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Angular Distribution of Neutrons Scattered by Helium~
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A proportional counter 611ed with helium was irradiated with monoenergetic fast neutrons produced by
bombarding thin lithium and tritium-6lled zirconium targets with protons from the electros'tatic generator.
Angular distributions of the neutrons scattered by helium were determined by measuring the distribution
in energy of the pulses from recoiling alpha-particles with a differential discriminator. Measurements were
made for eleven diferent neutron energies from 400 kev to 2730 kev. The angular distributions were con-
sistent with a description of the neutron-helium interaction in terms of an inverted 8;.—Pg doublet in He',
split by about 5 Mev.

I. INTRODUCTION

A N examination of th interaction of neutrons and
protons with alpha-particles can provide infor-

mation on the virtual ground states of Hes and. Li'.
According to the quasi-atomic model of nuclei the lowest
state of He~ or Li' should be a 'I' state. The sign and
magnitude of the sphtting io energy of the I'; and I'~
components of the doublet is of particular interest since
the characteristics of the splitting may be related to
speci6c nucleon-nucleon spin orbit forces.

Measurements of the n —a back-scattering cross
section by Staub and TateP showed some indication of
a doublet structure near 1-Mcv neutron energy. These
authors interpreted their results in terms of a form of

dispersion theory introduced by Bloch' and concluded
their data could. be 6tted by either a regular or inverted

P~-Iy doublet split by about 300 kev. However,
Wheeler and Barschall' showed that the n —e angular
distribution measurements of Barschall and. Kanner4

at a neutron energy of 2.4 Mev indicated a much

stranger spin orbit coupling than could be expected
from the level assignments of Staub and Tatel. Hall

and. Koontzs measured the m —0. angular distribution
and total cross section at neutron energies from 0.6 to
1.8 Mcv. They attempted to analyze their data in terms

of a close doublet but did not succeed in obtaining a fit

to their measurements, The presence of the low energy

group of neutrons from the Li(p,n) reaction afl'ected

their results adversely. '
From an analysis of more quantitatively reliable data

on the p —n difFerential cross section and the I—a
total cross section it was concluded. that an inverted

I'g —I') doublet is formed in He' and I.i' with a splitting

of the order of 5 Mev. ~ In view of the uncertainties in

the angular distribution measurements and their useful-

ness in corroborating the level assignments, it seemed

*%ork supported by the AEC and the wisconsin Alumni
Research Foundation.' H. Staub and H. Tatel, Phys. Rev. 57, 936 (1940).' F. Bloch, Phys. Rev. SS, 829 (1940).

' J. %heeler and H. H. Barschall, Phys. Rev. SS, 682 (1940).
' H. H. Barschall and M. H. Kanner, Phys. Rev. SS, 590 (1940).
~ T. A. Hall and P. G. Koontz, Phys. Rev. 72, 196 (1947).
6 T. A. Hall, Phys. Rev, 72, 196 (1947).
7 R. K. Adair, Phys. Rev. 82, 750 (1951).

dcsirablc to Inakc further mcasurcmcnts of these dis-
tributioIls.

Monoenergetic neutrons werc used to bombard
hcl1um ln a proportional counter) and tile aIlgular dis-
tribution of the scattered neutrons was determined by
measuring the distribution in cIlergy of the helium
recoils. Barschall' has pointed out that the distribution
in energy of the alpha-particle recoils in the laboratory
system is proportional to the di&erential scattering cross
section pcr unit solId angle as a functIon of cos8') whcI'c

8 is the angle of scattering in the center-of-ma, ss system.
Therefore, the distribution of pulses from the counter
represents the di6ercntial scattering cross section as a
function of the cosine of the scattering angle.

Figure 1 shows the proportional counter used in these
measurements. The most important diR'erence between
this counter and that described by Koontz and Hall' is
the utilization of guard sleeves heM at an intermediate
potential. An important limitation on the use of propor-
tional counters with gas ampli6cation is the reduction
of the gas multiplication near the ends of the counter
caused by distortion of the held by wire supports and
guard sleeves held at the potential of the wire. An

attempt was made to reduce this CRect by using guard
sleeves held at an intermediate potential. ' The sleeves
used on this counter consisted of ceramic tubing which

had an outside diameter of 0.040 inch and an inside
diameter of 0.010 inch. The outside surface was coa.tcd.
with Aquadag to provide a conducting surface, and held.

at an appropriate intermediate potential. Since the
dielectric collstant of the cermic was about four, it was

necessary to coat the inside of the ceramic, which was

in contact with the wire, to preclude the production of
excessive fIelds in small gaps between the ceramic and
wire. Such 6clds could cause small gas breakdowns.

The chamber was used in conjuIlction with a Model
'100 ampliher and preampli6er. The rise time of the
ampli6er was 0.5 microsecond and the clipping time

32 microseconds. Pulse-height distributions werc

3 P. G. Koontz and T. A. Hall, Rev. Sci. Instr. IS, 643 (194"1).
9A. I.. Cockroft and S. C. Curran, Rev. Sci. Instr. 22, g'1

(1951)
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FIG. i. Proportional counter.

measured with a single channel differential discrimi-
nator. A channel width of i~ volts, held constant by a
dry cell, was used. The position of the bottom of the
channel could be varied from 0 to 50 volts.

The energy resolution of the counter was checked by
measuring the pulse-height distribution from the
nitrogen (e,p) reaction when nitrogen was introduced
into the counter, and by measuring the pulse distri-
butions of the e-particles' from a polonium source on
the counter wall. In both cases the pulse distributions
had a width at half-maximum of about 6ve percent of
the pulse energy.

Measurements of the N —n angular distribution were
made at neutron energies of 1000 kev, 1200 kev, 1400
tv, 1700 kev, 2000 kev, 2400 kev, and 2730 kev by
irradiating the counter with fast neutrons from the
T(p,n) reaction. The tritium was absorbed in a zirco-
nium 61m which had been evaporated onto a wolfram
backing. Two-Mev protons lost about 30-kev energy in
passing through this target. Monoenergetic neutrons
of the required energies were produced by bombarding
the target with protons accelerated by the electrostatic
generator. It is in this region above 1 Mev that the
results of Hall and Koontz were obscured by the low
energy group of neutrons from the Li(p, e) reaction
which they used. For the present measurements the
counter was filled with 1~ atmospheres of argon, 1~ at-
mospheres of helium, and j..4 cm of CO2. With this
fjlling, the most energetic alpha-particle recoils from the
highest neutron energy used had a range of about 7 mm.
The CO2 was added to reduce the rise time of the pulses
from about 50 microseconds to about 5 microseconds.
Since the clipping time was 32 microseconds, .the
maximum height of the pulse was not sensitive to the
small variations in pulse rise time which are caused. by
di6erences in electron collection time from different:
recoil tracks. The counter was placed in position so
that the axis of the counting volume was aligned with
the direction of the proton beam, the center of the
counting volume being about 4 inches from the target„
P gas multiplication of about 15 was obtained with

2000 volts between the center wire and the wall and
400 volts between the wire and sleeve. The potential
was supplied by dry cells. Pulse-height distributions
were obtained by recording the number of counts which
felI into the discriminator channel as a function of the
bias of the channel. The neutron Qux was monitored
indirectly by measuring the proton current incident on
the target. The crosses on Figs. 4, 5, and 6 represent
the distributions obtained in this way; the ordinate of
each point is proportional to the number of counts in
the channel per unit neutron flux; the abscissa is pro-
portional to the bias voltage measured to the center of
the channel.

Slightly di6'erent procedures were used to obtain the
angular distributions at energies of 400 kev, 600 kev,
750 kev, and 865 kev. Since the low energy group of
neutrons from the Li(p, n) reaction does not seriously
interfere with the measurements at these energies, it
seemed advantageous to make use of the larger neutron
flux available from the Li(p, m) reaction. The counter
was again placed in line with the proton beam, but with
the center of the counting volume 7 inches from the
target. For these measurements the counter was filled
with 3 atmospheres of helium and 2.4 cm of CO2. A gas
multiplication of about 15 was produced with 1200 volts
between the wall and wire. The crosses on Figs. 2 and 3
show the distributions obtained in this fashion.

IIL EXPERIMENTAL RESULTS

Corrections must be applied to the pulse-height dis-
tribution before one can relate them to differential cross
sections. In particular, allowance must be made for
tracks which eriter or leave the active volume expending
only part of their energy in this volume. EA'ects pro-
duced by the distortion of the field near the guard
sleeves are also important. Measurements reported by
Rossi and Staub" show that under unfavorable condi-
tions the reduction in Geld near a wire support of larger
diameter than the wire will produce a region of reduced

' B. Rossi and H. Staub, Joeizafioe Chambers and Counters
(Mcoraw-Hill Book Company, Inc. , New York, 1949).



gas multiplication which may extend as much as a cm
from the support. In the counter used in the present
experiment the inside of the guard sleeve is held at the
potential of the wll'c. Slncc thc lnsldc diametcl of the
sleeve is twice the size of the wire, distortion will occur.
However, the 6eld variation is much smaller than in the
example presented by Rossi and Staub, and the gas
multiplication is less sensitive to the 6eld. The extent
of this region was then estimated rather arbitrarily as
4 mm.

The fraction of the pulses of energy e which were
reduced in energy was calculated and added to channel
e. This addition represents pulses which fell into lower
channels and must therefore be subtracted from these
channels. The distribution from the lower channels will

depend upon thc spcctruI11 of cnclglcs of thc dcgladcd
pulses. Pulses lost to a channel by the wall CGect would

have a spectrum of energies such as to distribute them
evenly among the lower channels if the ionization den-

sity along the track were constant. The correction to
the distribution was made by assuming all of the
degraded. pulses induding those which were reduced in

energy by the end CRect would have a distribution such
that the counts added to channel 8 were contributed
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Fra. 3. Angular distribution in the center-of-mass system of
neutrons scattered by helium at neutron bombardment energies
of 750 kev and 865 kev. The crosses represent the uncorrected
data. The solid circles represent the data corrected for end effects
and wall effects. The solid curve shows the distribution calculated
from Kqs. (1) and (4).
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FIG. 2. Angular distribution in the center-of-mass system of
neutrons scattered by helium at neutron bombardment energies
of 400 kev and 600 kev. The crosses represent the uncorrected
data. The solid circles represent the data corrected for end effects
and waB effects. The solid curve shows the distribution calculated.
from Kqs. (1) and (4).

equally by the lower channels. This contribution was
therefore subtracted from the lower channels. The lack
of knowledge of the behavior of the gas multiplication
at the ends of the counter makes a more detailed study
of the correction seem unpro6table. A correction was
also applied for the recoils caused by collisions of the
neutrons with the carbon and oxygen from the Co~.
The uncertainty in the whole correction is estimated to
be about one-half the value of the correction and is

larger than the purely statistical errors. The distribution

curve is, of course, a6'ected by the energy resolution of
the counter. The uncertainty in this resolution is so

large that it seemedbestnot to attempt such a correction.
The solid circles on Figs. 2—6 represent the corrected

distributions. %hen allowance is made for the cGect

of the -low energy group of neutrons in the measure-

mcnts. of Hall and Koontz, 5 the present results are in

good agreement with theirs over the energies which they
measured. The agreement of the distributions with those

of Sarschall and Kanner at 2.4 Mev and the measure-

ments of Huber" at neutron energies of 0.52, 0.7, 1..9i,
2, 2.5, and 2.6 Mev is quite good.

~~ P. Huber (private communication).
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manner, comparing them with differential cross sections
estimated from other considerations.

Nuclear reactions in general are conveniently dis-
cussed in terms of the wave function at the nuclear
surface. According to %iver and Kisenbud" one can
set up Hermitian boundary conditions on the nuclear
surface which determine a complete set of eigenfunc-
tions. The sca,ttering matrix can then be expressed in
terms of the values of the eigenfunctions on the nuclear
surface and their characteristic energies. The choice of
boundary conditions is somewhat arbitrary. A con-
venient choice is,

t= (d lnrx/d lnr), (2)

where y is the normalized internal wave function and a
is the nuclear radius. A function E.may be de6ned which
is equal to c/(q+l). For elastic scattering R can be
expanded in a series E=P y~'/(Ex —E), where the E~
are characteristic energies associated with the eigen-
functions xq determined by the nuclear Hamiltonian
and the boundary conditions of Eq. (2) and ~= (5'/2m) &

XJ'x&, VdS, where V is the exterior radial wave func-

400 KEY

60 SO IRO

g ~N oseasss
l80

Fyo. 4. Angular distribution in the center-of-mass system of
neutrons scattered by helium at neutron bombardment energies
of 1000 kev and 1200 kev. The crosses represent the uncorrected
data. The solid circles represent the data corrected for end sects
and mall effects. The solid curve shows the distribution calculated
from Eqs. (1) and (4).
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Vfheg coupling between spin and orbital angular
momentum is taken into account, the differential scat-
tering cross section for a neutron scattered by a nucleus
of spin zero can be written,

de/dQ=k 'I e'" sin80+cos8(2e"+ smb++e"- snab ) I'
+k 'I sin0(e"' sinb —e"'+ sins+) I' (1)

where k is the wave number of the neutron, 5p is the
s-wave phase shift, and b+ and 8 are the phase shifts
for the I'g- and P~-waves, respectively. The interaction
of waves associated with an angular momentum greater
than one wiH be neglected at the energies of interest
here. Since Eq. (1) is a second-order equation in cos8,
the pulse-height distributions should take the form of
parabolas. The three coe%cients determining the
parabola are completely speciaed at any energy by the
measured angular distributions and the total cross
section. Although one can then solve for the three
unknown phase shifts, the experimental uncertainties
in the distribution measurements are large and it
appears more useful to use them in a corroborative
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Fn. 5. Angular distribution in the center-of-mass system of
neutrons scattered by helium at neutron bombardment energies
of 1400 kev and 1700 kev. The crosses represent the uncorrected
data. The solid circles represent the data corrected for end efkcts
and wall eGects. The solid curve shows the distribution calculated
from Eqs. (1}and (4).

~ E. P. signer and L. Eisenbud, Phys. Rev. 72, 29 (1947).



tion of the two particles normalized over the nuclear
surface.

When the only reaction which can occur is elastic
scattering, the 5-matrix is de6ned uniquely by the scat-
tering phase shifts, S~,=,exp(2ih~, ) , We can express 8

in terms of the 1ogarithmic derivative, q,

8= —tan 'L(qF —aF')/(q6 —aG') 1,

where F and 6 are the regular and irregular free particle
wave functions" evaluated at e and the prime indicates
the derivative with respect to r. Using R~,;= u/(y~, +,I)
we can write

ka/(F'+ G') p
b= tan '—— —tan '—.(3)

(o/R) d ln—(F'+G') ~/~ In(ka) —I G

When E is near Eq, we can approximate R by one term
in the expansion and obtain the single level Breit-
%'igner formula
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In general„a resonance energy, E„) can be deined in

different ways. A convenient definition is E„=E&+4.
This will not, in general, be the energy at which the
scattering cross section ls a IQaxilnurn, but lt will be

very near the energy at which the reaction particles
have the highest probability of forming a compound
state, Since the variation of the phase shift, and hence

the cross section, will be large near resonance, the most

reliable and easily interpreted experimental measure-

ments are made near resonance. The level shift, 6,
represents the difference between the energies associated

with the boundary condition and that which results in

a resonance in the reaction. In order that R can be

adequately represented by one term in the series at
energies near resonance, the shift 6 shouM be much

smaller than y'/e. It is then important to choose bound-

ary conditions which will result in a small level shift.
The boundary condition given in Kq. (2) was chosen to
insure an adequately small level shift in the examples

considered here.
CritchlieId and Dodder'4 have shown that the p —n

diR'erential cross-section measurements of Freier et ul."
are consistent with two sets of phase shifts, one repre-

senting an inverted doublet with an undetermined large

splitting, the other corresponds to a regular doublet

with a sphtting of about one Mev. Measurements of the

"These functions were computed with the aid of tables prepared

by Bloch, Hull, Broyles, Bouricius, I'reeman, and Breit, Revs.
Modern Phys. 23, I47 (1951).

"C, L. Critchfield and D. C. Dodder, Phys. Rev. 76, 602
(&949).

'«Freier, Lampi, Sleator, and VA'lliams, Phys. Rev. 75, 1345
{1949).
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polarization of the scattered protons" show that the

former alternative is correct. The points on I"ig. 7

represent Critch6eld and Dodder's values of the phase

shifts for the inverted doublet together with their

estimate of the probable error. The curves represent the

best 6t to the points obtained by trial and error from

Eq. (4). Corresponding values of the parameters were

u= 2.9X10 " cm, y'(P;) = y'(P~) =17.6X 10 " Mev

cm, E&,(Pg) =3.65 Mev, and the doublet splitting

E&,(P~)—E&,(PI) = 5 Mev. It is clear that the parameters

for the I'~ level are somewhat arbitrary. The s-wave

curve was computed using E,=0. A small negative value

of R„as might be expected from the contributions of

high-lying levels, would improve the 6t.
The total n —n cross section wi11 equal

~=2~k 'P&, ,(2j+1) s-in'|'&,„(5)
where b(Pg) and b(Py) are calculated from Kq. (4). The

points on Fig. 8 are the experimental values of Bashkin

st al. ,
'~ while the solid curve represents the fit of Kq. (5)

to the data, using the values of the parameters e, y',
and the doublet splitting deduced from the p —n

analysis. The discrepancy between the data and the

'6 M. Heusinkveld and George Freier, Phys. Rev. 85, 80 (1952).
"Bashkin, Mooring, and Petree, Phys. Rev. 82, 378 {195I).

Fxo. 6. Angular distribution in the center-of-mass system of
neutrons scattered by helium at neutron bombardment energies
of 2000 kev, 2400 kev, and 2730 kev.
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FrG. 7. Phase shifts for p—n scattering as a function of proton
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curve at 1.2 Mev is qualitatively accounted for by the
lack of homogeneity in energy of the neutrons from the
L'i(P, N) reaction which were used in the measurement
of the total cross section. The effect of the low energy
group of neutrons from this reaction reduces the experi-
mental cross section. The He' levels are 1.25 Mev lower
than the Li' levels, a shift attributable quantitatively
to the difference in Coulomb energy. The e—0. 5-wave
phase shifts were calculated by requiring the wave
function to have the same logarithmic derivative at the
nuclear surface as the P—a S-wave.

It seems reasonable to assume that the influence of
hi her angular momentum phase shifts is small.ig er
Critchfield and Dodder found no evidence for their
presence in the analysis of the p —n scattering data.
Since a/X is only about one at 4 Mev, the penetration
factor of neutrons with two units of orbital angular
momentum will be of the order of five percent and one
might expect D-wave phase shifts of a few degrees. The
presence of such a D-wave phase shift will then acct
the angular distribution at energies over 3 Mev through
interference with the 5- and E-waves. Since waves of
diferent angular momentum do not interfere in total
cross section the eGect of D-waves on the total cross
section should be negligible.

nfl 5—K
K
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K

0
0

S

Ew lN MEV

FIG. 8.I—a total cross section as a function of neutron bombard-.
ment energy. The points represent the experimental data o
Bashkin et a/. while the solid curve shows the cross section cal-
culated from Eqs. {4) and {5).The dotted lines separate the con-
tributions of the various partial cross sections.

' W. J. Leland and H. M. Agnew, Phys. Rev. . 82, 558 {1951).
"Ql. E.Titterton and T. A. Brinkley, Proc. Roy. Soc. (London)

A64, 202 (1951).

Th d t'on of the n —n interaction in terms ofe escrip io
an inverted I'~—I'~ doublet in He', split y a ou

Mev, is in qualitative agreement with the e-angular
distribution measurements. The solid curves on igs.
2—6 show the differential cross sections calculated from

Eq. (5) using the parameters derived from the analysis
of the P—n differential cross section and the n a—total
cross section data. The experimental distributions are
rou hly normalized to facilitate comparison with t e
theoretical di6erent&al cross sections. p
angular resolution and the rather large general uncer-

' t' f the measurements are considere, t eir
. Asli htlagreemen w'ement with the curves seems satisfactory. s ig y

smaller splitting and a lower value of Eq(P~) wou d
result in a somewhat better fit, but the measurememts
are not suKciently reliable to justify such a conclusion.

The angular distribution data of Huber ef a. at
energies over 3 Mev are not adequately represented by
th h se shifts of Eq. (2). lt appears to me, however,ep as

mallthat these data may be fitted by reasonably sma
changes in these phase shifts and are not inconsistent
mith the general conclusions of the analysis.

DISCUSSION

The doublet splitting in He' has also been in'vesti-

gated by measuring the energy spectrum' of neutrons
produced in the bombardment of tritons by tritons.
T ups of neutrons were noted corresponding to
the formation of broad states in Hes, unbound y a ou
0.9 Mev and 3.5 Mev, respectively. A similar inves-
tigation has been made of the doublet splitting in Li'.
Titterton and Brinkley" observed the breakup of Li'
produced by the Li'(y, e) reaction and found evidence
that Li' is produced in its lowest state and in a state



about-2. 5 Mev higher. A complete description of these
processes would require a more detailed knowledge of
nuclear mechanics thm is avail@,ble, but as a 6rst
approximation it might be expected that the nucleus
He' or I.i~ would be preferentially produced at the
energy at which the extra nucleon has the highest prob-
ability of being found. in the field of the alpha-particle.
This energy will be near E„where E,=E~+A. For He',
E,(P,)=0.95 Mev and E, (P~)=4 Mev. For Li', E„(Pt)
=2.1 Mev and E„(P~)=5.3 Mev. The splittings in E„
Rle smaller than the spllttings 111 Ey because of the
change in 5 with energy. Considering the approxima-
tions made, the splittings in E„of about 3 Mev are in
satisfactory agreement with the experimental values
obtained from the analysis of reaction products.

The difference between the resonance energy splitting
of about 3 Mev and the characteristic energy splitting
of about 5 Mev is dependent upon the value of the
derivative of the wave function at the nuclear surface. '0

This value is sensitive to the choice of nuclear radius.
c4 IRdlus 1RI'gel thaIl the rather small value of 2.9+10,
cm, determined from the shape of the I'g resonances and
the magnitude of the Coulomb energy shift between the
He' and Li' states, wouM result in a smaller difference
between the two sphttings. However, the value of the
characteristic energy difference, Eq(P,*)—E&,(J',*),.must
in any case be larger than the resonance energy splitting
of about 2.7 Mev found from the reaction data, and

probably lies between 4 and 5 Mev.
Since the E~ are energies characteristic of the nuclear

Hamiltoaian and boundary conditions at the nuclear
surface, the sphtting, E~(PI)—E~(P~), can be regarded

as the spiri-orbit interaction energy averaged. over the
nuclear volume. Feingold and Wigner" have estimated
the splitting which might be expected from tensor

forces. They And that this splitting, which occurs only

in the second order of perturbation theory, can be only

R few hundred kev. The ordinary relativistic Thomas

splitting will be of the order of 50 kev.
According to Rosenfeld" the Miler-Rosenfeld mixed-

meson theory may lead to splittings of about 3f/Ns

times the Thomas splitting, where 3I is the nucleon

mass aiid m is the meson mass. This would still be an
order of magnitude too small. Blanchard and Avery"
have investigated the effect of specific nucleon-nucleon,

(L S), spin-orbit forces on the splitting of the energy

levels of a single particle outside of R closed shell. They
find that if the strength of this velocity dependent inter-

action is comparable to that usually assumed for the

static forces, then splittings of the necessary order of

magnitude might be expected. Strong spin-orbit forces

"The importance of this e6ect has been discussed by J.Ehrman.
[Phys. Rev. 81, 412 l1951lj and R. G. Thomas [Phys. Rev. 80,
136 (1950)j with particular regard to the energy levels of C"
and-N".

2' E. P. %'igner, private communication.
~L. Rosenfeld, %Ickier Iiorces (Interscience Publishers, Inc. ,

New York, 1949).
"C.H. Slanchard and R. Avery, Phys. Rev. 81, 1067' (1951).
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FIG; 9. Neutron polarization as a function of incident neutron
energy of neutrons scattered by a-particles through 90 in the
center-of-mass system.

have been used by Mayer'4 and Haxel et ul. ,25 to explain
certain characteristics of heavy nuclei. low excited
states of light nuclei also provide evidence" for strong
spin-orbit forces.

Calculations such as those of Blanchard and Avery
assume that the interactioi1 can be represented ade-
quately by the model of a single particle moving in the
average potential of the closed shell core, and that the
nucleon-meson coupling is suKciently weak so that
many-body forces can be neglected. The value obtained
for the reduced width, y', characteristic of the n —a and

p —o. scattering is approximately equal to 5'/Mu, where
3f is the reduced mass of the system. With this value of

& and for ~E—E,~&~'/a, Eq. (4) ~akest esamef»m
as the result for scattering by a square well of depth E',
where (E'+E)= m'(3+1)'ass/SMu'=37 Mev, indicating
that the interaction and the model of a nucleon moving
in the average Beld of the alpha-particle may be R

reasonably good approximation.
Schwinger'~ has pointed out that the strong spin

orbit forces observed in the e—a interaction should
result in a polarization of the scattered neutrons. The
percent polarization in the X direction will equal

100 = 1005',
do/dQ

where cr, is the expectation value for the spin in the X
direction and do/dQ is the differential scattering cross
section. For neutrons scattered out of an unpolarized
beam

o.,= 2k sLsiny sin8(sinbs sinb sin(bs —b )
—sinbs slnby sin(b+ —bs) }

+sing cos8( 3 sinb+ sinb . sin(b —b+) }'j, (7)

where only 5- and P-waves are considered. "
~4 M. G. Mayer, Phys. Rev. 75, 1969 (1949).
"Haxel, Jensen, and Suess, Phys. Rev. 75, 1766 (1949}.
'6 Koester, Jackson, and Adair, Phys. Rev. 83, 1250 (1951).
» J. S. Schwinger, Phys. Rev. 69, 681 (1946)."The calculational procedure is similar to that used by Wolfen-

stein in his analysis of reactions involving polarized protons.
L. Wolfenstein, Phys. Rev. 75, 1664 (1949).
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Figure 9 shows the polarization of neutrons scattered
from helium in the direction q= 8=90', as a function
of incident neutron energy. Polarizations were calcu-
lated from Eq. (6) and Kq. (7) using the phase shifts
which described the e—0. total cross section and the
angular distribution. These polarizations should be
quantitatively reliable below 2 Mev. At higher energies
the uncertainties in the phase shifts and. the inQuence
of D-waves make the results of only qualitative value.

It may also be possible to use helium to analyze the
polarization of fast neutrons, since the scattering of a
polarized beam of neutrons from helium will show a left
right asymmetry equal to (1+I"I')/(1—I"I'), where
I" is the polarization of the incoming beam.

I wish to thank Professor H. H. Barschall for his
advice on the experimental techniques involved in this
work. I also wish to express my appreciation to Pro-
fessor P. Huber for discussion of his measurements.
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The Isotope Effect in Superconductivity. II. Tin and Lead*
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The critical magnetic Gelds, H, of various isotopic mixtures of tin and of lead have been measured as a
function of temperature, T.

For tin, the critical temperature T, at zero 6eld, is related to the average mass number, 3f, by the relation
3P 46T, =const. The critical magnetic Gelds, Ho, at absolute zero are proportional to the critical tern-
peratures. The normalized values of critical Geld, H/Ho, are the same function of the variable T/T, for all
the isotopes. An analytic expression for this function giving the best 6t to the experimental data is given.

The measurements on lead were made in the temperature range 1.6'K to 4.2'K. The data clearly indicate
that the isotope effect is present in this superconductor.

TAaLE I. Critical Geld data for tin. The critical temperatures
T„the critical Gelds at O'I, H0, and the slope of the critical 6eld-
temperature curves at T„(dH/dT)g„are tabulated as a function
of the average mass number, M. The purities and Ho/T, are
also listed.

Purity
(% Sn}

(dII/d T)g
IIs (aerate de/'

Ts(oK) (oersteds) IIp/F~ 4K)

113.6
118.7
123.8

99.50
99.995
99.76

3.805
3.752
3.659

82.0
81.5
81.4

~ This work has been supported by the joint program of the
ONR and AEC, the Rutgers University Research Council, and the
Radio Corporation of America.

t The parts of this paper dealing with the measurements on
lead are based on an M.S. thesis submitted by C. Lohman to the
Graduate Faculty of Rutgers University.

1 Reynolds, Serin, and Nesbitt, Phys. Rev. 84, 691 (1951).
~ Serin, Reynolds, and Nesbitt, I'roceedings of the Lox Tempera-

tlre Symposilm (National Bureau of Standards, March 27 to 29,
1951); C. A. Reynolds and B. Serin, I'roceeChngs of the Inter-
aatsoaal Corefererree ore I.ow Teraperasare Physsos iOxford, England,
August 22 to 28, 1951).

l. INTRODUCTION

HIS lllvcstlgatlon was a contlnuatlon of ou1 wolk
on the dependence of superconducting properties

oIl isotopic mass which was origillally discovered ln
mercury. The details of experimental technique and a
bibliography are contained in our irst paper, ' which
will be referred to as I. The present work was brieRy
reported at low temperature conferences' and is in

general agreement with the work of Lock, -Pippard,
Shoenberg, ' Maxwell, ' and Olsen-BarP

2. MEASUREMENTS ON TIÃ

(a) Samples

The two samples of tin metal which had isotope dis-
tributions diGering from the distribution occurring in
nature were obtained from the AKC.6 The natural
metal (M'=118.7) was obtained from the Johnson,
Matthey Company. The purities of the samples are
listed in Table I.

The metal was cast under vacuum into thin-walled
glass capillary tubes. The tin samples were about 0.8 mm
1n diameter and about 4 CIQ long. The wall thickness of
the capillary tubing was about 0.2 mm.

(b) Experimenta Results

The techniques used to determine the critical mag-
netic fields as a function of temperature were identical
with those described in I. In addi. tion to the two isotope
samples, measurements were made on two samples of
natural tin. The results for these two samples were the

' Lock, Pippard, and Shoenberg, Proc. Cambridge Phil. Soc. 47,
811 (1951).' E, Maxwell, I'roceedhngs of the International Confer@me on Lm
Temperature I'hysics (Oxford, England, August 22 to 28, 1951).' M. Olsen-Bar, Nature 168, 245 (1951).' The isotopes were produced by Carbide and Chemical Division,
Oak Ridge National Laboratory, P-12 Area, Oak Ridge,
Tennessee, and were obtained on allocation.


