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J« Hadley, E. Kolly, C. Leith, E. Segrs, C. Wiegand and H. York
Radiation Leboratory, Department of Physics
University of California, Berkeley, California

Abstract

In this pesper 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.

The results are condensed in Fig. 10.

Introduction

One of the important experiments that becdame feasible as soon as

the 184-inch cyclotron started to operate wgs an investigation of the n-p

scattering at a neutron energy around 90 Mev. As ik well known, n-p scatter-

ing at high energy may yield interesting clues to the nuclear forces and data

on it constitute important experimental materiel against which eny future

theory must be checked. The investigation acquires particular importance

if' the De Broglie wave length of %the neutron in the center of gravity system

(cegs system) is comparable with the range of nuclear forces. The De Broglie

k _ 9.0 x 10713

wave length is given by 3[;-— ~
S ¢ JE

and in the region of E = 100 Mev has s value

scattering.

The deuterons of the cyclotron are

of the target and produce a beam of neutrons

*A short preliminary report of this work hes
1114 (1948),

em (E in Mev in laboratory system)

favorable for investigating n-p

stripped in collision with nuclei

of small angular saperture and of

been given in Phys. Rev. 73,
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fairly narrow energy distributionl'z. This energy distribution has a maximum

at about 90 Mevw (}\'—1 0495 x 10~13 cm), @EC£4 [Ty
In the investigation to be described we have studied
e), the angular dependence of the scattering cross section
b). the total cross section®
at neutron energies of 90 Mev end 40 Meve The anguler measurements were éx—
tended for a scattering angle in the cege system from 36 to 180 degrees,
The main results of the investigations are contained in Tables II,
ITI, end IV, and Fige 1lle
To avoid unnecessary repetitions we shall now define the angles used
in this paper (see Fige 1)« We shall call the angle of scattering of the neu-
tron in the ce.ge system 15% the angle of scattering of the neutron in.the
leboratory system <:L the angle between the direction of motion of the incom-

ing neutron and the recoil proton in the c.g. system end in the laboratory

system yp and {? respectively. Between these angles we have the following

rolations;

(1) tg®=V1 - g2 tg_? 2) tgé =v1 - g% cotgg

dcosi::_}_ 1 (1-p° cos2§)2 ‘ 2%
(3) Toos TT g2 cos B (4) Ep =2 TR
2
(5) E. = 2 B2 Mo

where E and EP are the kinetic energies of neutron and proton in the laborae
tory system, M is the rest mass of proton or neutron (considered equal), B
is the retio of the velocity of the neutron in the cege system to the velocity

of light., In our cxperiments (En = 88 Mov) B is equal to 0.2124.

17.C0 Holmholz, E.M. MoMillan, D. Sewsll, Phys. Reve 72, 1003 (1947),
®R. Serber, Phys. Rev. 72, 1007 (1947).

3
See also L,F. Cook, E.M, McMillan, J.Me Peterson, and D.C. Sewell, Phys. Rev.
72, 1264 (1947).
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The principle of our experiment is to msasure the number of protons
. scattered by a hydrogenous target (polyethyleno or peraffin) into a fixed solid
angle d £}= d\yd cos é’ at angle @; this number is proportional to the differ-
ential cross section "’(&) and from this we find the difforential cross sooce
tion O (@) = (@) Z czso in the c.ge system. The direct measurement
of CT(%E) is not on en absolute scale, but we cen nomelize it end pass to en
ebsolute scale by requiring that
(6) fg” (E&)dn = total scattoring cross section =@
This last quantity is obtained by measuring the attenuation of the noutron

beam in passing through suitable absorbers.:

Angul ar Dlstrlbut ion Expe riments

For angles @ botween 0° gnd about 60° we have used apparatus A and
B whose general errengement is shown in Fig. 2. For angles§ > 552 we have
used a different spparetus (C) to be described laters

The neutron beem coming from the eyclotron was produced by stripping
186 Mev deuterons on 1. 25 cm thickness of beryllium, It was collimated through
a hole in the 10 feet thick concrete walls of the cyclotron shield and emerged
through an aperture of & diemeter that has been varied in the different experi-
monts from 7.5 cm to 1 eme This aperture consisted of holes in two 50 cm
long copper plugs, ono on each sidc of the concrete shiclde The beem was
accurately centered either by obtaining e phgtographic imege on an x-ray film
in front of which we had put some paraffin or by looking with a cethetometor
at the beryllium probe in the cyclotroﬁ.'

The primary nsutron beam was monitored either by protons scattered

from an auxiliary paraffin target or by a bismuth fission chamber?,

40. Wiegend, R.S.I. in presse -
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The scattored protons were detecgtcd with a telescope of three pro-
portional counters pointing at the scatterer. The counters were brass cylind-
ers 5 cm in diameter ebout 13 cm long with a & mil Wire on the axis, filled
at atmosphoric pressure with s mixture of argon and carbon dioxide in the
ratio 25 to 1 by volume. The front windows were 45 mg em™? copper or 7 mg cn2
aluminume The telescopé wes made insensitive t§ protons genérated by primary
neutrons having an energy smaller than 66 Mev by interposing between the last
two counters an aluminum absorber (absorber A of Fige 2) of & thickness such
that it ﬁould stop ail protons of an encrgy smaller than 66 Mev cosZ€P.

The energy distribution of the neutrons to be expected in the pri-
mary becem 1s given by Serber's theory. It is desirable however to have a
direct experimental confirmation of the distribution because although the
excellent agreement with the angular distribution of neutrons as measured in
refe 2 is good proof of the soundness qf the picturé, 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 raté, keeping %% constant
at 15°, as a function of the thickness of the sbsorber A, From this curve
it is possible to calculate by differentiation the energy distribution of
the neutrons in the primery beame The seme distribution has been investi-
gated also by lowering the voltage in the counter behind absorber A in the
telescope in such a way that it was sensitive only to protons near the end
of their rengee. The results are shown in Fige 3 together with Serbert's
theoretical curve. Agreement with Serber's diogram is good for the high
enorgy region, but we have some indications of an eppreciable number of neutrons
of lower energy. This subject has not been further investigated beqauée all
our detectors were operated in such a way as to be insensitive to>protons

generated by primary neutrons of energy lower than 66 Mev,
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For this reason, as we have said above, the absorber A placed in
the c§incidence telescope was chosen so that the minimum energy a neutron
must have in order to give a detecctuble scatbercd proton was 66 Meve This '
condition was exactly fulfilled only for an infinitisimal layer at half the
depth of the scatterer. Tho energy loss of the protons in the scatterer make
this condition for a thick scatterer only epproximate and since the thickness
of the scobterer in terms of energy loss becomes grector as %é increages the
error incroases Wiﬂﬂ%ﬁ « However oven in the case of the widest angles
measured a neutron must have (66 + 7) MMev in order to give a detectable proton
from the side of the scatterer farther from the detecto}, and (66 = 7) Mev
in the case of the side nearer to the detector., The neutron en@rgy_distri—
bution as mcasured by us, when mulbtiplied by CT(E)E?é;, shows that the correct-
ion necessitated by the effcet of the thicknosé cf the scotteror is negligible
(X 2%), becouse the number of protons originating at the far side of tho
scatterer and lost due to obsorption, is almost exactly compensated for by
the oxcess of low encrgy protons originating et the ncar side of the scatterer.,

The apparatus schematicolly drown in Fige 2 was used for angles €§
between O and 60°. it larger angles the thickness of the scattorer itself,
the air, wiﬁdows otc., make this type of opparatus inadequates i new apparatus
shown in Fig. 4 wos built in an evacuated box and the scattering cross soction
for SSbfébji 7146°% was measurcd wiéh ite 4t angles larger than 71° all the
difficulties introduced by matter in the path of the scattered beam and by
the thickncss of the scatteror became eritical and the fapidly increasing
difficulty of tho cxperimont made it impractical to oxcoo& the angle of
7146° by our mothods.

The opperatus shown in Fige 4 rclicved some of the difficultios
montioned above by providing for the cvacuation of a space surrounding tho

scattorer and oxtending almost teo the counter tubce. Two benefits were: obtained
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from this: First, the direct replacement of a 33 cm air column (equivalent
to about 50 mg em™2 Al) by an 11 mg em=2 Al window; and second, thé removal
of the eir from the beam path, which greatly decreased the background radia-
tion., This fact in turn made it possible to use thinner scatterers (25 mg
om=2 CHZ), thus decreasing absorption within the scatterer.

The apperatus was made in the form of an aluminum alloy box; with
38 mg cm~2 rectangular stainless steel windows on opposite sides to allow
passage of the beeam. The.arréngement provided for minimum production of
protons by inberaction of the beam with the box walls. On a third side was
fixed an 11 mg/em? aluminum window, through which the protons scattored by
the target pass to reach the counting tubese The carbon and polyethylene
secatterers 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
beams A scale calibrated in degrees was attached to the rack, and a %rans-
parent window placed in the top of the box, so that the scatterers could be
sccuratsly placed for a run. The telescope of countihg tubes weas fixed per-
manently to the vacuum box, and sdjustment to various scattering angles was
made by rotating the entire apparatus on a pivot directly under the point
occupied by the scetterer 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 boxe. A removeble 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
evacueted 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
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one envelope, with resultant elimination of the windows between the individual
units as indicated in Fige 4a. With this arrangement, of course, it was
impossiblae to place absorbers between the last two tubes of the counting
telescope. Consequently they had to be put in front of the-whole telescope
snd the effect of Rutherford scattering by the absorber was somewhat more
serious ‘than in the other apparatus. This effect will be discussed later,

The angular resolution of our apparatus was approximately given
by the diameter d of the counter farthest from the scatterer divided by its
distance D from the scatterer, i.e., 2/50 radians. Since the tarpget itself
was extended, the resolution was perhaps 3%. If one wishes to take into
account the resolution, it is easily shown that the finite resolving power
introduces e negligible correction unless the curve has very sharp irregulari-
ties. Only near é@ = 09 may this correction be of eny significence; at that
point we estimate that it will raise the true cross section above the observed
one by at least 1027 cm? for the 90 Mev case.

The value of the cross section at %% = 0° i,0., in the direction
of the primary neutron besm was obtained with apparatus A using the same pro-
cedure as that used in measuring at €§‘% 0° but with some edded precautions
due to the fact that the primary neutron beam passed directly through the
counters. The beam was stopped down to an aperture 1,25 cm in diameter at
the concrete shield and the intensity was reduced to about 3 percent of the
usual operating intensity. The loss in intensity was partislly compensated
by using a thicker scattering target. The results obtained at 0° are also
given in Table ITI.

The amplifiers used 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 elso quite conventional and allowed the recording of

individual counts in sach of the counter tubes. The coincidence circuits
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were of two types: in one model, delay lined were used to obtain th;
gate-open times; in the other model, multivibrators were used to form
the gates, Gate times ran from about 0.5 to 12 microséconds and will
be discussed later on.

The scattering target which was of different thicknéss in different
runs, was always kept perpendicular to the direction of the scattered
protons. The neutrons thus traversed an effective target thickness equal
to t/bos?% where t 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 multiplied by the effective
target thickness was proportional to t/cos '% . Both modes of operation
were used,

In an actual run we measured the relative number of protons
scattered by a polyethylene target per impinging neutron by regis-

‘tering the ratio Rl between the coincidence counts obtained in the
telescobe and the counts of the monitor. Subsequently, the polyeth-
ylene target was replaced by a graphite target having the same stopping
power for protons as the polyethylene target and the ratio R2 similar to
Rl was measured., Finally withcut any target we obtained the ratio RB'
The effect H due'to the hydrogen is obtained by

(7) He= (R ~R,) - 073 (R, ~R,)

= Ry = 0,713 'Rz - 04287 Ry

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
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having the same stopping power for protons.'%- is proportional to the
cross section for n-p scattering, The statistical standard deviation
of H, 4'H, is given by

(8) Ei'Rl)2 + (0.713&1%2)2 + (0.2875113)2]%7 =&H

where ngl is the standard deviation of Rl ete,

We describe now the tests that we have performed on the apparatus,
The first point is to ascertain that we count all the protons of energy
larger than 66 Mev cos? gécoming from the target and nothing else. For
this purpose we first studied the counter reéponse versus voltage, With
the telescope set at 109, in ordér to be dealing with protons of practi-
cally maximum energy‘and hence minimum specific ionization, the coinci-
dence counting rate versus the collection voltage of the counters was
studied., Plateaus extending over about 300 volts were quite readily ob-
tainable as shown in Fig, 5. When the counters were adjusted to detect
protons the energy of which was about 100 lMev we found that thé counters
were also sensitive to the recoil electrons produced when a source of
radium was brought near tﬁe counter. This was to be expected on the
basis of the ionization produced by high energy protons and the ioni-
zation made by electrons, The sensitivity to thesé electrons provided
a means,of rough preliminary adjustment of the counters, Although the
voltage plateau would indicate that all of the protons were being coun-
ted, more certainty can be obtained from the following experiment: With
the counters in operation at a fixed angle, e, g 100, the triple coine~

-

cidence counting ratio Rl was obtained, Then the middle counter was dis-
connected (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



UCRL-166
12w

assuming that the efficiency is practically 100 percent,because if it
were not,.lhe use of only two counters would increase the number of
coi&cidences obtained, This experiment was done also using 4 counters
in coincidénce and in any case only the supreséion of the counter far-
thest from the target, which obviously changes the geometry, had any
effect on Rl. The reason for using triple coincidence rather than
double coincidence is that a better ratio of R. to R

1 3

and that accidental coincidences are practically zero.

is obtained,

Another test is to determine the accidental coincidences. This
was done by again setting the telescope at 10°, and obtaining the triple
coincidence ratio Rl. Then the middle counter was-removed physically from
the telescope and placed just adjacent to its regular position, In this
position the coincidencé counts were reduced by a factor of about 1000,
which makes them negligible., This is what one should expect if the appa-
ratus were working properly, The latter test is also important because
it is easy to overload the counters due to the fact that the neutrons
are emitted b& the cyclotron in short bursts, The last test described
shows conclusively that this is not the casegbecause spurious coineci-
dences which are unaffected if we put the couaters out of line with
the target, were not present, This point was further confirmed by show-
ing that“%b was independent of the target thickness t and of the beam
intensity in the region of operation, as shown in Fig, 6.

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 about 2 to 10 microsecondse

Appropriate settings for the gate times amounted to 2 to 3 microséconds,

as shown in Fig, 7.
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At the neutron energies used in this experiment, the absorbers A,
which fix the minimum energy a proton must have in order to be counted,
are so thlck (several grams/bm ) that some protons which would otherw1se
pass through are removed either by Rutherford scattering or nuclear ab-
sorption,

In the case of apparatus A, where the absorber was placed immediahely
in front of the last counter,bRutherford scattering was negligible, and only
the nuclear absorption produced any effect,

In the case of apparatus C, which was used principally for iarge % ,
it was necessary to place the abscrber in front of all three counters ,

In the experimental arrangement used, about one-half of the protons
scattered by more than 3° would not be counted by the coinéidence counter
telescope, The fraction of protons lost due to this scattering is propbr-

tional to N G" s Where N is the number of atoms per em?

in the absorber,
of atomic number Zy and.;r'ls the cross secblon for Rutherford scattering
of the absorber through an angle greater than g .éT“ is proportional to
z/ a EZP and since at each angle q/ s N is varled‘ approximately propor-
2

tionately to E1 s the fraction of protons 1ost is 1ndopcn&ent afq? To
check this point, and to find out wvhat fraction was lost, we counted the
number of protons going through various absorbers with the same stopping
power but with differing 24, For this purpose C, Al, Cu, and Pb were used.
By plotting counting rate versus N'%é , and extrapolating to 2 = 0 , we
found that at é@ = 10°, 45° and 65°-the fraction lost was about constant
>and equal to 4% for carbon, which was the absérber 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 ébSQrber being the

gaslin the counters themselves, Any Rutherford scattering which occurred

would have taken place in the counters, and essentially no protons would
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have been lost due to this effect. Therefore, a correction of % has
been applied to the value ofi?(ﬁ)at 71,60 in order to bring it in line
with the rest of the data,

An estimate of nuclear scattering and absorption, originating
from nuclear interaction, by the absorber A shows that it will not ex-
cced about 4% in the worst conditions. Moreover the difference betweén
the magnitude of these effects at various angles is about half this ab-
solute value, For this reason this effecct has been neglected,

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
reépect to the counter tubes and observing with an oscillograph the max-
imum height of the pulses produced by recoil electrons from the walls of
the counters, This was done with a collcection voltage on the counter tubes
which was found to be on the plateau of the coincidence counting rate ver-
sus voltage curve, at the time of the previous run, The observed pulses
vere 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 the rise and decay times respectively were approximately
equal in the three counters, Thesg were rather qualitative checks but
were capable of showing immediately any large changes in the character—
istics 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 nbt changed,

The coincidence circuit gate length was checked on a calibrated
éweep. After thesc checks the_measurements started and we report in the
following some typical examples, The datg in Table I were taken with the

‘following set-up:
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Diameter of neutron beam exit hole was 2,22 cm,

Distancc 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

the table,

The measurement for different ® in a single run were made in such
an order that the various values afi@ alternated in order to minimize
possible trends in systematic errors, e.g., the following order was used
ina rung © = 10°%, 45°, 30°, 20°, 5038 40°,25°, 35°, 5°, 55 (February
Ly, 1948)s (See Table I)

To fit the data obtained in different runs we proceeded as followss
Runs no, 1, 2, 12 (see Table II) have 8 velues 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 l,'2, 12 the value of H would be the same, or, in case of hore
points in common, make a best fit. In doing this we added to the statis-
tical error of the measurement of H a fitting error equal to H x tgf; s
where é}} ié the error in the normalization factor}ﬁ-. This can be
estimated from the variation ofjg for various values of iior from the
statistical errors of the singie measurements, The statistical error

of the single measurements and H i, add by the usual rule,

() |02+ @) B
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Having thus obtained H/t as a function of 95 we have at once
on a relative scale the n-piscattering cross section as a function
cﬁ‘gﬁ. To show the results obtained we report in Table II the values
of H obtained in all runs and treated as described above to bring
them all to the same scale, The errofs listed are the standard de-
viations calculated from statistics on the single measurements, No

account has been taken of the effect of ¢p.

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

(10) | N(E) D(E) 4B
and (1) ;}ﬁ(E) D(E) ef'éazaﬁﬁﬁE

where N(E) dE is the number of neutrons between energies E and E+ dE
impinging on the absorber, D(E) is the probability that one of these
neutrons is counted by the special detector used, ﬁE%(E) is the.total
cross section of the attenuator nuclei, and s is the number of nuclei
per cm2 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 f;t(E). Unfortunately this is not
the case and there is appreciable incertitude in the interpretation of
the attenuation measurements,

The experiménts were performed using as attenuator a column of

hydrocarbon (pentane, polyethylene, etc.) and also a column of gréphite
containing approximately the same amount of carbon as the hydrocarbon,

The attenuation produced by each absorber under good geometry conditions

was measured and from it the hydrogen cross section was deduced,
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Typical geometrical conditions were:
Diameter of neutron beam, 1,9 cm,
Length of absorber, 58 cm, cross section,5 x 5 cm,
Distance between closest end of absorber and detector,
Diameter of detector, 4.4 cm, %0 one
See Fig, 8
In Table III we report the main results thus far obtained,

. We can estimate an effective average energy for the neutrons
used and calculate aléb Egpe Ty (Egpp) 5 we may expect the last quan-
tity 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% of the maximum
extending down to 20 Mev, reasonable functions D(E), and CYt(E)
inversely proportional to En' The Eeff of Table II1I have been calcu-
lated under these hypotheses. _

In conelusion we can assume CT£= é%?é (E in Mev, CTt in 10"24
cmz) with about 10% incertitude, This value does not match too well

9§8 reported by Sleator 5

with the approximate values of cft = on
the basis of measurements in the 20-24 Mev energy interval; there is
however no reason why Eif%(E) should be constant over such large

energy intervals.

Lower Energies 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,
heutrons of lower energy. Unfortunately the width of the energy dis-

tribution in the forward direction does not decrease as much as the

(5) W. Sleator Jr., Phys. Rev, 72, 207 (1947). Sce there also for further
bibliography.
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most probable energy, so that poorer energy resolution is obtained.
This is borne out in Fig, 9 wherec the theoretical neutron energy dis-
tribution is plotted for ED = 98 Mev and a target of 1 cm beryllium,
Be this as it may, we have repeated the experiments with the same ap-
paratus at a lower energy. The results are reported in Table IV and

in Fig, 10,

Conclusion

ettt s O

In Tables ITI and IV we give ¥( §). In order to find the

corresponding ¢! (v) we have to multlply S(]) vy .3..9.?_91.}, and put
cos .t

this value of & at the angle \ corresponding to the }: congidered,
a cos D
d cos #
For 40 we have used the non relativistic formulae
o N (-f d cos ¥ 'f = 1
! d cos o w 4 cos}

N
Table IIT gives also ™~ and as a function of ZL for 88 Hev,

The normalization of the curves is done as explained before by

7~ 4 =24
having i e G dwes O/ 0.076 x 10 ) cm for 90 Mev
v % 0,170 x 107 cm for 40 Mev.

Since, however, [y ( J\*) is known only in a limited range, we have
arbitrarily ektrapolated & ( ) in the unknovn part. The contribution
of this part of the curve to the total cross scction is 15% of the to-
tal for the 90 Mev curve and we have assumed the 40 Mev curve to be
symmetrical around 90°, The extrapolated part of the curve is consis-
tent with data obtained in the cloud chamber investigation of n-p
scattering by W, Powell, Bruckner, ete, 6
The values of 5 (/3) 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

,6' We thank Dr. Powell and his associates for communicating their
deta to us,
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experimental runsg For clarity it has been impossible to give the
statistical errors which can be easily read out of Table II and IV,
The spread of the points gives a fair overall impression of the accu-
racy of the measurements,

Messrs, R. Christian and E, Hart of the theoretical group of
the Radiation Laboratory have calculated the n-p cross sections un=
der various assumptions, 7 One of the simplest‘used, which agrees
fairly well with the experimental results,is the following:

The n-p scattering depends on a potential

. 2¢ Kz
v (r) -8 T (.lg:ﬁ )

where the constant g2 has two values: One for scattering with parallel
and the other with antiparallel spins. These values g2/Tic = 0,405 and
0,280 respectively, are chosen so as to fit the scattering cross section
for epmithermal neutrons end the binding encrgy of the deuteron, The con-
stant 1/K is 1,2 10"13 cm, If we interpret it as the "Compton wave length"
of a particle, this particle has the mass of 326 electronic messes, not
far from the i/ meson mass; moreover it is alsp the value used by Breit

in interpreting p-p scattering and fits the cohcrent scattering observed

in neutron scattering by ortho and para hydrogen. P is an exchange operator,

The above potential gives an angular distribution as shown in Fig,

4

11 and a total cross section at 90 Mev of 0,090 x 10-'2 cmz. The agrec-

ment is fairly good and the simplicity of the hypotheses make this result

attractivae,

7- A review of the subject is given in Rosenfeld - Nuclear Forccs -
Amsterdam (1948)

Other calculations on n--p high energy scattering:
H, Connac, H. A. Bethe, Phys, Rev. 73, 191 (1948)
Ju Ashkin and Ta-Yon Wu, Phys, Rev. 73, 973 (1948)
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On the other hand tensor forces must be present to account for
the clectric quadrupole moment of the deuteron and they are introduced

by changing the potential to
_ 27k, 36 D(Epr) _5.a N -1l (14P
V(r) = g s + (k R AR gt ’1 (H \

Wgere f?l,;if are the spin operators, ﬁfis a constant fixing the amount
of tensor force and Kl is the range ofhéhe tensor forces, Choosingéf’zo.lé
and K; about 1/3 K it is possible to account also for the electric.quadru-
.pole moment of the deuteron without completely destroying the agreement
with the other experimental data. However the total cross section becomes

0.104 x 104

s & value which seems to be in disagreement with the experi-
mental results., But it must be remembered that in all this, relativistic
effects have been neglected and they may be of the order of 20%,

Iiorc detailcd theoretical studies to bring outbthe separate in-
fluence of the single factors involved in the n-p cross scetion are in
progress; |

The authors wish to thank ProfessorvE. 0. Lawrence for his interest
in this work, the cyclotron opecrating crew for their valuable assistance
in making the runs,

This paper is based on work performed under the auspices of the

Atomic Energy Commission,
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1, Definitions of angles referred to in the text,

2. General arrangement of apparatus A,

3. Energy distribution of the primary neutrons in the beam ob-
tained by stripping 190 Mev deuterons on 1,27 cm thick beryl-
lium, The solid curve is from Serber's theory, The shaded rec-
tangles are the resulté obtained by desensitizing the counter
behina absorber A and varying the thickness of absorber A. The
vertical lines are the results obtained by variation of absor-
ber A and differentiation of the curve of absorber thickness
versus number of coincidences,

4e Drawing of apparatus C,

ba, Detail of Fig. 4 counter telescope K,

5. Typicel voltage plateau of counters,

6. Coihcidence counts versus thickness of scatterer,

7. Influence of the length of the gate open time on the coincidence
counting rate,

8. Typical arrangement for measurement of the total scattering
cross section,

9. Theoretical neutron energy distribution for stripping of 98
Mev deuterons on 1 cm thick beryllium, The neutrons are in
the forward direction.

10, Differential neutron proton cross section in the center of

27 cm2 / steradiens, All measurements

gravity system in 10°
are included (See key to symbols in Tables II and III). The
stars are the final best available average corrected as de-
scribed in the text.

11, Theoretical n-p scattering curves drawn according to the hy-

potheses discussed in the "Conclusions" section. Curve I

central forces{, = 0 0931024 cm2; Curve II tecnsor forces

&y = 0.10x10~ cm’, Stars are the experimental points,
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Teble I

SALFPLE DATA

Counter |Angle [ R#| Time | Counts in each tubeg|Coinc.|llonitor Coince |Absorber |Scatterer
voliege deg sec | Hoe 1| Lo. 2]lo. 3 joounts|counts LieTle mg et mg e
' Al
12200 voltd 10 2 | 200 | 40200 43C00[42400 | ¢95 |15533 0.638 & .03 | 3857 CH, 150
1700 10 2 | 200 | 27800 £8600(28800 |1007 |1523 0.662 ¥ ,03 | 3857 Ch, 15C
1980 10 2] 200 | 14400} 12800 135i0C | cG8 11118 0,613 * .03 | 3857 CH, 180
2120 10 ¢ | 600 | 46400 | 46600(474G0 1660 2309 0.676 * ,02 | 3857 {CHy 150
2120 10 2 | 200 | 15600 ) 1l7300|188C0C | 232 7€8 0.302 ¢ .02 | 3857 ¢ 182
2120 10 2| 200 | 1460C | 158001156900 | 114 795 0,143 * 00%4 057 |blenk
2120 45 2 | 600 | 45200} 42600[41300 | 49¢ |21086 0237 * .01 800 CHy 150
2120 45 2| 2G0 | 17900 | 169C0}1G10C | 126 (1017 0.124 * .01 900 ¢ 182
2120 45 2| 110 | 10500 | 9720 9720 20 636 0,031 * .01 800 blenk
Notess R¥ iz the rouding of a "radiabion™ meter near the yoke of the cyelotron magnet.

It iz just @ check on the oparation of iln gyclotron and not suibable ou o beew monitor.

The firet three readings were taksn to chick the counter volbars vse eoinsidence/h@nitor

plateaus

8+

0,420

0.05

1]

The results of the ebove two runs givs: H

H = 0,139 * 0,01



Table II

S0 lev

g‘(@) in 10727 cm? per steradian

All runs have been fitted to the average of runs 1, 2 and 12

UCRL~166

Run_ Number 1 2 3 L 5 6 7 8 9 10 11 12

Symbol in Fig. O @ JA X o= v = | A 0 \Vi (7 D

Date 2-4—L,8 | 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-LB] 5-10-48 | 6-2-48

Apparatus _ A A A A A A A C C c C B

@(degrees) B 1} degrees| d_cos §
' d cos &

0 68.6%4,9|61.33.6 130 0,239
2 56.45.6 175.9 0.239
3 55.5%4,0]53.6+1.2 173.9 0.239
5 49.6+3.8|50.8%5.6 58,2%4,.0] 50.9%1.6 169.8 0.240
7 L6.4¥1.8 165.7 0.241
10 42.8+3.1[50.0%4.2 41.8%¥1.6)43.5%1.2147.6%1.2]45.0+2.0 L4 ,9%1.1 159.5 0.243
15 36,742.138.3%2.7 35.2¢1.1 149.3 0.249
20 32,2%2,2|29.542.9 29,5%1.5 31.241.0 139.1 0.256
25 22.5%1,3]25.4%2,5 25,2%0.9 129.0 0.268
30 22,1%1.5]20.7%2.2 21.5+0.7 118.8 0.282
35 17.5%1.1§17.0£2.0}17.41.0 18.0%0.9 108.8 0.301
4O 14.8%1.1113,081.9 13.8+0.6 98,7 0.324
L5 12.9+1.4 magloz 12.0+0.6{11.840.9/12,5%1.0 12.241.1111,2+1.1{10, 74089 12.2%1.1 12,040.4 88.7 0.354
50 10.5%0.9{ 8.4+1.3 ) : 78.7 0.393
55 9.0#0,.8] 8.140.6| 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 9.041.1 10.0%0.9 11.1+0.9 58.9 0.511
65 8.3+0,9]10.5+0.7 49.0 0.610
71.6 9.3t0.9] 8.7+1.0/10.5%0.4 8.3:0.9 36.0 0.824




QP(QE)-in 10~27 cm? per steradian

Table IIT

LO Mev

A1l runs have been fitted to the average of runs 2, 3 and 5

UC 166

Run Number 1 > 3 L 5 3 7 3

Symbol in Fig. V O

Date §-20-18 | 2958 | 6-23-58 | 6508 | 6-5-38 53008 15265 (5018

Apparatus A A A A A c ¢ c

@ﬁdqyﬁj 151 %‘%ﬁgg:

]o' 76.1%2.8 180 0.250
5 68,1%2,2 170 0.251
10 |63.243.0 65;2t2.2 66.5+1.7]69.841.6]66, 72,21 - . En|. B . . 160 0.25L
15 63.245.4162.1%1.7 59.3#2.2 150 0.258
20 5lyo 4405157842, 152,281 .1| 54,6¥1.9 140 0.258
25 52.2%4.7(55.081.6 49.2%1.9 130 0.276
30 | hho2¥L.1[45,3+2.1]43,9¢1.5 42.5%1.9 120 0.289 -
35 | 39.4%2.9140.8¥1.6 39.841.9135.442.3 [39.4¥1.6 |38,9¢1.6-| . 110 0.306
4O 35.4%2.2{36.2$1.3 43,5%1.9 100 0.327
45 | 3L4.682.6135.9¢2,2(30,240.9 36.241.9]36.5%1.9]32.5¥1.2 [33.041.6 90 0.354
50 22,745 29.9%1.5 80 0.389
55 28,5+1.8 25.2¢1.2'1 70 0.435
59 27.0¥1.,9124,8%1,0 [19.641.6 62 - 0.485
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Table IV 4
Absorber P K max Detsctor Egpp o O’E
ey em™% lev 10-%4 om?
(1) | Polysthylene | 35.3 Protons from CHE 40 0,177 £ 0,010 | 7.08
(2) | Seme 35.3 Sems ' 40 0.154 * 0.016| 6.16
(3) | Paraffin ¢12(n,2n)ctl 78 0,083 * 0,004 | 6.47 (1)
(4) | Pentene 87 .2 H recoils 88 0,075 & 0,010 6460
5) | Polyathylens | 53.4 % H recoils from CHy 88 C.086 T 0010 | 756
(6) | Sems 53.4 | H from CH, 88 0,066 & 0.012| 5.80
(7) | Psntans 6702 ' Fission of Bi 95 0,074 £ 0,002 | 7,03 (2)
(8) | Polyznnylens | 53.4 Seame 95 0:062 ¥ 0.007| 5089

In runs 1, 2 end 5 about 857 of the detected protons ceme from hydrogen recoils,
the rest from carben and baskground. Iwn run ¢ only protons coming from hydrogen recoils

have bsen countsd,.

(1) Cook, Meliillen, Poterson end Sewsll, l.co

(2) Dzdursn and Knsble, privebe commuuisati.r.
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