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Phase-shifts in S and P waves are found that fit the observed scattering of protons by helium (4) within
the experimental accuracy of the recent Minnesota results. The S wave phase is negative and rather small.
The P} and P3y, waves have different phase-shifts, both positive, but there are two sets of nossible values,
one corresponding to a normal doublet in Li% the other to an inverted doublet. In both cases there is resonant
scattering and strong polarization of the proton beam. Measurement of the polarization would decide
between the doublets. The values of the phase-shifts presented are those that minimize the sum of squares
of percent differences between observed and calculated differential cross sections.

HE scattering of protons by helium (4) has been

measured recently at Minnesota by Freier, Lampi,
Sleator, and Williams.! Their results for the differential
cross sections are more extensive and more accurate
than those obtained in earlier investigations.? Within
the estimated accuracy, however, there is no essential
discrepancy between the earlier and the later results.
The Minnesota group bombarded helium gas with pro-
tons from the electrostatic generator at eight different
energies ranging from 0.95 Mev to 3.58 Mev. The
scattered protons were counted at a number of angles
relative to the incident beam. The angular range ex-
tended from 12.5° to 168° (in the center of mass system
of coordinates) for most of the energies used.

The accuracy and completeness of the recent results
make it possible to determine the phase shifts involved
as functions of the energies and to an estimated accu-
racy of a degree or two. It is the purpose of this paper to
present the phase-shift analysis for the p—He* colli-
sions. No evidence for anomalous phase-shifts in colli-
sions with angular momentum greater than that for P
waves was found. The S wave phase-shifts are small
and negative; the P wave phase shifts are double valued,
but the Py, and the Py waves are refracted very differ-
ently above 1.5 Mev. It is impossible to conclude from
the differential cross sections alone whether the P shift
is larger than the Pj (i.e., a normal doublet in Li®) or
whether the doublet is inverted.

Values of the P wave phase-shifts are of particular
interest. First, it may be hoped to interpret them in
terms of spin-orbit forces between nucleons. Since the
nuclear forces between He* and a proton in a P state
are attractive (the phase-shifts are positive), a normal
doublet would fit, qualitatively, with Dancoff’s® calcu-
lations based on tensor forces between nucleons,
whereas, an inverted doublet would be evidence for the
spin-orbit splitting from the Thomas precession as sug-
gested by Inglis.* Secondly, the fact that there is definite
spin-orbit splitting means that the scattered protons

! Freier, Lampi, Sleator, and Williams, Phys. Rev. 75, 1345
(1949).

2N. Heydenburg and N. Ramsey, Phys. Rev. 60, 42 (1941);
C. B. O. Mohr and G. E. Pringle, Proc. Roy. Soc. 160, 190 (1937).

3S. M. Dancoff, Phys. Rev. 58, 326 (1940).

4 D. Inglis, Phys. Rev. 50, 783 (1936).

are partially polarized® and this effect is of interest not
only as a possible source of fast, polarized protons but
also as a means of resolving the ambiguity in the P wave
phase-shifts. The polarization to be expected from the
normal doublet turns out to be quite different from
that in the inverted doublet.

The method of analysis of the scattering data follows
the customary lines of considering the incident beam
as an infinite plane wave in relative coordinates, ex-
panding in eigenfunctions of orbital angular momentum
and introducing the effects of nuclear refraction as phase
shifts in the asymptotic form at large separation. In the
absence of spin-orbit effects the scattered amplitude
takes the familiar form

A@B,n, -8+ )=k{—%n csc®30 exp(in In csc?/2)
4> (2141)P(cosh) exp(id;+i¢;) sind;}, (1)
=0

where 0 is the angle of scattering (center-of-mass
system), the §; are the phase-shifts induced by non-
Coulomb forces in the partial waves of orbital angular
momentum /%, the angular dependence of the latter
being given by the Legendre polynomials P;(cosf). The
quantities, &, n, and ¢, are related to the reduced mass
M and to the velocity at infinite separation, v, by

k=Mv/h n=2¢/hv=0.31612E\.,~}
kn=15.5450X10" cm™!, ¢p=0, @)
' 2
o 14in 4y
eiti= e >0.
1—in Il—iy

In Eq. (2), Emev is the energy of the proton beam in
millions of electron volts and % is Planck’s constant
divided by 2.

In the presence of spin-orbit coupling the waves will
be refracted differently, depending upon the relative
orientation of spin and orbital momentum. Let the
normalized spin wave function be designated by x; for

8 L. Wolfenstein, Phys. Rev. 75, 1664 (1949); J. Schwinger,
Phys. Rev. 69, 681 (1946); 73, 407 (1948). The authors are in-
debted to Dr. Wolfenstein for the opportunity of reading his

manuscript before publication and for several helpful discussions
concerning the polarization.
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spin pointing in the direction of the incident proton
beam (z axis) and x—; for spin pointing in the opposite
direction. The component of the incident beam that is
proportional to (204 1)x3P:i(cosf) must be considered as
a superposition of eigenstates of total angular momen-
tum, ¢;, with j=I04+3% and j=1—1}:

(21+1)x3P1(cosb) = Y13+,
Y= (I4+1)x3P:(cosf) — x—; sinfe'® P/ (cosh), (3)
Yi_y=1Ix3Pi(cosf)+ x—; sinfe*® P/ (cosh),

where ® is the azimuthal angle about the direction of
bombardment and

P/ (cos8)=dP,(cosb)/d cosb.

If we denote the anomalous phase-shift in ¥4 by
6" and in ¥, by 8;~, the scattered amplitude arising
from incident particles of spin x; is proportional to

Ay(0, 7, -+ )=k 1x3{—%n csc®30 exp[in In csc?30]
+§0 [(@+1) exp(:8;t) sind;t+1 exp(28;7) sind;—]
Xexp(ig:) Pi(cosd) } + E1x—y f: [exp(28;7) sind;~
—exp(28;%) sind;+] exp(iq&;—r;'q)) sinfP; (cosh). (4)

The analogous calculation for incident particles of spin
x—3 leads to the scattered amplitude

A0, m, -+ )=k 'x_3{ —3n csc?30 exp[in In csc?30]
+§ [(+41) exp(28;t) sind; T+ exp(26;) sind;—]
Xexp(ig) Pi(cosd)} —kxy g [exp(36;7) sind;~

—exp(28;) sind;t] exp(i¢;—li<1>) sinfP;'(cosh). (5)

The differential scattering cross section for an un-
polarized beam is then the average of the absolute
squares of the amplitudes given by Egs. (4) and (5),
summed over spin components. In the following, we
shall use only the terms involving /=0 and /=1; the
formula for the cross section (8, ), multiplied by &2
then becomes:

k2 (6, n) = | — 39 csc®30 exp[in In csc?30 ]+ sind,
~+cos8[ 2 exp(i8;t) sind,*+exp(i8;~) sind,~]
Xexp('LqSl) l 2-4sin% Sil’l2(51~—— 61+) . (6)

For convenience of calculation we define the real quan-
tities p and B such that

pef=2i[ 2 exp(i8;t) sind;t+exp(48;:7) sind;—]
=2 exp(2:8,+)+exp(2:6,7)— 3. ©)

We also define three new quantities, «, {, and R, such
that

a=2060—¢1
R sin(¢+¢1) =1 csc?30 cos(n In csc?36) (8)
R cos(§+¢1) = 1—17 csc?38 sin(y In csc?36).

603

In the variables defined in Egs. (7) and (8), and multi-
plying by four, we obtain the equation that is used in
the following analysis:

4k%q(0) = R*— 2R{cos(a— {)+p cosf cos(B—¢)}
+142p cosb cos(a—B)
+10%(3 cos?0—1)—3p cosB sin%. (9)

The unknown quantities at each energy are o, 8, and p
which are related to the desired phase-shifts by

do=3%(at¢1),
2 sin26,+sin28;"=p sing,
2 cos2:t+cos26,7=p cos+3.

(10)

As a preliminary step in the reduction of the data, the
cross sections at only three angles of scattering were
used, viz.: 6=90° 54° 44’ and 125° 16’. The latter two
angles are those at which the D wave component
vanishes and, hence, also the term in Eq. (9) that is
quadratic in p. By reading values for ¢(6) at these angles
from graphs of the experimental results and by assum-
ing a value for a, say o/, we obtain a pair of equations
in p sinB and p cosB. Solving these and substituting in
Eq. (9) as applied at §=90° we then solve for a. By
plotting the assumed values of &’ against the calculated
values, the roots were located. At E=1.49 Mev, for
example, there were three sets of solutions which may
be labeled by the corresponding values of «, wviz.,
a=—67.3°, —14.0° and 36.5°. Using the values of «,
B, and p for each set, the cross section was computed for
all the angles at which observations were made.! In
this way it was found that only the set belonging to
a=—67.3° predicted cross sections that were close
enough to the observed values to be acceptable. For ex-
ample, the percent difference between calculation and
observation at §=25° was found to be —1.5, 39.6, and
—39.5, in the sets with a=—67.3°, —14°, and 36.5°,
respectively.

Consideration of the continuity of the phase-shifts
leads one to conclude that negative a characterizes the
correct set of roots at all energies. At E=3.58 Mev, there
are four sets of roots two of which have negative «, viz.,
a=—91.0° and —132.9°. Again comparing results of
computation with the observations at various angles we
found that only a=—91.0° gave an acceptable fit. The
percent difference at §=25° was 3.4 with a=—91.0°

TaBLE I. Results of least square reduction.

Energy

(Mev) a p cosf p sing

0.95 —59.9+5.6 —0.010+-0.060 0.344+-0.042
1.49 —65.2+2.0 —0.4934-0.034 1.4454-0.020
1.70 —62.3+3.1 —1.077+0.053 1.914+0.016
2.02 —74.3+6.6 —2.238+0.103 2.274+40.073
2.22 —77.4+2.6 —3.089+0.037 2.033+0.059
2.53 —78942.3 —3.9544-0.028 1.2023-0.072
3.04 —84.44:2.2 —4.097+0.018 0.068-0.063
3.58 —89.4+1.5 —3.958+0.024 —0.374£0.059

Note.— %+ quantities are estimated standard deviations,
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TaBLE IL. Percent deviations in final fit.

6 E=0.95 3.58

12° 38’

1.49 2.22

4.3 2.5
4.7 —03
0.8 0.4

N omwee
N == OooN
s~ NN

SO e
o mw web

4.
2.
3.
3.
0.
—1.5 2.3
—-2.

<Y
—
-

—0.7 0.7 1.7 ’ 2.0
90 7 23 —14 2.1 0.1 0.4

o
non

99 28 0.1
—4.7

-2.4 3.1
132 37 1.5 3.4 0.8
—-1.0 0.5

—1.2 2.1 2.

-1.3

|
|

N W NN W

|
=OoNRONO O
T vneRiv ©
|

149 22 0.5 -1.7

—eo =
B O mRoa b 4
|
= N0 D

—2.4 0.1 —2.2

...
(RIS

s 2.9 3.1 2.3 2.7 2.0

N
—

and 34.8 with a=—132.9°. In contrast to the result
at E=1.49, it is the next lowest value of a that gives
the best fit at E=3.58, instead of the lowest value.
Hence, it appears that the two series of negative roots
cross over, there being a double root at some intermedi-
ate energy. This interpretation is corroborated by the
fact that at E=2.53 Mev there are no real, negative
roots for @, a possible result of being near the double
root and making a small error in estimating the cross
sections at the three angles used.

Although the method described above serves to locate
the correct branch of the multiple solutions, the exist-
ence of a double root makes it useless as a way of obtain-
ing preliminary values of «, 8, and p at intermediate
energies. With the values of a at E=1.49 and 3.58,
however, those for the other energies can be estimated.
The method used is that presented by Breit and his
collaborators® wherein we rely on the fact that the
function

f(n, 80)=(e¢™— 1)1 cotdo— Inn+1.20279?

should be very closely a linear function of the energy.
By drawing a line through the points obtained at
E=1.49 and 3.58, the other &,’s, and hence o’s, were
found. Then, from two observed points, preliminary
values of 8 and p were obtained.

With the preliminary values of @, 8, and p as obtained
by the procedure described above, values of 4k2(6)
were computed from Eq. (9) for every angle and for
every energy for which observations were made. The
percent differences, e, between calculated and experi-
mental values of 4k%(f) were then taken. First-order
corrections to a, p cosf, and p sin8 were found at each
energy so as to minimize the sum of squares taken over

6 See G. Breit and W. G. Bouricius, Phys. Rev. 75, 1029 (1949).
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all angles, i.e.,
d Ina(6) d Ino(6)
Min 3 Aa+ A(p cosB)
[] Jda dp cosB
d Ina(0) ) € )’
+———A(psinf)——
dp sinf 100

No allowance is made for possible uncertainty in the
value of the energy, or of angle, and all results are con-
sidered to be of the same weight. With the first-order
corrections made, new values of ¢, were computed and
the procedure repeated. For the most part, the correc-
tions indicated by the second calculation were of the
order of one percent.

The semistatistical procedure in minimizing the sum
of squares of the deviations permits rough estimates of
the standard deviations of the individual observations
and of the values obtained for «, p cosB, and p sing.
The results of the calculation are presented in Table I
and the resulting percent deviations, observed less
calculated, are given in Table II for each angle and
energy presented in reference 1. The quantities labeled
s in Table IT are the estimated standard, percent devia-
tions of the single observations. It is apparent that the
magnitudes of s are in accord with the estimated prob-
able error of 1.5 percent claimed by the experimentalists
of reference 1. The fact that the deviations at the higher
energies are no worse, and in fact somewhat better, than
those at lower energy indicates that higher partial waves
are not important to the scattering by nuclear forces.

Using the values in Table I and solving Eq. (10), we
obtain the values of the phase-shifts. As remarked
above, there are two sets of solutions for the P waves,
one a normal doublet, the other an inverted doublet.
The results are shown in Table IIT which includes the
estimated standard deviations. In the event that the
doublet is inverted, only the phase-shift of the Pj»
wave passes through 90°, and that occurs at about 2.8
Mev. For the normal doublet, however, both P waves
pass through resonance, the P; at a proton energy of
2.3 Mev and the Pj;; at 3.4 Mev. The first resonance
level is presumably the lowest quantum state of the Li®
nucleus which, therefore, lacks being bound by about
1.8 Mev. The splitting caused by spin-orbit coupling
would be 0.9 Mev. The width of the Pj level at half-
maximum is also about 0.9 Mev and the width of the
Pj/s levels are even larger, perhaps by 50 percent.

TaBLE IIL. Phase-shifts in S and P waves.

Inverted doublet Normal doublet

Energy S Py Py Py Pspa
0.95 —12.042.8 33x2? 33+ 7 33+ 7 33+ ?
1.49 —18.141.0 4.1£1.8 20.4=+x1.0 25.8+1.7  9.6+£0.8
1.70 —17.6+1.6 4.242.2  31.1%1.4 40.7+1.4 13.8+0.3
2.02 —24.64+3.3 8.1+£1.9 47.840.6 63.2+2.1 23.7+0.9
2.22 —26.7+1.3 9.4£1.6  60.6+0.6 83.1+1.6 31.940.6
2.53 —28.2+1.2 13.142.7 78.840.8 115.3£1.4 49.61.1
3.04 —32.0+1.1 15.742.5 96.61.7 160.7 2.0 79.8+1.9
3.58 —35.240.8 20.34+4.0 105.4+6.6 181.0£5.6 95.9+2.1




PHASE-SHIFTS

The S wave phase-shifts are similar to those that
would be produced by a weak, repulsive potential of
fairly long range. If the S-wave potential is assumed to
be independent of the energy, the phase-shifts as ob-
served can be obtained by assuming the Coulomb repul-
sion to apply down to a separation, 5.75X 107" cm, and
substituting a constant positive potential of 3.8 Mev at
smaller distances. On the other hand, the S wave inter-
action probably is not energy independent and the
square well picture has no immediate significance.

Although the existing results on the complementary
system formed by scattering neutrons in helium are not
of comparable accuracy, it is of interest to compare
them with our results. Staub and Tatel” have found
that the backward scattering of the neutrons exhibits a
double resonance which can be accounted for by either
a normal doublet in the P waves and a negative .S wave
phase-shift or an inverted doublet with a positive S
wave phase-shift. They preferred the former possibility
which corresponds to our normal doublet if one assumes
similarity between neutron-neutron and proton-proton
forces. In fact, if we had imposed the condition that
both P waves go through resonance in the energy range
used, we should have obtained the normal doublet as a
unique solution. On the other hand, the proton-alpha-
scattering shows only a single maximum in the back-
ward scattering. In any event, it is clear from the
analysis above that a description by means of phase
shifts will always lead to two solutions for the P waves
and it is only by an additional assumption that a unique
solution can be derived from the differential cross
section alone.

The question as to whether the P wave doublet be
normal or inverted can be settled, in principle, by deter-
mining the polarization of the scattered protons as a
function of the energy of bombardment. Following the
line of reasoning presented in reference 5, we compute
the expectation value of the x component of the spin

7 H. Staub and H. Tatel, Phys. Rev. 58, 820 (1940).
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TaBLE IV. Percent polarization at 90°.

Energy Inverted doublet Normal doublet
0.95 0 0
1.49 -70 79
1.70 —-90 96
2.02 —98 80
2.22 —92 42
2.53 —68 —-32
3.04 -39 —87
3.58 —15 —57

of the scattered proton, ¢,

0zX4=X—-% OTzX~3= X3

in each of the waves, Eqs. (4) and (5), average the
results and divide by the cross section at the same
energy and angle. This gives the fractional polarization
which, since it varies as sinf will be near maximum at
6=90°. The fractional polarization in the x direction is
also proportional to sin® and is therefore a maximum
along the y axis. Considering only P waves and setting
6=®=90°, we obtain for the percent polarization p:

p= 200 sin(Bl‘— 61+) { n sin(dn—{- 51_+51+—0.691])

"Sin50 Sin(¢1+51—+ 61+—5o)}/k26(900). (11)

Calculations with the phase-shifts obtained above are
presented in Table IV. It is evident from the numerical
results that the protons scattered at 90° are almost
completely polarized at energies somewhat less (~0.5
Mev) than the resonant values. It will be observed also
that the direction of polarization changes sign in the
case of the normal doublet. Hence, relatively inexact
measurements of the proton polarization should suffice
to decide which of the two solutions to the scattering
problem is the correct one.

We should like to thank the members of the electro-
static generator group at Minnesota for their coopera-
tion in the investigation reported above. This work was
supported in part by the ONR.



