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ABSTRACT 

The influence of the nuclear level density 
parameters of the various nuclides determined 
recently’ on the neutron yields, produced by 0.8 - 1.4 
GeV proton bombardments of thick tungsten target, 
was investigated. The results show that better 
agreement between measurements and LAHET 
calculations is achieved on the basis of a new set of 
level density parameters. 

I. INTRODUCTION 

Spallation reaction measurements2 on thick 
targets of tungsten and lead have been carried out at 
the BNL AGS accelerator for the purpose of 
applications, such as accelerator production of tritium, 
acceleratordriven transmutation systems, and 
spallation neutron sources.54 In addition, the results of 
these measurements sewed as benchmarks for the 
LAHET-MCNP code system5. As modeled in the 
LAHET code, neutron production by high energy 
protons on thick targets is due to two mechanisms: 
one is the intranuclearhternuclear cascade process, 
the other the evaporation process. Since the latter 
process accounts for about 75% of the neutron 
production rates for thick W target (Fig. l), the 
calculated neutron yield per proton is then quite 
sensitive to the level density parameters. In the 
LAHET code, three options for the selection of the 
level density parameters are available for the user: one 
borrowed fiom the ORNL HETC code: a second 
which is based on the Gilbert-Cameron-Cook Ignatyuk 
formulation, and a third which is termed the Juelich 
representation. In effect, the latter option is essentially 
based on the nuclear level density parameters reported 
by Baba.’ 

Previous determinations of the nuclear level 
density parameters for the various nuclides were b e d  
on an assumed theoretical value for the spin dispersion 
parameter. In a recent study: it was demonstrated that 
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the spin dispersion parameter, u 2, in the Bethe level 
density formula is about half of the theoretical 
estimate. This new finding has a significant impact on 
the magnitude of the level density parameters derived 
from the neutron resonance data. 

II. ANALYSIS AND RESULTS 

As generated by a MCNP calculation, a cross 
sectional view of the experimental arrangement3 is 
depicted in Fig. 2. As shown, the central W target, 
(10.2 cm diameter by 40 cm in length) is swounded 
by two concentric arrays of %e proportional counters, 
embedded in high density polyethylene moderator. It 
is particularly important to note that the incident 
protons are individually monitored by two “paddles” in 
tandem. The measurements) were carried out on an 
event by event basis using time-of flight method to 
identify particles with the same momentum. Therefore, 
the neutron yield per proton was measured directly 
without the need of additional measurements for the 
purpose of determining the proton flux. 

The present version of MCNP computes the 
neutron counts in the detector below an energy of 20 
MeV. To obtain the total neutron yield for all neutron 
energies produced in the W target would require a 
knowledge of the efficiency of the whole detector 
system. Thus the comparisons with the code system 
are carried out between the number of neutrons 
detected by the )He proportional counters and the 
predictions of the LAHET-MCNP calculations. This 
procedure eliminates requiring a knowledge of the 
detector efficiency. In this detector system, every 
neutron reacting with %e is detected. 

Before presenting the results, and to illustrate the 
importance of the level density parameter in the 
calculations we show in Fig. 1, the results of the 
LAHET computations of the n/p ratio for the 
evaporation (asterisks) and the cascade (solid circles) 
contributions, as well as the totals (diamonds) as a 
function of incident proton energy for a tungsten 
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Figure 2 A cross Sectional view of the experimental arrangement as modeled in 
MCNP. 
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target. For comparison, the experimental points (stars) 
are also displayed. As shown, the evaporation 
contribution for this case is about 75% of the total 
yield. In addition, the LAHET predictions are larger 
than the measured values. The reason for this 
discrepancy is explained in the following section. In 
all the present computations, the preequilibrium model 
following the intranuclear cascade process is used. 

In Fig. 3, a comparison between the level density 
parameters reported in Ref. 7 (LAHET option 2) and 
Ref. 2 is made. As shown, the recently determined 
nuclear late1 density parameters' are smaller than 
those reported' previously, particularly for the nuclear 
mass region above A=130. In addition, the upper curve 
represents, the asymptotic values of the LAHET level 
density parameters (see Eqn. 1 below), while the 
second lower curve designates the corresponding 
parameters determined recently (Eqn. 2). 

In Table 1, a summary of the W experimental 
results for n/p is compared with various calculations. 
In columns 1 and 2, the incident proton energies and 
the corresponding measured neutron yields are shown. 
Since no measurement was carried out for a W target 
at 1.2 GeV, the indicated value in the second column 
is an interpolation between 1.0 and 1.4 GeV. The 
number of neutrons per incident proton, predicted by 
the LAHET-MCNP code system, are shown in 
columns 3,4, and 5 for three sets of the nuclear level 
density parameters. In column 3, the calculations are 
based on the level density parameters of the Gilbert- 
Cameron-Cwk-Ignatyuk parameterization. We point 
out that for this option the asymptotic level density 
parameter in LAHET is represented by8 

a , ,=0 .137514-8 .36~10-~A~ (1) 

Note that this result is quite different from that derived 
by Mughabghab and Dunford: ' 

= 0.076A + 0.180A + 0.157A In (2) 

The negative sign and the A' dependence in Eqn. 1, 
which were originally reported in Ref. 9, do not have 
a physical justification. 

In column 4 of Table 1 the calculations are carried 
out with the Juelich (Baba) level density parameters 

(LAHET option 3). Note that the LAHET 
computations over predict the measurements for both 
sets of level density parameters by about 17% and 
about 7% for the Gilbert et al., and the Juelich level 
density parameters, respectively. On the other hand, 
better agreement between calculations and 
measurements is achieved when the Juelich (Baba) 
parameters are reduced by 20%, which then closely 
correspond to the recently determined level density 
parameters'. 

III. DISCUSSION AND CONCLUSION 

The present study demonstrates that the level 
density parameters play a dominant role in the 
prediction of spallation neutron production. A 
comparison between the LAHET predictions and 
measurements for a thick W target show that the 
calculations are larger than the measurements by 17% 
or 7% when the Gilbert et al., parameterization or the 
Juelich level density parameters are selected, 
respectively. The large discrepancy for the former case 
is partially due to the different parameterizations (Eqn. 
1 versus Eqn. 2. See also Fig. 3), as well as differences 
in the values of the shell energies. 

Alternative approaches for reducing some of the 
discrepancy between measurements and predictions 
can be obtained by improving the nonelastic cross 
sectiondo for neutrons and protons in the energy region 
above 20 MeV or the intranuclear cascade model.'' 
However, these impnwementslo amount to only about 
3% and still leave a large discrepancy between the 
present measuremend and predictions. On the other 
hand, as demonstrated in the present study, 
improvement' in the level density parameters does 
remove the large discrepancy to a large extent. 
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Figure 3 Comparison of the level density parameters reported in References 1 and 
7. The upper and laver cwves correspond to Eqns. 1 and 2, respectively. 



Table 1. Comparison between Measurements and LAHET-MCNP Calculations for Three Sets of the Level Density 
Parameten. 

ENERGY dP d P  d P  d P  
(@v) experimenp calculationsb calculations‘ calculationsd 

0.80 4.23 f 0.11 4.97 4.51 4.38 

1.00 5.71 f 0.15 6.58 6.21 5.51 

1.20 6.82‘ 8.11 7.27 6.94 

1.40 7.94 f 0.21 9.43 8.55 8.00 

a. Ref. 3. 
b. Gilbert-Cameron-Cook-Ignatyuk level density parameters. 
c. Juelich (Baba) level density parameters. 
d. Juelich (Baba) level density parameters reduced by 20% on the basis of the present results. See text. 
e. Interpolated value between 1.00 and 1.40 GeV experimental values. 
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