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Abstract

In order to estimate the accuracy of the NMTC/JAERI-MCNP-4A code system, an analytical study is
performed for the distributions of reaction rates of various activation samples on the surface of a cylindrical thick
tungsten target bombarded with 0.8 and 1.2 GeV protons. It is found through the comparison between the
experiment and calculation that the NMTC/JAERI-MCNP-4A code system can represent the reaction rates of the
activation detectors which are sensitive to the sub-10 MeV neutrons with an accuracy of 10 to 15%. As the
threshold energy of the activation detector increases, however, the agreement becomes worse. The calculated
results are SO 10 75% in the C/E ratios for the activation detectors sensitive to the neutrons with tens of MeV.
The disagreement suggests that the NMTC/JAERI estimates too low the production of neutrons with energies of
several tens of MeV in the thick target.




1. Introduction

An accelerator-driven subcritical system is proposed as one of options for the transmutation of long-lived
transuranic (TRU) nuclides. Various-concepts{1-5] have been proposed for the accelerator-driven transmutation
systems. Many of them adopt the design concept that the subcritical core consists of a spallation neutron target
surrounded with a blanket including TRU fuels. The target is bombarded with intermediate energy protons of 0.8
to 1.6 GeV with a current of several tens of mA. A heavy metal such as tungsten and lead has been generally
selected as target material in design studies because it has high neutron yield of a couple of tens of neutrons per
incident proton and can suppress the power density distribution within an acceptable level.

The neutron yield and source neutron energy spectra are important factors to characterize not only the
neutronic performance of the subcritical core but for the shielding design. The neutronic calculation of
accelerator-based transmutation systems has been carried out with a Monte Carlo simulation code system
combining the nucleon-meson transport code such as LAHETI6], HETC-KFA[7] and NMTC/JAERI[8] with the
neutron transport code of MORSE[9] and MCNP[10]. Since there are few available nuclear data covering the
energy region up to afew GeV yet, it is necessary to enhance the accuracy of the nucleon-meson transport code
for detailed neutronic design studies.

It is known that the nucleon-meson transport codes can describe the spallation reaction qualitatively well.
However, there still remains some points to be improved in the code. Those aspects were recently confirmed
through a code intercomparison conducted by OECD/NEA[11-13]. In JAERI, we have also been estimating the
accuracy of the NMTC/JAERI code in comparison with our own experimental data[14-18] in the intermediate
energy region of 40 MeV to 3.0 GeV.

As an extension of the study, a reaction rate distribution measurement on a thick tungsten target was
carried out using protons of 0.8, 1.0 and 1.2 GeV as a cooperative work between JAERI and Institute of
Theoretical and Experimental Physics under the contract of International Science and Technology Center project
#157. Analytical study has just started using the NMTC/JAERI-MCNP-4A code system. This paper presents
the comparison of the calculated results with experimental ones for the reaction rates of some activation detectors
for 0.8 and 1.2 GeV proton incidence.

2. Experimentals

The experiment was carried out at the booster beam line of Institute of High Energy Physics in Russia.
In the experiment, 0.8, 1.0 and 1.2 GeV protons were injected into a cylindrical tungsten target having the size
of 20 cm in diameter and 60 cm in length. The purity and density of the tungsten target was 19.1 g/cc and
99.95%, respectively. Reaction rate distributions on the cylindrical side surface of the target were measured
using various kinds of activation detectors. For the 0.8 and 1.2 GeV proton incidence, the high purity foils of
27Al, 12C, 31P, 328, 103Rh, 115In, 197Au and 209Bi were put on the side surface at the distances of 2, 8, 12, 17,
30 and 55 cm from the beam incident surface. In this study, the reaction rates of the 27Al, 31P, 32§ and 209Bi
samples were analyzed. The physical and nuclear characteristics of the activation detectors are summarized in
Tables 1 and 2, respectively. -

During the irradiation period, proton beam intensity was monitored using an induction current sensor with
an accuracy of about 3 %. The profile of the beam was the Gaussian distribution with a FWHM of 2.4 cm. The
number of protons injected in the target was 1.3x1014 to 4.3x1015., The y and B rays from the activation
detectors were measured using Ge-detectors and polystyrene scintillation counters, respectively. The error in
determining the activities of the activation samples were less than 3% at 0.95 confidence level for the y-ray
measurement, while less than 22% at 0.95 confidence level for the B-ray measurement.

3. Calculation

The calculation was carried out using the nucleon meson transport code NMTC/JAERI and the continuous
energy Monte Carlo code MCNP-4A. The flow of the calculational procedure is shown in Fig. 1. NMTC/
JAERI calculated the nuclear reactions on the basis of the intranuclear cascade[19] evaporation[20] model
including the high energy fission process[21] and also simulated the particle transport in a thick medium. The
parametrized in-medium nucleon-nucleon (NN) cross sections[22] similar to those of Cugnon[23] were employed
instead of the free NN ones in the intranuclear cascade calculation. The level density parameter derived by
Ignatyuk{24] with the parameters proposed by Mengoni et al.[25] was selected in the evaporation calculation. In
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the particle transport calculation, the cutoff energy was set to be 5 MeV for charged particles and 20 MeV for
neutron. The nucleon-nucleus collision cross sections based on the systematics derived by Pearlstein[26] were
employed in the energy region below. 1 GeV, while the geometric cross sections were used in the energy region
above 1 GeV. The transport of neutrons in the energy region below 20 MeV was calculated with MCNP-4A
using a continuous energy cross section library, FSXLIB-J3R2([27], which was processed from the nuclear data
file JENDL-3.2[28]. Here, the neutron induced nuclear reactions below 20 MeV are taken into account as the
cross section data in FSXLIB-J3R2.
Reaction rate of the activation detector, j , on the cylindrical surface of the tungsien target is obtained as
Emax
R= | G(E)NENE | 0
Eth
where o;(E) represents the nuclide production cross section and ¢(E) stands for the neutron or proton flux. In this

calculation, the energy group structure defined in the HILO-86R library[29] was employed up to 400 MeV. In
order to cover the higher energy region, supplemental energy groups of 50 MeV interval were added up to 800
MeV and then those of 100 MeV one were given between 800 and 1200 MeV.

As for the nuclide production cross section, the data of JENDL Dosimetry file[30] were used in the
MCNP-4A code in the energy region below 20 MeV. In the energy region above 20 MeV, on the other hand,
the nuclide production cross sections were calculated with the ALICE-F code[31] at the energy boundary of the
energy group structure. The cross section in each energy group was obtained by the weighted average of the
calculated values with 1/E spectrum.

The neutron or proton flux was calculated with the NMTC-JAERI-MCNP-4A code system for the
incident protons of 400,000 with the revised data and parameters described above. The profile of proton beam
was selected as the gaussian distribution of 2.4 cm in FWHM. In the error estimation, the statistical error of the
neutrons counted in each energy group was only taken into account. The ambiguity of the nuclide production
cross section was not included. For the C/E ratios, the error was obtained from the experimental error and the
statistical error in the calculation based on the propagation theory.

The contribution of leakage protons to the reaction rates was estimated with the nuclide production cross
sections calculated with ALICE-F. It was found that the contribution of the proton induced reactions was so
small as a few percent of the total reaction rate even in the most sensitive case. In consequence, the calculated
results of the neutron induced reaction are compared with the experimental ones in the following discussion.

4. Results and Discussion

The calculated reaction rates are compared with the experimental ones in Figs. 2 to 5. The C/E rations of
the reactions are shown in Fig. 6. The sensitivity of the reaction rates to the neutron energy are shown in Fig. 7
for the activation detectors whose threshold energies are lower than 20 MeV. It is observed in Fig. 2 that the
calculated reaction rate distributions agree well with those of experimental ones for all the reactions at incident
energy of 0.8 GeV. Judging from the results of C/E ratios, good agreement is obtained between the calculated
and experimental reaction rates of 32S(n,p)32P and 27Al(n,p)2’Mg. A large difference appears between the
calculated and experimental results of the 31P(n,p)31Si reaction in the region from 2 to 12 cm. For the
27Al(n,p)24Na reaction, the calculated reaction rates are constantly lower than the experimental ones about 25 to
30% at all the positions. The most sensitive neutron energy is between 8 and 25 MeV for this reaction as seen
in Fig. 7. Since the ambiguity of the cross section data of the 27Al(n,p)24Na reaction is not so large as 30% in
that energy region, the disagreement indicates that the NMTC/JAERI-MCNP-4A code system estimates the
leakage neutron in that energy region as low as about 25 to 30%.

As shown in Fig. 3, the agreement between the calculated and experimental reaction rates is poor for the
activation detectors with higher threshold energy. It is observed in Fig. 6 that the calculated results are about 25
to 30% lower than the experimental ones for 209Bi(n,4n)206Bi, 209Bi(n,5n)205Bi, and 209Bi(n,7n)203Bi. As faras
the 209Bi(n,6n)204Bi reaction is concerned, a significant disagreement of a factor of 2 or more is observed between
the calculated and experimental results. The sensitivity of the reaction rates to the neutron energy are shown in
Fig. 8 for the 209Bi(n,xn) reactions. The 209Bi(n,6n)204Bi reaction is dominant in the energy range of 45 t0 90
MeV. Figures 9 to 12 compare the calculated nuclide production cross sections of the 209Bi(n, xn) reactions with

325




recent experimental results[32]. It is observed that the calculated nuclide cross sections are in fairly good
agreement with the experiment ones and never deviate from those more than a factor of 2 in the sensitive energy
region of 45 to 90 MeV. Therefore, the disagreement in the 209Bi(n, xn) reactions seems to mainly come from
the underestimation of the amount of leakage neutron by the NMTC/JAERI calculation.

For the 1.2 GeV proton incidence, it is observed in Figs. 4 and 6 that the calculated results are in good
agreement with the experimental ones for the 325(n,p)32P reaction except at the distance of 55 cm. The fairly
good agreement is obtained in the results of the 31P(n, )31Si reaction although the calculated results are slightly
higher than the experimental ones. The calculated reaction rates of the 27Al(n,p)27Mg reaction are lower than the
experimental results by 15 to 20% near the front surface, while they agree well with the experimental results
between 12 and 30 cm. A significant underestimation of 21 1o 34% is observed in the results of the 27Al(n.p)
24Na reaction except for the position of 55 cm. This is the same tendency as for the analysis of the 0.8 GeV
proton incidence.

In Fig. 4, it should be noted that the experimental reaction rates decrease rapidly from 30 cm to 55 cm.
Such phenomena, on the other hand, do not appear in the calculated results. This leads to the significantly large
C/E ratios at 55 cm for those reactions although they are not shown in Fig. 6. The neutron production at the
decp position seems 10 be estimated too large by the reason that the mean free path of high energy neutron or
proton is overestimated by NMTC/JAERI. This problem is, however, not resolved for the time being.

As far as the 209Bi(n,xn) reactions are concerned, the NMTC/JAERI calculation again gives lower reaction
rates than the experimental ones as seen in Fig. 5. Judging from the C/E rations shown in Fig. 6, the degree of
agreement is almost the same as for the case of the 0.8 GeV proton incidence. The C/E ratios of the 209Bi(n4n)
206B] reaction are poorer than that for the 0.8 GeV proton incidence. These results indicate that the present
NMTC/JAERI code estimates the production of neutrons with energies of several tens of MeV too low even for
the 1.2 GeV proton incidence. At the position of 55 cm, the phenomena mentioned above does not appear for
the 209Bi(n,xn) reactions.

The present NMTC/JAERI code has already been employed in the analysis[16)] of the neutron spectra of a
thick lead target bombarded with the 0.5 and 1.5 GeV protons. It was pointed out in Ref. 16 that the code gave
lower neutron yield than the experimental results especially in the energy region between 20 and 80 MeV. The
present analysis points out the same feature of NMTC/JAERI as for the previous one. Since various
microscopic factors are mixed in the results of integral experiment, the cause of the problem is not attributed
only to the treatment of the nuclear reaction process. It is also necessary to investigate the accuracy of the
nucleon-nucleus cross sections employed in the energy region above 20 MeV.

At last, a large fluctuation is observed in the C/E ratios of a part of the reaction rates, e.g. 209Bi(n,4n)
206Bi and 209Bi(n,7n)203Bi at the distance of 30 cm for the 0.8 GeV proton incidence. Some additional error may
be included in those experimental results.

5. Concluding Remarks

The reaction rate distributions of various activation detectors on the cylindrical surface of a tungsten target
bombarded with 0.8 and 1.2 GeV protons were analyzed with the NMTC/JAERI-MCNP-4A code system. It was
found through the comparison with the experimental results that the code system predicted the reaction rates
induced by the sub-10 MeV neutrons with an accuracy of 10 to 15%. Considering that some approximations are
included in both the nuclear reaction and particle transport calculation parts of NMTC/JAERI, the accuracy of the
code is reasonable.

For the activation detectors sensitive to the neutrons with tens of MeV, however, the agreement between
the calculated and experimental results reduced and the C/E ratio was in the level of 50 to 75%. These results
suggested that NMTC/JAERI estimated the neutrons in tens of MeV region too low. This feature of NMTC/
JAERI was consistent with the conclusion obtained from the other work on neutron spectra measurement and
should be improved by further studies from both the microscopic and macroscopic point of view.
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Table 1. Physical characteristics of activation detectors.

Sample Size (mm) Density (g/cc)  Purity (%)
P 200x3 2.20 100
S 200x3 2.07 95.02
Al 25 x25x1.6 2.699 100
Bi 200 x 1 9.747 99.99

Table. 2. Nuclear characteristics of activation detectors.

Reaction Half-Life Y-/B-ray Energy Emission Rate Threshold Energy
328(n,p)32P 14.3 days 694.7 keV (B) 1.0 0.96 MeV
31P(n,p)31Si 157.3 min 595.7 keV (B) 0.999 0.73 MeV
27Al(n,p)2"Mg 9.45 min 843 keV (V) 0.7 1.9 MeV

27 Al(n,0.)24Na 15.0 hours 1369 keV (v) 1.0 327 MeV
209Bi(n,4n)206Bi 6.243 days 803.1 keV (y) 0.989 22.56 MeV
209Bi(n,5n)205Bi 15.31 days 703.4 keV (y) 0.311 29.63 MeV
209Bi(n,6n)204Bi 11.22 hours 374.7 keV (Y) 0.737 37.99 MeV
209Bi(n,7n)203Bi 11.76 hours 820.2 keV () 0.296 45.31 MeV
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Fig. 1. Calculation flow of the NMTC/JAERI-MCNP-4A code system.
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Fig. 6. C/E ratios between the calculated and experimental reaction rates of the activation detectors :

(a) 2S(n, p)™P reaction, (b) >'P(n, p)*'Si reaction, (c) ?’Al(n, p)*’Mg reaction, (d) ¥Al(n, c)**Na reaction,

(e) ®Bi(n, 4n)*Bi reaction, (f) **Bi(n, 5n)?*Bi reaction, (g) **Bi(n, 6n)**Bi reaction, (h) *’Bi(n, 7n)*”Bi
reaction. The solid and open marks indicate the results of the 0.8 and 1.2 GeV proton incidence, respectively.
The lines are for eyeguide.

331



Fraction

0.30 ———— T . 0.30 e AR Ses tAR e e e o ——
L 800 MeV p on W-target (820(? MedV p on \évc;éarg);eti
[ i 1 [ cm giam, X m)
025 F Zizem 0, 1 oz} 2=tz em ]
. S(n,p)’2P | \ f : A Bi(n,4n)™Bi ]
0.20 E ......... P(n,p):ﬂs‘ ! \ ‘:' 0-20 E‘ ::E s :'\ ......... Bi(n.Sn)msBi -:
F === Al(n,p)"Mg oY 15 _ tho1y TTToBin6n) B
015 | ~ - - Aifn.alpha)™Na '{ \ 1 §015 S Y — =B ]
[ A & - r ) ]
0.10 | AN 0.10 | LI
0.050 | 0.050 |
0.0 & 0.0 broiiiott, S =
1 0 50 100 150 200

Neutron Energy (MeV) Neutron Energy (MeV)

Fig. 7. Sensitivity of the reaction rates to the neutron
energy for S(n,p)**P, P(n,p)*'Si, Al(n,p)*’Mg and Al(n,
0)*Na at the distance of 12cm from front surface.

Fig. 8. Sensitivity of the reaction rates to the neutron
energy for Bi(n,4n)**Bi, Bi(n,5n)**Bi, Bi(n,6n)**Bi
and Bi(n, 7n)**Bi at the distance of 12cm from front
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Fig. 9. Experimental and calculated cross section of
25Bi(n, 4n)**Bi. The open marks indicate the experi-
mental data[32]. The solid lined represems the calcu-
lated results of ALICE-F.

Fig. 10. Experimental and calculated cross section of
298(n,5n)**Bi. The notes to the marks and lines are
the same as for Fig. 9.
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Fig. 11. Experimental and calculated cross section of
29Bj(n,6n)**Bi. The notes to the marks and lines are
the same as for Fig. 9.
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Fig. 12. Experimental and calculated cross section of
29Bi(n,7n)*?Bi. The notes to the marks and lines are
the same as for Fig. 9.
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