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ABSTRACT 
Double differential neutron spectra from a thick lead target bombarded with 0.5 and 

1.5 GeV protons have been measured with the time-of-flight technique. In order to obtain 
the neutron spectra without the effect of the flight time fluctuation by neutron scattering in 
the target, an unfolding technique has also been employed in the low energy region below 3 
MeV. The measured data have been compared with the calculated results of NMTC/JAERI- 
MCNP-4A code system. It has been found that the code system gives about 50 % lower 
neutron yield than the experimental ones in the energy region between 20 and 80 MeV for 
both incident energies. The disagreements, however, have been improved well by taking ac- 
count of the in-medium nucleon-nucleon scattering cross sections in the NMTC/JAERI code. 

1. Introduction 
With recent progress of the accelerator technology, various utilizations of a high en- 

ergy and high current proton accelerator are proposed for various purposes such as neutron 
scattering study and accelerator driven actinide transmutation[l]. For the design of the target 
and shielding of the accelerator facilities, it is necessary to estimate the reaction rate and the 
neutron production in a thick medium in the energy region up to several GeV as accurately as 
possible. Nucleon-Meson Transport Codes such as NMTC/JAERI[2] and LAHET[3] have 
been widely employed for the neutronics calculation. 

It is generally known that the codes can describe the particle productions and the 
transport in a thick medium. The accuracy of the codes is not completely satisfactory yet. In 
order to comprehend and improve the accuracy of the code, several studies[4,5] have been per- 
formed from both the theoretical and the experimental points of view. A series of measure- 
ments of neutron production double differential cross sections were carried out at 
LANL[6,7,8,9] and KEK[lO]. In LANL, the neutron yields in stopping-length targets were 
also measured with 113 and 256 MeV protons[5,6]. There is only a few data[ll,l2] on the 
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neutron spectra from thick targets bombarded with protons at incident energies higher than 
256 MeV. 

In this study, the neutron spectra from a thick lead target bombarded with 0.5 and 1.5 
GeV protons have been measured at 6 angles between 15” and 150” using the TOF and un- 
folding techniques. The measured data were compared with calculated results of the 
NMTC/JAERI-MCNP-4A code system. 

2. Experimental Procedure 
2.1 Incident Protons and Target 

The experiment was carried out at the rc2 beam line of National Laboratory for High 
Energy Physics (KEK) in a series of double differential neutron production cross section 
measurements[lO]. The illustration of the experimental arrangement is shown in Fig. 1. The 
incident proton was supplied as the secondary particle generated by an internal target which 
was placed in the accelerator ring of the 12 GeV proton synchrotron. The intensity of the 
incident particles was so weak ( ~105 particles/macro pulse ) that incident protons were 
counted one by one with beam scintillators. The size of the incident beam was 2.0 cm in the 
perpendicular plane and 1.6 cm in the horizontal one in FWHM, respectively. The protons 
were identified from the pions produced at the internal target by the time-of-flight (TOF) 
technique with a pair of scintillators (Pilot U) which were located at a separation distance of 
20 m. Each Pilot U scintillator was connected with two photomultipliers on opposite sides. 
The beam damp was a carbon block pile of 0.5 x 0.5 m2 in the area and 1 m in thickness. 
The carbon was surrounded by sufficiently thick iron blocks except on the beam-incident 
surface. The distance from the target to the beam dump was 8.5 m. 

The lead target was a rectangular parallelepiped 15 x 15 x 20 cm3 whose purity was 
99.95%. It was thick enough to stop 0.5 GeV protons completely, while it caused the energy 
loss of 0.26 GeV on average for 1.5 GeV protons. 

2.2 Neutron Detector 
NE213 scintillators having the size of 12.7 cm in diameter and 12.7 cm in thickness 

were used as neutron detectors. The detectors were placed at angles of 30”, 60”, 90”, 120” 
and 150” to the beam axis and at a common distance of 1 m from the target. At the angle 15’, 
the distance was chosen 1.5m so that the higher energy resolution was achieved. In order to 
reject the events induced by the charged particles (i.e. n;, p, d) produced in the lead target, 
NE102A scintillators of 17 x 17 x 1 cm3 were used as veto counters. They were placed in 
front of the NE213 scintillators at a distance of 2 cm. 

The pulse height of the neutron detectors was calibrated by standard gamma ray 
measurements. The gamma ray energies are summarized in Table 1 with the light outputs 

Table 1. a ray 

a 1 MeVee corresponds to the light output given by 1 MeV electron. 
b Only one Compton edge is observed, because NE213 has poor resolution to distinguish 2 

Compton edges. This light output is calculated with the average energy of 2 gamma rays. 
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at the half height of Compton edges. The light output was derived from the empirical 
formula of Dietze[l3] and expressed in the unit of electron equivalence. A good linearity 
between the light output and the measured signal was verified below 4.33 MeVee. 

2.3 Electronic Circuit 
The diagram of the electronic circuit is shown in Fig. 2. When a coincidence of the 

signals from all beam scintillators took place, a pulse with a time duration of 150 ns was sent 
to the next coincidence unit. The events arising from incident pions were eliminated with the 
help of the coincidence pulse of all beam scintillators. The number of incident protons was 
accumulated by the scaler. A good discrimination for the incident proton against the pion 
was achieved so that the uncertainty of the counting could be less than 1 %. The TOF 
spectrum was obtained from the difference of digitized occurrence tirne between NE213 
scintillator and beam scintillators (PO1 and P02) pulses. 

Anode signals of the photomultipliers connected with NE213 scintillators, were 
branched out to four pulses. Three pulses and gate signals were supplied to three ADCs that 
digitized the integrated charge of the pulses during the gate signal independently. The pulse 
height distribution was obtained from the ADC-3 which collected the total charge of pulse. 
The other ADC-1,2 digitized the integrated charge of the fast and tail parts of scintillation 
pulse, in order to reject the events induced by gamma rays employing the two-gate 
integration method[l4]. The conceptual diagram of this method is shown in Fig. 3. All 
digitized data were taken event by event and stored in the magnetic tape for off-line analyses. 

3. Data Analysis 
3.1 TOF Analysis 

Figure 4 shows an example of the TOF spectrum from the target, whose horizontal 
axis is reversed. A sharp peak due to prompt gamma rays is observed around 3100 channel. 
The width was typically 1.5 ns in FWHM. After the neutron events were discriminated from 
the gamma ray ones, the TOF spectrum of the neutrons was obtained as shown in the bottom 
of Fig. 4. By interposing an iron block of 50 cm in thickness between the target and detector, 
the room back ground was measured and found to be negligible. 

The energy spectrum of the neutron is converted from the net TOF spectrum by the 
following expression, 

d2n 4 -= 
dEdS-2 Np~AQAE’ I (1) 

where N, and Np are the counts of neutrons and incident protons, respdctively, E the detection 
efficiency for the neutron, AB the solid angle sustained by the detector to the center of the 
target, E the neutron energy, t the flight time, m, the rest mass of the neutron, c the light 
speed, to the flight time of the prompt gamma ray and L the distance between the centers of 
target and detector. Here, the distance from the neutron producing point to the detection 
point is assumed to be L. This assumption was confirmed by a Monte-Carlo calculation 
which gave the standard deviation of the distance L smaller than 6 %. 

The detection efficiencies were calculated for the energy range below 80 MeV with 
SCINFUL[ 151 and up to 1.5 GeV with Cecil[l6]. The results are shown with the 
experimental ones in Fig. 5. It is observed that SCINFUL results agree with the experimental 
data[17,18] much better than Cecil. In the TOF analysis, therefore, the SCINFUL results 
were used as the detection efficiency below 80 MeV. Above 80 MeV, on the other hand, the 
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calculated efficiency of Cecil adjusted to connect smoothly with that of SCINFUL at 80 MeV 
was employed. Two neutron spectra were obtained with two efficiencies using the 137Cs and 
6oCo biases which were set at the half height of Compton edges for 137Cs and 6oCo gamma 
rays, respectively. The neutron spectra determined with 137Cs bias agreed with those 
determined with the 6oCo bias within the statistical errors. Since the statistical accuracy of 
the spectra obtained with the 137Cs bias was higher than that of 6oCo bias, the results with the 
137Cs bias were adopted as the resultant neutron spectra. 

3.2 Unfolding Analysis 
Since the target was thicker than the mean free path for the neutrons with the energy 

below 200 MeV, most neutrons react with target nuclei more than once in the transport 
process. The scattered neutron has some delay in the flight time in comparison with the 
neutron which comes out the target without scattering. The delay makes apparent neutron 
energy spectrum obtained by the TOF technique softer than the real one. We analyzed the 
pulse height distribution by the unfolding technique to obtain the neutron spectrum 
independently. The unfolding analysis employed the code FORIST[19] which used a 
response matrix calculated with SCINFUL. The neutron spectra in the energy region below 
14 MeV were obtained by the unfolding technique, because the pulse height was saturated 
above 14 MeV. 

In Fig. 6, the neutron spectrum at the angle of 30” obtained by the unfolding 
technique is compared with the one by the TOF technique for 500 MeV proton incidence. In 
the region below 3 MeV, the difference of the neutron yield was larger than 50 % of that 
obtained by the TOF technique. This difference is ascribed to the ambiguity of the efficiency 
around the 137Cs bias used in the TOF technique. Therefore, the neutron spectra derived by 
the unfolding analysis is more reliable than those obtained by the TOF technique below 3 
MeV. The results of unfolding analysis agree with those of TOF quite well between 3 and 14 
MeV. This indicates that the time fluctuation by the scattering is negligibly small above 3 
MeV. In consequence, the neutron energy spectrum was determined by connecting the result 
of the TOF technique with that of the unfolding technique at 3 MeV. The error of the 
unfolding analysis for neutrons below 1.5 MeV was so large that the lowest energy of meas- 
ured spectra were decided to be 1.6 MeV. 

4. Calculation 
The calculation was carried out with codes, NMTC/JAERI[=I] and MCNP-4A[20]. 

NMTC/JAERI calculated the nuclear reactions and the particle transport above 20 MeV. 
MCNP-4A calculated the neutron transport below 15 MeV using a continuous energy cross 
section library FSXLIB-J3R2[21] processed from the nuclear data file JENDL-3.2[22]. In 
NMTC/JAERI, the systematics of Pearlstein[23] was implemented to estimate the total, the 
elastic and non-elastic nucleon-nucleus cross sections in the transport calculation part. The 
level density parameter derived by Baba[24] was also employed in the statistical decay 
calculation in NMTUJAERI. 

Additional calculations were also performed by substituting the in-medium nucleon- 
nucleon cross sections (NNCS) for the free ones in the nuclear reaction calculation part of 
NMTC/JAERI. In this calculation, were employed the in-medium NNCS parametrized 
similarly to those by Cugnon[25]. 

5. Results and Discussion 
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The present experimental spectra are shown in Figs. 7 and 8. The uncertainty of 
various quantities is given in Table 2. The uncertainty of the neutron yield was determined 
from those of the statistical, the neutron detection efficiency and the number of incident 
protons. The uncertainty of the detection efficiency is estimated at 3.0% for the neutron 
energy below 20 MeV. With the increase of neutron energy, the uncertainty becomes larger 
because of the increasing ambiguity the cross section used in the calculation. 

The neutron energy resolution is also given in Table 2. It was determined from the 
uncertainty of the time and the flight path. The time uncertainty is derived from the time 
resolution of the detector and the fluctuation of the flight time that is spent by an incident 
proton to move from an incident point to a reaction point. The time resolution of the detector 
has been determined to be 0.4 ns in the standard deviation by the width of the prompt gamma 
peak of the thin target measurements[lO]. The time fluctuation was approximated to a half 
value of the transit time of protons in the target which was obtained by Janny[26]. Those are 
determined 0.6 and 0.4 ns for the 0.5 and 1.5 GeV incident protons, respectively. The 
uncertainty of the flight path was estimated at 6.0 cm by the Monte-Carlo calculation on 
condition that the neutrons were produced uniformly in the target and detected uniformly in 
the detector. Since the correlation between the time fluctuation for incident protons and the 
flight path is ignored, the real energy resolution will be better than that described here. 

Table 2. Uncertainty and energy resolution of neutron spectra expressed in the standard 
deviation 

: 

Neutron Uncertainty (%) Energy 

Energy Statistical Detection Number of Neutron Yield Resolution 

(MeV) Error Efficiency Incident Proton (%) 

3 3-7 3 4-7 10 - 11 
10 5 - 10 3 6- 11 10 - 11 
15 6- 10 3 6- 11 12 - 13 
20 6- 10 10 1 6-11 12 - 14 
50 8-30 10 13 - 32 13 - 17 

100 7 - 46 15 17-46 16-22 
200 ll-20* 15 19-25* 20-32 
- _. . . . _. r.r\o 
kor me angle smaller man YU- 

Figure 9 shows a comparison between the present data for 1.5 GeV proton bombard- 
ment and the measured one at JINR[ll]. In the experiment at JINR, a lead target having the 
size of 20 cm in diameter and 20 cm in length was bombarded with 2.55 GeV protons. It is 
found that the present neutron energy spectrum is quite similar to those obtained at JINR, al- 
though the incident proton energies are different. 

The calculated results of the NMTC/JAERI-MCNP-4A code system, which are 
smeared with the energy resolution, are also shown in Figs. 7 and 8. It is observed that the 
results calculated with the free NNCS are in good agreement with the experimental ones in 
the lower energy region below 20 MeV at all angles for both incident energies. The calcu- 
lated results, however, are about 50 % or more lower than the experimental data between 20 
and 80 MeV at all angles. On the other hand, the results calculated with the in-medium 
NNCS show much better agreement with the experimental ones in this energy region. This 
improvement is ascribed to the fact that the increase of the high energy nucleon emission 
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diminishes the excitation energy of a residual nucleus so that the neutron emission from the 
evaporation process is suppressed. The calculation with the in-medium NNCS successfully 
reproduces the overall measured neutron spectra in the angular region smaller than 60” for 
both incident energies although the codes give slightly lower neutron yields below 10 MeV. 
The underestimation for the backward neutron emission, however, still remains. 

In order to investigate the cause of the discrepancy between the calculations and the 
experiments, the double differential neutron production cross sections were also calculated 
with the in-medium NNCS for the incident energies of 0.8 and 1.5 GeV, respectively. The 
results are compared with the experiments[9,10] in Figs. 10 and 11. It is found that the agree- 
ment between the calculated and the experimental results for the thick target is as in the same 
level for that in the thin target. This indicates that the nuclear reaction calculation part should 
be improved in NMTC/JAERI. Some studies[5,27] showed that the inclusion of the 
preequilibrium process or the refraction and reflection process improved the backward 
neutron emission significantly. By the inclusion of those processes, the disagreement of the 
thick target will be more improved. 

6. Conclusion 
The neutron spectra from a thick lead target bombarded with 0.5 and 1.5 GeV protons 

were measured at 6 angles between 15” and 150”. We have obtained the precise neutron 
spectra in the energy region above 1.6 MeV using the TOF and unfolding techniques with the 
neutron yield uncertainty of 7 % at 3 MeV and 25 % at 200 MeV. The calculation was also 
carried out with the NMTC/JAERI-MCNP-4A code system. It was found that results 
showed fairly good agreement with the experiments, but gave about 50 % lower neutron yield 
in the energy region between 20 and 80 MeV. The calculation with the in-medium NNCS 
achieved good agreement with the experiments. The calculation, however, could not 
reproduce well the backward neutron emission. It is of interest to make systematic 
experiments with other targets for further investigation of the accuracy of NMTC/JAERI 
including the in-medium NNCS. 
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Fig. 2 Diagram of the electronic circuit used in the present experiment 
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