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In this paper we describe some measurements of the neutron-proton scattering cross section
at neutron energies of approximately 40 and 90 Mev. Both the total scattering cross section
and the differential cross section as a function of the angle of scattering were measured.

I. INTRODUCTION

NE of the important experiments that

became feasible as soon as the 184-inch
cyclotron started to operate was an investigation
of the n-p scattering at a neutron energy around
90 Mev. As is well known, #-p scattering at high
energy may yield interesting clues to the nuclear
forces and data on it constitute important ex-
perimental material against which any future
theory must be checked. The investigation
acquires particular important if the De Broglie
wave-length of the neutron in the center of
gravity system (c.g. system) is comparable with
the range of nuclear forces. The De Broglie wave-
length is given by

X=h/p=9.0X10"3/E} cm.

(E in Mev in laboratory system; p=reduced
mass Xrelative n-p velocity) and in the region
of E=100 Mev has a value favorable for inves-
tigating n-p scattering. Neutrons of this energy
are produced when the deuterons of the cyclotron
are stripped in collision with nuclei of the target.
A beam of neutrons of small, angular aperture
and of fairly narrow energy distribution results.2

* A short preliminary report of this work has been given
in Phys. Rev. 73, 1114 (1948).

1 A, C. Helmholz, E. M. McMillan, and D. Sewell, Phys.

Rev. 72, 1003 (1947).
2 R. Serber, Phys. Rev. 72, 1008 (1947).

This energy distribution has a maximum at about
90 Mev (x=0.95X10"1 cm).

In the investigation to be described we have
studied (@) the angular dependence of the scat-
tering cross section, (b) the total cross section?
at neutron energies of 90 Mev and 40 Mev. The
angular measurements were extended over scat-
tering angles in the c.g. system from 36 to 180
degrees.

To avoid unnecessary repetitions we shall now
define the angles used in this paper (see Fig. 1).
We shall call the angle of scattering of the neutron
in the c.g. system 6; the angle of scattering of the
neutron in the laboratory system ©; the angle
between the direction of motion of the incoming
neutron and the recoil proton in the c.g. system
and in the laboratory system, ¢ and ®, respec-
tively.

Between these angles we have the following relations:

tg®@=(1—p%% tg(6/2), (1)
tg® = (1—p)* cotg(6/2), (2)
deos® 1 1 (1—-8 cos*®)* 3)
dcosfd 41-—p2 cos® !
E,=Mc2(282/1—87), “4)
E,=28Mc*/(1—-p+1g%0), ©)

where E, and E, are the kinetic energies of neutron and

3 See also Cook, McMillan, Peterson, and Sewell, Phys.
Rev. 72, 1264 (1947).

351



352 HADLEY, KELLY, LEITH,

proton in the laboratory system, M is the rest mass of
proton or neutron (considered equal), and B is the ratio of
the velocity of the neutron in the c.g. system to the velocity
of light. In our experiments (E,=88 Mev)g is equal to
0.2124 and the relativity effects start to be visible.

The principle of our experiment is to measure
the number of protons scattered from a hy-
drogenous target into a fixed solid angle
dQ=dyd cos® at angle ®; this number is propor-
tional to the differential cross section ¢(®) and
from this we find the differential cross section
o(8) =o(®)(d cos®/d cosb) in the c.g. system. The
direct measurement of o(®) is not on an absolute
scale, but we can normalize it and pass to an
absolute scale by requiring that

f o(®)dQ =total scattering cross section =¢,. (6)

This last quantity is obtained by measuring the
attenuation of the neutron beam in passing
through suitable absorbers. In practice, poly-
ethylene or paraffin was used and the effect of
carbon was measured (using graphite) and sub-
tracted.

The main results of the investigation are con-
tained in Tables II, 111, and IV, and in Fig. 10.

II. ANGULAR DISTRIBUTION EXPERIMENTS
A. General Description

For angles ® between 0° and 60° we have
used apparatus 4 and B, the general arrange-
ment of which is shown in Fig. 2. For angles
&>55° we have used a different apparatus to
be described later. The neutron beam coming
from the cyclotron was produced by stripping
180-Mev deuterons on beryllium. It was moni-
tored either by protons scattered from an auxil-
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iary polyethylene target or by a bismuth fission
chamber.*

The scattered protons were detected by a
telescope of three proportional counters pointing
at the scatterer. The counter telescope was made
insensitive to protons generated by primary
neutrons of energy less than 66 Mev, by inter-
posing between the last two counters an alu-
minum absorber (absorber 4 of Fig. 2) of a
thickness such that it would stop all protons of
an energy <66 cos’® Mev.

We measured the relative number of protons
scattered by a polyethylene target per impinging
neutron by registering the ratio R; between
coincidence counts obtained in the telescope and
the counts of the monitor. Subsequently the
polyethylene target was replaced by a graphite
target having the same stopping power for
protons as the polyethylene target, and the ratio
R, similar to R; was measured. Finally without
any target we obtained the ratio Rs.

The effect, H, resulting from the hydrogen is
obtained by

H=(R,—R;)—0.713(R,— R53) )
=R;—0.713R,—0.287R3,

where the coefficient 0.713 is the ratio between
the number of atoms per cm? of carbon in the
polyethylene target and the graphite target
having the same stopping power for protons.
H/t (¢ is the effective thickness of the target) is
proportional to the cross section for #n-p scat-
tering. The statistical standard deviation of H,
0H, is given by

[(8R1)?+ (0.7136R;)?+(0.2875R3)* 1} =6H, (8)

where 6R; is the standard deviation of Rj, etc.
To fit the data obtained in different runs we
proceeded as follows: Runs Nos. 1, 2, 12 (see
Table 11) have eight values of ® in common. For
these values the geometrical mean of the H/!
values was calculated and a curve drawn. The
other runs have one or more points in common
with runs 1, 2, 12. These points were used to
normalize the run in such a way that for the
values of ® common to the run in question and
to the curve obtained from runs 1, 2, 12, the
value of H/t would be the same, or, in case of
more points in common, make a best fit. In doing

4 C. Wiegand, Rev. Sci. Inst. 19, 790 (1948).
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F1G. 2. General arrangement of apparatus 4 and B.

this we added to the statistical error of the
measurement of H/t a fitting error equal to
(H/t) X 6p, where 6p is the error in the normaliza-
tion factor p. This can be estimated from the
variation of p for various values of ® or from the
statistical errors of the single measurements. The

statistical error of the single measurements and
(H/t)6p add by the usual rule:

(Le(H/) P+ (H/sp) T} )

Having thus obtained H/t as a function of &,
we have at once on a relative scale the n-p scat-
tering cross section as a function of ®. To show
the results obtained we report in Table II the
values of H/t obtained in all runs and treated as
described above to bring them all to the same
scale. The errors listed are the standard devia-
tions calculated from statistics on the single
measurements. No account has been taken of
the effect of 6p.

We now give details of the instruments and of
the single phases of the experiment.

B. Neutron Beam

The neutron beam was produced by stripping
180-Mev deuterons on a 1.27-cm thickness of
beryllium. Its average energy is about 90 Mev.
The beam was collimated by a hole in the 10-foot
thick concrete walls of the cyclotron shield and
emerged through an aperture of a diameter that
has been varied in the different experiments from
7.5 cm to 1 cm. This aperture consisted of holes
in two 50-cm long copper plugs, one at each side
of the concrete shield. The beam was accurately
centered either by obtaining a photographic

image on an x-ray film in front of which we had
put some paraffin ot by looking with a cathe-
tometer at the beryllium probe in the cyclotron.

The energy distribution of the neutrons to be
expected in the primary beam is given by
Serber’s theory.5 It is desirable, however, to have
a direct experimental confirmation of the dis-
tribution because although the excellent agree-
ment with the angular distribution of neutrons as
measured! is good proof of the soundness of the
picture, we want to know also if there are many
neutrons of lower energy arising from other
effects. We have, for this reason, taken a curve
of coincidence counting rate as a function of the
thickness of the absorber 4, keeping ® constant
at 15° From this curve it is possible to calculate
by differentiation the energy distribution of the
protons passing through absorber 4, and by
taking into account the dependence of the np
scattering cross section on energy and angle it
is possible to reconstruct the energy distribution
of the neutrons in the primary beam.

The same distribution has also been inves-
tigated by lowering the voltage in the counter
behind absorber 4 in the telescope in such a way
that it was sensitive only to protons near the end
of their range. The results of both experiments
are shown in Fig. 3 together with Serber’s
theoretical curve. Agreement with Serber’s
diagram is good for the high energy region, but
we have some indications of an appreciable
number of neutrons of lower energy. This subject
has not been further investigated because al our
detectors were operated in such a way as to be

5 R. Serber, Phys. Rev. 72, 1008 (1947).
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F1G. 3. Energy distribution of the primary neutrons in
the beam obtained by stripping 190-Mev deuterons on
1.27-cm thick beryllium. The solid curve is from Serber’s
theory. The shaded rectangles are the results obtained by
desensitizing the counter behind absorber 4 and varying
the thickness of absorber 4. The vertical lines are the
results obtained by variation of absorber 4 and differen-
tiation of the curve of absorber thickness versus number of
coincidences.

insensitive to protons generated by primary
neutrons of energy lower than 66 Mev. The
cloud-chamber group® has obtained very good
histograms of the energy of the neutrons in the
primary beam showing agreement with Serber’s
theory.

At 45 Mev we do not have direct data on the
energy distribution of the neutrons in the
primary beam and we have assumed that
Serber’s theory gives the correct distribution.

C. Detecting Telescope

The scattered protons were detected with a
telescope of three proportional counters pointing
at the scatterer. The counters were brass cylinders
5 cm in diameter, about 13 cm long, with a 5-mil
wire on the axis, filled at atmospheric pressure
with a mixture of argon and carbon dioxide in
the ratio 25 to 1 by volume. The front windows
were 45 mg cm™2 copper or 7 mg cm™~2 aluminum.

As we have already said, the telescope was
made insensitive to protons generated by primary
neutrons having an energy smaller than 66 Mev
by interposing between the last two counters an
aluminum absorber (absorber 4 of Fig. 2) of a
thickness such that it would stop all protons of
an energy smaller than 66 Mev cos?®. More pre-
cisely, the absorber 4 placed in the coincidence
telescope was chosen so that the minimum
energy a neutron must have in order to give a

8 K. Bruckner, W. Hartsough, E. Hayward, and W.
Powell; to be submitted to Phys. Rev.
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detectable scattered proton was 66 Mev, if the
proton was generated in an infinitesimal layer
at half the depth of the scatterer. The energy loss
of the protons in the scatterer makes this condi-
tion only approximate for other layers of a thick
scatterer, and since the thickness of the scatterer
in terms of energy loss becomes greater as ¢
increases, the error increases with ®. However,
even in the case of the widest angles measured, a
neutron must have (664 7) Mev in order to give
a detectable proton from the side of the scatterer
farther from the detector, and (66 —7) Mev if it
originates from the side nearer to the detector.
The neutron energy distribution as measured by
us, when multiplied by ¢(E)~(4/E), shows that
the correction necessitated by the effect of the
thickness of the scatterer is negligible (2 per-
cent) because the number of protons originating
at the far side of the scatterer and lost by absorp-
tion is almost exactly compensated by the excess
of low energy protons originating at the near
side of the scatterer.

At the neutron energies used in this experi-
ment, the absorbers A4 are so thick (several
grams/cm?) that some protons which would
otherwise pass through are removed either by
Rutherford scattering or nuclear absorption. For
apparatus A, where the absorber was placed
immediately in front of the last counter, Ruther-
ford scattering was negligible, and only the
nuclear absorption produced any effect.

In apparatus C (see Section F and Fig. 7) it
was necessary to place the absorber in front of
all three counters. In the experimental arrange-
ment, about one-half of the protons scattered by
more than 3° would not be counted by the coin-
cidence counter telescope. The fraction of
protons lost due to this scattering is proportional
to No., where N is the number of atoms per cm?
in the absorber, of atomic number Z, and o, is
the cross section of the absorber for Rutherford
scattering through an angle greater than a. o, is
proportional to Z/a?E,? and since at each angle
®, N is varied approximately proportionately to
E % the fraction of protons lost is nearly inde-
pendent of ®. To check this point and to find
out what fraction was lost, we counted the
number of protons going through various ab-
sorbers with the same stopping power but with
differing Z. For this purpose C, Al, Cu, and Pb
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were used. By plotting counting rate wversus
NZ*/E,?, and extrapolating to Z=0, we found
that at ®=10°, 45°, and 65° the fraction lost was
about constant and equal to 4 percent for
carbon, which was the absorber actually used
with apparatus C. At the largest angle used,
there was no carbon absorber in front of the
counters, the principal part of the absorber being
the gas in the counters themselves. Any Ruther-
ford scattering which occurred would have taken
place in the counters, and essentially no protons
would have been lost due to this effect. There-
fore, a correction of —4 percent has been applied
to the value of ¢(®) at 71.6° in order to be con-
sistent with the rest of the data.

An estimate of nuclear scattering and absorp-
tion, originating from nuclear interaction, by the
absorber 4 shows that it will not exceed about
4 percent in the worst conditions. Moreover, the
difference between the magnitude of these effects
at various angles is about half the absolute value.
For this reason this effect has been neglected.

The amplifiers were conventional ones with
times of rise varying from 0.2 microsecond in
some of the sets to 0.5 microsecond in others. The
scaling circuits were also quite conventional and
allowed the recording of individual counts in
each of the counter tubes. The coincidence
circuits were of two types: In one model delay
lines were used to obtain the gate-open times;
in the other model multivibrators were used to
form the gates. Gate times varied from about 0.5
to 12 microseconds and will be discussed in
Section E.

D. Geometry and Scatterer

The approximate angular resolution of our ap-
paratus was given by the diameter d of the
counter furthest from the scatterer divided by
its distance D from the scatterer, i.e., 2/50
radians. Since the scatterer itself was extended,
the resolution was perhaps 3°. If one wishes to
take into account the error in ¢(®) introduced by
the imperfect resolution, it is easily shown that
the finite resolving power introduces a negligible
correction unless the curve has very sharp
irregularities. Only near ®=0° may this cor-
rection be of any significance; at that point we
estimate that it will raise the true cross section
above the observed one by at least 10~% cm?

355

(7 percent) for the 90-Mev case and not appre-
ciably affect it in the 40-Mev case.

The scattering targets were always very thin
to neutrons; their thickness was determined by
consideration of the energy lost in the scattering
target by scattered protons. The target was
always kept perpendicular to the direction of the
telescope. The neutrons thus traversed an
effective target thickness ¢ equal to s/cos®, where
s is the true target thickness. At constant beam,
the number of neutrons crossing the target per
unit time multiplied by the effective target
thickness was independent of & if the beam
always filled the whole scatterer, because on
varying & the change of effective area was
exactly compensated by the change of effective
thickness. On the other hand, if the beam was
smaller than the target area, the number of
neutrons crossing the target per unit time mul-
tiplied by the effective target thickness was pro-
portional to s/cos®. Both modes of operation
were used. The detecting telescope could always
see the whole scattering target.

E. Tests on the Apparatus and Typical
Performance

It was necessary to ascertain that we counted
all the protons of energy larger than 66 Mev
cos’® coming from the target and nothing else.
For this purpose we first studied the counter
response versus voltage. With the telescope set at
10°, in order to be dealing with protons of prac-
tically maximum energy and hence minimum
specific ionization, the coincidence counting rate
versus the collection voltage of the counters was
measured. Plateaus extending over about 300
volts were quite readily obtainable as shown in
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F1G. 4. Typical voltage plateau of counters.
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TaBLE 1. Typical data.

. Absorber Scat-
Counter Angle Time Counts in each tube Coinc. Monitor Coinc. mg cm-2 terer
voltage P deg. R* sec. No. 1 No. 2 No. 3 counts  counts mon. Al mg cm~2
2200 volts 10 2 200 40200 43000 42400 995 1559 0.6384-0.03 3857 CH, 150
2080 10 2 200 27800 28600 28800 1007 1523 0.662+0.03 3857 CH; 150
1960 10 2 200 14400 12800 13100 685 1118 0.613+40.03 3857 CH, 150
2120 10 2 600 46400 46600 47600 1560 2309 0.6764-0.02 3857 CH: 150
2120 10 2 200 15600 17300 16600 232 768 0.30240.02 3857 C 182
2120 10 2 200 14600 13800 15900 114 795 0.143+0.01, 3857 blank
2120 45 2 600 45200 42600 41600 499 2106 0.23740.01 900 CH, 150
2120 45 2 200 17900 16900 16100 126 1017 0.124+0.01 900 C 182
2120 45 2 110 10500 9720 9720 20 636 0.03140.01 900 blank

Notes.—R* is the reading of a ‘‘radiation’’ meter near the yoke of the cyclotron magnet. It is just a check on the operation of the cyclotron and

not suitable as a beam monitor.

The first three readings were taken to check the counter voltage vs. coincidence/monitor plateau.
The results of the above two runs give: Hige =0.4200.03, Hase =0.139 4:0.014.

Fig. 4. When the counters were adjusted to
detect protons of 100-Mev energy, we found that
the counters were also sensitive to the recoil
electrons produced when a source of radium was
brought near the counter. This was to be ex-
pected on the basis of the ionization produced by
high energy protons and the ionization made by
electrons. The sensitivity to these electrons
provided a means of rough preliminary adjust-
ment of the counters. Although the voltage
plateau would indicate that all of the protons
were being counted, more certainty can be ob-
tained from the following experiment: With the
counters in operation at a fixed angle, e.g., 10°,
the triple coincidence counting ratio R, was
obtained. Then the middle counter was discon-
nected (this procedure leaves the geometry
unchanged) and a double coincidence count was
obtained with the first and third counters in
coincidence. If the number of protons recorded
from the scatterer is the same as with the triple
coincidence set-up, we feel justified in assuming
that the efficiency is practically 100 percent,
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FiG. 5. Coincidence counts versus thickness of scatterer.

because if it were not, the use of only two
counters would increase the number of coin-
cidences obtained. A similar experiment was also
done using four counters in coincidence and only
the suppression of the counter farthest from the
target, which obviously changes the geometry,
had any effect on R;. The reason for using triple
coincidence rather than double coincidence is that
a better radio of R; to R; is obtained, and that
accidental coincidences are practically zero.

Another test is to determine the accidental
coincidences. This was done by again setting the
telescope at 10°, and obtaining the triple coin-
cidence ratio R;. Then the middle counter was
removed physically from the telescope and placed
just adjacent to its regular position. In this posi-
tion the coincidence counts were reduced by a
factor of about 1000, showing that the accidental
coincidences were negligible. This is what one
should expect if the apparatus were working
properly. It is easy to overload the counters
because of the fact that the neutrons are emitted
by the cyclotron in short bursts. The last test
described shows conclusively that this is not the
case because spurious coincidences, which are
unaffected if we put the counters out of line with
the target, were not present. This point was
further confirmed by showing that H/¢ was inde-
pendent of the target thickness ¢ and of the beam
intensity in the region of operation, as shown in
Fig. 5.

Experiments on the counting of protons with
various gate times of the coincidence circuits
showed that approximately the same counting
efficiency was obtained with gate widths from
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TaBLE II. 90-Mev ¢(®) in 1072 cm? per steradian. All runs have been fitted to the average of runs 1, 2, and 12.

Run number 1 2 3 4 5 6 7 8 9 10 11 12
Symbol in Fig. O [ ] A X O v - A D v m} e}
Date 2-4-48 2-9-48  2-19-48  3-18-48 5-21-48 6-17-48 7-29-48 3-23-48 4-10-48 4-21-48 5-10-48  6-2-48
Apparatus A A A A A A A C C C C B
d cosd
P(degrees) 6(degrees) 3 cosd
0 68.6+4.9 61.3+3.6 180.0  0.239
2 56.445.6 175.9 0.239
3 55.54+4.0 53.6+1.2 173.9 0.239
5 49.64+3.8 50.8£5.6 58.2£4.0 50.9+£1.6 169.8  0.240
7 46.4+1.8 165.7 0.241
10 42.84+3.1 50.0-£4.2 41.8+1.6 43.5+1.2 47.6£1.2 45.04:2.0 44.94+1.1 159.5  0.243
15 36.7+2.1 38.342.7 35.2+1.1 149.3 0.249
20 32.242.2 29.51+2.9 29.54+1.5 31.2+1.0 139.1 0.256
25 22.54+1.3 25.442.5 25.240.9 129.0  0.268
30 22,115 20.7+2.2 21.540.7 118.8 0.282
35 17.5+1.1 17.04£2.0 17.7+1.0 18.040.9 108.8  0.301
40 14.8+1.1 13.0+1.9 13.840.6 98.7 0.324
45 12.9+1.4 12.4+1.2 12.04£0.6 11.840.9 12.5+1.0 12.2+1.1 11.2+1.1 10.7+£0.7 12.2%+1.1 12.0+0.4 88.7 0.354
50 10.5+0.9 8.4+1.3 78.7 0.393
55 9.04+0.8 8.14+0.6 8.6+0.7 9.0+1.2  9.7+0.9 68.8  0.443
59 6.3£1.1 60.8  0.497
60 9.0+1.1 10.0220.9 11.140.9 58.9 0.511
65 8.34+0.9 10.540.7 49.0 0.610
71.6 9.34+09 8.7+1.0 10.5:0.8 8.3+0.9 36.0 0.824

about 2 to 10 microseconds. Appropriate settings
for the gate times amounted to 2 to 3 micro-
seconds, as shown in Fig. 6.

An actual run started by a check of the gain
of the amplifying systems effected by placing a
radium source in a standard position with respect
to the counter tubes and observing with an oscil-
lograph the maximum height of the pulses pro-
duced by recoil electrons from the walls of the
counters. This was done with a collection voltage
on the counter tubes which was found to be on
the plateau of the coincidence counting rate
versus voltage curve of the previous run. The
observed pulses were synchronized one on top of
the other so that the pulse shape was shown.
Pulses from the three proportional counter tubes
were checked to make sure that therise and decay
times, respectively, were approximately equal in
the three counters. These were rather qualitative
checks but were capable of showing immediately
any large changes in the characteristics of the
counting system. A standard size pulse was
applied in turn to the inputs of each of the scaling
circuits to check that the minimum pulse height
to trip the discriminators had not changed. The
coincidence circuit gate length was checked on a
calibrated sweep.

The measurements for different ® in a single
run were alternated so as to minimize possible
trends in systematic errors, e.g., the following
order was used in a run: ®=10° 45°, 30°, 20°,

50°, 15°, 40°, 25°, 35°, 5°, 55° (February 4, 1948).
(See Table 1.)

We report in Table I the original data of the
beginning of a typical run. They were taken with
the following set-up:

Diameter of neutron beam exit hole was 2.22 cm.
Distance from exit hole to scatterer was approximately
350 cm.

Distance from scatterer to first counter was 85 cm.

Distance from scatterer to monitor was 140 cm.

Triple coincidence was used.

The scatterers measured 11 by 11 cm and were made of
polyethylene and graphite.

The thickness of the scatterers and absorbers is indicated
in Table I.

A word must be added on the measurements
in the direction of the primary beam (®=0°):
The value of the cross section at ®=0° was
obtained with apparatus A using the same pro-
cedure as that used in measuring at ®0° but
with some added precautions due to the fact that
the primary neutron beam passed directly
through the counters. The beam was stopped
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F1G. 6. Influence of the length of the gate open time on the
coincidence counting rate.
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down to an aperture 1.25 cm in diameter at the F. The Apparatus for @ >60°

concrete shield and the intensity was reduced The apparatus schematically drawn in Fig. 2
to about 3 percent of the usual operating in- was used for angles between 0 and 60°. At larger
tensity. The loss in intensity was partially com- angles the thickness of the scatterer itself, the
pensated by using a thicker scattering target. air, windows, etc., make this type of apparatus
The results obtained at 0° are given in Table II. inadequate. A new apparatus shown in Figs. 7

F16. 7. Drawing of apparatus C.

A—to pump H-—carbon absorber

B—neutron beam I—diaphragm

C—vacuum scattering chamber J—mica window

D-—carbon scatterer K—counter telescope (four counters)
E—scatterer support L —0.002-in. steel window
F—polyethylene scatterer M—scatterer locator

G—aluminum window

00025" Al

.005" COUNTER WIRES
-HIGH VOLTAGE

4mg/eme MICA

A
WINDOW “
O eesserergeirgs / | / ivesorsseassesseatesss /|7, susaveesiavorssiesva § Pt i R
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PORCELAIN STAND OFF
INSULATOR
e
o123

CENTIMETERS

F16. 7a. Detail of Fig. 7 counter telescope K.
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TaBLE III. 40-Mev o(®) in 10~ cm? per steradian. All runs have been fitted to the average of runs 2, 3, and 5.

Run number 1 2 3 4 5 6 7 8
Symbol in Fig. 10 v [e) L] a [e] A X (]
Date 4-20-48 4-29-48 6-23-48 8-5-48 8-5-48 4-30-48 6-26-48 8-4-48
Apparatus A A A A A C C C
® (deg) b (deg) 2o
d cosf
0 76.1+2.8 180 0.250
5 68.1:+2.2 170 0.251
10 63.24+3.0 65.242.2 66.5:£1.7 69.8+1.6 66.742.2 160 0.254
15 53.245.4 62.141.7 59.342.2 150 0.258
20 54,7+4.5 57.8+2.1 52.24+1.1 54.6%1.9 140 0.258
25 52.244.7 55.0%1.6 9.2+1.9 130 0.276
30 44.241.1 45.342.1 439415 42.541.9 120 0.289
35 39.442.9 40.8+1.6 39.8+19 354123 394416 389+1.6 110 0.306
40 35.4+2.2 36.2+1.3 43.541.9 100 0.327
45 34.642.6 359422 30.2+0.9 36.2+£1.9 36.5+1.9 32.5+1.2 33.0+1.6 90 0.354
50 22.744.5 29.9+1.5 80 0.389
55 28.541.8 25.241.2 70 0.435
59 27.0£1.9 24.8+1.0 19.61.6 62 0.485

and 7a was built and was used to measure the
scattering cross section for 35°<®<71.6°. At
larger angles all the difficulties introduced by
matter in the path of the scattered beam and by
the thickness of the scatterer become critical,
and the rapidly increasing difficulty of the experi-
ment made it impractical to exceed the angle of
71.6° with our present apparatus.

The apparatus shown in Fig. 7 relieved some
of the difficulties mentioned above by providing
for the evacuation of a space surrounding the
scatterer and extending almost to the counter
tube. Two benefits were obtained from this.
First, the direct replacement of a 33-cm air
column (equivalent to about 50 mg cm™ Al) by
an 11-mg cm—2 Al window and, second, the
removal of the air from the beam path, which
greatly decreased the background radiation. This
fact in turn made it possible to use thinner
scatterers (25-mg cm~2 CH,), thus decreasing
absorption within the scatterer.

The apparatus was made in the form of an
aluminum alloy box, with 38-mg cm™ rectangular
stainless steel windows on opposite sides to allow
passage of the beam. The arrangement provided
for minimum production of protons by interac-
tion of the beam with the box walls. On a third
side was fixed an 11-mg/cm? aluminum window,
through which the protons scattered by the
target pass to reach the counting tubes. The
carbon and polyethylene scatterers inside of the
box were mounted on a rack which could be
rotated from the outside to place either scatterer
at a point within the beam and perpendicular to

the axis of the counting tubes, or to place both
out of the beam. A scale calibrated in degrees was
attached to the rack, and a transparent window
placed in the top of the box, so that the scatterers
could be accurately placed for a run. The tele-
scope of counting tubes was fixed permanently
to the vacuum box, and adjustment to various
scattering angles was made by rotating the
entire apparatus on a pivot directly under the
point occupied by the scatterer when in place
for a run. The beam windows were made long
enough to allow for this shifting of beam position
with respect to the box. A removable cover was
placed over the scatterers to provide access to
them. Since there was no need to attain a very
high degree of vacuum, no special precautions
were necessary in making the box vacuum tight.
It was evacuated by a small mechanical pump
which ran continuously during the course of an
experiment.

In order to decrease the amount of material
in the path of the scattered protons all four tubes
of the counting telescope were built into one
envelope with resultant elimination of the
windows between the individual units, as indi-
cated in Fig. 7a. With this arrangement, of
course, it was impossible to place absorbers
between the last two tubes of the counting
telescope. Consequently they had to be put in
front of the whole telescope and the effect of
Rutherford scattering by the absorber was some-
what more serious than in the other apparatus.
This effect has been discussed under “C.”
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G. Lower Energy Experiments

By reducing the radius at which the beryllium
probe is hit by the deuteron beam it is possible
to obtain, by the stripping process, neutrons of
lower energy. Unfortunately the width of the
energy distribution in the forward direction does
not decrease as much as the most probable
energy, so that poorer energy resolution is ob-
tained. This is born out in Fig. 8, where the
theoretical neutron energy distribution is plotted
for Ep=98 Mev and a target of 1-cm beryllium.
Be this as it may, we have repeated the experi-
ments with the same apparatus at a lower energy.
The results are reported in Table III and in
Fig. 10.

H. Summary of All the Experimental Results

Tables II and III contain a summary of all the
experimental results of this investigation thus far
obtained on the angular dependence of #p cross
section.

It must be added that several authors have
found that for energies lower than 15 Mev ¢(&)
is independent of ¥.

III. TOTAL CROSS-SECTION EXPERIMENTS

In order to place the measured cross sections
on an absolute scale it is necessary to determine
the total scattering cross section. This can be
accomplished by an attenuation measurement of
the neutron beam using good geometry. Actually
in the experiments we measured

f N(E)D(E)JE (10)

and

f N(E)D(E) exp[ —so E)YKE,  (11)

10
8

6

N(E)

4

2

0O l(‘) 20 3‘0 40 S0 60 70

NEUTRON ENERGY IN MEV

F1G. 8. Theoretical neutron energy distribution for
stripping of 98-Mev deuteron on 1-cm thick beryllium. The
neutrons are in the forward direction.
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where N(E)dE is the number of neutrons between
energies E and E+dE impinging on the ab-
sorber, D(E) is the probability that one of these
neutrons is counted by the special detector used,
o.(E) is the total cross section of the attenuator
nuclei, and s is the number of nuclei per cm? of
the attenuator. If the neutrons employed were
monochromatic, N(E) a delta-function, or if
D(E) were a delta-function, the ratio of (11) to
(10) would immediately give o,(£). Unfor-
tunately, this is not the case and there is appre-
ciable uncertainty in the interpretation of the
attenuation measurements.

The experiments were performed using as
attenuator a column of hydrocarbon (pentane,
polyethylene, etc.) and also a column of graphite
containing approximately the same amount of
carbon as that in the hydrocarbon. The attenu-
ation produced by each absorber under good
geometry conditions was measured and from it
the hydrogen cross section was deduced.

Typical geometrical conditions as shown by
Fig. 9 were: diameter of neutron beam, 1.9 cm;
length of absorber, 58 cm; cross section, 5X5 cm;
distance between closest end of absorber and
detector, 50 cm; diameter of detector, 4.4 cm.

Estimates of multiple scattering effects show
them to be negligible.

In Table IV we report the main results thus far
obtained.

We can estimate an effective average energy
for the neutrons used and calculate Eeso((Eefs) ;
we may expect the last quantity to be nearly
constant. This is roughly the case if we assume
a primary neutron distribution similar to that
predicted by Serber plus a low energy tail of an
amplitude of about 20 percent of the maximum
extending down to 20 Mev, reasonable functions
D(E), and ¢,(E) inversely proportional to E,.
The E.s; of Table 1V have been calculated under
these hypotheses.

In conclusion we can assume ¢,=6.85/E (E in
Mev, o, in 10724 cm?) with about 10 percent
uncertainty. This value does not match too well
with the approximate values of ¢;=9.8/E re-
ported by Sleator” on the basis of measurements
in the 20- to 24-Mev energy interval; there is,

7 W. Sleator, Jr., Phys. Rev. 72, 207 (1947). See also for
further bibliography.
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however, no reason why Eo,(E) should be
constant over such large energy intervals.

IV. CONCLUSION

In Tables II and III we give ¢(®). In order to
find the corresponding ¢(6) we have to multiply
a(®) by d cosQ/d cosf and put this value at the
angle 6 corresponding to the & considered. Table
I1 also gives 6 and d cos®/d cosf as a function of
® for 88 Mev. For 40 Mev, we have used the
non-relativistic formulae

d cos® 1

d cosf _4 cos®

—0=7—2%;

The normalization of the curves is done as
explained before by requiring that

0.076 X102 cm? for 90 Mev
fo‘(l?)dw =g,=
0.170%X 10724 cm? for 40 Mev.

Since ¢(6) is known only in a limited range, we
have arbitrarily extrapolated ¢(8) in the unknown
region in a way very close to curve I of Fig. 11,
The contribution of this part of the curve to the
total cross section is 15 percent of the total for
the 90-Mev curve. The extrapolated part of the
curve is also consistent with data obtained in the
cloud-chamber investigation of #-p scattering
by Bruckner et. al.® We have assumed the
40-Mev curve to be symmetrical around 90°.

The values of ¢(6) obtained in all runs are
reproduced in Fig. 10. The stars are, in our
judgment, the best average of the measurements
we have at the present date; in drawing them
we have weighted the experimental runs. For
clarity it has been impossible to give the statis-
tical errors which can be easily read out of
Tables 11 and 111. The spread of the points gives
a fair over-all impression of the accuracy of the
measurements.

Messrs. R. Christian and E. Hart of the
theoretical group of the Radiation Laboratory
have calculated the n-p cross sections under
various assumptions.® One of the simplest used,

8 A review of the subject is given in L. Rosenfeld, Nuclear
Forces (Interscience Publishers, Inc.,, New York, 1948).
Otbher calculations on #n-p high energy scattering: M. Camac
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TaBLE IV. Results of total cross-section measurements.
pl gives the thickness of absorber with which the measure-
ments were taken. In runs 1, 2, 4, and 5 about 85 percent
of the detected protons came from hydrogen recoils, the
rest from carbon and background. In run 6 only protons
coming from hydrogen recoils were taken into account.
The approximate total cross section of carbon at 90 Mev
is 0.53X 1072 cm? and at 40 Mev 0.93X10~% cm?.

Run g Method of neutron Eeff ot
no. Absorber cm-? detection Mev 10-% cm? Eo:
1 Polyethylene 35.3 Protonsfrom CH: 40 0.177:40.010 7.08
2 Polyethylene 35.3 Protonsfrom CHa 40 0.15440.015 6.16
3 Paraffin® C12(n,2n)C1t 78 0.0831+0.004 6.47
4 Pentane 67.2 Protons from CH2z 88 0.075:0.010 6.60
5 Polyethylene 53.4 Protonsfrom CHz2 88 0.086-+0.010 7.56
6 Polyethylene 53.4 H recoilsfrom CHz 88 0.066+0.018 5.80
7 Pentaneb 67.2 Fission of Bi 95 0.0740.002 7.03
8 Polyethylene 53.4 Fission of Bi 95 0.062 +0.007 5.89
s Cook, McMillan, Peterson, and Sewell, Phys. Rev. 72, 1264

(1947).
b J, DeJuren, N. Knable, and B. J. Moyer, private communication.

which agrees fairly well with the experimental
results, is the following.
The n-p scattering depends on a potential

V(r) =g (e/r) % (1+P/2),

where the constant g® has two values, one for
scattering with parallel and the other with anti-
parallel spins. These values correspond to
g2/hc=0.405 and 0.280, respectively, and are
chosen so as to fit the scattering cross section for
epithermal neutrons and the binding energy of
the deuteron. The constant 1/K is 1.2:107% cm.
If we interpret 1/K as the ‘“Compton wave-
length” of a particle, this particle has the mass
of 326 electronic masses which is not very dif-
ferent from the w-meson mass; moreover, this is
the value of the range of the nuclear forces used
by Breit in interpreting p-p scattering, and it also
fits the coherent scattering observed in neutron
scattering by ortho and parahydrogen. P is an
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50 cm

F1G. 9. Typical arrangement for measurement of the total
scattering cross section.

and H. A. Bethe, Phys. Rev. 73, 191 (1948); J. Ashkin and
Ta-You Wu, Phys. Rev. 73, 973 (1948).
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operator that exchanges the spatial coordinates agreement is fairly good and the simplicity of the

of neutron and proton. hypotheses make this result attractive, although
The above potential gives an angular dis- the theoretical total cross section is appreciably

tribution as shown in Fig. 11, curve I, and a total larger than the experimental one.

cross section at 90 Mev of 0.090 X 1024 cm?. The On the other hand, tensor forces must be
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Fi1G. 10. Differential neutron proton cross section in the center of gravity system in 10~% c¢m3/steradians. All measure-
ments are included (see key to symbols in Tables II and III). The stars are the final best available average corrected as

described in the text. The upper curve represents the data taken with 40-Mev neutrons; the lower curve with 90-Mev
neutrons.
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present to account for the electric quadrupole
moment of the deuteron and they can be intro-
duced by changing the potential to

K 13(c17)(027)
R

r

Vo) -g]

72

e K'"y 14 P
)
r 2

where 1, 0, are the spin operators, v is a constant
fixing the amount of tensor force and K’ is the
range of the tensor forces. Choosing y=0.16 and
K’=0.3K it is possible to account for the electric
quadrupole moment of the deuteron. However,
the total cross section becomes even larger:
0.093X1072* cm?, and the angular distribution
hardly agrees with the experimental one.

It must be remembered that relativistic effects
have been neglected and they may be of the
order of 20 percent.

More detailed theoretical studies to bring out
the separate influences of the single factors in-
volved in the n-p cross section are in progress.

The authors wish to thank Professor E. O.
Lawrence for his interest in this work, and the
cyclotron operating crew for their valuable
assistance in making the runs.
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Fi1G. 11. Theoretical n-p scattering curves drawn ac-
cording to the hypotheses discussed in the ‘“‘Conclusions"”
section. Curve I central forces ¢=0.09X 1072 cm?; curve
I1 tensor forces o, =0.093 X 10~% cm?. Circles are the experi-
mental points.

This paper is based on work performed under
the auspices of the Atomic Energy Commission.



