: 
1SIS, LANSCE, IPNS, and KENS. As noted in Table 1, 
the highest operating beam power is only 160 kW. There 
are, however, a number of higher-powered SNS's in vari- 
ous stages of development, ranging from slightly under 1 
MW for SINQ (under construction in Switzerland, 1.5 mA 
beam current, 590 MeV proton energy) to 5 MW for ESS 
(under design in the European Union, 1330 MeV proton 
energy) [13]. In addition, studies are underway for higher- 
powered SNS's for the production of tritium [14] and the 
transmutation of nuclear waste [15,16]. These are to be 
continuous-wave systems with beam powers that range up 
to 200 MW (200 mA beam current, 1000 MeV proton 
energy), specifications that are believed to be achievable 
with the present advanced state of accelerator technology 
[17]. 

The materials exposed to the most damaging radiation 
environments in an SNS are those in the path of the 
incident proton beam. This includes target and window 
materials. These materials will experience damage from 
the incident protons and the spallation neutrons. In addi- 
tion, some materials will be damaged by the spallation 
neutrons alone. The principal materials of interest for 
SNS's are discussed in [18,19]. The target should consist 
of one or more heavy elements, so as to increase the 
number of neutrons produced per incident proton. A liquid 
metal target (e.g., Pb, Bi, Ph-Bi, Pb-Mg, and Hg) has the 
advantage of eliminating the effects of radiation damage 
on the target material itself, but concerns over corrosion 
problems and the influence of transmutants remain. The 
major solid targets in operating SNS's (Table 1) and under 
consideration for the 1-5 MW SNS's are W, U, and Pb. 
Tungsten is the target material at LANSCE (Table 1), and 
is the projected target material for an upgraded LANSCE 

target that is presently being designed. It is also the 
projected target material for the tritium-producing SNS 
under design at LANL [14]. 

In this paper, we present the results of spallation radia- 
tion damage calculations (displacement and He produc- 
tion) for tungsten. Earlier spallation radiation damage re- 
sults were given for copper [20,21], Inconel 718 [22], 
stainless steel [23], and tungsten [24]. 

2. Computer codes 

The computer codes used in this investigation are LA- 
HET, MCNP, and SPECTER. LAHET [25] is the LANL 
version of the High Energy Transport Code, HETC, which 
was originally developed at ORNL [26]. It calculates the 
energy and direction of particles ejected from the intra- 
nuclear cascades and subsequent evaporation and fission. It 
also calculates the masses and recoil energies of recoiling 
nuclei and fission products. An option is available that 
gives the primary knocked-on atom (PKA) spectrum in 
terms of the raw recoil energies and the damage energies 
calculated according to the Lindhard model [27]. This 
option also gives the average damage energy per incident 
particle, (Taam)/n', where the average is taken over the n' 
histories being run. The thin-target damage-energy cross 
section is then given by 

cr E (6) 
N v x 

where N v is the atom density of the target and x is the 
target thickness. In accord with [28], the displacement 
cross section is then given by 

o d = (/3/2Ta)op. (7) 

where /3 = 0.8 and T d is the (effective) threshold displace- 
ment energy. The output for He gas production from 
LAHET gives the number of helium atoms produced per 
incident particle, n(He)/n ~. In analogy to Eq. (6), the 
helium production cross section is given by 

n ( H e ) / n '  
o'(He) (8) 

N v x  

For all the LAHET calculations in the present work, the 
target was assumed to be a circular cylinder, 0.5 m in 
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radius, with thickness x = 0.01 m. The atom density for W 
was taken to be N v = 6.30 × 1028 a toms /m 3. 

MCNP, the Monte Carlo code for the transport of 
neutrons and photons [29], is a continuous-energy code 
that transports neutrons and photons. It contains a sophisti- 
cated generalized-geometry utility that permits complex 
geometries to be modelled, and it employs the E N D F / B  
cross section library [30]. We use MCNP to evaluate 
neutron fluxes and spectra. 

For assessing radiation damage due to incident neutrons 
of energies below 20 MeV, we employed the SPECTER 
code [31], which uses the DISCS program [32] for dis- 
placement calculations. The underlying cross sections stem 
from the E N D F / B  libraries [30], and they extend up to 20 
MeV. The calculations embrace elastic and inelastic scat- 
tering, including thermal neutron capture (n, 3') events. As 
is the case for LAHET, SPECTER partitions recoil ener- 
gies into nuclear and electronic components in accord with 
the Lindhard model [27]. 

3. Displacement production 
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Fig. 4. Damage energy cross section and displacement cross 
section (using threshold displacement energy 90 eV) versus neu- 
tron energy for W as calculated by SPECTER (E < 20 MeV) and 
LAHET (E > 20 MeV). A polynomial fitted curve is also shown. 

Fig. 3 shows the damage-energy cross section and the 
displacement cross section for tungsten as a function of the 
energy of incident neutrons or protons from near 20 to 
1600 MeV as calculated by LAHET, where the conversion 
from (r e in Eq. (6) to ~d in Eq. (7) involved the use of 
threshold displacement energy T d = 90 eV [28]. The num- 
ber of incident neutrons or protons run was 150,000; thus, 
(Tda m) in Eq. (6) represents an average over 150,000 
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Fig. 3. Damage energy and displacement cross sections for tung- 
sten versus energy of incident particles. Threshold displacement 
energy 90 eV. LAHET calculations for 150,000 incident neutrons 
or protons. 

histories. We see that the proton cross sections lie dis- 
tinctly below those for neutrons at energies of about 100 
MeV and below, and only slightly below the neutron 
values at 200 MeV and above. Fig. 4 shows the damage 
energy and displacement cross sections versus neutron 
energy for tungsten, where the calculations for E < 20 
MeV were done by SPECTER and for E > 20 MeV by 
LAHET. The SPECTER output gives displacement cross 
sections directly for the stable tungsten isotopes, W-182, 
W-183, W-184, and W-186, which have abundances of 
26.3, 14.3, 30.7, and 28.6%. To obtain the plotted values 
for natural tungsten, we calculated an average weighted 
over these atomic fractions. The threshold displacement 
energy used for W in SPECTER was again 90 eV. One 
sees in Fig. 4 that the LAHET cross section lies somewhat 
below the SPECTER one at the dividing line energy of 20 
MeV between the two sets of calculations. We have ob- 
served this to be the case for a number of target materials, 
as is discussed further below. 

The differential displacement production rate is given 
by 

K~ = (r~&} (9) 

where ~b} is the differential neutron flux. The exact form 
of &} for an SNS depends, of course, on the particular 
design of the facility. As an example, we shall use the ~} 
that was calculated for an accelerator transmutation of 
waste (ATW) target consisting of a homogeneous mixture 
of tungsten and water (0.25 m radius; 85% volume fraction 
occupied by the tungsten) surrounded by heavy water [22]. 
The incident protons were assumed to have an energy of 
1600 MeV, a current density of about 2 0 0 / x A / c m  2, and a 
flat-profile beam radius of 0.2 m. A current density of 200 
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/ z A / c m  2 may represent an upper limit, and a more realis- 
tic value may well be perhaps one-third of this value. 
However, 200 / x A / c m  2 is being used as a reference 
parameter for the ESS [13], for which a liquid mercury 
target is anticipated. At the edge of our target (i.e., at 
r = 0.25 m), the flux of neutrons of all energies down to 
0.025 eV was calculated to be 1.3 × 1020 n/mZs.  The 
calculated differential neutron flux and the displacement 
cross section discussed above are shown in Fig. 5. The 
somewhat irregular cross section points for energies below 
about 0.01 MeV are due to (n, 7 )  recoil events. As 
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Fig. 6. Differential displacement production rate, K~, versus 
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expected because of  the presence of light and heavy water, 
Fig. 5 indicates a highly moderated neutron spectrum and a 
large increase in ~b~ with decreasing neutron energy, E. 
The plot in Fig. 6 shows the trend toward increasing K~ 
with decreasing E. Nevertheless, as seen in Fig. 7, the 
displacement production rate due to neutrons in the flux 
with energies below E begins to rise significantly only for 
energies above about 0.1 MeV, reaching a displacement 
rate of  44 dpa /y  or 0.12 dpa /d  (dpa/day)  for neutrons of 
all energies in the spectrum. Fig. 7 suggests that about 
60% of the displacements are due to neutrons with ener- 
gies below 20 MeV, and the median energy corresponding 
to fractional integral displacement rate of  0.5 is about 10 
MeV. 

The displacement production rate for tungsten in the 
direct proton beam is based on the incident current density 
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of 1600 MeV protons near 200 /zA//cm 2 or 1.24 × 1019 
p /mZs and the displacement cross section of 9184 b (Fig. 
3). This gives K d = 0.99 dpa/d ,  a quite substantial dis- 
placement rate. Bauer et al. [13] cite 2.8 dpa /d  for W due 
to the protons in a 5 MW SNS. 

4. H e l i u m  p r o d u c t i o n  

Fig. 8 gives the He production cross section versus 
incident energy for 150,000 incident neutrons or protons 
and 20,000 incident neutrons. The three curves are in 
reasonable agreement with the He production cross section 
reaching about 2.5 barns at 1600 MeV. When the neutron 
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Fig. 10. Integral helium production rate (appm He/s  due to 
neutrons of energies < E) and fractional integral displacement rate 
(fractional number of He atoms due to neutrons of energies < E) 
versus neutron energy E for tungsten. 

cross sections (150,000 histories) are multiplied by the 
ATW differential flux in accord with the analog to Eq. (9), 
we find that the differential helium production rate rises to 
a peak at about 200 MeV (Fig. 9) and then decreases 
monotonically upon further increase in neutron energy. 

Integrating K'(He) in Fig. 9 from 0 to E, we obtain the 
helium production rate due to neutrons of energies below 
E (Fig. 10). The production rate for all neutrons up to 1600 
MeV is 1.02 appm He /d .  Fig. 10 also shows f ,  the 
fractional He production rate in the ATW spectrum. The 
median neutron energy corresponding to f =  0.5 is about 
330 MeV. 

To obtain the helium production rate in W subjected to 
the direct 1600 MeV proton beam, we use the cross section 
of 2.37 b (Fig. 8) and again the incident flux of 1.24 × 1019 
p /m2s ,  which gives 254 appm He /d .  Bauer et al. [13] 
estimate 173 appm H e / d  for W in a 5 MW SNS. 

It is often of interest to examine the ratio, R, of the 
helium and displacement production rates. From the rates 
given above due to the spallation neutron spectrum, 1.02 
appm H e / d  and 0.12 dpa/d,  we get 8.4 appm He/dpa.  
For the 1600 MeV protons, we calculate 254 appm H e / d  
and 0.99 dpa/d ,  giving 258 appm He/dpa.  The R ratio 
decreases with decreasing proton energy, as is seen in Fig. 
11. 

5. D i s c u s s i o n  

As mentioned above, the discrepancy at 20 MeV shown 
in Fig. 4 between displacement cross sections calculated 
using LAHET and SPECTER has been observed for a 
number of materials, the LAHET cross section always 
lying below the SPECTER one. In addition, there seems to 
be a trend toward greater relative discrepancy for lighter 
target materials. Fig. 1 shows that the approximate mini- 
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mum energy for spallation increases with decreasing atomic 
weight of the target material. This suggests that the condi- 
tion for spallation is more difficult to achieve in the lighter 
targets, and therefore the discrepancy may be associated 
with lack of validity in the intranuclear cascade model at 
energies as low as 20 MeV. Another possibility is that 
LAHET does not transport neutrons below 20 MeV, so 
that the displacement production due to neutrons leaving a 
reaction with energies below 20 MeV is not taken into 
account. Fig. 4 shows that the discrepancy for W is not 
large, but this is a matter that will receive further investiga- 

tion. 
The results of our calculations concerning the displace- 

ment production indicate rates of 0.12 and 0.99 dpa /d  due 
to the spallation neutrons and the incident protons, respec- 
tively, or a total of about 1.1 dpa/d .  A rough indication of 
the consequences of this radiation exposure may be ob- 
tained by considering the effect of fission reactor irradia- 
tion on the ductility of tungsten. Krautwasser et al. [33] 
studied the effect of irradiations at about 250-300°C in the 
FRJ2 reactor at Jtilich and the HFR reactor at Petten on the 
ductile-brittle properties of pure W and two tungsten 
alloys as revealed by three-point bending tests. The pure 
W showed the least effect of the irradiation. But, even for 
the pure W, exposure to I. 1 dpa produced an increase in 
the ductile-brittle transition temperature of 485°C. For the 
full 200 / x A / c m  2 (1.2 X 1019 p/m2s)  proton beam, this 
suggests that after only one day in the SNS, the W target 
rods would be operating well into the brittle domain. For a 
proton beam with one-third of this current density, the time 
for a 485°C increase in the ductile-brittle transition tem- 
perature would still be only three days. This may be a 
matter of some concern, possibly suggesting that the target 
rods should be clad in a more radiation resistant envelope, 
even though the target rods will probably have low loads 
applied to them. 

Green et al. [34] presented the results of HETC calcula- 
tions of displacement and He production for 600 and 750 
MeV protons and measured He production for 750 MeV 
protons on W and other metals. The calculations were 
performed using HETC, and the measurements employed 
mass spectrometry following vacuum vaporization in a 
resistance-heated graphite crucible. The calculated results 
of Green et al. for the average damage energy per recoil 
and the damage energy, displacement, and helium cross 
sections for 600 and 750 MeV protons on W and their 
measured He production cross section for 750 MeV pro- 
tons are shown in Table 2. The results of the present study 
are also shown for comparison. The calculated (Taa m) per 
recoil, ere, and er a in the present study are somewhat 
lower than those calculated by Green et al., but neverthe- 
less in reasonable agreement. However, for the He cross 
section for 750 MeV protons, the value calculated by 
Green et al. is much greater than the measured value, 
whereas the value calculated in the present work, 0.74 b, is 
quite close to the measured cross section, 0.76 b. The 

Table 2 
Comparison of present work with Green et al. [34] 

Green et al., Green et al., Present work, 
measured calculated calculated 

(Tda m ) per recoil (keY) 
600 MeV p's 658 
750 MeV p's 722 

o¥ (b keV) 
600 MeV p's 1533 
750 MeV p's 1743 

~r d (b) 
600 MeV p's 6813 
750 MeV p's 7747 

~r(rte) (b) 
600 MeV p's 
750 MeV p's 0.762 

R (appm He/dpa) 
600 MeV p's 245 
750 MeV p's 98 ~ 272 

641 
688 

1356 
1578 

6065 
7015 

0.452 
2.109 0.744 

75 
106 

R = appm He (measured)/dpa (calculated). 

reason for the discrepancy in the measured and calculated 
750 MeV proton cross sections, 0.76 and 2.11 b, respec- 
tively, in the Green et al. study is not clear, but one 
possibility lies in the selected nuclear level density option. 
In our version of LAHET, this refers to the 13th data item 
in record 4, ILVDEN. This item has three options as 
indicated in [25]: option 1, the original HETC level density 
formulation; option 2, the Gi lber t -Cameron-Cook-  
Ignatyuk level density model (default option), and option 
3, the JiJlich level density parametrization as a function of 
mass number. In all of our results presented in this paper, 
we have used option 2, which gives the He production 
cross section of 0.74 b for 750 MeV protons on W, as 
shown in Table 2. But, we have also done the calculation 
for 750 MeV protons on W using the other two options. 
Option 1 gives 0.89 b and option 3 gives 2.45 b. Thus, the 
calculated He production can depend greatly on the ILV- 
DEN option selected. The above discussion indicates the 
importance of stating the particular options that are used in 
reporting the results of HETC and LAHET calculations. 
But chiefly, perhaps, it indicates that the codes need to be 
checked by comparison with experimental results wherever 
possible. 

6. Summary 

SPECTER calculations for neutron and proton energies 
below 20 MeV and LAHET calculations above 20 MeV 
were used to calculate displacement cross sections for 
tungsten. The displacement cross section for tungsten rises 
to about 9000 b for 1600 MeV neutrons or protons. The 



184 M.S. Wechsle r et al. / Journal of Nuclear Materials 244 (1997) 177-184 

total displacement rate in a neutron spectrum based on a 
simulated ATW SNS with incident proton current density 
of 200 / ,~A/cm 2 is calculated to be about 0.12 d p a / d  due 
to the spallation neutrons, and about 60% of the displace- 
ments are due to neutrons below 20 MeV. For tungsten in 
the direct proton beam, the displacement rate is about 1 
dpa /d .  The helium production rate in the ATW spectrum 
of spallation neutrons and in the direct 200 / z A / c m  2 
proton beam are calculated to be 1.0 and 254 appm H e / d ,  
respectively. The current density of 200 / . tA /cm 2 may 
represent an upper limit to what is achievable, with more 
reasonable levels reduced from these by a factor of about 
1 /3 .  However, even for this lower-current-density case, 
radiation damage to the tungsten target rods is likely to be 
substantial. 
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