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ABSTRACT 

Protons scattered quasi-elastically with energy 315 Mev at 13° from 
a beryllium target in the Berkeley synchrocyclotron were brought out of the 
machine, slowed by absorbers, and scattered in helium at 765 psi absolute 
pressure. Scatters at angles of 90° ± 22.5° were detected in nuclear emul
sions. Observed asymmetries in left versus right scattering of protons with 
energies below 14 Mev were used, in conjuction with phase shifts from p-He 
scattering data, to compute the direction of spin polarization. We find spin 
up from left scatter, in agreement with the predictions of s.pin-orbit coupling 
theory, and with the findings of other experimenters. 
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Hugh Bradner and William Isbell 
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INTRODUCTION 

In 1954, Edwin Hoff and Hugh Bradner undertook an experiment to 
determine the spin direction in the polarization experimentally observed l from 
small-angle nuclear quasi-elastic scattering of hi'gh-energy protons. The 
final results presented here are a confirmat~on, with somewhat improved sta
tistics and background, of work by Mar shall and of Brinkworth, 3 who did 
very similar experiments. All three experiments indicate a direction of po
larization in agreement with theoretical predictions based on spin-orbit cou
pling. 4 

PRINCIPLE 

When a beam of low-energy protons with polarization P is scattered 
from a material such as helium with known polarizing properties, it can be 
shown that the scattered beam will have an asymmetric angular distribution, 

cr .(e.~. E., P) = g.( e.E.)[l + PP.(e., E.)cos t1>·) , 1111. 111 11 1· 1 ( l) 

where P.( e. E.) is the polarization that would be produced if an unpolarized 
proton b~atb bf energy E. were scattered at a center-of-mass angle e. in 
helium; while ~· is the ari:gle between the plane of scatter in g.elium, abd the 
plane of original scatter which produced the polarization P. . 

The function P.(e.E.) for helium can be calculated for energies up to 
about 15 Mev from phas

1
e-1hhts for proton-helium elastic scattering. 5 The 

polarization of a higher-energy beam can be determined by passing the protons 
through a degrader before scattering them in helium; since Wolfenstein has 
~ho~n t~at reducing the proton energy in this way produces negligible depolar-
1zat1on. . 

-----·· ---M-ETH0B--· · 

In the experimental arrangement shown in Fig. 1, a 7 3 ± 8% pblarized 
beam of 315 ± 5 Mev protons was obtained by scattering protons from a l-inch 
thick beryllium target in the circulating beam of the 184-inch synchrocyclotron. 7 
The beam, scattered outward--i.e., 11 left 11 --was trimmed by a 2-in. -high, 
0. 5-in. -wide premagnet collimator. It then passed through a bending magnet, 
and a second collimator 1 in. in diameter which extended through the concrete 
shielding wall of the cyclotron. Next, the beam pas sed through a thin-walled 
ion-chamber beam monitor and integrator, and then through a 69. l-g/cm2 
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Fig. 1. Plan View of cyclotron, shoWing experimental arrangement I 
for scattering polarized proton beam in helium. The setup is 
identical to that used by Sejjr~ for do ub!e- scattering experiments, I 
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copper absorber. Beyond the absorber was 4 in. of lead brick collimation in 
the form of a slit, tapered from 1. 75 in. to 2 in. wide; and finally a 5-in. -
diameter scattering chamber containing an iron collimator 1 in. in diameter 
and 1 in. deep, and ZOO-micron C-2 nuclear emulsion detectors in helium gas 
at 765 psi absolute pres sure. The chamber was made as long as practical 
for handling, viz., 14 in., to minimize background from back- scattering. 

The sides of the chamber were surrounded by a 4-in. layer of lead 
shielding. The front of the chamber was an iron plate of 0.759-_inch thickness. 
The 69. l-g/cm2 co,pper absorber, plus iron plate, were chosen to give pro
tons a most probable energy of 10 Mev as they entered. the helium. 

The emulsions were placed in the chamber as shown in Fig. 2. We 
chose to place the plates with their faces horizontal, so that the direction and 
range of the protons could be determined accurately. In this arrangement, 
it is almost always possible to decide whether the particle is one which entered 
from the surface and stopped in the emulsion, or originated in the emulsion 
and recoiled out throug11 the surface. Furthermore, observation of the tracks 
entering the emulsion from directions prohibited by the collimators allowed 
us to make accurate corrections for background. The 1-by- 3 -in. nuclear 
plates were clamped on 3/4 in. of the front end in an accurately machined 
fixture, so that their positions were symmetrical about the axis of the cham
ber, and reproducible to± 0. 050 inches. The surfaces of the emulsions were 
0. 50 in. above or below the centerline of the beam. The leading edges of the 
emulsion were 1. 00 in. to the side of the center line. 

PROCEDURE 

The scattering chamber containing the emulsions was evacuated for 
1/2 hour, and then filled with helium to 765 psi. A gage permanently attached 
to the chamber showed that there was no gas leak during any of the runs. 

The polarized proton beam was obtained with the assistance ofT. · 
Ypsilantis, by duplicating the cyclotron running conditions of the Segre group. 7 
The energy was determined by measuring a Bragg curve with their ionization 
chamber inserted in place of the scattering chamber. Calibrated copper ab
sorbers, plus an iron plate of the same thickness as the entrance window of 
the scattering chamber, were used for the determination. 

T~e position of the beam was determined by exposing x-ray film. 
After the flllm was processed, it was carefully replaced in the same position, 
and a machinist's surface gage, mounted on the flange of the cyclotron de
flected-beam exit window, was positioned on the center of the beam. The 
beam direction was determined by exposing a second film approximately 12 ft 
beyond the first one, and stretching a string between the two. A grooved plate 
was aligned visually with the string. The scattering chambex was set into 
the grooved plate; and the center of the front window of the cbambe~ was po
sitioned, at the point indicated by the surface gage, by ushig the motor-driven 
movable platform of the cyclotron cave. 
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Fig. 2. View of holder for nuclear emulsions. Plates held in a 
machined fixture were arranged symmetrically around the proton 
beam. 
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A copper absorber of 69. 07 g/cm2 was placed in the beam, so that 
protons would have a most probable energy of 10 Mev as 'they entered the he
lium. Straggling produced a beam with substantial! y flat energy distribution 
between zero and our upper measured energy of 14 Mev. The polarized beam 
w;:ts integrated to a total of 0. 164 units (with arbitrary scale factor) during a 
run of 8 hours. 

Then the scattering chamber was removed, loaded with new emulsions, 
evacuated, and filled with helium to 765 psi. The cyclotron was changed to 
give pulse-'deflected unpolarized beam, and the location of the beam center 
was found to be unchanged. The scattering chamber was carefully replaced 
in position, and a 5 -minute run of unpolarized beam was integrated to a total 
of 28. 5 units. 

The scattering chamber was again removed, loaded with new plates, 
evacuated, and replaced. A 5-minute run gave an integrated beam of 28. 6 
units. Cyclotron time did not permit making a run with evacuated scattering 
chamber and polarized beam. 

Emulsions were processed in a normal way in D-19 developer, and 
were soaked for l hour in So/o glycerine before drying. The shrinkage of the 
emulsion was SOo/o. 

The plates were scanned with a 10 X eyepiece and 22 X objective on 
a Bausch and Lomb microscope. Angles and dips were checked under a 100 X 
objective. Scanning was done with an overlap of one-half field of view on suc
cessive sweeps, so that all areas of the emulsions were viewed twice. Only 
tracks entering the free surface and stopping in the ernul sion were considered. 
Only tracks with projected length between 44fJ. and 590fJ., and incident direction 
at 9 0° ± 22. 5° to the direction of the beam were considered. The upper limit 
of acceptable range corresponded to a proton energy of 14 Mev before scatter
ing in helium. The lower limit of acceptable range corresponded to the short
est proton tracks that could be reliably distinguished from a particles, which 
could arise from neutrons passing through the helium. Projected length, dip, 
and entering angle were recorded. Information. on background was obtained 
by noting tracks coming from the bottom as well .as from the top of the field 
of view, and by noting tracks with too steep a dip to come from the proton 
beam. 

Table I shows the results of the scanning of twelve plates. Two sep
arate scans were made on areas of the unpolarized emulsions. 

The initial energy before scattering in helium, and the horizontal and 
azimuthal scattering angles, were computed for each accepted track. In order 
to do this, a line was constructed, corresponding to the trajectory of each 
scattered proton, by projecting backwar'ds the track in the emulsion. Correc
tion was made for emulsion shrinkage. Only tracks were accepted which pro
jected back through the l-in. -diameter proton beam. The length of each track 
in helium after scattering was taken to be the mean between maximum and 
minimum intersections with the proton beam. 
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Table I 

Number of accepted tracks traveling in each direction, in the twelve plates 
that were scanned. 

Right up Right down Left up Left down 

carr. wrong carr. ·wrong corr. wrong corr. wrong 
dir. dir. dir. dir. · dir. dir. dir. . dir. 

Polarized 77 9 72 6 49 10 64 9 

Unpolarized ( 1) 25 5 29 3 

Unpolarized (2) ·. 59 4 46 2 56 7 70 3 

Background 27 8 23 15 12 18 19 11 

ANALYSIS 

In the interest of brevity, we follow the nomenc'lature and analysis 
method of the Marshalls. 2 Their equations are in agreement with a more 
formal treatment of the maximum-likelihood method, applied by Solmitz to 
this particular experiment. 8 · 

It is obvious from our Eq. ( 1) that the probability of having found an 
event of characteristics ( e.q,.E.) is proportional to u., and hence that the prob
ability QN of finding the ev

1
eri:ts

1
(e 1q,

1
E

1
), (8

2
<J>

2
E 2 ) _:_ (eNq,NEN) is proportional 

to the product of the corr.esponding u i' s. Takmg logarithms of both sides, we 
can write 

N 
·~::,--

ln QN = const + Ina .(e.q,.E.P) . 
1 1 1 1 

{ 2) 

i= I 

Let us call the true value for the polarization of the proton beam incident on 
the helium P*, and expand lnu in a Taylor's series about this val~e. The 
experimental estimates of P should lie in a reasonably narrow Gaussian dis
tribution about P*; and this im~lies that the term in (P-P*) must be zero, 
while the terms beyond ( P-P*} must be small. Using the same convention 
as the Marshalls for the direction of positive unit vector--viz., cos <1> positive 
for scattering to the right--we obtain their Condition (4), 

I ( P. cos~ j I ~ P. cos<j>. ) 
· ht\1 + ~P.cosq,·. = 1 ft 1-

1
PP.co

1
s<j>. · 

r1g 1 P=P* e 1 1 P=P* 
f3) 

The expected polarization P.(8.E.) was computed in terms of phase 
shifts for proton-helium scattering, forfoJring the treatment by Lepore. 4 With 
proper interpretation of the ~oulomb dependence, Lepore's treat'ment is in 
agreement with Wolfenstein. Calculations were made in 0. 5-Mev intervals 
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from 3. 5 Mev to 14 Mev by IBM - CPC machine, using the phase shifts through 
d-wave for low-energy proton-helium scattering. 9 Coulomb dependence was 
included. Phase shifts were extrapolated graphically in the region from 9. 48 
to 14 Mev. Computed polarizations for even integral energies are shown in 
Fig. 3. Our values are in good agreement with curves by Dodder, 10 and with 
the curves by Brinkworth. if account is taken of the reversal in sign. The 
results are only in

1 
qualitative agreement with the curves by Marshall. 

Figure 4 shows the weighted sums of the left versus right scattering, 
as a function of assumed polarization of the beam incident on the helium. 
Figure 5 shows the results of a similar computation, done as a check, on the 
unpolarized-beam plates. The probable errors indicated on the curves were 
obtained, following the Marshalls, by computing 

The higher-order terms in our expansion gave 

con st. 

~ lnu .(P) = 
1 

-3 -4 
(E:.r) ( 4. 92) _ (E:.r) ( 7. 52) 

DISCUSSION 

( 4) 

(5) 

Our computed polarization of + 0. 30 indicates that the nuclear 
polarization vector of 315-Mev protons scattered out of the Berkeley synchro
cyclotron is in the direction predicted by spin-orbit coupling theory. If we 
consider our results statistically, we see that the sign could be reversed only 
if our data sample were in error by 2. 8 standard deviations or more. 

Our computed magnitude of polarization does not agree with the known 
magnitude of the original beam polarization. 7 Our randomly distributed back
ground of 13o/o would not lower the polarization from 70o/o to our observed value. 
Such a reduction would occur only if ·approximately 40o/o of the background tracks 

·were oriented in directions corresponding to large polarizations. The effect , 
of a background h.(B.E.) can be treated by adding this function h. to Eq. ( 1). 
W 1 1 1 b . . . "1 (1) 1 e can regroup terms, too ta1n an express1on s1m1 ar to : 

u .(e.cf>.E.P) = g* .(e. E.) [1 + P P.(e.E.)cos q,.] 
1 1 1 1 1 l 1 c. 1 1 1 ' 1 

1 

( 6) 

where 

g*.(e.E.) =· [g.(e.E.) + h.(e.E.)] 111 111 111 
( 7) 

arid P (e.E.) 
c 1 1 

g.'( e.E.) 
= 1 1 1 p 

g.*( e.E.) 1 1 1 
( 8) 
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Fig. 3. Graph of computed values for polarization P that would be 
produced when protons of incident energy E (lab system} are 
scattered at center-of-mass angles <1> in helium. Values were 
computed from phase:.. shift analyses of proton-helium scattering 
experiments up to 9.48 Mev, and by extrapolation of the phase . \ . 

shifts_ up to 14 Mev. 
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Fig. 4. Scattering of polarized beam in helium. Plot of weighted 
sums of left scatters and right scatters vs assumed initial 
polarization P. A correction for background, amounting to 2o/o, 
has been made. The maximum-likelihood value of Pis at the 
intersection of the two curves, viz., + 0. 30. The error shown 
is statistical probable error compufed from Eq. (4). 
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The emulsions are detectors with substantially constant efficiency over the 
range of angles and energies accepted, so that the term g.(e.E.) can be taken 
to be proportional to the proton-helium differential scattefid-g ~ross section. 
For the computation in this paper, our background h. can be taken as 13o/o of 
the total number of tracks, and independent of anglJ and energy. By reference 
to the experimental curves of do /dn versus e and E, we can say that the 
maximum and minimum values of g.(8.E.)/g.*(8. E.) are approximately 0. 95 111,' 111 . 
and 0. 70. Values below 0. 80 correspond to suc-h small scattermg cross 
sections that they rarely occur. We are justified in taking an average value 
for g./g*. = 0. 85 or 0.90. Thus we conclude that the polarization computed 

1 1 . 
in the presence of background should be corrected by a factor of 1. 1 or 1. 2. 

In computing polarization, we took the path length of protons after 
scattering in helium to be the mean between the closest and farthest parts of 
the incident beam. The energy loss of our low-energy protons in helium is not 
small; therefore the finite beam diameter introduces an appreciable uncertainty 
in polarization. For example, a proton of 50 fl. range stopping in the middle 
of an emulsion after a 9 0° scatter in helium could have had an initial energy 
of 7. 7 Mev to 10. 3 Mev, and hence a corresponding polarization between+ 0. 3 
and+ 0. 7. 

Another possible cause for our low polarization is a dilution due to 
inelastic scattering of protons in helium. Since the initial 310 -Mev proton 
beam had an energy spread of± 5 Mev, our degraded beam was a broad 
Gaussian, peaked near 10 Mev, with about 25o/o contamination of energy above 
35 Mev. The data from Benveniste and Cork, 11 and of Eisbergl2 on scatter
ing of 32-Mev and of 40-Mev protons do not show any large inelastic peaks, 
and hence support the conclusion that the dilution in asymmetry due to this 
contamination is small. 

The apparent polarization is reduced in our experiment, compared 
with the double-scattering experiments, because of the Larmer precession 
of the polarization vector in the horizontal components of the magnetic fields 
in the cyclotron and steering magnets. This effect is small. 

An unknown, but possibly large, source of error is in the choice of 
phase shifts. Predicted polarization is strongly dependent on the choice of 
phase shifts from scattering data. For example, the errors of ± 3° in S-wave 
and± 2° in p-wave shifts in the work of Kregerl3 produce uncertainties of 
about 25% in double-scattering polarization in the 3-Mev experiment of Scott 
and Segal. l4 

Our phase shifts were extrapolated graphically in the region above 
9. 48 Mev. At 13 Mev, our S / and S 1 - phase shifts were respectively - 3° 
and + 8° away from the corresponding shifts that would be obtained by linear 
extrapolation of the logarithmic derivatives, (aY), of the P-wave functions. 15 

. Recentl~ Brockman has computed phase shifts from 17. 5-Mev p - a. 
scattering data. 6 If the linear relation between (a Y) and energy is made to 
fit his 17. 5-Mev p-wave shifts as well as the lower-energy data, the resultant 
s1+ and S- shifts at 13 Mev are found to be ~pproxim~tely- 4° and+ .6° 
dlfferent from the values we used for computlng polanzatlons. The d1fferences 
between extrapolated and interpolated values for the other phase shifts have 
not been estimated; but the effect on the predicted polarization can clearly be 
large. 
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CONCLUSION 

The- direction of polarization produced by small-angle quasi-elastic 
scattering of protons on beryllium is found to agree with the predictions of 
spin-orbit coupling theory. The difference in magnitude between computed 
and previously measured polarization of !he beam can probably be accounted 
for by uncertainties in the phase shifts for proton-helium elastic scattering. 
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