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ABSTRACT

The differential cross section for the production of neutrons from
190-Mev proton bombardment of uranium has been measured at 135° and 45°
to the beam direction in the neutron energy interval 0.5 to 12 Mev. The neu-
trons were detected by the observation of proton recoils in nuclear emulsions.
The internal cyclotron beam was monitored by comparing the activity of poly-
ethylene foils placed over the target to the activity of polyethylene foils exposed
to the external cyclotron beam. The differential cross section at 13 5© appears
identical with the differential cross section at 45°. The observed spectral
shape is in good agreement with evaporation theory as amended by LeCouteur.

- Assuming spherical symmetry in the laboratory system, we have 17.8 +£3.6

barns as the total cross section for the production of neutrons in the energy
interval 0 to 12 Mev by 190-Mev proton bombardment of uranium. It is con-
cluded that 9.4 + 1.9 neutrons are evaporated per inelastic collision of 190-
Mev protons with uranium, and that the average excitation energy delivered
to the struck nucleus is 88 + 18 Mev.
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I. METHOD

The differential cross section for the production of neutrons in the
energy interval 0.5 to 12 Mev was measured from a natural uranium target
at 45° and 135° to the 190-Mev proton direction. The method of observing
proton recoils in nuclear emulsionsl;2 was used to detect the émitted neutrons.
The experimental arrangement, the method of monitoring the beam, and the
treatment of the data have been described in a previous report. 3 The uranium
target was 1.63 g/cm® thick in the beam direction.

II. RESULTS AND DISCUSSION

The corrected neutron spectra are presented in Fig. 1. Each spectrum
contains about 800 events. The errors indicated are statistical errors only.
The absolute cross section scale has a further uncertainty of about + 20%.

The 45° and 135° data are consistent with an isotropic angular dis-
tribution. This is in agreement with previous data3 on the yield of neutrons
from 190-Mev proton bombardment of Au and Ag.

Weisskopf4 has derived an expression for the energy spectrum of
neutrons emitted from a nucleus, assuming that the process is described by

the statistical model. The resulting neutron energy spectrum is given by
E
S (E)~0_(B)E e , (1)

dQdE

and T is‘the temperature of the residual nucleus. The plot of In —dg——/E o
versus E should then be a straight line with the slope - 1/T. The'average of
the 135° and 45° data is plotted as a ''temperature' plot in Fig. 2. For com-
parison, the neutron spectrum?® resulting from slow neutron fission of U is
also presented in Fig. 2. The data are in fair agreement with Eq. (1) and
would lead to a temperature of about 1.3 Mev. The agreement of the observed
neutron spectra resulting from 190-Mev proton bombardment with Eq. (1) be-
comes worse as the atomic weight of the target is reduced.” However, because
of the distribution of excitation energies that result from 190-Mev proton bom-
bardment? and because of the changes in temperature that result from the
successive evaporation of particles, disagreement with the simple expression

where ¢ _ (E) is the neutron capture cross section for the inversez reaction )
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Fig. 1. Differential cross section for the production of neutrons from
190-Mev proton bombardment of uranium. The errors are statis-
- tical errors only. ‘ :
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Fig. 2. A plotof In Eg%f/?_cf as a function of neutron energy for the

neutrons resulting from 190-Mev proton bombardment of natural
uranium. The quantity o, is the inverse neutron capture cross
section and R is the radius of the target nucleus. The values of
oc/mR2 were taken from Blatt and Weisskopf. 12 The triangles
represent the average of the 459 and 135° data, The circles are
based on data® from slow neutron fission of U235,
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given by Eq. (1} is to be expected. LeCouteurd has modified Eq. (1) to take
into account the effect of cooling following particle emission. Assuming the
nucleus to be described by the Fermi gas model, we have the_energy spectrum
of evaporated neutrons, taking into account cooling, given by

12 E
p(E) dE ~E /1 ¢ TTT6 gp (2)

where T, is the initial nuclear temperature. Then ln( SU /E5/11> plotted
against }'9 should result in 4 straight line with the slope - H;/IZ)TO Figure 3
presents the average of the 45° and 135° data plotted in this way. The agree-
ment with Eq. (2) is seen to be very good. The resulting '"temperature' is
Tg=1.9%0.1 M v.” However, when Eq. (2) is compared with the neutron
spectra observed” from 190-Mev proton bombardment of Au, Ag, Ni, Al, and
C, the agreement becomes worse as the atomic weight of the target is reduced.

Assuming the differential cross section to be isotropic in the laboratory
system, and assuming the 'temperature' observed above 0.5 Mev to hold down
to zero neutron energy, we find that the total cross section for the production
of neutrons from 190-Mev proton bombardment of uranium in the neutron en-
ergy interval 0 to 12 Mev is then 17.8 + 3,6 barns. Hicks and Kirschbaum?
measured the attenuation cross section for 185-Mev protons in uranium as 1.9
barns. This results in an average 0f 9.4 £ 1.9 neutrons evaporated per inelastic
collision of 190-Mev protons on uranium. The total cross section is plotted
in Fig. 4 together with the total neutron cross sections observed3 from 190-
Mev proton bombardment of Au, Ag, Ni, Al, and C.

The yieldlo of evaporation protons and a-particles from 190-Mev
proton bombardment of Au, compared with the yield of evaporation neutrons
under the same bombarding conditions, indicates that practically all the exci-
tation energy appears in the evaporation of neutrons. The method of calculat-
ing the average excitation energy from the observed yield of emitted particles
has been described in the previous report.3 Assuming all the excitation ener-
gy to appear as evaporation neutrons, we find that this method yields an average
excitation energy of 88 + 18 Mev for the 190-Mev proton bombardment of uran- -
ium. This result is plotted in Fig. 5 together with the average excitation en-
ergies obtained from 190-Mev proton bombardment of Au, Ag, Ni, Al, and C.
Also presented in Fig. 5 is the theoretical average excitation energy obtained
by Monte Carlo calculations.? The experimentally determined excitation en-
ergies are seen to be somewhat higher than the predicted values. The Monte
Carlo calculations were made by using a Fermi momentum distribution for
the nucleons within the nucleus. A Gaussian momentum distribution with h1gher
momentum components than the Fermi distribution would be more in agreement
with experimental results!! and would also result in higher excitation energies.
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Fig. 3. A plotof In deE/E / as a function of neutrcu energy for

the neutrons resulting from 190-Mev proton bombardment of nat-
ural uranium. The points are based on the average of the 45°
and 135° data. The errors indicated are statistical errors. Ac-
cording to LeCouteur, 8 the data should fall on a straight line with
the slope - 11T0/12, where Tg is the initial nuclear temperature.
The straight line represents Tn = 1.9 Mev,
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Fig. 4. Total cross section for the production of ""evaporation'' neutrons
as a function'of atomic weight of the target for 190-Mev proton
bombardment. ‘
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Fig. 5. The average excitation energy of the residual nucleus as a
function of atomic weight of the target for 190-Mev proton bom-
bardment.
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