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The Angular Distribution of Protons from the D—D Reaction at 10 Mev*
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The gas-filled scattering chamber has been applied to the study of the distribution in angle of the protons
from the D—D reaction with 9.9440.08-Mev deuterons from the cyclotron. Photographic plates were used
as detectors. The other charged particles produced in the reaction and from scattering processes were pre-
vented from reaching the emulsion by covering the photographic plates with a 53.2-mg/cm? aluminum foil.
Differential cross sections were determined at 10° intervals from 15° to 65° in the laboratory system. Back-
ground runs were made to determine the correction necessary because of the flux of neutrons in the chamber.
Additional corrections were made for the penetration of the protons through the edges of the defining slit
and for geometrical errors. The total cross section for the production of protons was calculated to be

7.3X107% cm?.

I. INTRODUCTION

! I ‘HE nuclear reactions

H+ HoHAH-HI4-0, (1)

—Hel+n'4-Q, (2)

have been known for many years and have been the
subject of many papers.! The angular distribution of the
disintegration products has been extensively studied?
also.

It is the purpose of this paper to report on the angular
distribution of the protons in reaction (1) when the
energy of the incident deuteron is 10 Mev. A pre-
liminary report® has been given earlier.

II. EXPERIMENTAL PROCEDURE

The apparatus used in this experiment was that used
for measurements on deuteron-proton scattering* and
proton-proton scattering® in this laboratory and has
been described in detail in those papers.

* This work has been supported jointly by the ONR and the
AEC.

t Submitted in partial fulfillment of the requirements for the
Ph.D. at the University of Illinois. Now at Westinghouse Re-
search Laboratories, East Pittsburgh, Pennsylvania.

4 Now at the University of Wisconsin, Madison, Wisconsin.
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A preliminary analysis® of the two reactions and the
elastic scattering of deuterons by deuterons based on
the energy and momentum conservation laws yielded
the results shown in Fig. 1 for the ranges of the charged
particles in the emulsion. The calculations assumed
01=3.98 Mev, for reaction 1, Q;=23.25 for reaction 2,
E=10 Mev, and a stopping power of 2000 for protons
in the emulsion. Also shown in Fig. 1 is a curve giving
the equivalent range in an 8-mil aluminum foil. It is
seen that this thickness of foil is sufficient to stop the
nuclei H? and He® and elastically scattered deuterons,
while the protons would have enough energy to pene-
trate the foil and register in the emulsion. The neutrons
from the reaction and those produced in other (d, n)
processes would cause recoil protons to be produced in
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_ F16. 1. Ranges of charged particles emitted in the D-D reac-
tion and deuterons scattered by deuterons in Ilford C-2 emulsion.
Dashed lines show effect of 8-mil aluminum foil covering emulsion.

¢ Treatments of the mechanics involved in nuclear reactions
may be found in M. S. Livingston and H. A. Bethe, Rev. Mod.
Phys. 9, 276 (1937); C. E. Mandeville, J. Frank. Inst. 244, 385
(1947); L. 1. Schiff, Quantum Mechanics (McGraw-Hill Book
Company, Inc., New York, 1949), 96; A. O. Hanson and R. F.
Taschek, Preliminary Report No. 4, Nuclear Science Series,
National Research Council.
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the emulsion while the high energy neutrons might also
produce deuteron recoils of sufficient energy to pene-
trate the foil. These effects would have to be deter-
mined by background runs in which the protons would
be prevented from reaching the emulsion.

The procedure followed for the experimental runs
was identical with that described in reference 4. For
the final data two runs and two background runs were
made, exposing six plates in each run. One background
run was made with a hollow brass tube (of a thickness
sufficient to stop the protons) extending from the plate
holder to the front of the chamber, while the second
run was made with a brass plate covering the annular
defining slit.

III. CALCULATIONS

The differential cross section in the laboratory sys-
tem for the reaction can be expressed by the equation

No. of protons per unit solid angle
()=

No. of incident deuterons

1

)]
No. of target nuclei per cm?

For convenience the factor giving the number of target
nuclei per cm? is split into two parts: the number of
atoms per cm?, which may be easily calculated from the
measured temperature and pressure of the gas in the
chamber, and the effective length of the beam from
which the protons can reach the photographic plate,
which may be calculated from the geometry involved.’
Thus, the above equation becomes

o(8)=No(0)/nm.L(6)5Q, 4)

where ¢(f) is the laboratory cross section per unit
solid angle, No(6) is the number of protons projected
into a solid angle at an angle 6 with respect to the
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deuteron beam, #, is the number of incident deuterons
in the beam, 7, is the number of target nuclei per cm?,
and L(f) is the effective target thickness.

The quantities 62 and L(6) depend on the geometry
of the camera and the area in which the tracks are
counted. From Fig. 2 the solid angle 6Q for a rectangular
swath of width w across one of the plates at a radius &
from the beam axis is seen to be

wy sin®@
Q= —————b—-——, 5)

where v is the angle at the axis subtended by the length
of the swath. From Fig. 3 the effective target thickness
is

W sin(6+¢) b
LO)=——, (6)
sinf b—a

where W is the optical width of the slit, ¢ is the angle of
inclination of W with respect to the beam axis, & is
the radial distance from the axis to the photographic
plate, and ¢ is the radial distance from the axis to the
center of the slit. A small correction is necessary for
the finite width of the swath.

To find the cross section in the center-of-mass system
use is made of the definition

gom.(@)dQa=01(0)d s (7

where « is the angle of emission of the proton in the
center-of-mass system. The ratio of the solid angles
may be calculated from

g(0,0) =dQs/dQ=sinddl/sinada (8)
which can be put into the form

g(e, ) =cos(a— 6)sin’d/sin’a 9)

BEAM AXIS

Fi6. 2. Geometry for the calcu-
lation of the solid angle defined by
the swath area in which tracks are
counted.

N

S.0 = SOLID ANGLE = \SWATH AREAISING _

(SWATH AREA) SIN3@

nZ b2

SWATH AREA = WbY

7 The viewpoint adopted here differs slightly from that in reference 4 with respect to the factor 5L(6), following more closely
that of Herb, Kerst, Parkinson, and Plain, Phys. Rev. 55, 998 (1939).



ANGULAR DISTRIBUTION OF PROTONS

TasBLE 1. Constants of the runs.
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TaBLE II. Penetration and background corrections.

Run A Run B

D; pressure 74.7940.02 cm of oil  76.544:0.02 cm of oil
D. temperature 24.0+1°C 25.9+1°C
Oil temperature 23.0+1°C 24.1£1°C
Oil density 09118 g/cm3+0.19%, 0.9110 g/cm3+0.19,
Q-meter counts 192,003 136,929
Coulombs/count  1.036X 10710429, 1.032X 10719429,
Coulombs 1.989X 1075429, 1.413X 1075429,
ni 1.242X10%429, 0.882X 10"429,
ne (for 99.5% Ds)  3.243X10'8+0.49, 3.294X10'84-0.49,

atoms/cm? atoms/cm?

by making use of the relations

sin(a— 6)=vel. of center of mass/vel. of proton
in center-of-mass system)sing and

Tlc.M./?lp.c.M.= (E/3(E+2Q1))% (11)

where E is the energy of the incident deuteron in the
laboratory system. Thus the cross section in the center-
of-mass system is obtained by multiplying the labora-
tory cross section by g(e, 6).

IV. EXPERIMENTAL DATA

The run constants for the two experimental runs are
given in Table I. The geometrical constants associated
with the apparatus are given in Table I of reference 4.

V. CORRECTIONS

Because of the high energy of the protons from the
reaction the correction due to protons which penetrate
the edges of the defining slit should be considerable.
Following the procedure outlined in reference 4 [see
Fig. 7 and Eq. (10) of that paper], the ratio of the
penetration tracks to the open slit tracks was calculated.
This was done by applying the integral stopping power
curves for the emulsion® to the minimum range of
track accepted in counting to find the energy of the
proton entering the emulsion. A similar calculation in-
volving the stopping power of the aluminum foil® gave
the energy of the proton entering the foil. This energy
was converted into range in copper® and compared with
the range in copper that a proton passing through the
open slit would have. The difference in these two ranges
gave a value for the penetration thickness R from which
the correction was then calculated. The results of this
calculation are given in Table II. It is seen that the
maximum value of the correction is about 11 percent,
the values decreasing toward larger and smaller angles
as would be expected from the shape of the slit edges.
The limits on the corrections are based on the probable
errors in the stopping powers of the emulsion, aluminum
foil, copper, energy of the particles, and statistics of
the penetration counts.

A second large correction in this experiment is neces-
sary as a result of the flux of neutrons in the chamber.
These neutrons can produce recoil protons in the emul-
" s]. H. Smith, Phys. Rev. 71, 32 (1947).

¢ Handbook of Radioactivity and Tracer Methodology (1948),
Air Force Technical Report No. 5669, p. 183.

Np/No in Background correction

[} percent in percent
15° 3.240.6 0.9+40.1
20° 7.040.8 1.8+0.1
25° 10.1+0.9 2.8+0.2
30° 11.54+£0.9 3.540.3
35° 11.440.9 4.14+03
40° 11.040.9 41403
45° 9.7+£0.9 3.840.2
50° 7.940.6 3.24:0.2
55° 6.2+0.5 6.3+0.4
60° 4.3+0.2 6.740.4
65° 2.74+0.1 79+£0.4

sion which are hard to separate from good tracks be-
cause the finite depth of focus of the microscope would
not allow the observer to tell at a glance whether the
track started in the surface of the emulsion or just
below the surface. In addition, the high energy neutrons
could impart sufficient energy to a deuteron to cause
it to penetrate the aluminum foil covering the plates.
These could not of course be distinguished from the
good tracks.

On comparing the results of the two background
runs it was found that the first run with a long tube
projecting to the front of the chamber gave on the
average 0.5 percent more tracks than the second run
which was made with a plate over the slit. The two
runs were combined, account taken of the difference,
normalized to run A, and a smooth curve drawn from
which the correction values were taken. These values
are given in Table II.

It is seen that there is a sudden jump in the correc-
tion value at 55°. This is the result of the change in
criterion of minimum acceptable track length to quite
small values at 55°, 60°, and 65°. Here the tracks were
so short because of the high angle of incidence that it
was much more difficult to observe the direction of the
tracks. This increase in the number of short tracks made
the correction quite large. Consequently, the authors
do not feel that too much significance should be at-
tached to the shape of the cross-section curve at these
angles. In view of this effect it is advisable whenever
possible to design the camera so that reasonably long
tracks may be obtained.
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F1c. 3. Geometry for the calculation of the effective target
length L(8). Effect of finite swath width is not shown.



666 LEITER,

TasLE III. Values of cross sections.
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Total No. of

is given for each angle. The cross sections given have

been corrected as described above. These values have

uncorrected Probable been plotted in Fig. 4 with the results obtained by the
flab  tracks a(@)lab acM. sl@om error Minnesota group at 3.5 Mev for comparison.!®

; (5): %Sﬁ ?.24)( 107 cm? 21.5°  1.62 1.9 percent The probable errors for each angle are given in Table
25° 6% 52 0:327 ggg 822% ég II1. These include the statistical error in the net num-
30° 3584 0.511 424 0274 22 ber of tracks after subtracting the background tracks
35° 4327 0.464 49.4 0.258 2.1 1

00 4392 0573 1 o o and }‘:he };)lf':ne‘?dra'tlon ;racks. (ither error;s z:trehth;a1 same
45° 4683 0.664 62.8 0.400 21 as t ose. 1sted In re erence 4, except for the human
§0° 5898 0.723 69.4 0458 19 error which has been increased to 1.6 percent and the
55° 429 0.687 75.8 0.460 2.0 3 i

80° 3961 0614 810 0458 30 penetration error which has been treated separately
65° 3148 0.588 88.0 0.446 21

s See footnote 13 in reference 5.

Other small corrections of less than one percent at
all angles were necessary because of the lack of parallel-
ism of the plate with the beam, and because rectangular
instead of parabolic swaths were used (see reference 4).

The angular resolution varied from about 1° at

6=12.5° to about 2° for §=65°.

VI. EXPERIMENTAL RESULTS

The results of the two experimental runs are given
in Table III. The total uncorrected number of tracks
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the production of protons from D-D. Dashed curve shows results

obtained by Blair ¢ al. (reference 10). Crosses indicate fit to series
with coefficients given in Table IV.

for each angle according to the data given in Table II.
The human error was increased to 1.6 percent because
it was found that the neutron background tracks made
accurate counting more difficult than for the previous
work. This was deduced from the number of tracks
counted on several different swaths by three different
observers. The error in the deuteron energy (=0.08
Mev), 0.8 percent has not been included in the values
in Table III. The determination of the deuteron energy
is discussed in reference 4.
A possible source of uncertainty in this experiment
is the contamination of the gas in the chamber or in
the beam. For the latter, the presence of 5-Mev protons
would be the only possibility since molecular hydrogen
could be accelerated along with the deuterons but would
break up on going through the Nylon foil. This would
affect the Q-meter readings, giving too large a value
for the number of incident deuterons. Contaminates in
the chamber would be a different matter. If the energies
of the various particles from the reaction and from the
scattering of 10-Mev deuterons and 5-Mev protons from
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F1c. 5. Effect of contaminants. Curves show ranges in emulsion
of 10-Mev deuterons and 5-Mev protons scattered from hydrogen,
deuterium, and nitrogen. Upper solid line gives range of proton
from D-D and dashed line is equivalent thickness of 8-mil alumi-
num foil.

10 Blair, Freier, Lampi, Sleator, and Williams, Phys. Rev. 74,
1599 (1948).
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possible contaminates are converted into ranges in the
emulsion and plotted as a function of angle, the effect
of the aluminum foil is apparent. Figure 5 shows such
a plot. From this it may be seen that the only particles
with sufficient energy to penetrate the foil would be
deuterons scattered from some heavy nucleus such as
carbon, nitrogen, or oxygen. However, the low rate of
rise of pressure in the closed-off system combined with
p—p scattering® data which showed no appreciable
scattering from such heavy nuclei would seem to indi-
cate that contamination was quite small. This same
plot also shows that the amount of hydrogen con-
tamination of the deuterium is not important as far
as its contribution to scattered protons is concerned,
but of course must be known in order to calculate the
correct number of target nuclei per cm®.

According to theoretical predictions, the cross sec-
tion of the center-of-mass system should obey an ex-
pression of the form o(a)=A4 B cos’a+costat---.
Attempts to fit the experimental data with terms up
to cos®a were unsuccessful; however, a reasonable fit
was obtained with cos®« terms. These coefficients are
given in Table IV. A different set would be obtained if
slightly different behavior were assumed about the 90°
region.

The total cross section for the production of protons

SCATTERING 667

TaBLE IV. Coeflicients for fit of data to the series.

ag(a) =A + B cos’a +C costa +D cosba +E cosba

A=40.442X 10726 cm?
B=+410.708 X 10726 cm?

= —35.238X 1072 cm?
D=+45.122X1072 cm?
E=+1.942X10726 cm?

was obtained from the above values by computing the
sum
a=90

cr=4r Y o(a) sinada
a=0
for Ae taken in 10° steps. The value so obtained was
or=7.3X107%8 cm?.
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The differential cross section for the scattering of protons by protons has been measured at an energy
of 4.964-0.08 Mev, at angles from 12.5° to 55° in the laboratory system. The scattering medium was hydrogen
gas at a pressure of approximately 5 cm of Hg. The scattered or recoil protons were detected by nuclear
track photographic plates. Approximately 10,000 proton tracks were counted at each angle of observation.
An estimate indicates the error of each individual cross section to be about two percent. Because the ob-
servations at each angle are made simultaneously, the relative accuracy from one angle to another is smaller

and amounts to about 1.3 percent.

I. INTRODUCTION

HE scattering of protons by protons has been
studied at a number of energies between 0.5 and
4.2 Mevi—*and at 7, 8, 10, and 14.5 Mev.>—8 This experi-

* Assisted by the Joint Program of the ONR and AEC.
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? Herb, Kerst, Parkinson, and Plain, Phys. Rev. 55, 998 (1939).
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7R. R. Wilson, Phys. Rev. 71, 384 (1947).

8 Wilson, Lofgren, Richardson, Wright, and Shankland, Phys.
Rev. 71, 560 (1947); 72, 1131 (1947).

ment provides data at 5 Mev with hydrogen gas as the
scattering medium and photographic plates for the
detection of scattered protons in much the same way
as the scattering experiment which was done at 7 Mev
by Dearnley, Oxley, and Perry.> However, the details
of the slit system differ from those reported by them.
The photographic method of detection was selected
because it provided a convenient method of rejecting
background counts, otherwise troublesome in electrical
systems, and because it permitted the recording of a
large amount of data in a relatively short cyclotron
operating time.

The scattering chamber described by Rodgers, Leiter
and Kruger® was used to carry out this experiment.

¢ Rodgers, Leiter, and Kruger, Phys. Rev. 78, 656 (1950).



