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Thick Target Fast Neutron Yield from 15-Mev Deuteron
and 30-Mev Alpha-Bombardment*

A. J. ALLEN AND J. F. NECHAJ
Ueieersity of PA'tsblrgh, Pittsblrgh, Pennsylvania

K.-H. SUN AND B. JENNINGS
8'estieghouse Research Laboratories, East Pittsburgh, PerInsyleaniu

{Received May 25, 1950)

The total yield and angular distribution of fast neutrons from bombardment of thick targets of pure Be,
Al, Ti, Cr, Mn, Co, Cb, Mo, Ag, Cd, Ta, Au, Pb, and Bi by 15-Mev deuterons and 30-Mev alpha-particles
was measured. These studies were made using the reaction S~(n,p)P~ as a threshold detector and also with
6ssion ionization chambers. The total neutron yield per second per @amp of the cyclotron beam, N, was
observed to decrease with increase in nuclear charge, Z, of the target according to the approximate
empirical equations, log$=10.18-0.0234Z for deuteron bombardment and logN=9. 68—0.0234Z for
alpha. In all cases studied, the angular distribution of fast neutrons from target bombarded by deuterons
showed a pronounced peak in the yield in the forward direction.

I. INTRODUCTION
' 'T would be advantageous to know, for practical
- ~ experimental purposes, the absolute high energy
neutron yield from the cyclotron bombardment of
various materials. This is important, not only in the
use of the cyclotron and high energy electrostatic
generator as a fast neutron source for experimental
purposes, but also in the design of charged particle
beam slits, beam tubes, etc., where a minimum neutron
background is desirable owing to the impinging of the
beam on these parts.

The present study' is concerned with the measure-
ments of the angular distribution and total number of
neutrons of over 1-Mev energy emitted from various
thick targets, made of chemically pure but not neces-
sarily single isotopes, when they are bombarded with
15-Mev deuterons or 30-Mev alphas from the Univer-
sity of Pittsburgh's 47-in. cyclotron. No attempt is
made to distinguish neutrons from (d,e), (d,2n), (d,my),
and other simultaneously occurring processes.

II. EXPERIMENTAL

The experiment was carried out using the internal
beam of the cyclotron which was capable of producing
300 gamp of 7.5-Mev protons, 250 gamp of 15-Mev
deuterons, and 15 @amp of 30-Mev alpha-particles. The
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FIG. 1.Target and detector arrangement.

~ Assisted by the joint program of the ONR and AEC.
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FIG. 2. Angular distribution of fast neutrons from 15-Mev
deuteron bombardment of various thick targets.

' Allen, Nechaj, Sun, and Jennings, Phys. Rev. 76, 188 and 463
(1949);77, 752 (1950).
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FIG. 3. Angular distribution of fast neutrons from 15-Mev
deuteron bombardment of various thick targets.

such as Mn, Cr, and Au were electroplated on a copper
target.

The neutron yield was determined by two methods;
the measurement of the secondary activity induced in a
detector by the integrated neutron Qux through the
detector, and the direct measurement of the neutron
Qux by a 6ssion ionization chamber. For the majority
of the measurements the activation method was adopted
because of its simplicity and convenience. The
S"(n,p)P" reaction was chosen for the radioactive
detector because the excitation function of this reaction
is known, ' and P" has a convenient half-life (14.3 days)
and emits only P-rays with fairly high energy (1.71 Mev
max). The decay curve of this "sulfur" detector showed
that one day after bombardment the activity was from
P" alone. The neutron cross section near the threshold
of the reaction S32(e,p)P~ (0.97 Mev) is small, according
to Klema and Hanson, ' and rises rapidly as the energy

90"

voltages were estimated from the characteristics of the
cyclotron and checked by measurements of the range
in air of the external beam and were good to ~0.5 Mev.
The beam current was measured both electrically and
from the heat generated in the target.

The target, shown in Fig. j., consists of a water-
cooled cup at an angle of 45' with the cyclotron beam.
During the early part of the work this cup was 2 in. in
diameter, but in some of the targets used this dimension
was reduced to —', in. in order to achieve better geometry
and performance. The targets were made, when pos-
sible, by machining or spinning the purest available
elements into the form of the target cup. Low melting
elements such as Pb, Sb, Bi, Sn, and Zn were "smeared"
in a thick layer on a grooved Cu target, while elements
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Fro. 5. Angular distribution of fast neutrons from 30-Mev
alpha-bombardment of various thick targets.

i80

Pre. 4. Angular distribution of fast neutrons from 30-Mev
alpha-bombardment of various thick targets.

increases and then levels off to a constant value (0.32
barn) from 4 Mev to about 6 Mev, where the measure-
ment ends. There are indications that a majority of the
neutrons involved in the present study will be in the
neighborhood of a few Mev (say, 2 to 10 Mev) based on
information from the neutron spectrum of deuteron
bombardment on Be, Al, Co, and Cu by photographic
techniques. ' It was considered reasonable for the 6rst
approximation to adopt a constant value, namely, 0.32
barn for the S'2(n, p)P32 cross section in all the measure-
ments. Powdered sulfur (about 200 mg) was placed in
small medical capsules and mounted around the target
inside the cyclotron vacuum chamber as shown in Fig. t.
These detectors were placed approximately every 10'
around the target on a 4.4-cm radius. In order to

~ E. D. Klema and A. O. Hanson, Phys. Rev. 73, 106 (1948).' B.L. Cohen and C. E. Falk, Carnegie Institute of Technology
thesis, 1950, unpublished.
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1 Mev, the 6ssion thresholds for U"' and Th~2. The
measurements agreed with those using the sulfur
detector. Since the sulfur detectors were convenient,
and yield data for all angles at the same bombardment,
it then was adopted for all the angular measurements.

III. RESULTS AND DISCUSSION
43e

1sAl
22Tl
24Cr
2sMn
syCo

4gCb
4sMo
4yAg
4scd
vaTa
7gAu
s2Pb
ssBi

94 22
30 3.1
12
7.2

12 17
5.5 1.1
4.8 1.1
3.0
3.1
2.2 0.54
2.4 0.56
0.56
0.37 0.062
0.36 0.18
0.23 0.044

190 65
64 18
65
29
52
26
29
15
15
14
12
3.3
2.1
2.1
1.3

5.4
5.2

.65
1.6
.47

0.33 0.48
0.98 1.6
2.4
1.8
1.3
2.0 2.9
3.0 2.9
3.3
4.0
4.7 9.6
5.1 5.5

19
27
30
49

48
19
70

4 R. F. Taschek, MDDC 360, LADC 135, unpublished.
s Ladenburg, Kanner, Barschall, and Van Voorhis, Phys. Rev.

56, 168 (1939).
Ageno, Amaldi, Borimarelli, Cacciapuoti, and Trabacchi,

Phys. Rev. 60, 67 (1941).

prevent the beam from striking the detector holder, the
plane containing the detectors is displaced from that of
the beam and target by 0.5 cm. This is equivalent to
having the center of the capsule in the forward direc-
tions displaced from the beam plane by 7', thus pro-
viding an angular measurement from &7' to ~153'
in approximately 10' intervals. The neutron Qux at
0' was extrapolated. After bombardment with fast
neutrons, the capsules were taken out and a weighted
portion (5 to 100 mg) of the sulfur was spread out
in an aluminum dish in ether, the radioactive P" in
the thin sulfur layer was counted in a calibrated end-
window Geiger counter. The counts were then cor-
rected for decay time. The neutron flux or neutrons/
cm'/sec/gamp of the beam current was calculated from
the Geiger counts/sec/unit weight of sulfur, the counter
geometry factor, length of bombardment and beam
current. From the angular neutron Qux, the total
neutron Qux was evaluated by graphical integration.

A similar detector using the reaction P"(e,p) Si" was
also used in some of the measurements. The cross
section of this reaction as a function of neutron energy
up to 4 Mev was measured by Taschek4 and for this
work a constant value of 0.08 barn was assumed. Since
the half-life of Si" formed is only 170 minutes, cor-
rections were made for the decay of this nucleus during
the bombardment time. The results were found to be
consistent.

Fast neutron 6ssion ionization counters with very
thin uranium (Cd shielded) and thorium deposits were
also used. An average 6ssion cross section of 0.0 and
0.15 barn were assumed, respectively, based on the
experimental data by Ladenburg, et al.' and Ageno, et al.'
These detectors measure neutrons with energy above
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FIG. 6. Fast neutron Rux in the forward direction, q, es
nuclear charge of the target, Z.

~ W. E. Shoupp and J.E. Ri&&, Phys. Rev. 75, 785 (1949}.

Thick targets of pure Be (2 in. diameter), Mg (2 in.),
Al (2 in.), Ti (2 in.), Cr (2 in.), Mn (1 in. ) Co (2 in.),
Cu (s in.), Mo (2 in.), Cb (1 in. ), Ag (2 in.), Cd (2 in.),
Ta (1 in.), Au (1 in.), Pb (2 in. and —, in.), Bi (2 in. and
3sin. ), were bombarded with both 15-Mev deuterons
and 30-Mev alphas.

The results are summarized as follows.
The angular distribution normalized with respect to

the forward direction which was extrapolated from the
corrected experimental curves is given in Figs. 2-5. The
experimental points, 33 in number for each curve, fall
closely on the curves and were omitted in the much con-
densed drawing to avoid confusion. The neutron Qux at
any angle for any target investigated can be obtained
from these 6gures and the Qux in the forward direction
(see below). The angle at half-intensity for the case of



TH ICK TARGET FAST N EUTRON YIELD 539

deuteron bombardment increases with the increasing
nuclear charge of the target.

The fast neutron Aux, y, in the forward direction
(0') expressed, in number of fast neutrons per second
per steradian per pamp of the beam current is given in
Table I and plotted against nuclear charge of the
targets, Z, as shown in Fig. 6. Figure 6 indicates that
the neutron Qux decreases with increase in the nuclear
charge of target as would be expected. The number of
fast neutrons in the forward direction per cm' per
second per gamp at a distance r cm from the target
may be obtained by dividing the value y by r2.

The total number of fast neutrons for various targets
per second per p,amp deuterons or alphas, E, is also
given in Table I and plotted against nuclear charge of
the target, Z, in Fig. 7. The total yield, E, can be
calculated from the nuclear charge, Z, of the target by
the following simple empirical relationship:
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log%= 10.18—0.0234Z for deuterom bombardment,

and

IO8

LOG N = 9.68 -0.0234Z
(A LPHA)

logE = 9.68—0.0234Z for alpha-bombardment.

The values calculated from these equations might be
somewhat low for those targets with a nuclear charge
smaller than 10. Smith and Kruger' measured the total
neutron yield (including slow neutrons) from various
targets bombarded with 10-Mev deuterons. Their result
also indicates a decrease in the yield with an increase
in the nuclear charge of the targets. Ho~ever, the total
yield is higher than that found in the present investiga-
tions.

As shown in Figs. 2—5, the angular distribution for
the production of fast neutrons by 15-Mev deuterons

on a thick target has a very pronounced forward peak
for all the targets studied (Z from 4 to 83). Conversion

into the center-of-mass system using the limiting values

for the energy of deuterons (2 Mev, the potential
barrier for Be, to 15 Mev, the maximum energy of the
bombarding particles) does not essentially change the

shape of the angular distribution even for the lightest
nucleus (Be) studied. For targets heavier than Be, the
shapes and position of the angular distributions for the
laboratory and center-of-mass systems would be very
similar. Similar, though fragmentary, results were also
observed by Roberts and Abelson, ' 'Falk, Creutz, and

L. W. Smith and P. G. Kruger, Nuclear Science Series, Pre-
liminary Report No. 4, NRC by A. O. Hanson and R. F. Taschek.

' R. B. Roberts and P. H. Abelson, Phys. Rev. 72, 76 (1947).
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FIG. 7. Total number of fast neutrons per second per gamp.
iS-Mev deuterons and 30-Mev alphas, S, es nuclear charge of
the thick target, Z.

Seitz, '" and Ammiraju, " by using higher energy
threshold detectors. Recently, Falk' found the similar
forward peaks using a hydrogen recoil proportional
counter telescope. As yet, no satisfactory theo~ has
been developed to account for these results.

There were indications that the forward neutron
yield may be resolved into two peaks. This was also
found by Falk. '

The authors are greatly indebted to Miss F. A.
Pecjak, Miss E. Waldron, and Mrs. D. Halliday for the
assistance in many of these measurements and calcula-
tions. Thanks are due Dr. S. Barnartt and Dr. J. K.
Stanley of the Westinghouse Research Laboratories for
the valuable assistance in the securing or preparations
of many targets, and Dr. W. E. Shoupp for encourage-
ment throughout the work. The work would not have
been completed without the support of the ONR and
AEC.

' Falk, Creutz, and Seitz, Phys. Rev. 76, 332 (1949)."P. Ammiraju, Phys. Rev. ?6, 1421 (1949).


