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obtained from six separate sets of runs, using

ZL(&~/&2) /e'j V'

S2 Z(l/e')Z(I/e')
=6.5+1.0,

where e; is the probable error in the ith ratio, (S~/At 2),,
and e is the number of sets.

From the relation dQ', =4 cos8dQI b between an
element of solid angle in the laboratory system and an
element of solid angle in the center-of-mass system,
we have d02'/dQ~'=0. 547.

The ratio of the "e8ective" volume of scattering foil
for a proton scattering angle of 15 degrees to the
"effective" volume of scattering foil for a proton scat-
tering angle of 44 degrees 24 minutes is equivalent to
the ratio of the areas under the neutron-spectrum
weighted curves shown in Fig. 8. This ratio has a
value of 0.298&0.10.

Hence, the product of these three factors is

E= 1.06&0.16.

The results of this experiment seem to be consistent
with the existing data, provided that the results of
Amaldi are discounted in favor of the predominance of
corresponding data presented by numerous other in-
vestigators. That is, there does not appear to be any
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high degree of anisotropy in the neutron-proton scat-
tering at this energy range.
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(d, n) Reactions with 15-Mev Deuterons. Part X. Angular Distributions*t
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Nine elements are bombarded with 15-Mev deuterons from a cyclotron. The resulting angular distri-
butions of 9.25- to 13.1-Mev neutrons are measured by means of a four-proportional counter telescope and
also by threshold detectors. It is observed that all the measured angular distributions are peaked in the
forward direction, some showing a peak at 0' and others peaks at 10'—15' with respect to the deuteron
beam. Different methods of production of neutrons from (d,n) reactions are discussed, and it is shown
that most of the observed neutrons are produced by a stripping process.
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LTHOUGH the interaction between high energy
deuterons ( 200 Mev) and nuclei has been

thoroughly investigated and explained, ' ' the nature of
the interaction at medium deuteron energies is not
clear. Several investigations4 ' have not produced

*Assisted by the ONR.
t This work was carried out in partial fulhllment of the require-

ments for the degree of Doctor of Science at the Carnegie Institute
of Technology.

f Now at Brookhaven National Laboratory, Upton, Long
Island, New York.

' A. C. Helmholtz, Phys. Rev. 72, 1003 (1947).
~ R. Serber, Phys. Rev. 72, 1008 (1947).' S. Daneo8, Phys. Rev. 72, 1017 (1947).' R. B. Roberts and P. H. Abelson, Phys. Rev. 72, 76 (1947).
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sufficient evidence to determine whether stripping, '
which explained the high energy reaction, can account
for the nature of the yields in d,e and d,p reactions.

The deuteron beam of the University of Pittsburgh
cyclotron was used to investigate the characteristics of
the yields of (d,n) reactions. These experiments can be
divided into two groups: the investigation of the
angular distributions of neutrons produced by 15-Mev
deuterons, which is reported here, and the study of
neutron energy spectra and neutron yields from d,e
reactions, which will be reported in Part II. The
integrated interpretation of all the data will be pre-

6 P. Ammiraju, Phys. Rev. 76, 1421 (1949).
~ R. Gove, Phys. Rev. 78, 344 (1950).
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10 B. Ross' and H. Staub, Ionization Chambers
(McGraw-Hill Book Compan Iompany, nc. , New York, 2949), p. 207.

sented at the end of Part II ft 11 ha er a t e experimental e
evidence has been reported.
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fission being 1.1 Mev, " this would be true only if the
neutron spectrum remained constant during the run.
Neutron spectra measurement showed this to be the
case. The monitor was cross checked by measuring the
actual deuteron current striking the target.

At each angle, measurements were taken without the
polyethylene foil in place in order to determine the
background. This measured the number of protons
produced by (e,p) reactions in the aluminum foil,
absorbers, and the gas mixture. However, it did not
measure those protons produced by (n, ,p) reactions in

the carbon of the polyethylene. In order to measure
these a carbon layer corresponding to the carbon in the
polyethylene was placed in front of the counters. It
was found that the number of protons produced in the
carbon was so small that it could not be measured
within the experimental error. By making measurements
at diQerent angles the angular distributions in the
laboratory system were obtained. However, attenuation
corrections have to be made. As can be seen from Fig. 1,
the neutrons produced in the target have to traverse
the cyclotron vacuum chamber to reach the neutron
detectors. Thus, the detected neutrons have to traverse
various thicknesses of aluminum, copper, and stainless
steel and are consequently attenuated to varying
extents before they are actually observed.

The attenuation was calculated by using the total
scattering cross section o.Y, which can be broken up
into two parts, o-T=o.t:I+OK. ac~ is the cross section
for the formation of the compound nucleus and 0-E the
elastic scattering cross section. It has been shown""
that at energies used in this experiment one obtains
o-~N ——OF. Thus, both of these processes had to be
considered.

The neutrons produced by the compound nucleus are
emitted almost isotropically and usually at lower

energies. However, the elastically scattered neutrons
are diffracted and are thus scattered predominantly in
the forward direction. Their angular distribution is

given by"-

B=dozed~ =R'51~(Rel&)l~ j2

where E. is the radius of the scattering nucleus, 8 is the
angle of scattering, X is the De Broglie wavelength of
the incoming neutron, and J~ is a bessel function of the
first order. The angular distribution of the el.astically
scattered neutrons is thus very dependent on the energy
of the incident neutron and the radius of the scattering
nucleus. Using 11-Mev neutrons the distribution falls

to half-intensity at 8=0.375 radian for copper and
8=0.490 radian for aluminum. Because of this aniso-

tropic distribution some of the elastically scattered
neutrons will be scattered into the detector. The
magnitude of this efI'ect has been calculated for one

"K.E. Shoupp and L. E. Hill, Phys. Rev. 75, 785 (1949)."E.Amaldi et a/. , International Conference on Fundamental
Particles and Low Temperatures, Phys. Soc. (London} 1, 97
(1947}.

"H. Bethe, Phys. Rev. 57, 352, 1125 (1940).

case, the angular distribution of neutrons produced by
deuterons impinging on a copper target, by graphically
integrating the following expression:

2%

+de,
0 0

where A. is the fraction of the elastically scattered
neutrons which are scattered into the detectors and p
is the angle subtended by the detector as seen from
the scatterer. Results of this calculation showed that
the error introduced by neglecting this effect is small
enough not to alter the shape of the curves to any
noticeable extent.

The above discussion is valid for the measurements
which were made with the counter telescope, as in
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Pro. 2. Angular distribution of neutrons from 15-Mev
deuterons or beryllium.

that case where the cement shield prevents elastically
scattered neutrons from all parts of the cyclotron from
being radiated into the telescope. When threshold
detectors are used, there is, of course, no shield in
front of them, and then only a fraction of the total
cross section should be used for the attenuation calcu-
lations, as an appreciable fraction of the elastically
scattered neutrons are essentially scattered back into
some detectors.

However, the fact that the data obtained with the
counter telescope (which does not count scattered-in
neutrons) is in good agreement with the threshold
detector data (using the same attenuation corrections
as those used for the telescope data) shows that the
effect of the scattered-in neutrons is very small.

It should be kept in mind, however, that either
attenuation calculation procedure is only an approxi-
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had been measured with the counter telescope, the
measurements were repeated with Ag threshold de-
tectors. As can be seen from Figs. 4 and 6, the agreement
between the results of the two methods is good. Conse-
quently, the remaining angular distributions were
measured only with Ag detectors, as this was the least
time consuming method.

Attention is called to the fact that the direction of
the deuteron beam was not exactly known within 5'.
Thus, it was assumed to be at the center of symmetry of
the angular distribution. The orientation of the center
of symmetry with respect to the cyclotron varied

slightly from run to run; and, consequently, the attenu-
ation corrections are not always identical at the same

angle with respect to the deuteron beam.
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FIG. 3. Angular distribution of neutrons from 15-Mev
deuterons on magnesium.

mation and that the accuracy of the results will depend

upon this approximation. The proof for "double" and
single-peak existence, however, is not afI'ected by this
approximation, as in most cases "double" and single

peaks are already evident in the data before correction.
Figures 2—10 show both the measured distributions and
the ones corrected for this attenuation e6'ect.

After the angular distributions of Al and Co (the
first being single-peaked and the second double-peaked)
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FIG. 4. Angular distribution of neutrons from 15-Mev
deuterons on aluminum.

0
50' 40' 30' 20' O' P -KP -20' -R

ANGLE WITH DIRECTION OF DEUTERON SEAM

Fro. 5. Angular distribution of neutrons from 15-Mev
deuterons on titanium.

As the changes due to the transformation into the
center-of-mass system are so slight that no change of
the distributions is apparent, all distributions are

plotted in laboratory system coordinates.

RESULTS—DISCUSSION

As can be seen from Figs. 2—10 all angular distribu-

tions show definite preferred directions. For some ele-

ments this preferred direction is that of the deuteron

beam. Thus, Mg, Al, Mo, and Ag produce "single"

peaks in the neutron distribution. Other targets, such

as Be, Ti, Co, Cu, and Au show preferred directions at
some angle (usually about 12'—15') with respect to the

deuteron beam. The neutron angular distributions

resulting from this appear to be "double" peaked.
These experimental results for Be and Al are in good
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agreement with the recent work by Holt. Hls neutron
angular distributions produced by 8.2-Mev deuterons
show also a "double" peak in Be and a "single" peak
in Al.

%hen deuterons interact with nuclei, deuterons can
be produced by three diGerent processes: neutron
ejection from a compound nucleus formed by the
deuteron, stripping, and electric disintegration of the
deuteron in Bight. Considering neutron production from
compound nuclei, the statistical theory of the compound
nucleus predicts that, at the energies used in this
experiment, the angular distribution of the neutrons
should be isotropic, " or show a very wide and small
peak in the forward direction. "As the measured peaks
have a maximum to minimum intensity ratio of at least
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worked out theoretically. It was shown by Butler'7 that
the shape of the angular distributions of the neutrons
or protons are determined by the spins and parities of
the target and residual nuclei. Thus, an angular mo-
mentum change of 0 in the production of the residual
nucleus will produce a "single" peaked neutron distri-
bution, a change of 6/= 1 will produce a slight "double"
peak, and a change of hl= 2 a very pronounced "double"
peak. This explains why the shape of the observed
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Fro. 6. Angular distribution of neutrons from 15-Mev
deuterons on cobalt.

4, it is di6icult to see how a compound nucleus can
account for the majority of the observed neutrons.

Another method of neutron production through
deuteron-induced reactions is stripping. This process
has been demonstrated experimentally, ' and a satis-
factory model has been given by Serber. ' However, this
model, which explained the process with 190-Mev
deuterons, has to be modified if it is applied to 15-Mev
deuterons. While the coulomb e6'ect of the target
nucleus on the incoming deuteron becomes much more
important at these low energies, the Serber model
simply modi6ed for coulomb eBect still predicts "single"
peaks in the angular distribution of neutrons. Stripping
at relatively low energies ( 10 Mev) bas been recently

"J. H. Holt, Proceedings of the Harwell Nuclear Physics
Conference {September, 1950), p. 52."V.%'eisskopf, Phys. Rev, 52, 295 {1937)."L.%olfenstein, Phys. Rev. 78, 322 (1950).
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Fro. 10, Angular distribution of neutrons from 15-Mev
deuterons on gold.

angular distributions seems to vary irregularly with Z.
As the deuteron energies in this experiment (15.0
&1Mev) are great enough to have the absorbed proton
produce many excited states in the residual nucleus,
one would expect a11. the angular distributions to be a
mixture of the hi =0, 1, and 2 distributions and thus be
"single" peaked and rather wide. The fact that some
of the distributions show sharp "single" peaks while
others are even "double" peaked seems to indicate that
the cross section for the production of some particular
excited level must be very large as compared with the
cross sections for the formation of the other levels.

The theory for electric disintegration at deuteron
energies of about 15 Mev has been worked out in detail
for relatively low energy neutrons. Guth" has shown

that if one considers neutrons of all energies, the angular
distributions resulting from electric break-up do show
wide "double" peaks and that the cross section for
electric disintegration might be comparable to that for

'" E. Guth (private communication'I.

stripping. As the assumptions in the theory are not
valid for high energy neutrons, it is difficult to apply
these theoretical results to this data. However, in the
light of the good qualitative agreement between the
stripping theory and the experimental results reported
in this paper, the work on proton angular distributions
and spectra resulting from d,p reactions, " and the
neutron spectra resulting from d, n reactions, "it seems
very likely that the stripping process accounts for the
majority of the neutrons produced through the bom-
bardment of targets by 15-Mev deuterons.
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