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ABSTRACT 

... 

Protons scattered quasi-elastically with energy 315 Mev at 13~ from 

a beryllium targfi!t in the Berkeley srnchrocyclotron were brought out of 'the 

ma.chin~, slowed by absorbers, and scattered in helium at 765 psi absolute 
- - 0 ' 0 - . . 

pressure. Scatters at angle.s of 90 - ::1: 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 conj~nction with-phase shifts from p-He 

scattering data, to compute the direction of spin polariz'ation. We find spin · 

up frotn left scatter, in agreement with the predictions of spin-orbit coupling 

theory and with the findings of other experimenters. 

'•. 
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DIRECTION OF POLARIZATION PRODUCED BY QUASI-ELASTIC 
SCATTERING OF 315·Mev PROTONS 

Hugh Bradner and WUU.am Isbell 

Radiation lkbora~ory 
. University of California 

Berkeley,. California 

June 11; 1957 

INTRODUCTION 

This is the final report on an experi~ent 1 • 2 
to determine the spin . 

• direction in the polarization exper.imen_tally observed 
3 

from small-angle quasi-

elastic scattering of b.lgh ... energy protons. The result$ presented here are a 

confirmation, with somewhat improved statistics and background, of work by 

Marshall4 andby Brinkworth, 5 who did very similar experiments. These ex­

periments indicate a direction of polarization in agreement with theoretical 

predictions based on spin-orbit coupling. 6 

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 wUl have an asymme.tric angular distribution, 

u 1(0i <fl. Ei' P) = g.(6. E.)[l + PP.(61 E1)cos q,J , 
~ .1 ·1 ·1 1 . ~ 

(l) 

where. P 1 ( 91 Ei) is the polarization that would be present if an unpolarized 

proton beam of energy :s1 were scattered at a center-of-mass angle Olin hel~um, 

whU~ +i is the angle between the plane of scatter in helium and the plane of 

~riginal scatter which produced the polarization P. 7 

The function P1(ei E1) can be calculated for energies up to about 15 

Mev from phase shifts for proton-helium elastic scattering. 7 The polarization 
~ . . 

ofa higher-energy beam can be determined by passing the protons through a . . 

degrader before scattering them i~,helium; since Wolfensteln has shown that 
. 8 

reducing the proton energy in thits way produces negligible depolarization. 

0 
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METHOD 

In this e~eriment a 73 :1= So/a polarized beam of 315 ± 5-Mev protons 

·wae 6btained by scattering protons .f~om a l-in. -thick beryllium target in the 

ctrcwating beam of the .184-in. synchrocyclotron. 9 The b~~m. scattered out~ 
w~i-d~i. ·e.' lile£.t"-was <70llimated to a l-in. diameter and 'passed through a 

copper and iron absorber before entering the helium-filled scattering chamber. 

The energy-degraded protons enteringthe helium had a~ essentially fiat en ... 
' . ' ~· . "... .. . . 

ergy.dl~trib1ltion between· zero and the upper measured energy of 14 Mev. 

The chamber was surrounded by 4-in. lead shielding. Backscatter­

ing' was r~duced by making the chambe~ as iong as was practical for handling . 

. 'The. 200-mi~ron C. 2 nuclear emulsion plates were placed in the 

chamber as sho..VU in Fig. 1 with th~ir faces horizontal so that the range and· . . . 

direction of the scattered.protons could be accurately determined. 

Three exposures viere· made .. The first run was made.with the po­

larized beam· and with the chamber filled ~ith .helium at 765 psi. The second 
. . 

run was similar except that an unpolarized proton beam was used to provide 

a check on systematic errors in the system. The third run was like the .sec­

ond, but with the helium chamber evacuated to· determine background. 

Each plate was scanned twice. Range and horizontal and azimuthal 
. . 

scattering angles were 'measured for tracks e':ltering the emulsion at 
0 0 . . . . . . . . 

90, ·:!: 22~ 5 to th~ beam direction. Only tracks with ranges corresponding to . 

. incident-proton energies ()f 3. 5 'to 14.0 ·Mev were considered .. 

All toge~her, 296 tracks in the polarized plates and 309 Jracks in the 
. ' I 

unpoiarized plates were recorded. Thes~ include 13"/o background, computed 

from data obtained £!om the. third run. The angular distribution of the back­

grou?-d tracks was calculated and was correlated with the polarized tracks by 

noting the tracks in tJie polarized plates that passed the range and angle criteria 

but were traveling in thebackward direction. Thee;e tracks provided a basis 

of comparison with similar tracks in the background plates. 

ANALYSIS 

. . 

In the inter.est of brevity, we follow the nomenclature and analysis 

method of the ·Marshalls. 4 Their equations ·are in agreement with a more 

formal ~rea~ment of the maximum-likelihood method applied by Solmitz to 

this. particular experiment. 10 

.. -.. 
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It is obvious from our Eq. ( 1) that the probability of having found an 

event with characteriatic a ( 8 i +1E 1) h proportional to 0' i; hence the probability 

of finding the events (8141 1E 1), (82ct>2E 2 ), •. : (8n«ffnEn) is proportional to the 

pr_oduct ol the corresponding u 1• s. Calling the true value of the polarization 

P~. and expanding lnu in a Taylor' a series about this value, we find that the 

experimental values of P lie tn a reasonably narrow Gaussian distribution 

about P* if th~ term in (P ... P*) is zero and the terms beyond (P - P*)
3 

are 

small. Following this reasoning we obtain the Marshalls' Condition (4), 

(2) 

The expected polarization P1(81Ei) was computed in terms of phase 

shifts for proton-helium scattering, following the treatment by Lepore. 6 

With proper treatment of the Coulomb dependence, Lepore's treatment is in 

agreement. with Wolfenatein. 8 Calculations were made in 0. 5-Mev intervals 

lrom 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 bcluded. Phase __ sJlifts were extrapolated graphically in the region from 

9.·-48 to 14.0 Mev. Computed polarizations for even integral energies are 

shown in Fig. Z. The complete set of curve• is contained in UCRL-3656 (rev) 

(Ref. 2). Our value-a are in good agreement with curves by Dodder 12 and 

.with carves by Brinkworth. The results are only in qualitative agreement 

with the curves by Marshall. 

Figure 3, show• the weighted sums. of the left vs. right scattering. 

ae a function of assumed polarization of the beam incident on the helium. 

The probable errors indicated on the curves were obtained by computing 

z 2]-1/Z 
[

) ( P. cos +1 ) ~ ( Pi cos +· \ u ·=.(2 fn. 1 + J.1\ cos +1 +Lt. 1 -~i co:~~ (3) 

The higher-order terms of our expansion gave 

Elna1 (P)= 

conot. _ (lr"Y _ ~3 
(4. 92) _ v (7. 52)+ !.¥J-2 

(0. 99) + .... (4) 
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DISCUSSION. 

Our computed polarization of+ 0 .. 30 indicates that the nuclear polar .. 

lzation of 315 .. Mev protons scattered out. of the· Berkeley synchrocyclotron i.s 

in the "direction predicted by spin-orbit coupling theory .. u we consider 'our 

r'esulta statistically, we see. that th·e sign- could be reversed only if our data 

were in error by 2. 8 standard deviatlon,s or more. 

Our computed me1gnitude of polarization does not agree with the known 

magnitude o£ the origlnal"be~in pol~rization. 9 _The randomly distributed back· 

ground would not lower the polarization from 70% to our observed value. 

The effect of the background hi(BiEi). ean be treated by adding this 

fU!letion hi to Eq. ( 1). Following the .argument presented in UCRL-3656 (Ref. 

2), we conclude th~t the polarization computed in the presence. of background 

· should be corrected by a ~ctor of 1. 1 or 1. 2. 

An unknown, but possibly large, source .of .error is in the choice of 
pliase shifts~. Predicted pola'l"ization is ,sensitively dependent on the choice q£ 

.·. . . . . { . . . . . 0 
phase shifts taken from scattering data. For exa_mple, the _errors of :1: 3 in 

S~VIave and :t: 2° in P•wave ehitts in the work of Kreger 13 produce uncertainties 

, of .about 25% in double-scattering polarhation in the exjlerime.nt by Scott and 

Segal. 
14 - . 

Our phase shifts .. were extr.apolated graphically in the region above ·-. . . ' + ... ·. . . . . 0 
9. 48 Mev. . At 13 Mev ou;r S 1 and S 1 phase shifts were re specti vel y -3 and . 

+8° away from the corresponding shlfts that would be. obtained by iinear ex· 

trapolation of the logarithmic derivative, (aY), of the P-wel.ve functions. 15 

Recently Brockman has computed phase shifts from 17. 5-Mev p•a. 
16 . . . . _, . . . 

scattering data. If the linear relation Qetween (aY) and energy ts made to 

fit his 17. 5-Mev p .. wave ·.shifts as well as the lower-energy data, the res'ult­

ant stand s1- shifts at 13 Mev are ~ound to· be approximat~.Y -4°. and +6° 

·· different from the values we used for computing polarizations. The differences 

between extrapolated and interpolated :v~ues for the other phase-: shifts have 

not been estimated; but the effect onf-ith~:pre:¢i:ctei::Lpgiarizatfon can clearly be 

large. 

CONC~USION · 

The direction of polarization produced by' sm~l-angle quasi-elastic 

scattering of protons on berylliul'tl is fo~nd to agree with the predictions. of 

sp~n-o~bit coupling theory. The difference in magnitude between computed· 
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.. and previously measured polarization ot .the b~a·rn: can p·robably be accounted 
. . ' . ·. . . . ' ' ... ·. ·. .. . 

. for by uncertainties in the phase ·shifts for the proton:-h~tiu.tll elastic .scatter ... 
·i~g~ . . . . . ' . .. . . 
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LEGENDS 

. 'rig. L Schematic drawing of scattering.charnber arrangement. Lower right: 
' . . ; Enlarged view of nu_clear emUlsion plate 'jtolder. .. . . 

' ... • Ffg. , 2. Graph of' ·computed value e for _pola-rization P ~hat would be pro due ed 

~ I• .' ' 

··when pro.tons of incident energy E (lab system) are scattered at center -of- · 

m~ss angles ~ in helium •. Values were computed frorp phase-shift analyses . 

. o{p·ro~ou-helium .scattering experiment$ up to 9. 48 Mev~ and by extrapolation 
·• ' 

of the phase. shifts up to 14 Mev~ 

· · · Fig.> 3. ·.Scattering of ·poiarized beam. in hefiU.m. Plot of weighted ·sums. of 

.• 

.. 
' 

.... ,·.· 
•· .r~~~ ~:...•;,! ;. 

.• 

l~ft scatt~rs. and ·r'ight scatters vs as.sumed initial polarization P. A ~~r.­
rection for backgi-ound, u~.t~.;~r;~: • .-".~~·to ?% •. has been made. The maximum• 

l~kelihood valuei9 of Pis at the_ intersec~ion ~£the two curves. viz .• + 0. 30 . 

. The erto.r shown· is· staiistical probable error c-omputed from Eq. (3,) . 
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