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The energy spectra of neutrons and photons emitted by thick targets of carbon, iron, copper, and
lead at angles of 0, 15, 30, 45, 75, and 135 deg to the incident beam of 33-MeV deuteron, 65-MeV
3He, and 65-MeV alpha ions were obtained by unfolding the pulse height distributions measured
with an NE-213 scintillator. The angular distributions of neutrons above 4 MeV and photons above
1.5 MeV were obtained by integrating the measured spectra. The total neutron yield was obtained
by estimating the neutron yield below a few MeV by fitting the spectra measured above that energy
to the Maxwellian distribution and showed good agreement with other experimental results. The
measured spectra were analyzed by the thick-target radiation transport Monte Carlo code based on
the intranuclear-cascade-evaporation model. The validity of the model was tested at the lower pro-

jectile energy limit through this comparison.

I. INTRODUCTION

The application of medium energy particle accelerators
is widespread in material damage studies, particle radia-
tion therapy, production of an intense neutron source, ra-
dioisotope production for nuclear medicine, etc. The fun-
damental importance of accelerator shielding has in-
creased accordingly. For these purposes, it is necessary to
get accurate detailed information on secondary neutron
and photon production from various kinds of thick tar-
gets.

Much work has been done on secondary neutron pro-
duction by charged particles, as is summarized in Ref. 1,
but most of the data are limited to some particular projec-
tile and target combination, such as protons and deuterons
on lithium and beryllium targets. In the projectile energy
below 100 MeV, there are several studies on neutron pro-
duction from thick targets of other elements, by proton,’
deuteron,>* and alpha ions.>~7 On the other hand, the
only data on secondary photon production from thick tar-
gets by charged particles that have ever been reported
have been by us for 52-MeV protons.®

We have already published a paper’ on neutron produc-
tion from thick carbon, iron, copper, and lead targets
bombarded by 30- and 52-MeV protons. In that paper,
our measured results of the angular-dependent neutron en-
ergy spectra, and the angular distribution of the neutron
flux, were compared with those calculated with Bertini’s
intranuclear-cascade evaporation Monte Carlo code
MECC—7.1° In this successive study, we measured the
secondary neutron and photon energy spectra emitted in
several directions from thick targets of carbon, iron,
copper, and lead bombarded by 33-MeV deuteron, 65-
MeV 3He, and 65-MeV alpha ions, and obtained angular
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distributions of neutron and photon fluxes and the neu-
tron and photon yields. Our experimental results for neu-
trons were also analyzed by the thick-target radiation
transport Monte Carlo code for low-mass heavy-ion
beams, LHL!' This code is based on the same
intranuclear-cascade-evaporation model as the MECC—7
code and is believed to be a reasonably good approxima-
tion for relatively low projectile energies (<10
GeV/nucleon) for ions of p, n, d, t, *He, and a, and for
target nuclei of atomic mass heavier than 10. From this
comparison, we tried to find the lower projectile energy
limit of validity of the LHI code.

II. EXPERIMENTAL PROCEDURE

The experimental arrangement is shown in Fig. 1. Ac-
celerated beams of 33-MeV deuterons, 65-MeV *He, and
65-MeV alpha particles from the SF cyclotron of the In-
stitute for Nuclear Study (INS) at the University of Tokyo
bombarded thick carbon, iron, copper, and lead targets
fixed perpendicularly to the beam axis in a scattering
chamber. The targets were 20 mm in diameter. The
thickness of each target shown in Table I was selected to
be a little thicker than the range of an incident particle, so
that the projectile would be absorbed completely and the
self-scattering and self-absorption of the neutrons and
gamma rays produced would be negligible.

The secondary neutrons and photons emitted at O, 15,
30, 45, 75, and 135 deg directions (see Table I) to the beam
axis at the target were measured with a 76.2-mm-diam
X 76.2-mm-long NE-213 scintillator placed at a point 4 m
behind the target. The pulse height measurements of neu-
trons and photons were performed separately at the same
time by using the n-y pulse shape discrimination tech-
nique coupled with a two-dimensional multichannel
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FIG. 1. Conceptual drawing of the experimental arrangement
(a), and the laminated shadow shield (b).

analyzer, as shown in Fig. 2. These measurements were
performed using a very weak beam intensity of about 0.1
nA for the deuterons, 0.1 ~1 nA for *He, and a few to ap-
proximately 20 nA for the alpha particles to avoid pulse
pileup. The energy calibration of the detector was carried
out with °Co gamma rays and 4.43-MeV gamma rays
from an Am-Be neutron source. The pulse height output
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FIG. 2. Block diagram of the neutron and photon measuring
system.

distributions were unfolded to obtain neutron and photon
energy spectra using the revised FERDO unfolding code,!?
with the aid of response functions to neutrons calculated
up to 100 MeV (Ref. 13) and to photons calculated up to
14 MeV."

The FERDO code unfolds a light output distribution in
the following way,

P=UC, (1)

where P is the energy spectrum vector, C is the light out-
put distribution vector, and U is the matrix calculated
with the response functions of the detector.

The vector P has three types of errors, i.e., the statistical
error of C, the error caused by the unfolding calculation
truncated at the finite dimensions of the vectors and the
matrix in Eq. (1), and the statistical error of the response
function obtained by the Monte Carlo calculation. The re-
vised FERDO code evaluates all three errors, including the
propagation of the response function errors. All neutron
and photon spectra obtained have lower limits at 2—4
MeV and 1.5 MeV, respectively, coming from the dynam-
ic range of the n-y discrimination circuit. The number of
particles incident on the target was measured by the
current integrator connected to the target. The target was
surrounded by a— 100 V suppressor grid as shown in Fig.
1. The suppressor grid permitted an accurate determina-
tion of the number of projectiles by repelling secondary
electrons backscattered from the target.

An estimation of the background contribution due to
room scattering was performed by intercepting the neu-
trons produced at the target with a shadow bar of con-

TABLE I. Experimental conditions.

Target
Density Thickness Measuring angle
Projectile Nuclide (g/cm?) (mm) (deg)
C 1.7 9.0
Fe 7.86 3.0
33-MeV d Cu 8.93 3.0 0, 15, 45, 75, 135
Pb 11.34 3.0
C 1.7 9.0
R Fe 7.86 3.0
65-MeV °“He Cu 8.93 3.0 0, 15, 30, 45, 75, 135
Pb 11.34 3.0
C 1.7 6.0 0, 15, 45, 75, 135
Fe 7.86 2.0 (for C, Cu, and Pb targets)
65-MeV a Cu 8.93 2.0 0, 30, 45, 75, 135
Pb 11.34 2.0 (for Fe target)
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FIG. 3. Neutron spectra of carbon, copper, and lead targets
for 33-MeV deuteron injection at emission angles of 0, 15, 45,
75, and 135 deg. The spectra are normalized to one incident
deuteron with a standard deviation. The solid curves indicate
the Maxwellian distribution fitted to the measured spectra.

crete, 15 cm wide, 15 cm high, by 60 cm long, placed be-
tween the target and the detector. To investigate whether
this shadow bar is sufficient enough to shut off the direct
neutrons and photons from the target, another shadow bar
of laminated iron, lead, polyethylene, and lead, shown in
Fig. 1(b), was also used in the case of the deuteron beam
incidence. It was confirmed that both shadow bars gave
the same background counts and the concrete shadow bar
was quite effective to the background estimation. It was
observed that the background neutrons contributed be-
tween 5% and 10% to the neutrons measured without the
shadow bar, but for photons the contribution of the back-
ground was about 30—50 % of the measurement without
the shadow bar. The spectra reported here in this experi-
mental geometry are corrected for this background com-
ponent.

III. EXPERIMENTAL RESULTS

A. Neutron energy spectra and angular distributions

The neutron energy spectra ¢,(E,0) of carbon, copper,
and lead targets at emission angles of 6=0, 15, 45, 75, and
135 deg, normalized to one incident particle, are shown
with their standard deviations for 33-MeV deuteron, 65-

Neutron Fqu[(MeV sr 3He)"]
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FIG. 4. Neutron spectra of carbon, copper, and lead targets
for 65-MeV 3He injection at emission angles of 0, 15, 45, 75, and
135 deg. The spectra are normalized to one incident *He with a
standard deviation. The solid curves indicate the Maxwellian
distribution fitted to the measured spectra.

MeV *He, and 65-MeV alpha beams in Figs. 3, 4, and 5,
respectively. The observed results for the iron target were
omitted, because they are quite similar to those for the
copper target.

The neutron spectra of carbon and copper targets at
0=0 deg for the 33-MeV deuteron injection are compared
in Fig. 3 with the results obtained by Meulders et al.*
with the time-of-flight method under the same experimen-
tal conditions. The figure clearly shows that our results
agree quite well both in spectral shapes and absolute
values with theirs, excluding those at the high energy end.
The neutron spectra in these figures indicate the following
general tendencies:

(1) Except for the forward direction of the deuteron and
3He beams, the neutron spectra have two components:
One below about 10 MeV corresponds to neutrons pro-
duced isotropically mainly by the evaporation process; the
other above 10 MeV corresponds to those produced by the
direct process. Since the neutron emission by the direct
process has a sharp forward peaking of the angular distri-
bution, the neutron spectra become softer at larger emis-
sion angles, where the evaporation process is prominent.
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FIG. 5. Neutron spectra of carbon, copper, and lead targets
for 65-MeV alpha injection at emission angles of 0, 15, 45, 75,
and 135 deg. The spectra are normalized to one incident alpha
with a standard deviation. The solid curves indicate the
Maxwellian distribution fitted to the measured spectra.

(2) In the forward direction of the deuteron and *He in-
cidence cases, a broad peak in the neutron spectra can be
clearly seen due to the stripping of the projectiles. The
peak energy is about half of the incident deuteron energy
and one-third of the incident *He energy.

(3) The neutron energy spectra become harder for
lighter target nuclei. This can be explained by noting that
the energy E, transferred from a projectile to a target by
one collision is proportional to 4M,M,E,/(M, +M,)?
where M, and M, are the atomic masses of the projectile
and target nuclei, respectively, and E is the projectile ki-
netic energy. As a result, the sum of the transferred ener-
gies is greater for lighter target nuclei, and it is more like-
ly that a nucleon receives a greater part of this transferred
energy and that the fraction of the evaporation process is
smaller, since the lighter target nucleus has a smaller
number of nucleons. This implies that lighter target nu-
clei are excited in a state of higher nuclear temperature.

The normalized angular distributions of the neutron
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FIG. 6. Angular distributions of fast neutron fluxes integrat-
ed above 4 MeV for proton, deuteron, *He, and alpha particle in-
cidence on carbon, iron, copper, and lead targets.

flux of Figs. 3—5 integrated over energy for carbon, iron,
copper, and lead targets,

E
(0= [, $u(E,0ME , @)

are shown in Fig. 6, where E, is the incident particle ener-
gy and E_ is the lower energy bound of 4 MeV in this
case. The absolute value of the neutron spectrum from
deuterons on lead at 75 deg could not be given correctly;
so the ¢,(0=75) value was estimated by the smooth inter-
polation of ¢,(6) values at other emission angles with the
relevant ¢.(0) curves for iron and copper targets. The an-
gular distributions of neutrons produced from 30-MeV
protons’ are also shown in the figure for comparison.
Figure 6 clearly shows that the neutron angular distribu-
tions in the backward direction are almost isotropic for all
projectile and target combinations, whereas in the forward
direction, the forward peaking is stronger in the order of



29 NEUTRON AND PHOTON PRODUCTION FROM THICK TARGETS. .. 1311

projectile types of p, @, *He, and d, and for lighter target
nuclei. This can be explained from the fact that the split-
ting reaction of d and *He projectiles occurs strongly in
the forward direction, and that the momentum transfer
from a heavier projectile to a lighter target is greater and
the velocity of the center of mass is greater in the labora-
tory system; then based on the kinematics, a nucleon is
emitted in the more forward direction from the heavier
projectile and the lighter target.

B. Estimation of low energy neutron components
and total neutron yield

It is very important to evaluate the neutron yield per in-
cident particle for thick targets, together with their energy
spectra and angular distributions. The fast neutron yield,
i.e., the number of neutrons of energy higher than E_,,
Yf,as‘, was obtained from our measured neutron spectra,
¢.(E,0), as

E
fas o 0
Yi*t =27 [ 'sin0d6 [, $u(E,0)E . (3)

Table II gives the values of Y for E,, =4 MeV.

For practical use, it is necessary to have the total neu-
tron yield, i.e., the number of neutrons produced over the
whole energy region, Y. Since our measured data were
limited to neutron spectra above 2—4 MeV, the neutrons
below that energy E ., were evaluated in the following

way. As seen in Figs. 3—5, the absolute values and the
shapes of the neutron spectra in the few MeV region
scarcely change with emission angle, excluding neutrons
from the carbon target by d, 3He, and « ions. Then, neu-
trons of energy lower than a few MeV can be approximat-
ed to be produced by the evaporation process having a
Mazxwellian energy distribution given by

¢n(E)=C-f7exp( —E/m), )
where 7 is the nuclear temperature and C is a normaliza-
tion constant. The values of C and 7 of Eq. (4) were deter-
mined to be fitted well to the measured neutron spectra at
135 deg, and thus the values of ¢,(E) are shown in solid
curves in Figs. 3—5. This estimation of neutron evapora-
tion is accurate enough to get the total neutron yield, al-
though more detailed fitting is described in the following
paper. For the carbon target bombarded by d, 3He, and a
ions, however, the contribution of neutrons produced by
the nonevaporation process could still not be neglected in
this low energy region in the forward direction. These
nonevaporation neutron components were estimated by
subtracting the ¢,(E) value of Eq. (4) from the measured
spectra ¢, (E,0) for E_,; <E < ~10 MeV and extrapolat-
ing the subtracted results ¢h"(E,0) smoothly into the
energy region below E_,. The neutron energy spectra
¢.(E,0) were finally evaluated over the whole energy re-
gion as

TABLE II. Neutron and photon total yields per 100 incident particles.

Neutron yield

Incident Experimental Photon yield®

particle Target yhsta yLoe Calculation Yy
C 0.0503 0.130 0.986°¢ 0.948

Fe 0.259 0.938 1.04¢ 1.38

30-MeV p Cu 0.320 1.33 1.27¢ 133
Pb 0.176 1.64 2.81¢ 0.366

C 1.75 2.64 1.51 1.68

Fe 0.785 1.76 1.30 1.43

33-MeV d Cu 0.788 1.81 1.37 1.13
Pb¢ 0.348 1.35 1.98 0.520

C 0.650 121 1.45 1.39

Fe 0.603 1.48 1.11 1.78

. 3

65-MeV “He Cu 0.613 1.50 1.22 1.44
Pb 0.0404 1.56 1.43 1.03

C 0.221 0.297 0.613

Fe 0.278 0.696 0.905

65-MeV Cu 0.361 0.744 0.835
Pb 0.162 0.531 0.413

*Neutron yield per 100 incident particles obtained by integrating the neutron spectrum over the energy

range E; >4 MeV.

®Neutron yield per 100 incident particles obtained by integrating the neutron spectrum over the energy

range E, >0 MeV.

“Photon yield per 100 incident particles obtained by integrating the photon spectrum over the energy

range E > 1.5 MeV.
dObtained using estimated values at 75 deg.
Cited from Ref. 9.
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¢.(E,0)=¢,(E,0) in Figs. 3—5, for E,,<E<E,,
=¢,(E) of Eq. (4) +¢ (E,0),
forO<E<E,,. ()

By integrating ¢,(FE,6) with energy and angle, the total
neutron yield, Y was obtained as

E,
Y,(0)= [ “$u(E00dE

. (6)
Yot — fo 27 5in0Y,(0)dE .

The neutron yields at O deg, ¢,(0) and Y,(0), obtained
by Egs. (2) and (6), respectively, for the carbon target ex-
posed to 33-MeV deuterons, are compared with other ex-
perimental results in Fig. 7. Our result of a neutron yield
above 4 MeV, ¢,(0), is in quite good agreement with that
of Meulders et al.;* also our result of the total neutron
yield, Y,(0), is just on the linear extrapolation in a loga-
rithmic scale of the yield curve by Weaver et al.> For al-
pha ions, the total neutron yields, Y, obtained by Eq. (6),
for carbon and copper targets, are compared with other
experimental results in Fig. 8. Figure 8 also includes the
total neutron yields for 710-MeV alpha beams incident on
carbon and iron targets which were estimated by Eq. (4)
from the neutron angular and energy distributions mea-
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FIG. 7. Comparison of our fast ( >4 MeV) and total neutron
yield data at O deg, ¢#,(0) and Y,,(0), from the carbon target ex-
posed to 33-MeV deuterons with those obtained by Meulders
et al. (Ref. 4), ¢,(0), and Weaver et al. (Ref. 3), Y,(0). The
dotted line shows the extrapolation of the data of Weaver et al.
to the high energy region.
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FIG. 8. Comparison of our total neutron yield data for 65-
MeV alpha ions on carbon, iron, and copper targets with those
by Macklin et al. (Ref. 5), Wadman (Ref. 6), Stelson et al. (Ref.
7), and Cecil et al. (Ref. 15). The dotted lines connect these
data smoothly.

sured above 3 MeV by Cecil et al.'> Our results connect
the total neutron yield data in the low (~10 MeV) and
high energy ( ~700 MeV) regions well.

Figure 9 shows Y,(6) as a function of the emission an-
gle, 6, for 30-MeV protons and 65-MeV alpha particles as
examples. Compared with fast neutron angular distribu-
tions above 4 MeV, ¢,(0) in Fig. 6, total neutron angular
distributions, Y,(0), become more isotropic with increas-
ing atomic mass of the target due to the larger contribu-
tion of evaporated neutrons of energy below 4 MeV. The
total neutron yields Y obtained by Eq. (6) are shown in
Table II. The total and fast neutron yields are the largest
for the deuteron incidence on the carbon target due to a
splitting reaction. As for the dependence of Y™ on the
target atomic mass M,, Yff’“ decreases with M, for d and
3He projectiles, but for p and a projectiles Y,ff‘st increases
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FIG. 9. Angular distributions of total neutron fluxes for 30-
MeV proton and 65-MeV alpha particle incidences on carbon,
iron, copper, and lead targets.

with M, up to copper and decreases for the lead target.
On the other hand, Y increases montonically with M,
for p, He, and a projectiles, except for the alpha particle
incidence on lead. This can be explained from the fact
that the low energy neutron production is greater in a
heavier nucleus like lead because of its lower nuclear tem-
perature.

C. Photon energy spectra and angular distributions

The photon energy spectra ¢,(E,0) of carbon, copper,
and lead targets at emission angles of 8=0, 15, 45, 75, and
135 deg, normalized to one incident particle, are shown
with their standard deviations for 33-MeV deuteron, 65-
MeV 3He, and 65-MeV alpha beams in Figs. 10, 11, and
12, respectively. The photon energy spectra were unfolded
by Eq. (1), using a broad window function to the NE-213
scintillator, in order to suppress the oscillation of no phys-
ical meaning in the high energy region, and as a result the
unfolded spectra in Figs. 10— 12 have rather poor energy
resolution. These figures reveal the following two facts:

10? c Cu Pb

10°F 4 L 4
10°F 0°
4 15° 4 )
Wk ] 15° ¥ 15° J
10} " ] 5°
14y .
b 75 ¥ ]

45° h

w0'b 135° ¥ ¥
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10°F 1 4 135 3

w-vr_ (a) + (b) + (¢) 1
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Photon Energy (MeV) Photon Energy (MeV) Photon Energy (MeV)

FIG. 10. Photon spectra of carbon, copper, and lead targets
for 33-MeV deuteron injection at emission angles of 0, 15, 45,
75, and 135 deg. The spectra are normalized to one incident
deuteron with a standard deviation.

(i) Since photons are mostly emitted isotropically from
the excited states of the compound nucleus, the photon en-
ergy spectra are similar to each other at all emission an-
gles for different combinations of projectile and target nu-
clei.

(ii) For the carbon target, the 4.43-MeV peak of pho-
tons emitted from the first excited state of '*C due to the
120(;,i")12C* reaction is remarkable, where i means the in-
cident particle of d, *He, and a. Two peaks of 2.0 and 6.6
MeV of photons from the first and second excited states
of ''C due to the 2C(i,i’n)''C* reaction can also be seen
for the alpha particle incidence. For copper and lead tar-
gets, the photon energy spectra are continuous with no re-
markable peak due to dense excited states of compound
nuclei.

The normalized angular distributions of the photon flux

Photon Flux[(MeV st 3He)"]

Photon Energy (MeV)

Photon Energy (Mev)

Photon Energy ( MeV)

FIG. 11. Photon spectra of carbon, copper, and lead targets
for 65-MeV *He injection at emission angles of 0, 15, 45, 75, and
135 deg. The spectra are normalized to one incident *He with a
standard deviation. The number in the bracket means that the
spectrum in the figure should be multiplied by it.
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FIG. 12. Photon spectra of carbon, copper, and lead targets
for 65-MeV alpha particle injection at emission angles of 0, 15,
45, 75, and 135 deg. The spectra are normalized to one incident
alpha with a standard deviation. The number in the bracket
means that the spectrum in the figure should be multiplied by it.

of Figs. 10—12 integrated over energy for carbon, iron,
copper, and lead targets,

E
b0)= [ $\E0)dE , ()

are shown in Fig. 13, where E_; is fixed to be 1.5 MeV
for photons. The ¢,(75) value for the deuteron incident
on lead was as well estimated by the smooth interpolation
of ¢,(0) values at other emission angles as in the case of
neutrons. The figure clearly shows that the photon angu-
lar distributions are much more isotropic than the neutron
ones for all projectile and target combinations. This con-
firmed the idea that the photons are mostly emitted iso-
tropically from a compound nucleus.

The photon yield, Y,”, of energy above 1.5 MeV was
obtained as

Y= [ "2msin64,(0)d6 , @®)

and is shown in Table II. From Table II, it is concluded
that the photon yield, Y;f" is the largest for the iron target,
except for the deuterons on the carbon target, and de-
creases towards lead, and that the photon yields above 1.5
MeV are about 2—3 times larger than the fast neutron
yields above 4 MeV, except for the protons and deuterons
on the carbon targets, but are almost comparable to the
total neutron yields, except for the protons on the carbon
and lead targets. The decrease of Y} on lead can be ex-
plained from the fact that the photons produced from lead
have more components of energy below 1.5 MeV because
of dense excited levels of the compound nucleus.

IV. COMPARISON WITH CASCADE
MONTE CARLO CALCULATION

A. Method of calculation

The experimental results were analyzed by the LHI code
programmed by Armstrong and Colborn.!! The LHI
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FIG. 13. Angular distributions of photon fluxes integrated
above 1.5 MeV for proton, deuteron, *He, and alpha particle in-
cidences on carbon, iron, copper, and lead targets.

transport code was made to predict radiation fields and ef-
fects produced in thick targets by light heavy-ion (LHI)
beams, i.e., deuteron, triton, *He, and alpha beams by the
Monte Carlo method, which was the extension of the
HETC transport code'® for proton, neutron, charged pion,
and muon beams. The LHI code treats nonelastic nuclear
collisions in LHI interactions with target nuclei by using
the same intranuclear-cascade evaporation model as in the
MECC-7 code.”

The basic assumption of LHI interactions is that the
nucleons of the projectile LHI enter the nucleus separately
and independently, except for their relative spatial loca-
tions when they enter the nucleus, with each nucleon hav-
ing a kinetic energy Ey as

EN=(EO_EB)/Mp > (9)

where Eg, Eg, and M), are the kinetic energy, binding en-
ergy, and mass number of the projectile ion, respectively.
According to Armstrong and Colborn,!! this model has
been found to give reasonably good agreement with exper-
imental results for a projectile energy Eo/M, between
about 15 MeV/nucleon and a few GeV/nucleon and rela-
tively light ions (M, <4) and relatively heavy target nuclei
(M:>10). They give the lower projectile energy limit,
Eg"™, of validity of the LHI code to be 32.2 MeV (16.1
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FIG. 14. Comparison of our experimental energy spectra of
neutrons emitted from thick targets of carbon, copper, and lead
exposed to a 33-MeV deuteron beam with those calculated by
the LHI code.

MeV/nucleon) for the deuterons, 52.7 MeV (17.6
MeV/nucleon) for *He, and 883 MeV (22.1
MeV /nucleon) for the alpha particles. Here in our experi-
ment, the 65-MeV alpha beam has rather lower energy
than the beams above 88.3 MeV, so the neutron energy
spectra produced by the 33-MeV deuteron and 65-MeV
SHe beams were calculated by the LHI code to compare
with the experimental results.

In advance of this analysis, the variation of the total
yield of neutrons produced was investigated by changing
the cutoff energy E, for nuclear interactions from the
average nuclear potential By, i.e., the binding energy of a
nucleon in the nucleus which is fixed to be 7 MeV in the
LHI code up to 15 MeV to be used in the usual LHI calcu-
lation. In these low projectile energies close to Eg'", the
calculated total neutron yield increased slowly with de-
creasing E, and rapidly increased near By. As a result,
the value of E, =8 MeV was selected for use in the LHI
calculation.
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FIG. 15. Comparison of our experimental energy spectra of

neutrons emitted from thick targets of carbon, copper, and lead

exposed to 65-MeV *He beam with those calculated by the LHI
code.
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TABLE III. Measuring angles and corresponding an-
gular intervals of the calculation.

Angular
Measuring interval
angle of calculation
0° 0.5°— 7.5°
15° 7.5°— 22.5°
45° 37.5°— 60°
75° 60° — 90°
135° 120° —180°

B. Comparison with experimental results

Figures 14 and 15 show the comparison of our experi-
mental energy spectra of neutrons emitted from thick tar-
gets of carbon, copper, and lead exposed by 33-MeV
deuteron and 65-MeV >He beams, respectively, with those
calculated by the LHI code. The angular intervals of the
calculation corresponding to the experiment are shown in
Table III. In order to compare with the experimental re-
sults at O deg, the angular interval of 0.5 to 7.5 deg was
used in the calculation, because in the direction of 0 to 0.5
deg the uncollided nucleons of the projectile nucleons were
stored as the emergent nucleons, and this calculational
model gave an overestimation of the nucleon production.
This exclusion of angles from 0 to 0.5 deg did not exert
any noticeable influence on the estimate of the total neu-

Neutron Yield((sr incident particle) * |

0 30 60 90
Emission Angle(deg )

FIG. 16. Comparison of calculated and measured neutron an-
gular distributions for thick targets of carbon, copper, and lead
bombarded by 33-MeV deuteron and 65-MeV *He beams.
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tron yield due to its very narrow angular interval.

From Figs. 14 and 15, the following facts can be seen.
The calculated spectra are cut off at Ey in Eq. (9) and are
quite different from the measured spectra at 0 and 15 deg,
where the neutrons due to projectile splitting occupy a
large fraction of secondary neutrons. The absolute values
of the calculated spectra below about 10 MeV agree well
with those of the measured spectra for the deuteron, but
give a small overestimation for >He. At a large emission
angle of 135 deg, the calculated spectra give a little softer
spectra and an underestimation in absolute values com-
pared with the measured spectra, and as a result, at 45 and
75 deg, the agreement between calculation and experiment
is quite good in both spectral shape and absolute value.
This discrepancy mainly comes from the Fermi free gas
model which neglects the nucleon-nucleon coupling and
treats nonelastic nucleon-nucleon interactions as a series
of independent hadron-hadron collisions.

The calculated neutron spectra in Figs. 14 and 15 were
integrated over energy at each emission angle and com-
pared with the measured results Y, (6) in Eq. (6). Figure
16 shows the comparison of calculated and measured neu-
tron angular distributions for thick targets of carbon,
copper, and lead bombarded by 33-MeV deuteron and 65-
MeV He beams. The calculated results give sharper for-
wardness than the experimental results, but except at 0
deg, the agreement between calculated and experimental
angular distributions is much better than the agreement
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between calculated and experimental spectra, because of
better agreement of both spectra in the low energy region,
where they have larger absolute values.

The calculated neutron angular distributions shown in
Fig. 16 were integrated over angle to get the total neutron
yields. The comparison of calculated and experimental to-
tal neutron yields, Y, is shown in Table II. From the
table, it is seen that the calculated results are in agreement
with the experimental results within about 30%, except
for the deuterons on the carbon target. Considering that
the LHI code uses the rough model neglecting the nuclear
structure and that the projectile energies in our experiment
are fairly close to the lower energy limit of the validity of
the LHI code, it can be concluded that the LHI code gives a
good estimation of the total yield of neutrons produced by
light heavy ions of low energy near 15 MeV/nucleon.
(These calculations were performed with the FACOM M-
180 II/AD computer of the Institute for Nuclear Study at
the University of Tokyo.)
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