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The capture of protons and deuterons by deuterons has been studied up to energies of 1.5 Mev. An upper
limit of ~10 " cm~ has been found for the D(dy) reaction near 1 Mev. The gamma-radiation from D(py)
has been found to have an angular distribution obeying a sin~8 law. The cross section of the reaction is given
empirically from 0.5 to 1.5 Mev by a =0.74EO 7 )&19 ' cm for E in Mev.

HE discovery at Los Alamos' of 20 Mev gamma-
radiation with an angular asymmetry in yield

from the capture of protons by tritons led us to in-
vestigate the possibility of the emission of similar radia-
tion in the capture of deuterons by deuterons. The ex-
citation of the He' nucleus produced in this capture
was expected to be 24 Mev, slightly higher than that
expected and observed. in the capture of protons by
tritons. Because of the large number of neutrons pro-
duced in the bombardment of deuterons by deuterons
a triple coincidence counter arrangement was employed.
Thick targets of heavy ice were bombarded by deuterons
from the electrostatic generator at an energy of 1.24
Mev. Observations were made at angles from 0' to
135' with the incident beam.

Copious radiation was observed which produced
electron secondaries having ranges in aluminum as
measured by the coincidence method corresponding to
energies up to 8 Mev. This radiation was considerably
enhanced by the introduction of parafBn and various
materials such as cadmium between target and counter
and could be accounted for completely as radiation
caused by the capture of neutrons in materials near
the experimental set-up. Above 8 Mev it was possible
to set an upper limit of 2)&10 "quanta per proton for
the yield. On the assumption that the eB'ective target
width is about 0.5 Mev, the average cross section of
the D(dy)He' reaction near 1 Mev is calculated to be
&10 "cm'. This upper limit is considerably less than
that observed' in the T(py)He' reaction which has a
cross section of ~3X10 "cm' at 1.24 Mev rising to
~10 7 cm at 2.6 Mev. An explanation of the low yield
in the D(dy) reaction has been given by Professor
R. I'". Christy in terms of arguments based on the

' Argo, Gittings, Hemrnendinger, Jarvis, Mayers, and Taschek,
Phys. Rev. 76, 182 (1949). We are grateful to these authors for
communicating to us the details of their investigations.

~ R. F. Taschek, Phys. Rev. 76, 584 (1949).

identity of the incident and target deuterons. The odd
'I' state in He' apparently responsible for the radiation
in the T(+) reaction cannot be produced by any
combination of deuterons and deuterons.

In the course of the above investigation it was de-
cided to investigate also the bombardment of deuterons

by protons. Preliminary measurements with the triple
coincidence arrangement indicated gamma-ray emission
and since no neutrons were observed measurements
were continued with the standard double coincidence
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FIG. 1. Coincident counter measurements of the absorption of
the secondaries produced in aluminum by the radiation from
D{py). The coincidence counts drop to 2 ~ at 1.06&0.05 cm of
aluminum indicating a gamma-ray energy of 6.3+0.3 Mev.
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arrangement previously used. ' The results of coinci-
dence range measurements in aluminum made at
a bombarding energy of 1.42 Mev with a thick target
and at an angle of 90' with the incident beam are
shown in Fig. 1. The number of coincidences decreases
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FIG. 2. Angular distribution of the D(py} radiation as measured
by a coincident counter arrangement subtending full angles of
30' and 45' at the target. A value of 0.04&0.02 for the point at
0' eras found using an arrangement subtending 18'X30'.

by a factor of 2' at 1.06+0.05 cm of aluminum corre-
sponding to a gamma-ray energy' of 6.3+0.3 Mev.
The energy computed from the masses involved in the
reaction D(+)He' is 6.17 at 1.0 Mev and 6.45 Mev at
1.42 Mev bombarding energy at 90' and we have thus
attributed the radiation to the capture of protons by
deuterons. Ordinary ice targets gave no radiation above
background thus eliminating oxygen under proton
bombardment as the source of the gamma-rays.

The angular distribution of the radiation from zero
to 135' at a bombarding energy of 1.42 Mev is shown
in Fig. 2. The curve shown in the igure is of the form
u+b sin'8 with a=0.15 and b= 0.85. This data was ob-
tained with a coincidence counter aperture subtending
full angles of 30' vertically by 45' horizontally. With
this fairly poor angular resolution it was not possible
to exclude the possibility that the angular distribution
actually 6tted a pure sin'8 law. For this reason the
coincidence counter arrangement was moved back from
the target until the full aperture angles were 18'
vertically by 30' horizontally. A careful study was
made of the ratio of intensities at 0' and 90' with this
arrangement with the result that I(0')jI(90')=0.04
~0.02. Even with the improved resolution the ratio
was expected to be 0.03 on the basis of the sin'8 law
and hence we conclude that the angular distribution
does 6t a sin'8 law within a few percent. This would
indicate that the radiation emanates from an electric

3 Foozler, Lauritsen, and Lauritsen, Rev. Mod. Phys. 20, 236
(1948}.
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Frc. 3. The thick target yield curve at 90' for the radiation
from D(pp'}. The yield is in quanta per 4m steradians per 10'
protons.

dipole aligned with the direction of the incident proton
beam. As the measurements were made with a thick
target it can be concluded that the radiation at 0' is
weak at all energies.

The thick target yield curve obtained at 90' as a
function of bombarding energy is shown in Fig. 3.
Because the single counts were comparable to back-
ground at low energies, coincidence counts have been
employed in plotting the curve but the right ordinate
has been normalized to the number of single counts
produced at 1.42 Mev, where the background was
small, in an aluminum lined counter 1.8 cm in di-
ameter by 7.6 long at a distance of 3 cm from the
target. The thick target yield at 90' in quanta per 4w

steradians per 10' protons is given as the left ordinate.
A logarithmic plot of the data indicates that F(90')
=E' "&(10 'p/p for E in Mev. The counting efficiency
was assumed to be 4.5 percent independent of bombard-
ing energy. ' The total cross section obtained by dif-
ferentiation of the yieM curve and. summing over all
angles is found to be @=074Eo.72X10 cm In this
calculation the variation in the stopping power of
water has been taken into account and a small cor-
rection has been made for the variation of quantum
energy with bombarding energy. Because of the low
intensity of this radiation the coe%cient in the expres-
sion has a probable error of the order of 50 percent near
1 Mev. The exponent indicating the relative variation
with energy has a probable error of not more than 15
percent. A more careful determination of the absolute
cross section is now underway.

In conclusion we wish to express our appreciation to
Professors R. F. Christy and Aage Bohr for enlightening
discussions of this problem. This work was assisted by
the joint program of the AEC and the ONR.


