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e ~7.7 Mev, 3 Mev,
so that

a+/a =0.95.

For Po a-particles e 5.3 Mev, eH 1.3 Mev

o+/a- =0.6.

Within the accuracy of our measurements we can accord-

&~ CF. e.g. , Fowler, Statistical Mechanics, second edition, p. 683,

initial and final states of the reactants are uniquely given.
Following the usual arguments for collisions of the second
kind between complex systems" we find as the condition
for detailed balancing

(P+) ( a) +( a) =(9-) ( H) -("H)

where the subscripts + and —refer to the reaction (1) going
from left to right and from right to left, respectively. v and
uH are the relative velocities of the n-particle and Li
nucleus, and of the proton and Be nucleus, respectively,
while

P+—mamLi/(ma+mLi) i P- =mHmI3e/(mH+mBe)

Hence we get

&+(&a)/&—(&H) = (mamB e/mlmL i)&(~H/ea},

where ea and eH are the corresponding energies of the
a-particle and proton with respect to their partner nuclei.
For Ra C' n-particles

ingly treat the cross sections for (1) and (3) as equal for
corresponding energies on the two sides.

In the experiments as performed the conditions age not
those of complete reversibility as required in this formula-
tion. In performing (1) the Li nucleus is initially effectively
at rest and the a-particle incident from a particular direc-
tion with a given energy while the final products are both
in motion, only the direction of motion of the collected
protons being determined by the construction of the ap-
paratus. In performing (3) the Be nuclei are at rest and the
ejected n-particles measured in some other specified
direction. To complete the conditions for reversibility we
must first make the relative velocities of the reactants the
same in (1) and (3). This has been considered as stated in
the text. Second, the different characteristics of the two
sets of apparatus with respect to the angles at which par-
ticles are collected must be considered. It is conceivable
that the angular distribution of the final products from (1)
or (3) might be marked, and might depend on the energy of
the incident u-particle or proton. We have assumed that
this is not the case. Since in our experiments combined
with those of Shintlmeister and Stetter the range from 40'
to 160' has been covered for (1), while the measurements
on (3) have been made at 90', this seems to be a fairly safe
assumption. It hardly seems likely that the disintegration
products would concentrate appreciably in the forward
direction.

OCTOBER 1, 1937 PFI YSI CAL REVIEW VOLUKI E 52

The Scattering of Protons by Neutrons*
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The scattering of neutrons by protons has been investigated by observing recoil proton tracks
with a liquid-filled cloud chamber. The neutrons used were produced by bombarding frozen
heavy water with 1 Mev deuterons from a small cyclotron. The tracks of 870 recoil protons have
been measured. Of these tracks 635 satisfied our length selection criteria and are used as the basis
of the calculations. Random track, area, and azimuthal correction factors are calculated and
applied. The final curve indicates that the scattering for the energy of neutrons used in this
experiment is approximately spherically symmetrical about the center of gravity. This is in
agreement with the current theory.

HE success of the neutron-proton model in
explaining many of the phenomena in

nuclear physics, attaches a great significance to
the law of force between these fundamental
particles. Since it is not possible to measure the
force between the neutron and the proton
directly, one must infer the law of force from the
way it manifests itself in various physical

* A preliminary report of these data was given at the
Kashington meeting of the American Physical Society,
April 1937; Kruger, Shoupp and Stallmann, Phys. Rev.
51, 1021A (1937).

experiments. One of the most cogent experiments
apposite to the determination of the law of force
between the neutron and the proton is the study
of the angular distribution of the recoil protons
produced when a substance, rich in hydrogen,
is bombarded with neutrons.

Several investigators' ' have examined the
' Monod-Herzen, J. de phys. et rad. , Feb. (1934).
. Meitner and Philipp, Zeits. f. Physik 87, 484 (1934).
3 Kurie, Phys. Rev. 44, 461 (1933).
4 Harkins, Kamen, Newson and Gans, Phys. Rev. 50, 980

(1936).
~ Lampson, Myeller and Barton, Phys. Rev. 51, 1021A

(1937).
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scattering of protons by neutrons but their
results are contradictory. None of them except
Lampson' used neutrons of homogeneous energy
and most of them have studied so few tracks
that their results are subject to large statistical
fluctuations. These difficulties together with
uncertain geometrical factors make the interpre-
tation of their results difficult.

The neutrons used in the experiment discussed
in this paper were produced by bombarding a
target of frozen heavy water with 1 Mev deu-
terons from a small cyclotron. ' The target
chamber was sealed on the end of the beam exit
tube. This allowed the cloud chamber, in which
the recoil protons were stereoscopically photo-
graphed, to be placed 41 cm from the ice target
and at right angles to the direction of the
incident deuteron beam. Thick paraffin blocks
were placed near the cyclotron vacuum chamber
to prevent high energy neutrons originating from
places other than the ice target from entering
the cloud chamber. The effectiveness of this
screening is seen from the fact that only one
recoil proton track per five pictures was observed
when the deuteron beam did not strike the ice
target. With the deuteron beam incident on the
target as high as ten tracks per picture were
observed.

The liquid-filled (four part ethyl alcohol and
one part water) cloud chamber is sylphon actu-
ated, and is 13 cm in diameter with a usable depth
of 3.2 cm. A light beam from four 100-volt movie
projector bulbs illuminated the usable portion.
For this experiment the chamber was filled with
methane to a pressure of 102 cm of Hg, the
pressure variation during an expansion being
+14 cm of Hg. The methane gave many more
tracks per picture than hydrogen which was
tried also.

Stereoscopic photographs of the tracks were
taken by means of a Sept camera chassis
equipped with a f 1.9 . lens and two vertical
mirrors each arranged so that it gives an image
of slightly more than half of the chamber nearest
it. The central light beam is allowed to go
through the lens also and when the images are
reprojected they redefine the object at its
original position.

The scattering angle, p, is the angle between
the forward direction of the incident neutron
and the direction of the recoil proton, and the
azimuthal angle, 0, is the angle between a
horizontal line lying in a plane perpendicular to
the direction of the incident neutron and through
the origin of the track, and the projection of the
recoil proton track onto this plane. The angles

P and 8 for 870 recoil proton tracks have been
measured. Of these tracks 635 met the selection
requirements discussed below and after multi-
plication by the total correction factor represent
an effective 1163 tracks.

The track images were reprojected through
the same stereoscopic camera used to photograph
them, and were viewed on a translucent onion
skin paper screen so that it was easy to get the
stereoscopic images in coincidence. The measure-
ments of p and 8 can be described best with the
use of Fig. 1. It shows the side view of the
measuring engine used. The center of the
universal joint U was placed at the position of
the neutron source. The sliding square rod R
makes it possible to match the point 0 with the
origin of the track without rotation. Then the
thin rod L is placed in coincidence with the
reprojected track and p read on scale P, 8 on
scale 5. The length of the track was measured
with a small scale to &1/16 inch (-=1.5 mm).
It was found that the measurement of p could
be reproduced to ~1' and 0 to ~4' on average
sharp tracks.

FK'. i. Measuring engine to measure P and 0.

'Kruger and Green, Phys. Rev. 51, 699 (1937).

ANALYS IS OF DATA

In the analysis of these data it is necessary to
consider only the recoil proton tracks caused by
neutrons which have sufficient momentum to
have come directly from the target. Due to the
variation of pressure in the cloud chamber
during an expansion (AP= &14 cm of Hg), the
energy variation in the neutron beam caused by
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FIG. 2. Number of tracks vs. length of track for various
scattering angle intervals. All tracks used.

a thick ice target. (DE=0.25 Mev), and the finite
scattering angle interval (5') used (except 0'—9'),
the tracks of recoil protons may have various
lengths in a given scattering angle interval. For
this reason it is necessary to set up a criterion
for selecting the tracks of allowable length in

any scattering angle interval. This is done with
the aid of the graphs in Fig. 2, in which the
number of tracks vs. track length is plotted for
all scattering angle intervals. In the intervals
(15'—19'), (20'—24'), and (25'—29') the main

groups of tracks fall between points AA', BB',
and CC'. The lengths corresponding to A and A'

are taken from the graph and with the use of
the approximate relation A =A U0' cos' p, where

R is the range of the proton and U0 is the
velocity of a proton scattered at @=0', the
maximum and minimum allowable track length
for all Ap's are calculated. This procedure is

repeated for the points BB' and CC' and the
three sets of upper and lower limits to the track
lengths thus obtained are averaged to obtain
the maximum and minimum track lengths which

are used to make the length selection. The results
of these calculations (with &1.6 mm to take

TABLE I. 3faximum and minimum track length allowed in
each scattering angle interval.

SCATTERING
ANGLI&'

INTERVAL

0'—9'
10'-14'
15'-19'
20'-24'
25'-29'
30'-34'
35'-39
40'-44'
45'-49'
50'-54'
55'-59'
60'-64'
65'-69'

MAXIMUM
TRACK
LENGTH

8.40crn
8.10
7.60
7.00
6.35
5.55
4.60
3.80
3.00
2.40
1.75
1.25
0.80

MINIMUM
TRACK
LENGTH

4.10cm
3.95
3.65
3.20
2.85
2.40
1,90
1.40
1.10
0.80
0.50
0.25
0.05

' Private communication from Livingston and Bethe.
Bonner and Brubaker, Phys. Rev. 49, 19 (1936).

care of estimated error in measurement of track
length) are given in Table I.

By using the maximum track length for a
proton at &=0' as given in Table I, the stopping
power of the gas and vapors in the cloud cham-
ber, and the range-energy curve for protons, '
it is possible to calculate the maximum energy
of our neutrons. This yields 2.49+0.1 Mev.
Due to the thick ice target used 0.25 Mev
must be subtracted from this value to get the
energy of the neutrons which have received no
energy from the bombarding deuterons. This
gives 2.24~0. 1. Mev which is to be compared
with Bonner and Brubaker's' value of 2.55 —0.12
=2.43~0.1 Mev. The agreement is good and
substantiates our method of making the track
length selection.

A clock diagram showing the azimuthal angle
distribution of the tracks selected according to
the above criteria is shown in Fig. 3. Here each
track is plotted at its observed angle of scattering
and azimuth. By counting the number of
tracks occurring in 6&=0'—9' and 68=0'—19',
20'—39', etc. (also 60=15'—24', etc.) in Fig. 3,
the curves in Fig. 4 are constructed. These
curves are smoothed by averaging the number
of tracks in a given Dp and 60 in all four quad-
rants of the azimuthal plane. (For example, in

6& =30'—34', average the tracks in 60=50'—59',
120'—129', 230'—239' and 300'—309'.) This is
allowable since the symmetry of the geometrical
arrangement of the chamber and the light beam
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wi11 entail the same loss of tracks in all four
quadrants.

If the limited height of light beam did not
prevent the observation of tracks in certain 6@'s
and 68's the curves in Fig. 4 should be horizontal
straight lines. The fact that they are not straight
lines means that the selected data must be
corrected so as to account for the impossibility
of observing all of the scattered protons. The
proper correction factor can be obtained from
the curves in Fig. 4 by getting the ratio, A/A',
of the area under the straight line to the area
under the curve in each scattering angle interval.
The results are shown in Table II.

The geometrical azimuthal angle correction
factors were computed by numerical integration
in the following way. The divergence of the
neutron beam was taken into account only along
the direction of the depth of the chamber. The
origins of all tracks were referred to the segment
of the vertical central axis of the chamber which
is illuminated by the light beam, and which is
observed to be about 3.2 cm long. The geo-
metrical correction factor is defined as the ratio
of the total solid angle to the usable solid angle
in a given hp. Thus the correction factor

" Cgdh
Cave =

32

where
27I (cos Qg

—cos $g) ~(cos @y
—cos $2)

sin Qdpde+2 sin Qdpdg (8&+82) sin gd@

and where

8~ ——sin ' (h/R sin @),
8~ = sin ' L(32 —0) /R sin g) ],

h is the distance of the origin of a track from
the top of the light beam, and R is the minimum
track length in the Ap interval under considera-
tion. The minimum ranges were used because all
tracks whose lengths are greater than the
minimum have been included in the selected

/QO 80

data, while those under the minimum length,
though they may have gone partly out of the
light beam, have been discarded. In evaluating

~

~

~( It
sin '

) ) sin @dg
E,R sin P)

by numerical integration according to Simpson's
rule one degree 6@ subintervals are used and CI,

is calculated for each Ap =2' and for each h =0,
2, 4, ~ ~ ~ 32 mm. Then C, , is the integral mean
of C~ over the depth of the light beam. The
results of these calculations are given in Table II
also.

Figure 5 shows a plot of the data in Table II,
and a composite curve made up partly from

iao

/90

TAM. E II. GraPhically and geometrically calculated azimuthal
angle correction factors.

4 ZIO pe
VFRTICAL

FIG. 3. Clock diagram: The scattering angle qb is the
radial variable and the azimuthal angle is the angle
variable.

SCATTERING
ANGLE

INTERVAL

00 90
10'-19'
20'-29'
30'-39'
40'-49'
50'-59'
60'-69'

CORRECTION FACTOR
FROM CURVE

FIG. 4
R =A/A'

1.00
1.00
1.41
1.94
1.76
2.53
3.22

GEOMETRICALLY
CALCULATED
CORRECTION

FACTOR

1.15
1.34
1.43
1.42
1.32
1.14
1.08
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TABLE III. Correction factors.

O
,0o

~ ~ (1

o 17

50-59

3O-39

2O-29

/0-/9

SCATTERING
ANGLE

INTERVAL

00 90
10'-14'
15 -19'
20'-24'
25o 29o
30'-34'
35'-39'
40 -44'
45'-49'
50 -54
55'-59'
60'-64'
65'-69'

I%ANDOM
FACTOR

1.00
0.97
0.87
0.81
0.77
0.70
0.71
0.85

iWRI:A
FACTOR

1.45
1.48
1.41
1.28
1.28
1.21
1.11

i iZIMUTHAL
FACTOR

1.15
1.30
1.35
1.43
1.50
1.70
1.90
2.00
2.15
2.40
2.70
3.05
3.35

TOTAI.
FACTOR

1.67
1.92
1.90
1.83
1.92
2.06
2.04
1.73
1.73
1.85
1.88
2.17
2.84

~ l 'I I i ~
~ IP o ~ 1 J o-o I

No C go + go Bio. Po z%

lMUTH ANGLE

Ftc;. 4. Number of tracks vs. azimuthal angle for each scat-
tering angle.

calculated points and partly from graphical
points. The azimuthal correction factors used
to correct our data are taken from the solid
curve. This procedure is justified because the
geometrically calculated points are more accurate
than the experimentally determined correction
factors at small @(0'—20'), whereas the converse
is true at large p. At small p so few tracks are
observed that statistical Huctuations are large
and the shape of the curves in Fig. 4 (&= 0'—20')
are not accurately known. At large g (50'—70')
it is hard to measure the short tracks occurring
in the azimuthal regions 60'—120' and 240' to
300'. It is likely that we have failed to measure
a large number of tracks in these regions and
that that accounts for the large correction
factor, and large deviation from the geometrical
correction factor at large p. Final azimuthal
correction factors are tabulated in Table III.

Though we consider the solid curve in Fig. 5 to
represent the best azimuthal correction factors,
in treating the final data (Table IV and Fig. 7)
all three types of azimuthal correction factors
have been tried to see how they affect the result.
When the geometrical factors are used the curve
representing the completely corrected data has
the same general shape as curve 8 in Fig. & but
falls farther below the cosine curve (A) at large
p. When using the experimentally determined

0
~3
z
O

~~2

o~
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X
N

0

0 DATA FikOM F/G&f
~ DATA F/ ION GEO, %7RICA L CALCVL AT l ON—CURVE USED 10 KORREC I MTA

l0 20 30 4o so
SCATTERING ANGLE

60 70

FIG, 5. Azimuthal angle correction curves.

factors, the peak in the curve 8 at & = 15' is
accentuated and moved to &=25'.

From the curves in Fig. 2 it is obvious that a
correction for random tracks is necessary. From
the data represented by Fig. 2, and the allowable
track lengths in Table I, one can tabulate the
number of random tracks in each scattering
angle interval and for each range variation.
These must be corrected for azimuthal angle and
reduced to the average number of tracks per
unit solid angle per scattering angle interval.
From this one can calculate the average number
of random tracks to be expected in each range
interval and the appropriate correction factor
which is given in Table III.

It is necessary to make an area correction also.
This is due to the fact that a part of the area of
the cloud chamber (represented by crosshatched
section of Fig. 6) will not record the total length
of all tracks occurring at small p. Since no tracks
are counted if they originate closer to the wall of
the cloud chamber than one-half inch, except in
region Cof Fig. 6, the correction factor is given by
the ratio (A+8+C)/(8+C), where A is the
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Fi(-. 6. Area correction.

cross hatched section of Fig. 6, A+8 is the half-
area of the region of the cloud chamber where R;=
2.07 inches, and C is the region in the one-half inch
ring where tracks were counted. The cross hatched
section is determined as follows. For a given scat-
tering angle interval (i.e., kg =0'—9') and the ef-
fective average minimum track length for this in-
terval (slightly smaller than those given in Table
I), points are laid out on several lines making an
angle of 9' with the diameter of the chamber,

and at a distance from the chamber wall equal
to the effective average minimum track length.
The area enclosed by a curve connecting these
points and the inner circle (R,=R,——, inch) is
the crosshatched area and represents the area
of the cloud chamber in which tracks having a
length greater than the average minimum track
length for the interval b,p, will hit the chamber
wall and will not be counted in the length
selected data because they. are too short. This
results in the above definition of the area
correction factor. The results of repeating this
process for each Ap are tabulated in Table III.

Table IV gives the number of selected tracks
in each scattering angle interval, the corre-
sponding number of tracks when corrected by
the correction factors in Table II I, the number
of tracks in each scattering angle interval when

grouped in 10' intervals, the solid angle correc-
tion factors, the number of tracks per unit solid

angle times a constant C, and the percent of the
total number of tracks which occur in a DP= 10'.
At the right of the table, the subintervals
Ap =5' have been regrouped into Ap = 10'
intervals which overlap the first groups by ~5'.
This is done to smooth the statistical fiuctuations
and obtain a better curve (8) in Fig. 7.

TABLE IV. Data on selected tracks. @ denotes the scattering angle interval, N the number of selected tracks, Cp the tota
correction factor, N, the number of tracks after correction, N/10'the total number of corrected tracksin 10'intervals, 6, cos P the
solid angle correction factor (cos @~—cos @~), Q the number of tracks per unit solid angle times a constant C, and P the percent
number of tracks per ten degree (d @) per unit soh'd angle. N, /10'*, 5 cos p*, Q* and P* represent ~he corresponding data for
the regrouped 10' intervals.

Cz' xc rV&/10 6 qps y X&/10'~ 6 cps q*

00 90
0o 14o

29
32

1.67
1.92

49 49
61

158

0.015

.045

3260 20.2 &3.9

3510 21.6&2.4
15'.-19'

20'-24'

25'-29'

30'-34'

35'-39'

40'-44o

45'-49'

50'-54'

55'-59'

60'-64

65'-69'

51 1.90

51 1.83 93

53

1.92 131

2.06 109

72

55

1.73 125

1.85 102

46 1.88

26 2.17

13

56

37

71 2 04 145

66 1.73 114

224

254

239

189

.100 2540 15.7 &1.5

.123 1930 11.9 &1.2

.143 1320 8.2 &0.8

.158 590 3.7 &0.6

.074 . 3030 18.7 ~1.6
190

240

259

227

143

.087 2760 17.1 &1.6

.112 2310 14.3 +1.2

.133 1710 10.6%1.0

.151 950 5.9&0,8

0.060 3170 19.6 &1.9
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Fr@. 7. Final data: Percent number of tracks per 6@ per
unit solid angle.

of this the apparent deviation may not be real
and more data are necessary to decide that point.
If further experimentation does support the
reality of the deviation, it does not necessarily
lead to a difficulty, for it appears that under less
simple assumptions than those used in the
current theory, deviations from 5 scattering can
be explained. "

At present it seems sufficient to say that
curve 8 Fig. 7 surely cannot be concave, as
would be necessary if these data agreed with
those of Kurie, ' Harkins et a/. ' Fig. 8 shows how

The open circles on curve 8 of Fig. 7 represent
the data in column 8 of Table IV. The full
circles represent the points obtained by re-
grouping the A&=5' intervals. The limits of
probable statistical fluctuations as calculated
from the number of selected tracks in column 2
of Table IV, are given by the vertical lines
through the points on curve B.

Bethe and Bacher, ' and Morse, Fisk and
Schiff" have concluded that, under their assump-
tions and for the energy of neutrons used in this
experiment, the scattering should be 5 scattering.
Consequently curve 8 of Fig. 7 should be a
cosine curve (A) if our data were in complete
agreement with the current theory. That curve
8 is nearly a cosine curve means that the
scattering must be essentially 5 scattering. The
suggestion of a small peak at &= 15' is probably
due to statistical fluctuations. On the other
hand, the greater than cosine slope of curve 8
at large p seems to be real since curve 8 falls
farther below the cosine curve A than our
probable statistical' fluctuations allow. In spite

~ Bethe and Bacher, Rev. Mod. Phys. 8, 82 (1936).
"Morse, Fisk and SchiE, Phys. Rev. 51, 706 (1937).
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FIG. 8. Comparison of these data with those from other
investigators.

"Bartlett, Phys. Rev. Sl, 889L (1937). At the time
Professor Bartlett made these comments the authors had
not made azimuthal angle corrections. Thus our cornmuni-
cation to him was based on incomplete and preliminary
data so that his remarks no longer apply specifically to the
data in this paper.

much different our data are from their data.
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