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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% x 22. 5% were detected in nuclear emul-

| sions. Obsgerved asymmetries in left versus right scattering of. protons with
energies below 14 Mev were used, in conjqnct{on with-phage shifts from p-He
séafter'ing data, to compute the direction of spin polarization. We find spin
up from left scatter, in agreerhent with the predi-ctions of spin-orbit coupling

theory and with the findings of other experimenters.
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" origmal scatter which produced the polarization P.
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INTRODUCTION

- ‘This is the final report on an e:cperifnentl’ 2 to determine the spin .

" _direction in the polarization experimentally obser-ved3 from gmall-angle quasi-
" elastic scattering of high-energy protons. The results presented here are a

confirmation, with somewhat improved statistics and background, of work by
Marshall4 a.n'dvby Brinkworth, 'S'Who_did very similar experiments. These ex-
periments indicate a direction of polarization in agreement with theoretical

| prédictions based on gpin-orbit éoupling.

PRINCIPLE .

- When a beam of 10w—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 asymmetgric angular distribution,
o {(6; & Ei.?) = g,(0, E,)1 + PP,(6, ’Ei)cosv &) . (1

where pi_(ei Ei) is the polarizatmn that would be pfese‘nt if an unpolarized

~ proton beam of energy E; were scattered at a center-~of-mass angle 6i in helium,
. while 4, is the angle between the plane of scatter in helium and the plane of -

7

The function pi(ei Ei) <an bhe calculated for energxes up to about 15

' Mev from phase shifts for proton-helmm elastic scattermg The polanzation

of a higher-energy beam can be determined by passing the protons through a
degrader before scattering them in-helium; since Wolfenstein has shown that
reducing the proton energy in this way produces negligible depolarization. 8
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METHOD

In thia experiment 4-73 £ 8% polarized beam of 315 * 5-Mev protons
.wae obtained by scattering protons from a 1-in. -thick beryllium target in the
circulatmg beam of the 184-in, :synfc:hrocy&:lcotrcm.'9 The beam, scattered out-
ward-—i.e., "1e£t"-—-was collimated to a 1- in. diameter and pasaed through a
‘copper and iron absorber before: entering the helium—filled scattermg chamber,
- The energy—degra.ded protons entering the helium had an egsentially flat en- ,
ergy distrxbution between zero and the upper measured energy of 14 Mev.
- . The chamber wasg surrounded by 4-in. lea.d sh1e1dmg Backscatter-
mg wag reduced by making the chamber as long as ‘was practical for handlmg.

The. 200 micron C. 2 nuclear emulsion plates were placed in the
chamber as shown in Fig. 1 with thetr faces horxzontal 80 that the range and
du’ection of the sca.ttered protons could be accurately determmed

Three exposuree were made. The first run was made with the po-
larwed beam and w1th the chamber filled with helium at 765 psi. The second

. run was simllar except that an unpolarized proton beam was used to provide

a check on systematic errors in the syatem. The thu'd run was like the sec-
- ond, but with the helium chamber evacuated to determine background.

Each pla.te ‘wasg gcanned twice. Range and horizontal and azxmuthal
3 scattermg anglee were measured for tracks entering the emulsion at
900 +22.5°% to the beam direction. Only tracks with ranges cortesponding to
| .1ncident~proton energies of 3.5 to 14.0 Mev were consv.dered

All tOgether. 296 tracks in the polanzed plates and 309 f,racks in the
\mpola.nzed plates were recorded These include 13% background computed
~ from data obtained from the third run. The angular distribution of the back-
ground tracks was calculated and was correlated with the polarized tracks by
noting the tracks in the. polarized plates that passed the range and angle criteria
but were traveling in thebe.ckward direction. These tracks provided a basis
of comparison with siinilar tracks in the Baekground plates.

ANALYSIS»

In the interest of brevxty, we follow the nomenclature and analysis
method of the Marshalls. * Their equations are in agreement with a more _
formal treatment of the maximum-likelihood method applied by Solmitz to

this particular experiment 10



-5 UCRL-3656 (2nd rev)

v It is obvious from our Eqg. (1) that the probability of having found an
event with characteristics (GitbiEi) is proportional to ¢ ; hence the probability
of finding the events (BirplEl). (BzézEZ), - (GnqanEn) is proportional to the
product ot_ the corresponding oi'a. Calling the true value of the polarization
P*—‘. and expanding lno in a Taylor's series about this value, we find that the
-experimental values of P lie in a reasonably narrow Gaussian distribution
about p* if the term in (P - P*) is zero and the terms beyond (P - P”)3 are
small, Following this reasoning we obtain the Marshalls' Condition (4),

P, cos ¢ ‘ P, cos ¢
2 i i = g i i (2)
14+ PP, cosd 1 -PP, cosd
t. i i p=p* . . i i p=p*

The expected polarization Pi( eiEi) was computed in terms of phase

~ shifts for proton-helium scattering, following the treatment by Lepore.

With proper treatment of the Coulomb dependence, Lepore's treatment is in
_agreement with Wolfenstein. 8 Calculations were made in 0. 5-Mev intervals
from 3.5 to 14,0 Mev by IBM-CPC machine using the phase shifts through
d-wave for low-energy proton-helium scattering, 11 Coulomb dependence
was included. Phase shifts were extrapolated graphically in the region from
9.48 to 14.0 Mev. Compuied polarizations for even integral energies are
shown in Fig. 2. The complete set of curves is contained in UCRL-3656 (rev)
(Ref.. 2). Our values are in good agreement with curves by Dodder]‘2 and
with curves by Brinkworth. The results are only in qualitative agreement
with the curves by Marshall, |

Figure 3 shows the weighted sums of the left vs. right scattering,
as a function of assumed polarization of the beam incident on the helium.
The probable errors indicated on the curves were obtained by computing

-1/2

2 2
P. cos ¢ P, cos ¢,
- i i i i
’ “[;.(r«ﬁacow)*; e Q] S

The higher-order terms of our expansion gave

Z1n &’i(P) =

2 3 2
const, - (%) —g {4.92) -3—224(7.52)-&@59- (0.99) + ... . (4)
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DISCUSSION
Our computed'pola,x"izatien of + 0. 30 indicates that the nucleef polar-
ization of 315-Mev protons ‘scattered out. of the Berkeley synchrocyeiotron is
in the direction predicted by spin-orbit coupling theory. If we consider ‘our
results statistically, we see fha.t the sign could be reversed only if our data
were in error by 2.8 ‘standard deviatlons or more. '

. Our computed magnitude of polarization does not agree with the known
magnitude of the original ‘beam pclarization 9 _The randomly distributed back~
ground would not lower the polarizatmn from 70% to our observed value.

_ The effect of the background hi(eiEi) ¢an be treated by adding this
iunction h, to Eq (1). Following the argument presented in UCRL-~3656 (Ref.
- 2), we conclude that the polarization computed in the presence of background
- gshould be corrected by a £actor of l.1or 1.2,
~ An unknown, but pos sibly large, source of error is in the choice of
_phase shifts, Predacted polariza.tion is sensitwely dependent on the chéice of
phase ghifts taken from scattering data. For example. the errors of + 3°
" S-wave and & 2° in P-wave shifts in the work of Kx'eger13 produce uncerta.mnes

,of about 25% in double-gcattering polarieatton in the experiment by Scott and

Segal. 14 | - | - ‘ |
~ Our phase shifts were ext;*apoiated graphi’celly‘ in the regien above
"'9 . 48 Mev. . At 13 Mev our Sl‘ and Sl phase shifts were respectively .3° and
+8° away £rom the corresponding shifts that would be obtained by linear ex-
trapolation of the logarithm:c derivatwe, (aY). of the P-wave functtons 1_5

Recently Brockman has computed phase shifts from 17.5- Mev p-a

16 If the linear relation between (aY) and energy is made to-

scattering data.
fit his 17 5-Mev p-wave shifts as well as the lower-energy da.ta.. the result-
ant Sl and Sl shifts at 13 Mev are found to be approximately -4°% and +6°
different from the values we used for computing polarizations The differencea
between extrapolated and interpolated’ values for the other phase shifts ha.ve

not been estimated; but the effect on*thefpredxcted, polarizatmn can clearly be
large. ' ' ' '
' .coNiCLUSION :

The direction of polarizatlon produced by small é.ngle quasi- ela.snc
' scattering of protons on berylhum is found to agree with the predictions of
spin-orbit coupling theory. The difference in magmtude between computed
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-and prevxously measured polanzatwn of the beam can probably be accounted
for by uncertamt{es in the phaee shifts for the proton~helium ela.stlc scatter-
"ing.‘ ‘ ‘ . '
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- LEGENDS

'Fig 1. Schematic drawing of scattering chamber afrangement. Lower right:

.- Enlarged view of nuclear emul sion plate holder.
F ig..2. Graph of ‘computed values for. polarlzatwn P tha.t would be produced

" when pro‘tons of incident energy E {(lab system) are scattered at center-of--
mass angles ¢ in hél'ium. ‘Vé,lue‘s were co‘mpu’te'd from phase-shift ‘analyses

of proton~helmm dcattering experimenta up to 9 48 Mev, and by extrapolatwnv
. of the phasge shifts up to 14 Mev. - ‘ ' '
Fxg -3, Scattermg of polarized beam'in'hel:i\im. ~ Plot of weighted ‘meﬁs of

left scatters and rxght scatters vs aaeumed initial polarization P. A cor-.

. rection for background, cr.tusilng ta :,,_‘, has been made. The maximum-+

hkehhood valué¢s of P is. at the mtersection of the two curves, viz., + 0. 30,
The error shown 1s statistical probable ersor compnted from Eq. (3)
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