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ABSTRACT 

4 3 A Polarization Study of the Elastic Scattering of He by He 

by 

Donald McCoy Hardy Jr. 

The asymmetries in the elastic scattering of a particles 
3 

from a He target polarized by the technique of optical 

pumping have been measured at a center of mass scattering 

angle near 87° in the energy range 4.5 to 9.1 MeV. The 

qualitiative behavior of the measured asymmetries agrees 

with that predicted by one of several sets of phase shifts 
4 3 

for He + He elastic scattering. 
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I. INTRODUCTION 
1234) 3 The development of optical pumping 5,5 in He 

5 0 7% 
gas has made possible nuclear scattering experiments 5 * 

3 
utilizing polarized He gas targets. Such a target has 

5) 
been previously used at Rice to obtain nuclear scattering 

3 
data for p + He elastic scattering. This work describes 

the construction and use of a similar target suitable for 
4 3 

the study of He + He elastic scattering. 

By using a polarized target, the spin polarization of 
3 

the recoil He particles can be determined without resorting 

to a difficult double scattering experiment. A double 
3 

scattering experiment involving low energy He particles 
3 

would require thin He targets due to the rapid energy 

loss of these particles at low energies. The intensity 
3 

of recoil He particles would therefore be low, and the 

combination of low intensity and low energy would make the 

double scattering experiment very difficult. These problems 

can be avoided by using a polarized target because it has 
8) 

been shown by Wolfenstein that the polarization of the 

recoil particles in an elastic scattering interaction in 

which both beam and target are unpolarized is equal to the 

asymmetry of the incident particles scattered from a polar¬ 

ized target. In addition, a target with reversible polar- 

zation is much less sensitive to precise geometrical align¬ 

ment 3and when data is taken with detectors placed symmetri¬ 

cally on either side of the incident beam, geometric effects 

can be greatly reduced. 
4 

The study of the elastic scattering of He by polarized 
3 
He was chosen for a number of reasons. An experiment using 

3 
a polarized He target was performed at Rice m 1962 by 

Phillips et_ al_ to demonstrate the feasibility of building 
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such a target, but no technique had been developed at that 

time for accurately determining the scattering asymmetries 

in such an experiment. Until the present, no detailed 
4 3 

polarized data was available for He + He elastic scattering 

at any scattering angle or energy. By itself, this absence 

of data invited an investigation of the polarization in 
4 ,3 3.4' 
He (He, He) He. 

9) 
In 1963 Tombrello and Parker carried out a phase 

3 4 
shift analysis for He + He elastic scattering in the 

energy range of 5.75 to 12.0 MeV, and 1964 Barnard, Jones 

and Phillips^) performed a phase shift analysis of this 

same reaction for the energy range of 2.5 to 5.7 MeV. 

Their results differed in the sign of the p wave splitting. 

A polarization measurement was proposed by Barnard ejb ad 

in 1964 because the polarizations predicted by different 

sets of phase shifts differ substantially in the low energy 
_ 7 

region below the 7/2 Be resonance, and a direct measure¬ 

ment of the polarization (or asymmetry) in this region 

would in effect be a sensitive measurement of the phase 

shifts. In 1967, the phase shift analysis of Spiger and 
11) 3 4 4 3 4 3 

Tombrello for the H ( He, He) H and the He( He, 
3 4 
He) He reactions corroborated the.sign of the p wave 

3 4 
splitting given by Barnard e_t al_ for He + He elastic 

scattering. A measurement of the asymmetry in the energy 
_ 7 

region below the 7/2 Be resonance provides an alternative 

and more direct distinction between the differing sets of 

phase shifts mentioned above. 

The experimental asymmetries in the vicinity of the 
- 7 

7/2 Be resonance may also provide a means of establishing 

more precisely the relationship between the target polar¬ 

ization and the optical signals which are used to measure 

this polarization"^ . The relationship between the optical 

signals and the target polarization has been calculated 

by Colegrove, Walters and Schearer'*'), who express this 



3 

relationship in terms of the relative illumination of the 
3 

hyperfine atomic He absorption lines as well as certain 

atomic transition probabilities. Neither the relative 

illumination of the hyperfine levels nor the transition 

probabilities are known exactly. The target polarization 

can be inferred however from experimentally observed 
_ 7 

asymmetries near the 7/2 Be resonance since the various 

sets of nuclear phase shifts all predict essentially the 

same asymmetry near the 7/2 resonance. The value of the 

target polarization as determined from the nuclear scattering 

experiment can thus be used to establish more precisely 

the functional relationship between target polarization 

and the optical signals. The exact determination of this 
3 

relationship is important if optically pumped He targets 

are to be useful in nuclear physics because although there 

are several ways of determining the target polarization, 

the optical method is by far the simplest. 
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II. THE POLARIZED TARGET 

A. The Method of Optical Pumping 

The target polarization is achieved through the 

technique of optical pumping, a process which uses 
3 circularly polarized light to orient the He nuclear 

2) spin along the axis of a weak magnetic field . A 

weak electric discharge maintained in the optical 
3 pumping chamber continuously produces metastable 2 S 

3 3 3 ^ 
He atoms which are then excited from the S to P 

1 o 
state by 1.08 p wavelength light. This light is provided 

4 
by a He lamp and is circularly polarized by passing it 

through a linear polarizer and quarter wave plate. The 

circularly polarized light enters the optical pumping 

chamber along the axis of the weak magnetic field and due 

to the selection rule AM^=±1, atoms in either low or high 

hyperfine magnetic sublevels can be selectively excited to 
3 

the p state by controlling the sense of the circularly 
° 3 polarized light. The atoms in the p^ state decay to all 

of the hyperfine magneitc sublevels of the state. 
3 1 

As a result, the proportion of the atoms having either 

low or high hyperfine magnetic quantum number increases, 
3 3 and one obtains He metastable atoms polarized either 

parallel or antiparallel to the direction of the circularly 

polarized light. By adiabatically rotating the direction 

of the magnetic field to the opposite direction, the direc- 
3 

txon of the He spin can be reversed. If the sense of the 

circularly polarized light is also reversed, the the 

optical pumping light will tend to maintain the polarization 

in this new direction. Large target polarizations are 
3 

obtained through collisions of the S metastables with the 
3 1 

ground state He atoms. Metastability exchange collisions 

can occur in which the hyperfine magnetic quantum number 
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of the ground state He atom changes by ±1 and hyperfine 
3 

magnetic quantum number of the polarized metastable He 

atom changes by +1. Such a collision results in the 
3 

polarization of the nuclear spin of a He ground state 

atom and the depolarization of metastable atom. The 

metastable atom can then be polarized again through 

optical pumping. Since the cross section for such meta- 
*“16 2 

stability exchange collisions is very large (4 x 10 . cm 

at room temperature"^ ), the meatastable and ground state 

systems are tightly coupled. If angular momentum does 

not "leak" out of the ground state system, the entire 

ground state system can polarized. In practice, angular 

momentum is lost from the ground state system, but reasona¬ 

ble nuclear polarizations of the ground state system can be 

achieved if the characteristic time, 7 t for equilibrium 

between metastatle and ground state systems and the 

characteristic time, T , for equilibrium in the optical 

pumping process are much shorter than the relaxation 

times for processes which counteract the effect of the 

optical pumping and destroy polarization. Collisions 
3 

of the metastable He atoms with the cell walls, the 
3 

presence of impurities in the He gas, and magnetic field 

gradients all tend to reduce the polarization of the 

metastable system and consequently the polarization of the 

ground state system. By proper cleaning of the chamber 
3 

and the He gas admitted to the chamber, losses of polariza 

tion in the metastable system can be reduced so that polari 

zations of approximately 10% to 20% can be achieved in a 
4 

gas at a pressure of approximately 4 torr when one He lamp 
4 

is used. If two He lamps are used, the polarization may 

be substantially increased. 



B. Construction of the Target 
6 

1) Description of the Target 

The target used is shown in Figure 1. The design 
5) 3 is similar to that used by McSherry for studying p + He 

elastic scattering, but the target was modified in a number 
4 3 of ways to make it suitable for the study of He + He 

elastic scattering. The scattering cha.mber consists of 

a spherical pyrex glass bulb one inch in radius with four 

glass tubes attached to allow the entrance and exit of the 

beam and the observation of scattering at nominal laboratory 
+ O 

angles of -45 . The glass tubes were constructed from 

Sentinel glass pipe which has flanged ends as shown in 

Figure 2. The glass tubes on the 45° arms are 1.75 inches 

long, the beam entrance arm is 1.25 inches long, and the 

beam exit arm is 1.37 inches long. An aluminum flange 

conically tapered to match the flanged end of the Sentinel 

glass pipe was used to attach the foil holders to the glass 

pipe (Figure 2). Teflon tape provided a cushion between 

the flanged aluminum and the flanged glass. An indium 

gasket made from flattened 0.060 inch indium wire was 

compressed between the end of the glass pipe and the foil 

holder, and provided a vacuum seal at this point. The foils 

were mounted in foil holders which will be described later. 

As indicated in Figure 1, rubber 0-rings provided vacuum 

seals at the beam tube. The alpha beam exited the scatter¬ 

ing chamber through an aluminum exit foil and struck an 

aluminum stopping plate to which an electrical lead was 

attached for beam integration. 
3 
He gas was admitted to the chamber through a 2 mm 

high vacuum stopcock attached to the chamber. A ball 

and socket joint and high vacuum wax (Figure 1) were 

used to connect the chamber to the vacuum system during 
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the chamber cleaning process ( section II (6)). 

2) Associated Optical Pumping Apparatus 

The optical pumping apparatus consisting of Helmholtz 
4 

coils, a He lamp, spherical mirror, linear polarizer, 

quarter wave plate, weak discharge oscillator and antenna, 
4 

and a detector for the transmitted He pumping light 
5) was the same as that used by McSherry and is shown in 

Figure 3, which was taken from reference(5). This apparatus 

has been discussed in detail by McSherry^ and Findley‘S^. 

3) Foil Mounting Techniques 

The conditions necessary for optical pumping, namely 
3 

extreme purity of the He gas, little spin relation of the 

metastable atoms at the container walls, and a highly uni¬ 

form magnetic field in the vicinity of the target, severly 

limit.the type of materials which can be used to construct 
3 

an optically pumped He gas target. Previous experience 
5,2,6) 

at Rice 3 m both atomic and nuclear applications of 
3 
He optical pumping has indicated that glass containers are 

preferable to metal containers (which must be made of 

nonmagnetic metals to assure the uniformity of the magnetic 

field). For some experiments, particles can enter and exit 

through the glass walls of an all glass target, but for an 
3 

experiment involving low energy alpha or He particles 

this is impossible. Therefore it is necessary to attach 

in some manner entrance and exit foils to a glass scattering 

chamber. All foils and materials used must be nonmagnetic. 

Moreover, the foils must be attached to the chamber so that 

the leak rate is extremely small. A leak rate of approxi¬ 

mately 3.4 x 10 ^ atm cc/sec at any vacuum seal on the 

scattering chamber will introduce into the scattering 

chamber impurities sufficient to end the optical pumping 

process in approximately five days. Since there are 
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typically 8 to 10 vacuum seals on a chamber and because 

it is desirable to have the target polarization remain 

resonably constant over a data taking period of five to 

ten days, leak rates at any point on the chamber must be 

two or three orders of magnitude less than 3.4 x 10 ^ 

atm cc/sec. 

In practice, these conditions are difficult to meet 

and have been a major source of difficulty in the construc- 
3 tion of optically pumped He targets. The foil mounting 

5) technique reported by McSherry is difficult and time 

consuming. She found that it took from two to four weeks 

to produce a "leak-free" target. Consequently considerable 

effort was devoted to developing a new technique for 

mounting thin foils quickly and reliably on a glass 

scattering chamber. 

Two different methods of mounting foils were tried 
4 3 

for the He + He experiment. In both methods the process 

of constructing a thin foil with a very low leak rate 

is isolated from the process of attaching such a foil 

to the glass chamber. This division was accomplished 

by designing the aluminum foil holders shown in Figures 

4 and 5. 

The foil is mounted between the two aluminum disks 

labeled part A and part B with an indium gasket made from 

flattened 0.025 inch indium wire providing the vacuum seal. 

A foil so mounted can then be leak tested before it is 

mounted on the scattering chamber. In this way a number 

of leak-free foils can be prepared before assembling th'e 

scattering chamber and are available in case a foil should 

break or begin to leak on the chamber. The foils are then 

attached to the scattering chamber as described in section 

II(1). By rigidly mounting the foils between two disks 
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TOP VIEW 

A 

Recess For 
Removable 
Collimator 

6 EQUALLY SPACED 
7/32 INCH HOLES 

SECTION AA' CD C3 « 

‘l 
ROUNDED CORNERS 

SECTION BB' E. £] dL A 

6 EQUALLY SPACED 
7/32 INCH HOLES 
1/8 INCH DEEP, 
DRILLED THROUGH 
TO CLEAR 4-40 
SCREWS 

Figure 4. Foil Holder Part A 
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TOP VIEW 

6 EQUALLY SPACED 
CLEARANCE HOLES 
FOR 4-40 SCREWS 

SECTION BB' 

6 EQUALLY SPACED 
HOLES TAPPED FOR 
4-40 SCREWS 

Figure 5. Foil Holder Part B 
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and then mounting these disks on the chamber, failures 

due to leaks at the foil itself or at the interface 

between the foil holder and the scattering chamber were 

virtually eliminated. It is to be emphasized that all 

parts, the indium, the aluminum disks, foils, and glass 

must be carefully cleaned of all grease, etc. before 

assembly if leaks and outgassing are to be avoided. It 

was found that cleaning all parts with trichloroethylene 

and then with isopropyl alcohol proved successful. With 

this restriction, foils can be successfully assembled and 

mounted on the chamber by the above method rather easily. 

An entire set of foils and spares can be assembled, leak 

tested, mounted on the scattering chamber, and leak tested 

on the chamber in eight to ten hours, if one is using 

aluminum or other metallic foils. 

For the two data runs, two different types of foils 

were used. During the first data run, 0.35 mil aluminum 

foils were used, but to obtain the data necessary to 

distinguish between the conflicting sets of phase shifts, 

thinner foils had to be used on the second run. These 

very thin foils were only necessary on the 45° arms of 
3 

the target where scattered He particles of low energy 

(~ 2MeV before the foil) were to be detected. The foils 

used must be nonmagnetic, as mentioned previously. A num¬ 

ber of possibilities were considered, but eventually thin 
2 

(£1 mg/cm ) mica foils were selected. The process of 

mounting these foils is complicated by the fact that the 

mica is brittle and tends to crack when mounted between 

the aluminum disks of the foil holder. This problem was 

resolved by assembling the mica foil holders on a hot 

plate set at a temperature just below the melting point 
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of the indium. This softened the indium so that it would 

flow readily as the screws were tightened, thus reducing 

the tendency of the mica to crumple and break. This 

process is considerably slower than the assembly of alu¬ 

minum foils, and only about one half of the mica foils 

assembled proved to be leak-free. Nevertheless, it is 

possible to assemble by this technique mica foils as 
2 

thin as 1.0 mg/cm which will support a pressure differen¬ 

tial of one atmosphere over an aperature of 0.25 inch. 

One other technique for assembling the scattering 

chamber was investigated, which differed only in the 

way the foil holders were attached to the scattering 

chamber. Instead of the flanged Sentinel glass pipe, 

threaded glass was tried. In this case a block of 

threaded teflon was used in place of the flanged aluminum. 

It was not possible to produce reliable vacuum seals be¬ 

tween the glass and the aluminum foil holder by this 

technique, and after numerous designs for the teflon and 

the threaded glass failed to produce consistently good 

vacuum seals, this method was abandoned. 

4) Collimation Techniques 

Because the asymmetry changes fairly rapidly with 

the center of mass scattering angle, it is desirable to 

measure the asymmetry at a given center of mass angle 

with an angular resolution of ±5° in the center of mass 

system. This requires that the asymmetry of the scattered 
3 
He particles be measured with an accuracy of about ±2.5° 

in the laboratory system. The intrensically low counting 

rate of our target makes an angular resolution finer than 

this somewhat impractical. 

The first collimating slit made use of the glass 

itself, and was formed with the aid of a brass tool 
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machined to the dimensions of the slit. A rectangle .093 

inches by 0.25 inches was machined on the end of a brass 

rod 0.25 inches in diameter. The rectangular end of the 

brass rod was placed inside the Sentinel glass pipe and 

the glass was molded to fit the external dimensions of the 

tool. In this manner a rectangular slit approximately 

0.25 inches by 0.093 inches was formed in the glass. 

A second rectangular collimating slit 0.062 inches 

by 0.25 inches was built into the foil holder as shown 

in Figure 4. This collimator was at a distance of 2.125 

inches from the collimator in the glass and was removable 

so that the slit width at this point could be easily 

changed, if desired. An approximate calculation of the 

rms deviation based on the above geometry has shown that 
2 

<0 > = 0.89° in the laboratory, while the maximum angular 

spread is ±2.13° in the laboratory. 

The incident alpha beam was collimated before it 

reached the target by two circular collimators 0.125 inches 

in diameter which were set 11.31 inches apart. The maximum 

angular spread of the incident beam was therefore ±0.635° 

in the laboratory. If it is assumed that the distribution 

of the incident beam about zero degrees is triangular with 

a maximum divergence of ±0.635°, then the rms deviation 

of the incident beam is 0.26° in the laboratory system. 

The multiple scattering at the aluminum entrance 
12) 

foil was estimated by the following formula : 

(02) = k£n (0) 

where 

k = 1.818 x 10“3z2mE~2 

£n(0) = 9.259 + jlm(m) 

m = thickness of the foil in mils 

E = energy in MeV 



17 
z = charge of the incident particle 

0 = center of mass scattering angle 

For an alpha beam incident on a 0.35 mil aluminum foil 
2 '/*■ 

at an energy of 6 MeV, this gives (9 ) = 1.375°. For an 
2 '/? 

energy of 10 MeV it was found that (6 ) = 0.83°. The 

center of mass scattering angle 9 is, however, approxi¬ 

mately equal to the laboratory scattering angle due to 
4 27 the relative masses of He and Al. It will therefore 

be assumed that the above represent rms deviations in 

the laboratory system. 

The various rms dieviations due to incident beam 

collimation, multiple scattering, and collimation of the 
3 

scattered He particles when added in quadrature yield 

a total laboratory rms deviation of 1.66° for a 6 MeV 

beam and 1.25° for a 10 MeV beam. Since it may be assumed 

that rougly 95% of the detected particles were scattered 

through the central scattering angle plus or minus twice 

the rms deviation, and since one degree in the laboratory 

system corresponds to two degrees in the center of mass 
3 

system when detecting recoil He particles, it can be 

concluded that the angular deviation in the center of 

mass system for the lowest energy datum was ±6.64°, and 

±5.00° for the highest energy datum. 

Due to the presence of the indium gasket between 

the flai%ed glass and.the entrance foil holder, the 

entrance foil holder may be at an angle with respect to 

the flanged glass. This means that the geometric center 

line of the scattering chamber will not coincide with the 

center line of the incident beam. The angle by which the 

center line would be off was measured and to correct 

for this, a 0.5° tapered shim was inserted at one end 

of the beam tube as shown in Figure 1, and rotated about 

the center line of the beam until the maximum angle between 

the center line of the cell and the center line of the beam 
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was approximately 0.5° in the laboratory system. 

5) Detector Mountings 

, 3 The scattered He particles for low incident alpha 

energies leave the exit foils with energies of ~1.0 MeV 

or less, and must travel approximately one cm before 
3 

reaching the detectors. Since the range of He particles 

of this energy in air at a pressure of one atmosphere 

is only about 1 cm, the detectors had to be mounted in 

vacuum. To achieve this the aluminum flanges for the 

45° arms were provided with a lip and an 0-ring seal 

as shown in Figure 2. A thin walled sleeve slipped 

over the O-ring and enclosed the detector. The volume 

around the detector was then evacuated by connecting 

it to the high vacuum of the beam tube. The detector 

was then completely surround by an aluminum vacuum 

chamber which also served to shield it from the R.F. 

sources of the optical pumping apparatus. 

6) Cleaning and Filling the Scattering Chamber 

After assembling the scattering chamber and 

testing to see that the leak rates were less than 

the limit of the sensitivity of the leak detector, 

5! x 10 ^ atm cc/ scale division, the chamber was 

attached to a vacuum system and evacuated to 1 x 10 ^ 
4 

torr or less. Reagent grade He gas was then admitted 

to the chamber at a pressure of approximately 0.3 to 

0.5 torr, and.a discharge was maintained with 2450 MHz 

R.F. power to outgas the walls of the scattering chamber. 

The resulting impure gas was then pumped out and the 

procedure repeated numerous times. The level of im- 
4 

purities in the He gas was visually estimated by 
4 

observing the He atomic spectral lines with a hand 

spectroscope. Initially the spectrum is essentially 

a continum with ^He lines superimposed on the continum 
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but as the chamber becomes clean, very little if any 
4 

contmum can be seen between the atomic He lines. The 

initial discharges can be run for only about one minute 

before the impure gas must be pumped out, but in the 

latter stages of the cleaning process, discharges of 

20 to 30 minutes produce only faint traces of contamina¬ 

tion. With discharges of roughly 20 minutes in duration, 

the glass arms of the target become hot enough to 

endanger melting of the indium gaskets ( the melting 

point of indium is 156° C), and care must be taken to 

see that the vacuum seals are not broken in this 

manner. When a discharge of roughly 30 minutes produces 
4 

only bright He atomic lines, the chamber will be clean 

enough to be optically pumped. It was generally neces¬ 

sary to run 50 or more discharges before a chamber be¬ 

came clean enough to be optically pumped. 
3 

After the chamber had been cleaned, He gas at a 

pressure of approximately 4 torr was purified by 

passing it through a liquid helium trap, and admitted 

to the chamber through the high vacuum stopcock attached 

to the scattering chamber. If the vacuum grease on the 

chamber stopcock has not been contaminated by finger 

grease etc., the stopcock may be closed without introducing 
3 

polarization destroying impurities into the He gas. 

The chamber may then be removed from the vacuum system 

and installed in the optical pumping apparatus. 
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III. POLARIZATION DATA AND ASSOCIATED ERRORS 

A. Measurement of the Polarization Using Optical Signals 

A method for measuring the nuclear polarization by 

using optical signals has been developed by Colegrove, 

Schearer, and Walters^, under the assumption that the 

ground state and metastable polarizations are tightly 

coupled. This method and its application in polarized 

3 
He scattering experiments has been described in detail 

5^ 
by McSherry ' . A description of this method based on 

McSherry's discussion will be summarized here. 

Figure 6 shows the intensity of transmitted pumping 

light, or optical signal, for the various target conditions. 

The maximum transmission of light occurs when the weak 

3 
discharge is off, since then there are no metastable He 

atoms to provide absorption. I represents the intensity 
A 

of light absorbed by metastables (when equilibrium polariza¬ 

tion has been reached) relative to zero absorption. The 

direction of the spin system can be reversed without destroy 

ing polarization if the magnetic field is adiabatically 

rotated to the opposite direction. A reduction in trans¬ 

mitted light, 81, will then be observed. 

13) 
Schearer has found that the ratio Al/I^ can be 

related to the nuclear polarization, P, and the magnetic 

sublevel absorption probabilities by the equation 

AI P 

i0 

2P-3(1-P2) 
f (b-a-c) +<T| 

f (a+b+c) +cj (1) 

where f is the relative illumination of the metastable 
4 

hyperfine levels by the He pumping light and a, b, and c 
5) 

are absorption probabilities as given in Table 1. 
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Discharge off 
Maximum transmission 
of pumping light 

Discharge on 
Sample polarized 
in direction of 
pumping 

Discharge on 

No polarization 

Discharge on 
Sample polarized to 
same degree as (2) 
but in the opposite 
direction to pumping 

Discharge on 
No light transmitted 

I =1-5 il1=3-4 
T 

IQ=3-1 C1=2-4 

11=2-3 1=2-1 
A 

Arrows indicate 
positive direction "'of 
variation of each 
quantity 

Figure 6. Intensity of Transmitted 
Pumping Light for Various 
Conditions of Target 
Polarization (Adapted from 
reference 5.) 
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TABLE 1 

Magnetic Sublevel Absorption Probabilities 

(Taken from reference 5) 

Magnetic Sublevel Transition 

Original Final Probability 

a F = 3/2 II 1 u>
 

to
 

-1/2 0.28 

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

c F = 1/2 mF = -1/2 1/2 0.30 
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The value for f depends upon the width of the He 
3 

emission line relative to the He absoprtion lines, and 
4 1) 

may vary with the He lamp used. Colgrove et: al have 
4 

assumed that the He emission line is broad relative to 
3 3 3 

the He absorption lines, and that the two He hyperfine 

levels are therefore equally illuminated. This implies 
14) 4 

that f = 0.5. Greenhowe noted that a narrow He emission 

line would imply that only the F = 3/2 level was illuminated, 

and in this case, f = 1.0. The expression for AI/IQ for 

these two cases is given below 

f 0.5 AI r p (11-2P-P2) /(6+2P2) (2) 

o 

f=1'0 — - P(15-10P+3P2)/(6+2P
2
) (3) 

xo 
The actual quantities measured in practice are 61 and 

I,. Therefore 
A 

61 = - (AI+AI1) = / R(P)-T(P) \ (4) 

Vai 

where R(p) =AI/I0 and T(P) = R(-P). 

Typical curves of 6I/I versus polarization assuming 

f=0.5 and f=1.0 are given in Figure 7. 

The light intensities 61 and I are measured with a 
19 A 

PbS detector placed on the opposite side of the scattering 
4 

chamber from the He lamp. 

B.Influence of an Alpha Beam on the Target Polarization 
3 

The ionization porduced m the He gas by an alpha 

beam is much greater than that produced by lighter particles, 

such as protons. It was observed that the presence of an 
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alpha beam of 75 na in the He gas altered the density 
3 of metastable atoms in the 2 state by approximately 

11%, and it is assumed that this alteration is due to 
3 

the ionization and excitation of the He atoms by the 

beam. The beam may also effect the spin relaxation times 

of the polarized metastable and ground state systems, but 

the nature and extent, if any, of the changes in these 

relaxation times is at present unknown. Changes in these 

relaxation times would be reflected in the target polariza¬ 

tion, and a study of the effect of an alpha beam on the 

equilibrium value of the target polarization as a function 

of alpha beam energy and intensity should prove interesting 

from the atomic physics standpoint and would provide valuable 

information for scattering experiments involving optically 
3 

pumped He targets. 

In the absence of any information which would allow 

us to predict the effect of the alpha beam on the target 

polarization, and faced with our inability to control pre¬ 

cisely the intensity of the alpha beam (which may be related 

to alterations in target polarization), we chose a technique 

of measuring the target polarization which should reflect 

as accurately as possible the actual equilibrium value of 

the target polarization when the beam was passing through 

the scattering chamber. We proceeded as follows: The beam 

was stopped before the scattering chamber and a measurement 

of 6I/I was conducted immediately (within approximately 

10 to 15 seconds after the beam had been stopped). Since 

the characteristic pumping time of the target is roughly 

2 to 3 minutes, the equilibrium value of the polarization 

could not have changed appreciably in the short time after 

the beam was stopped. In addition, since the beam was no 

longer passing through the target, 6I/IA was measured under 

conditions identical to those assumed in deriving the 

relationship between 5l/IA and target polarization. 



C. Error Analysis of the Optical Signals 

1) Optical Signals Alone 

The target polarization is determined from the 

curves of Figure 7 through a measurement of 6I/I as 

discussed in section IIIA and IIIB. Measurements of 

61 and I, were recorded on a Hewlett Packard Chart Re- 

corder at numerous times during the experiment, and at 

least four times during the collection of data for each 

asymmetry measurement. Four measurements of 61 and four 

measurements of I were conducted each time the ratio 
A 

6l/i was to be measured. This ratio and its standard 
A 

deviation were calculated according to the following 

formulas: 

<61} = (6l1+6l2+6l3+6l4)/4 

<IA> - (IA1+IA2+IA3+IA4>/4 

a_ = 

a„ = 

S=1 (6li-<6l>) 
2 1/2 

1/2 

R = (61) 

<V , 2 „2 2.1/2 . x 

°3 = (°1 + R a2 > / <IA> 

where R was interpreted as the value of 6i/i and a 
JTi J 

as the standard deviation of R. The ratios 6l/i and 

their standard deviations as a function of time for the 

two data runs are given in Tables 2 and 3. The asterisk 

in Table 3 indicates a point at which anomolously high 

readings due to a malfunction in the optical signal 

amplifier occurred. This malfunction was observed during 

the data run and was corrected. A sudden decrease 
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in the measured values of 6I/I occurred when the mal- 

function was corrected. These anomolously high points 

were not used in the analysis described below and con¬ 

sequently are not given in Table 3. 

It will be noted that some of the standard deviations 

of Tables 2 and 3 are quite small, while others are 

rather large. Because only four measurements of 61 

and of I, were used to determine the standard deviations 
A 

01 and I at a particular time, it would be unwise to 

assign excessive importance to the poins with very small 

standard deviations. Fitting a curve to the data points 

with their standard deviations as given in Tables 2 and 3 

weighs very heavily those points with very small standard 

deviations and may result in an incorrect interpretation 

of the data. Nevertheless an effort was made to fit 

the data of Tables 2 and 3 to curves of the form Y=A+BX 
2 

and Y=A+BX+CX , using a weighted least squares technique 
2 

and applying a x test to estimate the probability that 

data as given fits the assumed curves. Previous experience 

at Rice has shown that the general trend of the ol/l^ 

measurements over a number of days may be represented by 
2 

such curves. For the curve Y=A+BX, x was approximately 

four times the number of degrees of freedom, and for the 
2 2 

curve Y=A+BX+CX , x was roughly 3.3 times the number of 

degrees of freedom for both sets of data. These results 

make it extremely improbable that the data points with 

their assigned standard deviations fit either of the 

assumed curves. 

2) Assuming a Random Fluctuation of the Target Polarization 

The inability to fit the 6l/l data to a simple 

curve may be attributed to additional- errors in the 
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measurement process or to an actual fluctuation of the 

target polarization about some simple trend. If it is 

assumed that there was an additional uncertainty in the 

measurement process, then the uncertainty in the polariza¬ 

tion is determined by the uncertainty in the line which 

best fits the 61/1 values. A larger uncertainty in 

the polarization is obtained if it is assumed -that the 

polarization was in fact fluctuating about some simple 

trend. In order to avoid underestimating the uncertainty 

in the polarization, and in the light of the observations 

discussed in section IIIB, we chose the latter interpreta¬ 

tion. Furthermore, we have assumed a random fluctuation 

of the target polarization. This assumption simplifies 

the calculations and is reasonable since the sequence 

of data points was not taken at monotonically increasing 

or decreasing energy points and because the beam intensity 

varied in a random manner throughout the experiment. 

An assumed random fluctuation of target polarization 

was added in quadrature to the standard deviations of 

Tables 2 and 3. The value of this extra random error 
2 

was increased in steps until x. was approximately equal 

to the number of degrees of freedom. After this was 

done, the 6l/l data for both data runs fit curves of 
A 2 

the form Y=A+BX, and negligible improvement in y was 
2 

obtained by going to curves of the form Y=A+BX+CX ; 

The data points with their new error bars for both data 

runs, as well as the curves which best fit the data are 

also given in Tables 2 and 3. 

D. Comparison of the Target Polarization During the 

Two Data Runs 

Data for the scattering experiment was collected 

during two periods, from February 7 to February 10, 1968 
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and from February 28 to March 2, 1968. During the first 

period the target polarization as determined from the 

6I/I measurements and the curve of Colegrove et^ aJL given 

in Figure 7 decreased from 14.0% to 11.5%. It was neces¬ 

sary to assume that 6I/I fluctuated about the line given 

in Table 2 with a standard deviation 0.049 in order to 
2 

make \ approximately equal to the number of degrees 

of freedom. This implies, a fluctuation of target polariza¬ 

tion of ±0.55%. During the second period the target 

polarization determined in a similar manner remained almost 

constant at 10.7%±0.60%. In this case it was necessary 

to assume that the 6I/I values fluctuated about the line 
A 

given in Table 3 with a standard deviation of 0.046. The 

random errors which had to be added to the measurement 

show a remarkably close agreement. 

During the first data taking period it was necessary 

to raise the level of the weak discharge on several occasions. 

This would indicate that impurities were slowly entering 

the chamber or outgassing rom the chamber walls, a pheno- 
5) 

menon not uncommon when using these targets . The in¬ 

creasing impurities would decrease the target polarization 

and is consistent with the observed downward trend of the 

polarization. During the second data taking period, it 

was not necessary to raise the level of the weak discharge 

and no downward trend was observed. 



TABLE 2 

6I/I Versus Time 
A 

Data Run One 

Time (min) 5I/I
A 

Standard Deviation Correc 
Error 

30 0.832 0.046 0.067 
140 0.939 0.135 0.143 
160 0.747 0.048 0.068 
210 0.951 0.043 0.065 
255 1.005 0.024 0.054 
285 1.036 0.066 0.082 
335 0.989 0.118 0.127 
378 0.930 0.066 0.082 
390 1.034 0.065 0.081 
500 0.815 0.156 0.163 

1170 0.906 0.032 0.058 
1260 0.896 0.034 0.059 
1470 0.947 0.062 0.07 9 
1490 0.830 0.067 0.083 
1530 0.917 0.081 0.094 
1665 0.841 0.052 0.071 
1690 0.860 0.078 0.092 
17 20 0.735 0.058 0.075 
1746 0.728 0.037 0.061 
1770 0.771 0.050 0.070 
1830 0.841 0.040 0.063 
1860 0.861 0.071 0.086 
1890 0.673 0.028 0.056 
1917 0.717 0.020 0.052 
1949 0.869 0.016 0.057 
1977 0.755 0.024 0.054 
2009 0.886 0.024 0.054 
2031 0.813 0.032 0.058 
2162 0.803 0.035 0.060 
2100 0.875 0.034 0.059 
2125 0.812 0.020 0.052 
2145 0.803 0.015 0.051 
2165 0.866 0.025 0.055 
2194 0.883 0.039 0.062 
2212 0.763 0.015 0.051 
2234 0.738 0.028 0.056 
2249 0.803 0.023 0.054 
2292 0.739 0.027 0.055 
2330 0.820 0.020 0.052 
2675 0.673 0.052 0.071 
2750 0.845 0.058 0.075 
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TABLE 2 CONTINUED 

Time SIAA Standard Deviation Corrects 
Error 

27 96 0.725 0.024 0.054 
2840 0.774 0.048 0.068 
2865 0.725 0.049 0.069 
2914 0.784 0.070 0.085 
2942 0.786 0.052 0.071 
3000 0.758 0.045 0.066 
3032 0.692 0.087 0.099 
3090 0.809 0.025 0.055 
3154 0.904 0.072 0.087 
3195 0.742 0.076 0.090 
3215 0.748 0.026 0.055 
3253 0.845 0.055 0.073 
3315 0.671 0.061 0.078 
3340 0.710 0.064 0.080 
3374 0.708 0.035 0.060 
3395 0.827 0.051 0.070 
3425 0.816 0.041 0.063 
3443 0.752 0.063 0.079 
3465 0.814 0.054 0.072 
3485 0.773 0.054 0.072 
3495 0.785 0.018 0.052 
3534 0.846 0.024 0.054 
3568 0.812 0.023 0.054 
3590 0.674 0.051 0.070 
3650 0.690 0.082 0.095 
3705 0.744 0.065 0.081 
4062 0.688 0.078 0.092 
4080 0.640- 0.084 0.097 
4098 0.632 0.070 0.085 
4145 0.633 0.027 0.055 
4170 0.616 0.044 0.065 
4239 0.707 0.034 0.059 
4262 0.662 0.040 0.063 
4290 0.598 0.066 0.082 
4325 0.691 0.034 0.059 
4357 0.738 0.170 0.176 
4390 0.734 0.073 

■X. =265.7 
0.087 

Degrees of Freedom: 77 II -0
 

00
 

• to
 

Assumed Curve: Y = A + BX 

-5 
Best Values of A and B: A=0.929 B=-5.5x10 
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TABLE 3 

6l/l Versus 

Time (min) 6I/I
A 

12 0.553 
34 0.611 
52 0.717 
84 0.559 

140 0.601 
170 0.774 
196 0.670 
224 0.572 
264 0.662 
290 0.683 
305 0.607 
329 0.642 
353 0.702 
388 0.781 
413 0.737 
440 0.654 
454 0.720 
472 0.809 
504 0.685 
665 0.677 
685 0.606 
710 0.601 
740 0.648 
760 0.570 
805 0.581 
835 0.659 
880 0.649 
912 0.668 
941 0.663 
962 0.649 
980 0.642 
995 0.630 

1020 0.660 
1061 0.712 
1080 0.655 
1090 0.674 
1108 0.7 28 
1147 0.741 
1293 0.745 
1340 0.745 
1405 0.685 
1430 0.691 

Time Data Run Two 

Standard Deviation Corrected 
Error 

0.048 0.066 
0.033 0.056 
0.038 0.059 
0.041 0.061 
0.033 0.056 
0.040 0.060 
0.038 0.059 
0.016 0.048 
0.044 0.063 
0.050 0.067 
0.023 0.051 
0.056 0.072 
0.030 0.054 
0.029 0.054 
0.039 0.060 
0.056 0.07 2 
0.071 0.084 
0.048 0.066 
0.033 0.056 
0.012 0.046 
0.025 0.052 
0.021 0.050 
0.071 0.084 
0.019 0.049 
0.032 0.056 
0.018 0.049 
0.048 0.066 
0.022 0.050 
0.054 0.070 
0.014 0.048 
0.023 0.051 
0.023 0.051 
0.029 0.054 
0.020 0.050 
0.018 0.049 
0.036 0.058 
0.026 0.052 
0.018 0.049 
0.025 0.052 
0.037 0.059 
0.024 0.051 
0.042 0.062 
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TABLE 3 CONTINUED 

Time 6 I/I 
A 

Standard Deviation Corrected 
Error 

1500 0.750 0.021 0.050 
1558 0.685 0.016 0.048 

1610 0.689 0.024 0.051 
1669 0.815 0.041 0.061 
2015 0.660 0.024 0.051 
2070 0.672 0.036 0.058 
2120 0.701 0.016 0.048 

2780 0.654 0.086 0.097 
2818 0.611 0.074 0.087 
2839 0.734 0.074 0.087 
2869 0.683 0.032 0.056 
2904 0.688 0.039 0.060 
2948 0.608 0.033 0.056 

2990 . 0.664 0.024 0.051 
3004 0.646 0.028 0.053 

3030 0.639 0.028 0.053 
3061 0.636 0.043 0.062 
3083 0.664 0.035 0.057 
3111 0.627 0.030 0.054 

3140 0.574 0.033 0.056 
3151 0.684 0.041 0.050 
3180 0.618 0.036 0.058 

3215 0.631 0.021 0.050 

Degrees of Freedom: 63 X2=254.6 X2=64.5 

Assumed Curve: Y = A + BX 
Best Values of A and B: A = 0.667 B = -1.0x10 
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IV. LABORATORY ASYMMETRY AND ASSOCIATED ERROR 

A. Experimental Procedure 

The scattering chamber is shown in detail in Figure 1. 

The incident alpha beam entered the chamber at A and exited 

the chamber at B, where an electrical lead was attached 
3 

for beam integration. Scattered He particles were detected 

at C and D by Model BA-045-50-60 ORTEC silicon surface 

barrier detectors of approximately 200 p depletion depth 

at a full rated bias of 50 volts. These detectors were 

chosen because a sensitive layer just thick enough to stop 
3 

the He particles was desired. In fact, thicker detectors 

could not be used because it was discovered that neutrons 

were produced at the target and in spite of the low efficiency 

of surface barrier detectors for counting neutrons, more 
3 

neutrons that He's were counted with thick detectors. This 
3 

was due primarily .to low counting rate for He's in this 

experiment rather than to an excessively high neutron flux. 

The detectors were operated at zero external bias to 

assure the minimum possible depletion depth. This was done 

only after it was determined that operating the detectors 

in this manner did not noticeably decrease their energy 
3 

resolution when detecting the He particles (which already 

had a wide energy spread due to kinematics alone). 

For each energy, data were taken for all possible com- 
3 

binations of magnetic field direction and He spin direction. 

For the purposes of this discussion, the direction of the 

magnetic field and the sense of the circularly polarized 

light have been arbitrarily designated as either "left" 

or "right" where the expressions left and right are only 

meant to imply one direction (or sense) as opposed to the 

other. The four possible combinations of magnetic field 

direction and circularly polarized light are: 1) magnetic 
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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, circular polarization right, LR. The direction 
3 

of the He spin is determined by the sense of the circularly 

polarized pumping light. By taking data for all four com¬ 

binations, it is possible to cancel out many effects due to 

scattering chamber geometry, as well as any effects which 

might depend on the direction of the magnetic field ( see 

section IVB). 

The specific procedure used was the following, although 

the order of the four steps is arbitrary. The magnetic 

field and the circular polarizer were set for the condition 

RR and the target was allowed to undergo optical pumping 

for approximately 10 minutes. Since the target exponentially 

approaches saturation polarization with a characteristic 
5) 

time of roughly three minutes , the 10 minute period 

assures that the target is near saturation. Spectra of the 
3 

recoil He were taken simultaneously with detectors placed 

symmetrically about the incident beam for a specified amount 

of beam integration. Beam integration during the second 

data run was only approximate. 
3 

The He polarization was then measured and the target 

conditions were changed to LL without destroying the polari¬ 

zation. This can be done by adiabatically rotating the 

magnetic field to the opposite direction at approximately 

the same time that the sense of the circularly polarized 

light is changed. The polarization is then disturbed 

only momentarily and it is not necessary to wait ten minutes 
3 

before recording He spectra. Spectra were again taken 
3 

and another measurement of the He polarization was made. 

The direction of the magnetic field was then changed 

without changing the sense of the circular polarization, 
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leaving the target in the condition RL. To save time, 

the polarization was then destroyed by producing strong 

magnetic field gradients near the target, and ten minutes 

were allowed for the target to approach saturation polariza¬ 

tion. Spectra were then recorded again and a polarizaton 

measurement taken. 

finally, the magnetic field direction and the sense 

of the circularly polarized light were both changed leaving 

the target in the condition LR. Spectra were taken and a 

polarization measurement was made. The beam integration 

during each of the four steps was left the same, although 

this is not necessary ( see section IVB). 

Signals from the detectors were amplified by Tennelec 

pre-amplifiers and analyzed by a TMC four hundred channel 

analyzer which was set for two hundred channels per detector. 

The beam integrator provided an automatic shut off of the 

counting when a specified charge had been collected. The 

final spectra were then plotted by the IBM 1800 computer 

located at the Bonner Nuclear Research Laboratory. 

The number of counts in each peak was summed over the 

same interval for each of the four runs for a given energy 

and detector. The resulting data was interpreted as the 

amount of scattering at a given energy and detector, and 

was used in the asymmetry calculations described in section 

IVB. 

B. Calculation of the Asymmetries 
3 

The He scattering was assumed to be dependent on 

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

an arbitrary parameter M which represents any effects which 

might be due to the direction of the weak magnetic field 
3 

used to define an axis for the He spin. For a given 

direction of He spin the cross section CJ (0,$) is defined c cm 

clS 
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a (9,0) for left scattering 

a (0,TT) for right scattering 
R 

where right scattering is defined as scattering for which 
—»• 

the vector k. X k , is antiparallel to the direction of 
3 m out 

the He spin and left scattering is defined as scattering 

for which the vector k. X k ^ is parallel to the direction 
^ m out 

of the He spin. The vectors k. and k . are the directions 
A m out . 4 4 

of the incident He particle and the scattered He particle, 

respectively. The solid angle Q is the effective solid 

angle and includes the physical solid angle as well as any 

other factors which might effect the detection efficiency, 

such as counter efficiencies and peak integration, etc. 

A dependence on magnetic field direction was included in 

case the effective solid angle differed for the two 

directions of magnetic field. Table 4 shows the scattering 

one would observe in two different detectors placed symmetri¬ 

cally about the incident beam if the scattering were only 

dependent on the four parameters mentioned above. For any 

given run there is a physical asymmetry in the number of 
3 
He's detected at the two counters. However, it is only 

the asymmetry due to the difference in the left and right 

cross sections that is of interest in this experiment, 

i.e. 

In order to extract this quanity, a ratio R was formed such 

that 

R = (Al) (B2) (B3) (A4) 
(Bl) (A2) (A3) (B4) 

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

Using Table 4, 



TABLE 4 

Scattering for Various Target Conditions 

(Taken from reference 5. ) 
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Run No. 

1 

2 

3 

4 

Where 

and 

Magnetic 
Field Circular 
Pirection Polarization Counter A Counter B 

R 

L 

R 

L 

R la 0 M I a Q M 
1RARA 1LBRB 

L 

L 

R 

IAQM, 
2 L A LA 

Ian M „ 
2 R B LB 

I„CT n M , i,o 
3 L A RA 3 R B RB 

, la Q M 
4 R A LA 4LBLB 

1^ = beam integration for run i, i=l,4 

aR = cross section for right scattering 

a^ = cross section for left scattering 

Q = effective solid angle for detector A 
A 
Q = effective solid angle for detector B 
B 

M..= magnetic field effect for the ith direction 
ID 

of the magnetic field and jth counter, 

i=R,L j=A,B 

a and a are reversed for a given detector 
R L 

when the direction of the circular 

polarization and, hence, the direc- 
3 

tion of the He polarization is 

reversed. 
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R = 

(I oQM ) (I CT Q M_ _) (I_CQM ) (T a Q M ,) 
1 R A RA 2 R B LB 3 R B RB7 4 R A LA' 

(la Q M ) (la Q M J (la DM ) (I a 0 M ) 
1 L B RB 2 L A LA 3 L A RA 4 L B LB 

ca 
The expression for Aacan then be expressed in terms 

of R as follows 

Aa = 
1-R/4 

I+R'4 

From the measured asymmetry Aa corresponding to a 

given value of target polarization P, the aysmmetry A 

corresponding to 100% target polarization can be found, 

Aa 
A = 

' P 

In addition, another ratio R can be formed which 

cancels out all factors including the cross section. If 

the scattering only depends on the four parameters listed 

above, then this ratio will be unity for an ideal experiment. 

A zero asymmetry AQ^ can be calculated from R . Expressions 

for R and A ^ are given below. 

R 
01 

(I1°RVW (I2
aT.nAMTA) (l4gT.nBMT.B) 

(IlWW (I20RnBMLB> ‘VLVW ‘VAV 
=1 

A01 = <1-Ro/i )/(1+Rol > = 0 

Ratios R'Q^ and a nominally zero asymmetries A' were 

computed from the data according to the following formulas: 

R' 
01 

(Al) (B2) (A3) (B4) 

(Bl) (B2) (A3) (A4) 

01 
'/4 '/4 

(1-R'01 )/(1+R'01 
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Another ratio R can be formed which cancels out 

all of the parameters of Table 1 except the M's. An ex¬ 

pression A^ can be calculated from R : 
02 02 

R = 'V.W ‘VRVT.B1 (VT.VW (l4gLnEMLE) 
(I20LnBMLB> ‘VR^'W ‘VRVIS

1 

02 

(M
RA
M
LB

>2/<M
RB
M
LA

)2 

d-Rol )/(1+r02 > 

The value of A„„ will be zero if the M's are all 
02 

unity. Ratios R' an<^ nominally zero asymmetries A'^ 

were calculated from the data according to the following 

formulas: 

, = (Al) (B2) (A3) (B4) 
02 (Bl) (A2) (B3) (A4) 

A' (l+R'^i J/d+R'^t ) 
02 02 02 

For an ideal experiment the only errors in the computed 

asymmetries would be due to counting statistics. This 

uncertainty can be easily calculated from the following 

formula 

8 
AA 

o = 
ll . (^)2 

1=1 3N. 
i 

(AN.)2] 
l 

where N. is the number of counts in the 
l 

After evaluating SA/dN^ and simplifying, 

becomes 

. th , Vz 
l peak and AN^= (Nd . 

the formula above 



41 

AA = R/4(£ 1/N. )'/Z /2 (1+R^ ) 2 
a i=l I 

The value of AA as calculated above represents the 
a 

minimum uncertainty in A^. in practice the uncertainty 

in A^ is generally greater than that due to counting statis¬ 

tics alone. Errors in peak integration, extraneous background 

scattering, fluctuations in beam direction and alteration 

of the effective solid angles seen by the detectors due to 

the influence of the magnetic field or drifts in instru¬ 

mentation may introduce other errors. Fortunately, the 

net effect of these errors may be estimated by studying the 

deviations of A' and A' from zero. 
01 02 

C. Deviations of A'__ and A'__ From Zero 
  01 02  

The values obtained for A'^ an<^ A'o2 ^or tw° ^ata 

runs are given in Tables 5 and 6. The statistical standard 

deviations and corrected errors are also given. The mean 

values given were determined by a weighted least squares 

technique. Using the statistical standard deviations, a 
2 2 

X test was applied and for each data run x was more than 

twice the number of degrees of freedom. Thus, the devia¬ 

tions of A' , and A' from zero cannot be attributed to 
01 02 

statistical fluctuations alone. Since A' , and A' ex- 
01 02 

hibited no systematic pattern, it was assumed that an 

additional random error accounted for the observed spread 

about zero. 

2) Assuming an Additional Random Fluctuation 

An additional random error was added in quadrature 

to the standard deviations of each of the A1 's in Tables 
2 

6 and 5; a new mean value was determined; and a x test 

was applied again. The value of this extra error was in- 
2 

creased in steps until x was approximately equal to the 

number of degrees of freedom. The resulting errors are 
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! 

listed as corrected errors in Tables 6 and 5. The new 
2 

mean values and the values of x are also given. 

The magnitude of the error which had to be added in 

each case was interpreted as the net (random) effect of 

all errors besides statistics. Since Ac, A'QI and A'o2 

are all calculated from the same data and in an analogous 

manner, the magnitude of this extra error was assumed to 

be characteristic of the entire experiment and was added 

in quadrature to the statistical errors of the asymmetries 

Ac. 

3) Comparison of the Two Data Runs 

For the both data runs, the magnitude of the extra 
2 

error necessary to reduce x to the number of degrees of 

freedom was found to be 0.0018, which may indicate the 

similarity of the conditions under which the two data runs 

were conducted. Tables 8 and 7 give the observed asymmetries 

and associated errors for the two data runs. 
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TABLE 5 

Values of A' and A' Data Run One 
01 02 

Energy Aoi and Ai2 

Statistical 
Standard 
Deviation 

Corrected 
Error 

6.61 AQ1=-13.4X10 3 6.9x10 3 

AQ2=+11.7X10~3 

8.7 x 10 
-3 

6.71 -10.3 
+12.7 

6.4 8.3 

6.84 -1.7 
+5.8 

5.0 7.2 

7.04 -10.9 
-4.2 

5.2 7.4 

7.17 -8.2 
-5.7 

5.0 7.4 

7.24 -6.2 
-15.4 

5.3 7.5 

7.37 +1.4 
-16.0 

5.8 7.8 

7.49 -4.0 
-5.1 

6.1 8.0 

7.61 +13.8 
+9.5 

6.4 8.3 

7.71 -9.8 
-5.9 

6.3 8.2 

7.83 +1.1 
+3.7 

6.3 8.2 

7.93 -2.0 
-3.9 

6.3 8.2 

-11.2 
-14.5 

6.0 8.05 8.0 
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TABLE 5 continued 
Statistical 

Energy A01 and A02 Standard Corrected 
Deviation Error 

8.14 -8.6 6.6 8.4 
-0.9 

8.49 +6.7 6.6 8.5 
+7.2 

8.68 -0.9 5.5 7.6 
+2.6 

Degrees of Freedom: 31 Mean value Mean value 
-3.0x10 J -2.8x10 J 

X2= 58.2 X2 = 33.1 
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TABLE 6 

Values of A' , and A' 
01 02 

Data Run Two 

Energy (MeV) and A 
02 

Statistical Corrected 
Standard Error 
Deviation 

*4.50 

4.79 

5.01 

5.36 

5.65 

5.93 

6.22 

6.51 

6.67 

6.77 

7.05 

7.391 

A^ = -7.4x10 

A^2 = -26.2x10 

+13.8 
-6.6 

+7.3 
+2.6 

-4.5 
+8.0 

-2.7 
-4.6 

-5.2 
-4.0 

-5.5 
+4.8 

-4.9 
+0.7 

+5.9 
+5.7 

-0.2 
-11.3 

+8.3 
-6.9 

+8.1 
-1.3 

-0.8 
+9.5 

4.5xl0~3 6.9x10 

3.7 

5.3 

4.6 

4.4 

4.0 

4.5 

3.9 

4.2 

4.1 

4.3 

4.4 

4.3 

6.4 

7.5 

7.0 

6.9 

6.6 

6.9 

6.6 

6.7 

6.7 

6.8 

6.9 

7.393 6.8 
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TABLE 6 continued 

Statistical Corrected 
Energy (MeV) A' and A' 

01 02 
Standard 
Deviation 

Error 

8.96 +0.2 
-3.1 

5.5 7.6 

9.23 +12.6 
-12.3 

4.7 7.0 

Degrees of Freedom: 27 Mean value 
3.8xl0~4 

Mean value 
4.3xl0-4 

X2 = 71.3 x2 = 28.1 

2 
* The 4.50 MeV data was not used in calculating the x 's 

or the mean values given above 
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TABLE 7 

A 
CT 

Asymmetries and Errors 

AA A 
a 

Data Run 

AA 

One 

ENERGY 

-8.60% 0.86 -69.96% 7.70% 6.61 MeV 

-7.66 0.82 -61.79 7.21 6.71 

I o
 

• m
 

ip
* 0.72 - 4.30 5.78 6.84 

+10.03 0.73 +71.71 5.96 7.04 

+12.94 0.72 +98.80 6.90 7.17 

+12.36 0.74 +97.39 7.20 7.24 

+12.70 0.77 +98.45 7.33 7.37 

+12.47 0.79 +97.16 7.47 7.49 

+12.60 0.82 +90.69 6.92 7.61 

+12.10 0.81 +94.58 7.53 7.71 

+11.33 0.81 +93.68 7.98 7.83 

+11.73 0.81 +97.76 8.15 7.93 

+10.48 0.79 +87.36 7.72 8.05 

+10.65 0.83 +89.53 8.16 8.14 

+9.06 0.84 +78.81 8.26 8.49 

+8.60 0.76 +75.15 7.58 8.68 
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: 

TABLE 8 

Asyirune tries and Errors Data Run Two 

A 
a 

AA 
a 

A AA ENERGY 

-0.19 0.69% -1.82% 6.52% 4.50 MeV 

+0.90 0.64 +8.41 6.08 4.79 

-0.86 0.75 -8.10 7.08 5.01 

-0.09 0.70 -0.90 6.62 5.36 

-1.97 0.69 -18.49 6.56 5.65 

-1.45 0.66 -13.64 6.27 5.93 

-3.23 0.69 -30.22 6.74 6.22 

-5.34 0.66 -49.92 6.78 6.51 

-7.17 0.67 -67.08 7.33 6.67 

-5.07 0.67 -47.47 6.82 6.77 

+6.44 0.68 +60.27 7.21 7.05 

+10.34 0.68 +96.67 8.40 7.39 

+11.47 0.67 +107.24 8.71 7.39 

+9.03 0.76 +84.40 8.55 8.96 

+9.73 0.70 +90.99 8.31 9.23 
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V. INCIDENT ALPHA ENERGY AND CENTER OF 

MASS SCATTERING ANGLE 

A. Corrections for Energy Losses in the Entrance Foil 

The energy losses in the aluminum entrance foil can 

be accurately determined through a dE/dX calculation if 

the foil thickness and incident energy before the entrance 

foil are well known. The entrance foil was measured before 

assembling the scattering chamber and was found to be 
2 

2.35mg/cm ±5%. The incident energy before the entrance 

foil was estimated in the following manner. Our data 

was used to generate an excitation curve in which the 

relative cross section (in arbitrary units) was plotted 

versus the incident energy before the entrance foil as 

determined from the NMR measurements of the Rice University 

5.5 MeV van de Graaff accelerator. The resulting excitation 

curve was compared with excitation curves for 0cm = 80°, 

0cm = 85°, and 0cm =90° taken from the Ph.D. thesis of 
15) R.J. Spiger . Our data was most consistent with the 

excitation curve for 0cm = 85°. This excitation curve 

and the data are shown in Figure 8. The best fit between 

our data and that of Spiger for 0cm = 85° was used to 

determine the maximum and minimum NMR frequencies of the 

Rice 5.5 MeV van de Graaff accelerator consistent with 
3 - 

alphas incident on a He target at the energy of the 7/2 
7 - 7 
Be resonance. At the 7/2 Be resonance, the energy of 

15) 
the incident alphas is 6.97 MeV ± 30 keV as given by Spiger . 

Taking the a{pha energy at the resonance to be 6.97 MeV±0.030 
2 

MeV and the foil thickness to be 2.35 mg/cm ±5%, the four 

possible alpha energies prior to the entrance foil were 

calculated using a dE/dX calculation based on the following 

* *i 16) formula : 
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ENERGY 

4 
Figure 8. Cross scetion versus He laboratory energy. 
The data points (plotted on a log scale) indicate the 
measured cross section in arbitrary units. The energies 
are the estimated He laboratory energies pri^r to the 
entrance foil. The curve given is the He + He excita¬ 
tion curve for Gem = 85°. 



(4.00387) (3.854) 
4.0 

1.5874 
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R x ( 
E 

4.00387 ) 

where R is the range of apha particles in aluminum in 
2 

mg/cm and E is the alpha energy in MeV. The four energies 

prior to the foil were calculated by assuming the maximum 

and minimum alpha energies at the resonance and the 

maximum and minimum foil thicknesses. The maximum 

and minimum NMR frequencies mentioned previously were 

then used in conjunction with the four possible alpha 

energies (at the 7/2 resonance) before the entrance 

foil to calculate alpha energies off the resonance 

in the following manner. The alpha energies prior 

to the entrance foil were taken to be 

* oi ' 

i=l,2 j=l,2,3,4 

k=l.2,3,...,n 

where E^ are the four possible alpha energies prior to 

the entrance foil, f . are the two possible NMR fre- 
oi 

quencies corresponding to the resonance energy, and 

f(k) is the NMR frequency recorded for a particular 

asymmetry measurement. The two values of f ^ and the 

four values of E_. give eight sets of energies E^ (k) 

k=l,2,3,...,n prior to the entrance foil. These eight 

sets of energies before the entrance foil were used 

to calculate eight sets of alpha energies inside the 

scattering chamber, E'_(k), through another range- 

energy calculation. The energies E'^^(k), E' (k),..., 

E' ^ (k) were then averaged to get the best estimate of 

the incident alpha energy inside the scattering chamber 
th 

for the k asymmetry measurement. The best estimate 



52 

of the incident alpha energies inside the scattering 

chamber, as well as the maximum and minimum possible 

alpha energies for each case are given in Table 9. 

In order to generate the excitation curve data shown 

in Figure 8, beam integration was performed during the 

first data run. No beam integration was performed during 

the second data run because it was discovered that the 

automatic shut off of the beam integrator introduced 

spurious counts into the TMC pulse height analyzer. 

However, subsequent analysis of the asymmetry data (sections 

IVB(2) and IVB(3)) did not indicate that the asymmetry 

data taken during the first data run had been adversely 

affected. 

B. Center of Mass Scattering Angle 

Measurements of the scattering chamber geometry in¬ 

dicated that the scattering arms were set at laboratory 

angles of 44.8° ±0.2° and 48.2°±0.2°. These laboratory 

angles correspond to center of mass scattering angles 

90.4°±0.4° and 83.6°±0.4°, respectively. It can be shown 

that if counter A is set at center of mass scattering 

angle a and counter B is set at center of mass scattering 

angle 8, then the asymmetries derived according to the 

procedure described in section IVB actually correspond to 

A =^[A(a) + A(p) ] 

Consequently one cannot characterize the results of this 

experiment by a specific center of mass scattering angle, 

but it can be said that the data accurately measures the 

average of the polarizing power of the reaction at the two 

center of mass scattering angles given above. Moreover, 

it can also be shown that this lack of symmetry in the 

scattering chamber geometry does not change the values 

of the nominally zero asymmetries A^, and A which 
01 02 

should still be zero. 
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TABLE 9 

Incident Alpha Energies 

Best Estimate of the 
Alpha Energy in the 
Scattering Chamber 

4.5 MeV 
4.79 
5.01 
5.36 
5.65 
5.93 
6.22 
6.51 
6.67 
6.77 
7.05 
7.39 
7.39 
8.96 
9.23 

6.61 
6.71 
6.84 
7.04 
7.17 
7.24 
7.37 
7.49 
7.61 
7.71 
7.83 
7.93 
8.05 
8.14 
8.49 
8.68 

Maximum Minimum 
Alpha Alpha 
Energy Energy 

4.57 MeV 4.42 MeV 
4.86 4.71 
5.08 4.94 
5.43 5.29 
5.72 5.58 
6.00 5.87 
6.28 6.16 
6.58 6.45 
6.73 6.61 
6.83 6.71 
7.11 6.99 
7.45 7.32 
7.46 7.32 
9.05 8.87 
9.33 9.14 

6.67 6.55 
6.77 6.65 
6.90 6.78 
7.10 6.98 
7.23 7.10 
7.30 7.17 
7.44 7.31 
7.56 7.43 
7.68 7.54 
7.79 7.64 
7.90 7.76 
8.01 7.86 
8.12 7.97 
8.21 8.06 
8.58 8.41 
8.77 8.60 
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VI. RESULTS AND COMPARISON WITH PREVIOUS 

EXPERIMENTAL WORK 

A. Asymmetries Corrected for Target Polarization 

As mentioned previously, the explicit relationship 

between the target polarization and the optical signals 

used to measure the target polarization is not known 

exactly due to the uncertainty in the value of f and 

the uncertainty in the transition probabilities a, b, 

and c ( see section IIIA). The values of f, a, b and c 
13 1) 

given by Colegrove et ad * have been assumed in order 

to provide a comparison between their work and the 

predictions of previous nuclear scattering experiments. 

The observed asymmetries have been corrected for target 

polarization assuming the relationship of Colegrove et ad 

and the results appear in Tables 8 and 7. A graph of 

our data for asymmetry versus energy as taken from 
10) 

Tables 8 and 7 appears in Figure 9'Barnard et al 

reported two sets of phase shifts which fit their cross 
3 4 

section data for He + He elastic scattering. Their 

preferred set, which they refer to as set B, predicts 

aysmmetries given by the solid curve in Figure 9. Their 

other set of phase shifts, set A, predicts asymmetries 

given by the dashed curve of Figure 9. The asymmetries 

predicted by the phase shifts given by Spiger and 

Tombrello^^"^ are indicated by the dash~ dotted curve. The 

curves of Barnard e_t ad and of Spiger et. al. represent 

values of A calculated from the various sets of phase 

shifts, where 



A = 1/2[A(83.6) + A(90.4)] 

A(83.6) is the calculated asymmetry for 9cm = 83.6° 

A (90.4) is the calculated asymmetry for 0cm = 90.4° 
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