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ABSTRACT 

&J>\ Qtm'rsC. i c y\ 

Protons from 3.8 to 10.9 Mev laboratory energy have been 

3 
elastically scattered from a He target polarized by optical 

Q j 
pumping . The left-right scattering asymmetries were measur¬ 

ed at laboratory angles of 45° and 90°. This data was com- 

3 
pared to calculated values of He recoil polarization obtained 

from phase shift analyses*^ ’using cross section and proton 

polarization data for the He-^(p,p)He^ reaction. The He^ 

recoil polarization data is consistent with only one of the 

four sets of phase shifts which give equally acceptable fits 

to cross section and proton polarization data. 

a) F.D. Colegrove, L.D. Schearer, G.K. Walters; Phys. Rev. 
132. 2561 (1963). 

b) T.A. Tombrello, Phys. Rev. 138. B40 (1965). 
c) W. Haeberli, L.W. Morrow; Private Communication. 
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I. Introduction 

12 3 4 3 
Since the development of optical pumping ’ • in He 

there has been considerable interest in using this technique 

to obtain nuclear scattering data on reactions involving a 

He^ target. The use of polarized targets not only simplifies 

certain aspects of difficult scattering experiments, but, in 

fact, may also provide a definite measure of spin dependence 

in the scattering which is not otherwise experimentally 

obtainable. 

In general an experiment done with a polarized target 

requires one less scattering than an experiment without a 

polarized target. This reduces the difficult double scat¬ 

tering experiment (which becomes almost impossible with very 

low energies or low intensities) to the much ^.easier single 

scattering experiment. In addition, a target with reversible 

polarization is much less dependent on precise geometrical 

alignments. When used with detectors placed symmetrically 

on either side of the incident beam, geometrical factors can 

virtually be eliminated. 

Considerable work has been done at Rice with optical 
3 

pumping in He . For this reason the recent interest in the 

He^(p,p)He^ reaction made this a particularly appropriate 

reaction to study. Cross section and proton polarization 

data have been taken for the elastic scattering of protons 
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from He^, but this data does not seem to be sufficient to 

specify scattering parameters uniquely. It was hoped that the 

further data on recoil He^ polarization which could be ob¬ 

tained most easily with a polarized target would provide all 

the information needed for finding the spin dependent phase 

shifts. These could then be used both in further analysis of 

nucleon levels in Li and in descriptions of the He^Cp,pjHe^ 

reaction based on spin dependent optical model potentials^. 

The elastic scattering of protons from a polarized He^ 

target was therefore examined in the energy range 3.8 to 10.9 

Mev. at laboratory scattering angles of 45° and 90°. Cross 

section measurements for the He^(p,p)He^ reaction have been 

6 7 
made by Clegg , et. al. at Rice University and by McDonald , 

et. al. at Wisconsin. The former group obtained both excita¬ 

tion functions from 4.5 to 10.4 Mev and angular distributions 

from 27°38f to l66°35' (see Section IV). Their phase shift 

analysis of this reaction, assuming no spin-spin or spin- 

orbit interaction, showed a large discrepancy between the ex¬ 

perimental and calculated angular distributions at higher 

energies. From this they assumed that the spin dependence of 

the nuclear force is strong enough to make a spin dependent 

phase shift analysis necessary. 

McDonald, Haeberli, and Morrow in 19&3 published both 

cross section and proton polarization data for the elastic 
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scattering of protons from He^ (see Section IV). Angular dis¬ 

tributions were taken at five energies and proton polarizations 

were measured at four angles for five energies. 

Using all of the above cross section and proton polari- 
O 

zation data, Tombrello preformed a phase shift analysis using 

spin dependent phase shifts and a mixing parameter. After 

eliminating solutions which were not acceptable on the basis 

of continuity or causality requirements, Tombrello found two 

possible sets of phase shifts which fit the data equally well. 

Since that time Haeberli and Morrow have taken addition- 

9 al proton polarization data . They have also done a phase 

shift analysis using spin dependent phase shifts and a mixing 

parameter and found two additional sets of phase shifts which 

fit all the data. It was therefore assumed that a measure¬ 

ment of the He^ recoil polarization was needed in order to 

distinguish between these sets of phase shifts. 

Measuring the polarization of the He^ recoil particles, 

without a polarized target however, would be very difficult 

in the energy range of interest. For incident protons of 4 

to 10 Mev the recoil He^ particles have laboratory energies 

from 0.7 to 1.8 Mev at the center-of-mass scattering angle of 

59°. Such low energies preclude a simple system for detec- 
'i 

tion of the He^ particles. Moreover, a triple scattering is 

necessary in order to measure He^ polarizations at energies 
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in this range ; a virtually impossible task for low energies 

and beam intensity. 

6 
Wolfenstein , however, has shown that in an elastic 

scattering interaction in which both beam and target are in¬ 

itially unpolarized, the polarization of the recoil particles 

is equal to the asymmetry of the incident particles scattered 

from a polarized target. Therefore, the recoil He-^ polariza¬ 

tion for a He-^(p,p)He^ reaction with unpolarized beam and 

target can be found by measuring the asymmetry of protons 

scattered from a polarized He^ target. This measurement has 

none of the difficulties associated with a double scattering 

experiment or the detection of very, low energy particles. In 

addition, the data is not sensitive to geometrical alignments 

as was mentioned previously. 
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II Polarization of the Target He 3 

A. Theory of Optical Pumping: 

He-^ in the target scattering chamber is polarized 

by the technique of optical pumping, a process which uses 
3 

circularly polarized light to orient He spin. Metastable 
3 3 

2-'S^ He atoms are continuously produced by a weak electric 

discharge in the optical pumping cell. A He^ lamp provides 

1.08/i wavelength light which is circularly polarized by 

passing it through a linear polarizer and quarter wave plate. 

3 3 
This light excites transitions between the and P 

1 0 
states in the metastable atoms as shown in Pig. 1. 

According to the selection rule Am = +1 for right 
P 

hand circularly polarized light, only atoms in magnetic sub- 
3 

levels nip = -1/2 and mp = -3/2 will be excited to the P 

3 
state; however, they then decay back to all magnetic 

sublevels. Consequently, the proportion of atoms with high 

magnetic quantum number increases. Similarly, higher popula¬ 

tions of low magnetic sublevels are produced when left-handed 

3 
circularly polarized light is used. The net result is He 

polarization parallel to the direction of pumping light for 
3 

circularly polarized light of one sense and He polarization 

antiparallel to the direction of the pumping light for cir¬ 

cularly polarized light of the opposite sense. A weak 



3 
Figure 1 Energy levels of He atom in external magnetic 

field. (Not to scale) 
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magnetic field along the direction of. the pumping light defines 

a spin axis for the He'* polarization. By rotating the direc¬ 

tion of the magnetic field adiabatically, the direction of the 

3 
He spin can be reversed. 

He^ has a nuclear spin I = 1/2 with ground state 

magnetic sublevels of m^ = +1/2 and mp = -1/2. Hence metas¬ 

tability exchange collisions involving spin flips occur in 

3 
which the magnetic quantum number for the ground state He 

changes by il and the magnetic quantum number for the metas¬ 

table changes by +1. The result of such a collision is a 

polarized ground state atom and a depolarized metastable atom, 

which can then be polarized again through optical pumping. 

Since the cross section for such collisions is very 

large' x 10“^ cm2 at room temperature) this provides a 

mechanism for polarizing the entire ground state system un¬ 

less angular momentum "leaks” out of the atom faster than it 

is put in. Reasonable ground state polarizations will be at¬ 

tained only if the characteristic time, Tg, for equilibrium 

between the metastable and ground state systems and the charac¬ 

teristic time, 7' , for equilibrium in the optical pumping pro- 
P 

cess are much shorter than the relaxation times for processes;, 

which counteract the effect of optical pumping and destroy 

polarization. 
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The characteristic time, 7* for equilibrium be¬ 

tween the metastable and ground state systems has been found 

by Colegrove, Schearer and Walters1 to be 3 x 10 ^ sec. at 

room temperature and He"3 pressure of 0.15 mm Hg. Since T2 

is inversely proportional to pressure, and the pressures used 

in our He^ scattering chamber were typically 4.0 torr, we 

have assumed that was even shorter for our optical pumping 

conditions. Hence T2 is much less than both the equilibrium 

/ -4 
tirae for optical pumping, (between 10 sec. and several 

msec.)1 and the relaxation times for processes such as collis¬ 

ions with scattering cell walls, impurities, and small magne- 

-4 
tic field gradients which destroy polarization (about 10 

sec.)1. Therefore the ground state and metastable polariza¬ 

tions are tightly coupled and any mechanism which polarizes 

or depolarizes One spin system will affect the other similarly. 
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B. Measurement of Polarization using Optical Signals 

Using the fact that ground state and metastable 

polarizations are tightly coupled, a method for measuring 

nuclear polarizations by optical signals has been developed^. 

Fig. 2 shows the intensity of transmitted pumping light, or 

optical signal, corresponding to specified conditions. Since 

the direction of the magnetic field can influence the light 

k 
level of the He lamp, each of the levels in Fig. 2 can change 

by A M corresponding to a change in the magnetic field direc¬ 
tion as shown. 

When the weak discharge is off, there is no absorp- 

3 
tion of pumping light since there are no metastable He atoms*, 

however, polarization of the ground state system remains con¬ 

stant over a period of time much longer than the time re¬ 

quired to make a measurement (^10 sec.). Using this level of 

zero absorption of pumping light as a reference, I in Fig. 2 
A 

represents the intensity of light absorbed by metastables 

when equilibrium polarization has been reached. I = I A +Ai 
U A. 

is the light absorbed by unpolarized metastables. Once equili¬ 

brium polarization has been reached, if the direction of the 

external magnetic field is reversed adiabatically, the spin 

* 

Relaxation time is about 2 x 10 sec. 



Figure 2 Optical signals observed as a function of 

optical pumping conditions. 
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system will follow the magnetic field around and the He^ is 

consequently polarized in the direction opposite to that of 

the polarization produced by the pumping light. A resultant 

decrease in transmitted pumping light, 61, is then observed. 

12 A 

Schearer has found that the ratio A I/I can be 
o 

related to polarization, P, and magnetic sublevel absorption 

probabilities by the equation 

Ai 
i 3 + P" 

6 - 2P - 3(1 - P) 2 f(b - a - c) + c { 
f(a + b + c) + c / (1) 

where f is the relative illumination of the metastable hyper- 

L 
fine levels by the He pumping light and a, b, .and c are absorp¬ 

tion probabilities as given in the table below. 

Magnetic Sublevel Transition 

Original Final Probability 
a F = 3/2 mF = -3/2 

-1/2 0.28 

b F = 3/2 mF = 
-1/2 1/2 0.10 

c F = 1/2 
mF = 

-1/2 !/2 0.30 

A complete table of the relative electric dipole transition 

probabilities between magnetic sublevels of the 2^S„ - 2-^P 
1 0 

transitions in He^ can be found in L.D. Schearer's Ph.D. 

thesis, Rice University, 1966^. 
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3 4 The theoretical He and He spectra are shown in 

1 4 
Fig. 3. It was originally assumed that the He emission line 

3 
is broad relative to the absorption lines of He ; hence, there 

. 3 
is equal illumination of the two He hyperfine levels and 

f = 0.5. Using this assumption equation (1) reduces to 

Greenhowe^ later pointed out that a narrow He^ 

(2) 

emission line would illuminate only the F = 3/2 level. In 

this case f = 1 and equation (l) reduces to 

10 torr for experimental apparatus similar to our own. It was 

found that equation (2) agreed approximately with the results, 

and we have therefore also assumed equal illumination of the 

two levels. The factor f has not, however, been explicity 

verified for our experiment and it is therefore possible that 

our calculated polarization is too high by a factor between 1 

and 1.37 for polarizations under 12/. This problem will event¬ 

ually be resolved by a nuclear scattering experiment which 

'will determine the polarization directly . The polarization 

0 
(3) 

Equation (2) has been tested using nuclear magnetic 

3 
resonance at room temperature and He pressures from 0.1 to 



Figure 3 Structure and isotope shift for the 2^S - 2^P 
3 4 spectral line of He and He from Greenhow. (See Ref. 13) 
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can then be compared to the measurement of A I/I for our ap- o 
paratus and f found from equation (1). 

In our experiment, the quantities 61 and I were 
A 

measured, hence 

61 _ Al + Al1 _ R(P) - T(P) 
IA “ " IQ - AI " ‘ 1 - R(P) 

where 

and 

T(P) = R(-P) 

The curves of 61/1^ versus polarization for f = .5 and 

f = 1.0 are plotted in Fig. 4-. 



Figure 4 Polarization versus 

f = 1.0. 
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C. Optical Pumping: Apparatus 

3 
The apparatus used in producing and measuring He 

polarization in the scattering chamber is shown in Fig. 5. 
4 

The lamp which provides the pumping light consists of He in 

avycor disc 1-1/8" in diameter and 1/4" thick. A glass to 

L 
vycor seal connects the lamp to a reservoir of He so that a 

pressure of approximately 10 torr is maintained. This pres- 

4 
sure was chosen after measuring both the total He lamp light 

intensity and absorption intensity as a function of lamp pres¬ 

sure. As is seen in Fig. 6 and Fig. 7 the He^ lamp light in¬ 

tensity goes through a maximum at 1.0 torr, whereas the ab¬ 

sorbed light has a broad maximum which is rather insensitive 

to pressures from 8 to 20 torr. Since it is the absorbed 

light which produces the optical pumping, a pressure of 10 

torr was chosen for the He^ lamp. 

The lamp is excited by a 100 Mc/sec oscillator which 

is discussed in detail in reference 14. The pumping light, 

corresponding to the 2^S^ - 2^P^ ^ emission line of the He^, 

is circularly polarized by passing it through a Polaroid linear 

polarizer and a quarter-wave plate. 

It was found that, a compact arrangement with the * 

scattering chamber quite close to the He^ lamp and a second 

surface concave mirror behind the lamp produced more pumping 

light absorption than any of the several lens systems tried. 



Figure 5 Optical pumping apparatus. 



H
el

m
h

o
lt

z 
co

ils
 

o 
CO 

Q> 
N 

O 
O 
Q. 

O 
<D 
C 

era 

•BESS. 
OJ 
T 

i 

CO 
I 

ce
n

ti
m

et
er

s 



Figure 6a 

pressure. 

4 4 
He lamp light intensity versus He lamp 

Figure 6b Absorption (percent) of lamp light versus 
4 

He lamp pressure. 
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Figures 7a and 7b Pumping light intensity (absolute) 
4 versus He lamp pressure. 
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This proximity of the equipment necessitated constant cooling 

of the linear polarizer which otherwise was destroyed by the 

heat of the He^ lamp. Final measurements of the distances 

used are given in Fig. 5. 

The geometry of the scattering chamber is discussed 

in detail in Section IIIA. The scattering chamber is made of 

Pyrex glass with six glass tubes to allow entrance and exit 

of the beam as well as left and right scattering at laboratory 

angles of ^5° and 90°. The glass tubes were constructed from 

Sentinel glass pipe which has a groove in the funnel shaped 

end as shown in Fig. 8. 

A flange system was designed which allowed a thin 

aluminum foil to be pressed tightly against an indium 0-ring 

in the groove. The bottom flange, cushioned by a band of as¬ 

bestos and rubber, fit tightly around the end of the tube. 

The top flange, constructed also to hold the detectors, was 

then screwed down to the bottom flange, compressing the indium 

until it flowed and thus created a vacuum seal. 

It was found that the 0.00035 inch thick aluminum foil 

which was used produced numerous difficulties in obtaining 

good seals. With too much indium, the foil tore when the 

flanges were screwed together; with too little indium small 

creases were left in the. foil which then leaked. Production 

of good seals proceded at a rate of about one failure for 

every success. 



Figure 8 Flange system designed to create vacuum 

seals on the glass scattering chamber* 
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Before using the chamber, the vacuum seals were 

tested individually with a helium mass spectrograph leak de¬ 

tector and a leak rate of less than 2.45 x lCT? atm cc/sec. 

was verified for each experiment. Despite the apparently good 

vacuum, however, tiny leaks and/or continual outgassing pro¬ 

duced enough impurities over a period of a week or less to stop 

the optical pumping process. The chamber then had to be re- 
3 

cleaned and filled with new He before another experiment 

could be run. 

The cell was initially attached to a vacuum system 

and gently heated until pressures some what less than 10~^ 

•torr were reached. In one instance the chamber was placed in¬ 

side an oven and baked for 24 hours at a temperature of ll6°C. 

This procedure did not substantially decrease the time required 

to reach a good vacuum, however. All clean-up procedures in¬ 

volving heat were severly limited by the use of indium O-rings 

which melt at a temperature of 156°C. 

' 4 
Once a reasonable vacuum had been obtained, He was 

admitted to the chamber and a discharge was maintained with 

2450 Mc/sec. r-f power in order to outgas the cell walls. The 

resulting impure gas was pumped out and the procedure repeated 

until a discharge, when observed through a spectroscope, pro- 

4 duced only bright He lines and no observable light due to 

impurities for a period of~30 minutes. The discharge could 
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not be maintained, longer than this without overheating the 

flanges and thus damaging the indium. It has been suggested 

by Colegrove, Schearer and Walters-*- that once a cell has been 

cleaned by this process of ion bombardment, the weak discharge 

used during optical pumping actually purifies the gas further 

by driving impurities into the walls. 

3 
After the cell had been sufficiently cleaned, He 

at approximately 4 torr was purified by passing it through a 

liquid helium trap, and admitted to the chamber. The cell 

was then removed from the vacuum system and installed in the 

optical pumping apparatus on one of the beam tubes of the 

Rice University Tandem van de Graaff Accelerator. 

A 500 Kc/sec oscillator produced a weak discharge 

3 
in the He .which created the necessary metastable atoms. 

This discharge was kept at the weakest level which was still 

self-sustaining in order to obtain uniform excitation and 

maximum polarization. A PbS 7 detector, placed directly be¬ 

hind the scattering chamber, measured the transmitted pumping 

light. This light intensity was reduced by means of crossed 

linear polarizers in front of the detector so that the linear 

region of the detector was used. Finally, a d.c. magnetic 

field was provided by Helmholtz coils 27" in diameter so that 

the magnetic field pointed along the direction of the pumping 

light. All parts of the apparatus were non-magnetic in order 
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3 
to avoid, magnetic field gradients which destroy He 

tion^. 

4 

polariza- 
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D. Polarization Data and Associated Error 

Polarizations were calculated from the optical sig¬ 

nals 61 and I by Equation (2). During runs in which asym- 

metry data was taken, polarizations for our scattering chamber 

ranged from 8.3 to 11.5/^. Measurements of the optical signals 

61 and 1^ were made twice for each of the four runs at a given 

energy (see Section IIIB). These eight measurements were 

then averaged in order to find the polarization of the cell 

for a given energy. The ratios 61/1^ for each energy are given 

in Table 2. 

Fluctuation in polarization measurements came pri¬ 

marily from three sources: 1) erratic jumps and shifts in 

"the opticals signals as measured by the chart recorder, 2) 

mild changes in polarization over a period of several days, 

'3) effect of the magnetic field direction on the optical sig¬ 

nal . 

The first of these, jumps in the voltage signal as 

read on a T.I. Recorder, produced problems in reading the 

resultant record. Fig. 9 shows a case of stable voltage sig¬ 

nal with small error and one with large drift and large error. 

The errors due to such fluctuations in 61 and I, , calculated 
A 

from the standard deviations for the set of 6I's and I^’s for 

a given energy, are given in Table 2. 



Figure 9 Optical Signals as charted on a T. I. Recorder 
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A second error was introduced by small fluctuations 

in polarization over a period of several days. Fig. 10 shows 

a graph of polarization versus time for two data runs. Fluctua^ 

tions in polarizations in the first graph (Data Run 2) were in¬ 

terpreted as random statistical error and an average polariza¬ 

tion (excluding the last point) was calculated for the whole 

run. The s,econd graph (Data Run 1) indicates much less stable 

polarization with low measurements at the beginning and end of 

the run. When a smooth curve was fit to the data, the stan¬ 

dard deviation of the distribution was approximately five times 

greater than the standard deviation of the distribution of 

polarization measurements from Data Run 2. Since, the errors 

due to counting statistics were also quite large for this run, 

this data when weighted properly according to the corresponding 

error was negligible x-rith respect to the data from Data Run 2. 

The asymmetry measurements from Data Run 1 did provide cor¬ 

roboration of the final data, however, as well as a measure 

of the reproducibility of the experiment. 

The final error in the mean polarization due to 

fluctuations of individual measurements was found to be approx¬ 

imately equal to the standard deviation of the distribution of 

polarizations as shox\m in Fig. 11. For this reason it was as¬ 

sumed that all fluctuations in polarization.measurements in 

Data Run 2 were random and the polarization actually stayed 



Figure 10 $I/I^ versus run number for two different 

data runs. 
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Figure 11 Distribution of polarization measurements 

for Data Run 2. 
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reasonably constant over the entire run. Therefore, an aver¬ 

age polarization was used for the entire set of runs compris¬ 

ing Data Run 2 - excluding the last point which was anomal¬ 

ously high. 

Finally, the direction of the magnetic field had a 

definite effect on the optical signal and thus on the polar¬ 

ization measurement. It was found that the level of transmit¬ 

ted pumping light changed when the direction of the magnetic 

field was changed - even when there was no weak discharge and, 

hence, no optical pumping (see Fig. 2). However this effect 

was constant for a given position of the apparatus and there¬ 

fore could be cancelled by averaging the measurements of opti¬ 

cal signals for magnetic field in both directions; i.e., if 

AM is the magnetic field effect, then 

6i = 6i + AM 
L—*R 

61 = 61 - AM 
R —■) L 

<6I> = 61 

An unrealistically large statistical error was 

avoided in the calculation of the standard deviations of 61 

and I by finding the average ratio 6I/I. and-associated error 
A & 
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separately for different directions of the magnetic field. 

These ratios were then averaged and the error of the two ini 

tial averages added in quadrature. 



21 

TABLE 2- 

Eun No. Energy 

80-83 4.35Mev 
84-87 4.85 
88-91 5.85 
92-95 6.9 
96-99 7.9 

100-103 8.9 
104-107 9.9 
108-111 10.9 
113-116 3.8 
118-121 4.85 
123-129 5.85 
130-133 6.9 
134-137 7.9 
138-141 7.9 
142-145 8.9 
146-149 9.9 
150-153 10.9 

Average £1. 
XA 

Average Statistical 
6 I/I. Error 

A 

.40431 .08083 

.40472 .04429 

.40343 .03252 

.41951 .03872 

.42282 .03417 

.40943 .03782 

.38142 .07284 

.41192 .04011 

.40694 .03636 

.41429 .04251 

.37614 .06403 

.40789 .03599 

.39973 .02255 

.38564 .02791 

.39515 .02748 

.38676 .03960 

.52599 .04042 

for entire run = .40188 1 .011 

Standard deviation for the entire run = .013 

Polarization = .0922 t .023 
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III. Asymmetry of the Elastically Scattered Protons 

A. Scattering Chamber Geometry and Angular Acceptance 

The geometry of the proton scattering from the 

polarized He^ target is shown in Fig. 12 . is the direc¬ 

tion of the incident proton beam. The scattered protons are 

observed at laboratory scattering angles of 45° and 90° to the 

left and right of the incident beam. The direction of He^ 

polarization is maintained perpendicular to the plane of scat¬ 

tering by the external magnetic field 

The scattering chamber is shown in detail in Fig. 13 

The cell is 2.9 cm in radius with scattering tubes 3.8 cm long 

The inside diameter of all tubes is 0.7 cm. The tubes are set 

at scattering angles of 44.5° - 0.5° and 90.0° ± 0.5°. 

The beam entered at A and exited at B where it was 

monitored by a metal disc wired to a beam integrator. The 

scattered protons were counted by Silicon surface barrier de¬ 

tectors placed at CT , C , D , and D . Air cooling was main- 
■Lj n L R 

tained at B in order to prevent excessive heating from the 

beam. 

In order to calculate angular acceptance a numerical 

integration of solid angle was done over the possible range of 

scattering. The calculation was made assuming a line beam 

and initial vertical slits, whereas the beam was actually 



Figure 12 Geometry of proton scattering from the 
3 

polarized He* . 
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Figure 13 Scattering Chamber. The beam entered at A 

and exited at B. Scattered protons were detected at 

D^, C^, Cg, and which represent laboratory scattering 

angles of 45° and 90° to the left and right of the 

incident beam. 
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conical and the first collimation of the scattering was pro¬ 

vided by the circular aperature of the exit tube. Solid 

angle versus laboratory scattering angle and cross section 

versus center of mass scattering angle are shown in Fig. 14-. 

The resultant angular acceptance or Q a versus center of mass 

scattering angle for scattering at laboratory angles of 45° 

and 90° are given in Fig. 15. 



Figure 14 Solid angle versus laboratory scattering 

angle and cross section versus center-of-mass scattering 

angle for laboratory scattering angles of 45° and 90°. 
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Figure 15 Angular acceptance of scattering chanter. 

Solid angle times cross section versus center-of-mass 

scattering angle for laboratory scattering angles of 

45° ana 90°. 
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B. Experimental Procedure 

For each energy, data was taken for the magnetic 
3 

field parallel to and anti-parallel to the direction of Hev 

nuclear polarization for He^ spin in both directions. The 

four possible combinations are: 1) magnetic field right, 

circular polarization right, RR; 2) magnetic field left, 

circular polarization left, LL; 3) magnetic field right, 

circular polarization left, RL; 4) magnetic field left, cir¬ 

cular polarization right, LR; where the direction of the mag¬ 

netic field as given by "right" or "left" is merely meant to 

Indicate one direction as opposed to the other. The sense of 

the circular polarization of the pumping light determines the 
3 

direction of the He nuclear polarization. These conditions 

and the resultant scattering are summarized in Tatile 4. 

All four possible combinations were required for 

calculation of polarizations and proton assymmetries. As was 

mentioned previously, the direction of the magnetic field in- 

4 
fluenced the light level of the He lamp. Hence measurements 

for the magnetic field both parallel to and anti-parallel to 

the direction of He-* polarization were needed in order to 

eliminate this effect. In addition, use of all four combina¬ 

tions allowed the assumption of scattering dependence on four 

different parameters, any one of which could then be calcula¬ 

ted^"^ (see Section IIIG) . 
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The specific procedure used was the following, 

although the order of combinations is arbitrary. The magnetic 

field and circular polarization of the pumping light were 

initially set at HR and the system was left optically pumping 

until saturation polarization had been reached. A period of 

ten minutes was allowed for maximum polarization to be at¬ 

tained, although measurements indicated the pumping time was 

less than four minutes. Spectra were then taken simultaneously 

for all four angles (45° and 90° left and right) for a speci¬ 

fied amount of integrated beam current. 
3 

Polarization of the He was then measured and the 

conditions changed to LL without destroying the polarization. 

This was done by changing the magnetic field direction adiaba- 

tically at approximately the same time the circular polariza¬ 

tion of the pumping light was changed. When this is done, the 

3 
direction of the He spin follows the magnetic field around so 

that polarization is in the opposite direction, but the pump¬ 

ing light immediately begins pumping in the opposite direction 

also. Hence the resultant polarization is in the same direc¬ 

tion as the polarization produced by optical pumping. No 

extra time was allowed for optical pumping since the polariza¬ 

tion was disturbed only momentarily. Spectra were again taken, 
3 

followed by another measurement of the He polarization. 
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The direction* of the magnetic field was then changed 

without changing the sense of the circular polarization: the 

condition LR. Hence the system was left in a state in which 

3 
the He spin was polarized in the direction opposite to the 

polarization produced by optical pumping. Therefore, in order 

to save time, we destroyed the polarization by producing 

strong magnetic field gradients so that the system would only 

have to pump from zero polarization to right polarization, 

rather than from left polarization, through zero polarization, 

to right polarization. Again, a period of ten minutes was al- 

lox'red for optical pumping before counts were taken and polar¬ 

ization was measured. 

Finally, both the magnetic field direction and the 

sense of circular polarization were changed, so that the sys¬ 

tem was in the fourth combination, LR. The magnetic field 
s. 

direction again was in a direction opposite to the direction 

of He^ spin, but since both magnetic field and circular polar¬ 

ization had been changed, the polarization was left in the 

direction of optical pumping and hence, was undisturbed ex¬ 

cept during the transition. Spectra were taken and polariza¬ 

tion measurements made. 

The amount of beam integration was changed for each 

energy since the scattering cross section decreased as the 

energy increased. However, it was kept at an arbitrary, 
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constant amount during the four runs for a given energy, al¬ 

though, as is mentioned in Section IIIC, the beam integration 

need not be precisely the same for the final calculation of 

proton asymmetries. 

Silicon surface barrier detectors, biased at 75 

volts and 150 volts were used at 90° and 4-5° respectively. 

The signals were amplified by Tennelec Pre-Amplifiers and 

counted by a TMC four hundred channel analyzer which was set 

for one hundred channels per detector. A metal disc, wired 

to a beam integrator, stopped the beam just outside the exit 

foil. The beam integrator provided an automatic shut off of 

the counting when a specified amount of beam had been col¬ 

lected. The final spectra were then plotted by an IBM 1401 

computer. Sample spectra are shown in Pig. 16. 

The number of counts in each peak was summed over 

the same number of channels for each of the four runs at a 

given energy and angle detector. The dotted lines in Fig. 16 

indicate the limits of the peak integration for the spectra 

shown. The resultant data was interpreted as the amount of 

scattering at a given energy and angle and was used, in the 

asymmetry calculations, as specified in Section HID. 



Figures 16a and I6b Sample spectra for laboratory 

scattering angles of 45° and 90° at incident proton 

energies of 6 Mev. Solid lines indicate the limits 

of peak integration in each case. 
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A 

C. Asymmetry Calculations 

Proton scattering was assumed to be dependent on 

beam integration, I, cross section, a, solid angle, Q, and 

magnetic field, M. Beam integration was monitored at the 

exit foil of the chamber and was fairly constant over the 

runs for a given energy. Cross section, a(9, 0) is de- 
c f m 

fined as 

a = a(9,0) = a(9,0) for left scattering 
Li L 1 

a_ = a (9,0 + TT) = a( 9,0U) for right scattering 
K -tl 

3 
for a given direction of He^ polarization. Effective solid 

angle, Q, includes physical solid angle as well as instru¬ 

mental effects such as counter efficiencies and peak inte¬ 

gration. A dependence on magnetic field direction was in¬ 

cluded as a final parameter affecting scattering, possibly by 

changing effective solid angle differently for the two direc¬ 

tions. 

Scattering measurements were made using all combin¬ 

ations of magnetic field direction and sense of circular 

polarization for each energy. Table 3 shows the resultant 

scattering one would observe in two different detectors 

placed symmetrically to the left and right of the incident 
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beam if the scattering were only dependent on the four para¬ 

meters mentioned above. 

Any given run has a physical asymmetry in the number 

of protons detected, however, it is the asymmetry due to cross 

section only,' i.e., 

A = 
gL ?R 

+ ct
R 

(5) 

which was of interest in this experiment. As is seen from 

Table 3 any asymmetry calculated directly from number of 

detected particles will contain the additional asymmetries 

due to beam integration, solid angle, and magnetic field di¬ 

rection. In order to eliminate the latter effects, a ratio 

R was formed such that 

•D _ (Al) (B2) (B3) (A4) 
~ (Bl) (A2) (A3) (B4) (6) 

t 

where Al is the number of counts in detector A, run 1, etc. 

From Table 3 

R = 
(IlCTpA_r’:BA) ^ 
(IlaX.^MEB)(I2

aLr'AHLA,(13°LHMRA)( 
V/KA’ 
V3W 

Ch 

4 
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Run No. 

Magnetic 
Field 

Direction 

TABLE 3 

Circular 
Polarization Counter A Counter B 

1 R H v/lv I o 0 M 
.1 LB RB 

2 L L
 VIPA

M
IA I2aR^MLB 

3 R L
 VLPAA 

4 L R I.a Q M 
4 R A LA I4aiRBMLB 

beam integration for run i, i=l,4 

•cross section for right scattering 

cross, section for left scattering 

effective solid angle for detector A 

effective solid angle for detector B 

magnetic field effect for the ith direction of 
the magnetic field and the jth counter, i=R,L 

j=A,B 

and a-, and o_ are reversed for a given detector when a ii 

the direction of the circular polarization and, 

3 
hence, the direction of the He polarization 

where I, = 

°R = 

CT- = 

M 
Id 

is reversed. 
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Using the expression for the asymmetry as given in equation 

(5), A can be written directly in terms of R, 

A = 1 - R
1/4 

1 + R1^ 

(7) 

From the asymmetry, A, corresponding to the target polariza¬ 

tion of the scattering chamber, an asymmetry, A , correspond¬ 

ing to 100$ target polarization may be found, 

A = 4 
p P 

(8) 

where P is the target polarization. 

Tables k and 5 give A, Ap and associated errors as 

a function of proton bombarding energy and scattering angle 

for the runs used. 
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D. Error Analysis for Asymmetry Calculations 

Errors in asymmetry measurements include counting 

statistics, uncertainty in peak integration, and extraneous 

counts from background scattering. The first of these is cal¬ 

culated from the number of counts in each peak for a given 

energy and angle according to the following equation: 

A A 
8 

i=l 

1/2 

where E^ is the number of counts in the ith peak and 

AEi = Y E^\ The uncertainty in the peak integration is as¬ 

sumed to be the difference in peak integration produced by 

a peak shift of one channel in the 100 channel analyzer used. 

Since shifts of one channel were only rarely seen, this 

estimate of peak integration error may be somewhat pessimistic. 

Background readings, taken at 6, 8, and 10 Mev with the 

chamber evacuated, show that the background due to scattering 

from the foils and the glass vras negligible. Errors due to 

counting statistics, peak integration, and background are 

given in Tables 4a and 4b. 

As a check on the consistency of the data, a ratio, 

Aq, similar to R in equation (6) can be formed which cancels 

all factors including cross section. If one has made correct 
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assumptions concerning scattering dependence on various para¬ 

meters, such a ratio should be 1. 

A _ (A1)(A2)(B3)(B4) 
o (B1)(B2)(A3)(A4) 

^lCTRnAMRA^ ^I2gh°AMLA^ ^I3CTR(\MRB^I4gL^BMLB^ , /Qx 

' (¥LVRB)(I
2WLB

)(I3aLn/RA)(VR%) " 

We determinedthis ratio for each of our data points 

and the resulting small, but non-zero deviation from one was 

interpreted as an indication of systematic effects of drifts 

In experimental parameters. The standard deviation of the 

distribution of A »s., as shown in Fig. 17, is very much larger 

than the error due to counting statistics plus peak integra¬ 

tion uncertainty for 45° and approximately equal to the error 

due to counting statistics for 90°. Therefore the r.m.s. 

value of the set of these deviations from one was taken as 

the final error for the 45° data and a summation in quadrature 

of error due to counting statistics and peak integration was 

used as the final error for the 90° data since each of these 

is, respectively, largest for the given set of data. The 

final proton asymmetries and errors for the eight energies 

considered are given in Tables 5a and 54. 



Figure 17 Distribution of Ao's (See Section HID ) 

for laboratory scattering angles of 45° and 90°. 



N
o

, 
of
 

Po
in

ts
 a

t 
9

0
 

N
o,

 o
f 

Po
in

ts
 a

t 
45

 

A0 {x10'3) 

A0 ( x 10-3) 

-4 4 



34 

TABLE 4(a) 

ASYMMETRIES AND ERRORS AT 0_ = 45° 
LAB 

Absolute Error 

Beam Asymmetry Counting Peak % Back 
Run No. Energy ■ A Statistics Integration Ground 

. 80 4.35Mev .002112 .00075 .00072 

86 4.85 .000721 .00077 .00064 

89 5.8 5 .000843 .00052 .00068 .02 

94 6.9 .008105 .00049 .00124 

9? 7.9 .004716 .00048 .00036 .004 

102 8.9 .006727 .00050 .00043 

105 9.9 .001456 .00055 .00045 .03 

110 10.9 .002220 .00049 .00048 

113 3.8 .003716 .00083 .00070 .05 

121 4.85 - .000441 .00059 .00061 

129 5.85 .002404 .00053 .00047 .02 

130 6.9 .006306 .00053 .00034 

136 7.9 .004727 .00055 .00044 .004 

139 7.9 .006149 .00056 .00042 .004 

144 8.9 .008553 .00049 .00044 

147 9.9 .013016 .00054 .00055 .03 
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TABLE 4(b) 

ASYMMETRIES AND ERRORS AT e^g = 90° 

Absolute Error 

Run No. 
Beam 

Energy 
Asymmetry 

A 
Counting 

Statistics 
Peak 

Integration 
% Back 
Ground 

80 4.35Mev .009661 .00189 .00166 

86 4.85 .012886 .00216 .00174 

89 5.85 .013325 .00176 .00155 0.1 

94 6.9 .;oio830 .00190 .00152 

97 7.9 .014601 .00214 .00148 0.1 

102 8.9 .004 670 .00247 .00224 

105 9.9 .007065 .00286 .00196 0.1 

no 10.9 .005003 .00275 .00208 

113 3.8 .010429 .00188 .00108 0.1 

121 4.85 .009501 .00172 .00136 

129 5.85 .013310 .00187 .00167 0.1 

130 6.9 .012105 .00215 .00125 

136 7.9 - .009413 .00252 .00128 0.1 

139 7.9 .007150 .00258 .00159 0.1 

144 8.9 .008019 .00241 .00177 

14? 9.9 .008174 ..00283 .00194 0.1 
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TABLE 5(a) 

CORRECTED PROTON ASYMMETRIES AND ERRORS AT 0TAT, = 45° 
LAB 

Incident 
Proton 
Energy 

Asymmetry 
A 

Polarization 
P 

Corrected Proton 
Asymmetry 

A
P 

Error 
AA

P 

3.80 ± .03Mev .003716 .09216 .0403 .0154 

4.35 - .05 .002112 .09216 .0229 .0153 

4.85 ± .05 .000140 .09216 .0015 .0151 

5.85 i .05 -.0007805 .09216 -.0085 .0154 

6.90 - .05 -.0072055 .09216 -.0782 .0155 

7.90 ± .05 -.005197 .09216 -.0564 .0154 

8.90 - .05 -.007640 .09216 -.0829 .0155 

9.90 ± .05 -.007236 .09216 -.0785 .0153 

10.90 - .05 -.002220 .09216 -.0241 .0153 
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■rii 

TABLE 5(b) 

CORRECTED PROTON ASYMMETRIES AND ERRORS AT e^g = 90° 

Incident 
Proton 
Energy 

Asymmetry 
A 

Polarization 
P 

Corrected Proton 
Asymmetry 

A 
P 

Error 
AA

P 

3.80 ± .03Mev .010429 .09216 .1132 .031 

4.35 ± .05 .009661 .09216 .1048 .033 

4.85 1 .05 .0111935 .09216 .1215 .024 

5.85 - .05 .0133175 .09216 . 1445 .020 

6.90 - .05 .0114675 .09216 .1244 .020 

7.90 ± .05 .010388 .09216 .1127 .021 

8.90 ± .05 .0063445 .09216 .0688 .028 

9.90 ± .05 .0076195 .09216 .0827 

O
 

0
 • 

10.90 ± .05 .005003 .09216 .0543 .043 
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-A 

IV. Phase Shift Analysis 

General expressions for the cross section, polarization 

3 
of the scattered protons, and polarization of the recoil He 

for the He^(p,p)He^ reaction with unpolarized beam and target 

8 
have been derived by Tombrello . The differential cross 

section in the center-of-mass system is 

(e) = -^[|af + + lcP + i5!2 + lef + + lsi2 + W2 

2k^ l 
(10) 

the polarization of the scattered protons is 

Pp(0) = - 
2Re (ae* + bh~::~ + eg-85- + dfyO 

|af + (bf + |cf + jc3|2 + jep + jf|2 + jgf + jhj2 
(k^ x k0p-j.) 

(11) 
3 

and the polarization of the recoil He is 

P o(9) = - 
He-* 

2Re(ad* + bg* + ch* + ef-) 

)a]p + jbl2 + )c|2 + jdj2 + {ej2 + jfj2 + jgj2 + |hj2 

A A 
(k. x k ) 
m out 

(12) 

In equation (10) k = ~~ where fJL is the reduced mass of the 

system and V is the relative velocity. The a, b, ... are the 

various amplitudes connecting the initial and final magnetic 

quantum numbers and are given in terms of elements of the 

*i P 
scattering matrix by Tombrello . 
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The scattering matrix U _ _ „ can be expressed 
L=1,S; L’=1,S» 

8 
in terms of the spin dependent phase shifts by the following : 

U1 0; 1,0 = cos2 ^ exP(2i60 J)' + sin2 6 exp(2i61 

U . ?■ = sin2 £ exp(2i6 + cos2 f exp(2i6 *) 
1,1; 1,1 0,1 1,1 

u ■*■ = u 
1,0; 1,1 1,1; 1,0 

= 1/2 sin2 C I exp(2i6 *) - exp(2i6 *) 
£ U,-L 

j 
where the 6 g ^ are the phase shifts and £ is a mixing parame¬ 

ter for Jn = 1". 

As was mentioned in the introduction, the data for the 

He^(p,p)He^ reaction which has been used in past phase shift 

analyses, was taken by Clegg, et. al. and McDonald, Haeberli 

and Morrow. The Clegg group^ obtained excitation functions 

from 4.5 to 10.4 Mev at center-of-mass angles of 90°, 1250l8,, 

and l6l°12T and angular distributions from 27°38' to l66°35’ 

at eight proton energies between 4.55 and 11.48 Mev. 
7 

McDonald , et. al. originally obtained angular distributions 

from 18.63° to 170.63° (in the center-of-mass system) at 

4.00, 5.51. 6.82, 8.82, and 10.77 Mev and proton polarizations 

at approximately the same energies for scattering angles of 
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/59.1°t 77.7°. 94.5°, and 109.9°. Since then Haeberli and 

Morrcw have taken more complete proton polarization data at 

9 
these energies . 

g 
The phase shift analysis done by Tombrello fitting this 

cross section and initial proton polarization data used: 

singlet and triplet S-wave phase shifts; one singlet and three 

triplet P-wave phase shifts plus a channel-spin mixing para¬ 

meter for J™ = 1“; one triplet and one singlet D-wave phase 

shift. The two sets of phase shifts found were used to cal- 

culate He^ polarization from equation (12). These curves are 

shown with the He^ recoil polarization data in Fig; 18. 

The subsequent phase shift analysis done by Haeberli and 

Morrow used the above phase shifts and mixing parameter plus 

the and phase shifts. The He^ recoil polarizations 

using these phase shifts are given with the data in Fig. 19. 



3 
Figure 18 He recoil polarization data and fits. g 
Curves are the He polarizations calculated from 

the two sets of phase shifts given by Tombrello. 

(See Bef. 8) 
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3 
Figure 19 He recoil polarization data and fits. 

g 
Curves are the He recoil polarizations calculated 

from the two sets of phase shifts obtained from 

Haeberli. (Frivate communication) 



T T T T 
CVJ 

( 
M

eV
 )

 



41 

V. REFERENCES 

1. F.D. Colegrove, L.D. Schearer, G.K. Walters, Phys. Rev. 
-132. 2561 (1963) . 

2. G.F. Walters, F.D. Colegrove, L.D. Schearer, Phys. Rev. 
Letters, 8, 439 (1962). 

3. R.L. Gamblin, T.R. Carver, Phys. Rev. 138. A946 (1965). 

4. G. Shapiro, Prog;, in Nucl. Techn. and. Instrumentation. 
(North-Ho,Hand Publishing Company, Amsterdam, 1964) , 
pp. 173-220. 

5. M. Tanifuji, Phys. Rev. Letters 2J5, 113 (1965) 

6. T.B. Clegg, A.C.L. Barnard, J.B. Swint, J.L. Weil, Nucl. 
Phys. 50, 621 (1964). 

7. D.G. McDonald, W. Haeberli, L.W. Morrow, Phys. Rev. 133. 
B1778 (1964). 

8. T.A. Tombrello, Phys. Rev. 138. B40 (1965). 

9. W. Haeberli, private communication. 

10. L. Wolfenstein, Ann. Rev. Nuc. Sci. 6, 43 (1956). 

11. L. Wolfenstein, Phys. Rev. 25, 1664 (1949). 

12. L.D. Schearer, Ph.D Thesis, Rice University, 1966 
(Unpublished). 

13. R.C. Greenhoii, Phys. Rev. 136. A660 (1964). 

14. D.O. Findley, MA Thesis, Rice University, May 1967 
(Unpublished). 

15. R.C. Hanna, Proc. 2nd Int. Symposium on ’’The Polariza¬ 
tion Phenomena of Nucleons", Karlsruhe, 1965 
(Birkhauser-Verlag, Basel, 1966). 

16. T.A. Tombrello, C.M. Jones, G.C. Phillips, J.L. Weil, 
Nucl. Phys. 12, 541 (1962). 

17. G.C. Phillips, P.D. Miller, Phys. Rev. 115, 1268 (1959). 



REFERENCES (Cont.) 

S.D. Baker, G. Roy, G.C. Phillips, G.K. Walters, Phys. 
Rev. Letters 1$, 115 (1965). 



VI. Acknowledgments 

I wish to express my gratitude to Dr. S. D. Baker 
* 

for his guidance and encouragement through all phases 

of this experiment. My thanks also go to Dr. J. C. Legg 

for his many helpful suggestions on programming and to 

D. 0. Findley for assistance in data collection. I also 

wish to acknowledge the financial support provided by 

Rice University and the National Science Foundation. 


