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ABSTRACT 

-4 3 “• —» 3 “* 
Spin Correlation Parameters in p- He and d- He 

Elastic Scattering 

by 

Donald Philip May 

Analyzing powers and spin correlation parameters 

have been measured for polarized protons elastically 

3 
scattered from polarized He at energies E^ = 8.82 and 

6.80 MeV at ©cm = 39.6°, 76.8°, 109.5°, and 136.8°. The 

parameters (Oh 72) measured in this experiment were 

T 
A , A , C , and C . The results of a phase shift 
y y y,y x,x 

search which includes these data are also presented. In 

addition, analyzing powers and spin correlation parameters 

3 
have been measured for d- He elastic scattering at energies 

E, = 3.73 to 11.89 MeV at 0 = 49.5°, 95.3°, and 120.0°. 
d cm 

In this case a polarized deuteron beam was incident on a 

. 3 
polarized He target. The geometry of the experiment per- 

T 
mitted the measurement of the parameters (Oh 72) : A^., A^., 

\ # 

yy 
Axx' 

A , zz C 
y*y 

c , 
yy*y 

c , c , 
x,x z,x 

and C 
zz,y 
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I. introduction 

With the recent development of polarized beam tech¬ 

nology (Oh 72) and the capability at Rice of constructing a 

3 
polarized He target, spin correlation experiments (Oh 72), 

where both the beam and the target are polarized, involving 

3 
the scattering of light nuclei off He have become simple 

and elegant experiments to perform. In the past, the 

methods used to measure the spin quantum numbers that affect 

the scattering process have involved double and triple 

scattering experiments (Wo 56). In such experiments, the 

scattered and recoil particles are prepared in the polarized 

state by the first scattering process, and further scattering 

off other targets results in spacial asymmetries of the 

scattered wave which can be measured in the laboratory. 

However, the complicated experimental geometries and low 

counting rates involved in such experiments make them dif¬ 

ficult and time-consuming to perform. The information 

gained in such experiments is fundamentally related to the 

information gathered in the corresponding spin correlation 

experiments by time reversal invariance (Wo 52). 

In general, three types of parameters (Oh 72) are 

measured in a spin correlation experiment: beam analyzing 

powers, these being asymmetries related to the polarization 
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of the beam, designated by "A" with subscripts? target 

analyzing powers, asymmetries related to the polarization 

T 
of the target, designated by "A " with subscripts? and 

correlation parameters, related to the orientation of the 

beam's polarization with respect to the target's polarization, 

designated by "C" with subscripts. 

The analyzing power and spin correlation data in the 

energy range reported here help to determine the S-matrix 

amplitudes (i.e. the asymptotic form of the scattered waves). 

These amplitudes can be approximated by various models based 

on empirical energy level schemes or based on specific theo¬ 

retical assumptions. The review in (Fi 73) gives the most 

recent and complete survey of the A = 4 system including 

references to reported data and to theoretical analyses for 

3 4 
the p- He reaction and the analog states in Li. In addi¬ 

tion, recent theoretical analyses, (Bo 72) and (He 72), have 

been performed. No spin correlation data for the elastic 

3 
channel of the d- He reaction have been reported prior to 

3 4 
this time although the He(d,p) He channel has been inves- 

3 -» -» 3 
tigated (for example (Ha 70)). The He(d,d) He experiment 

reported here was done because of this absence of data and 

because of the availability of the target, which was con- 

3 3 
structed specifically for the He(p,p) He experiment. 

3 
Deuteron analyzing powers for the d- He reaction have been 
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3 
reported (Ko 72), and He analyzing powers for this reaction 

have also been reported (Wa 70). The reviews in (Aj 66) and 

in (Aj 74), which is soon to be published, give a thorough 

survey of the theoretical analyses and data available for 

the A = 5 system. 

The order followed in this thesis is as follows: 

Chapter II gives a discussion of the formalism concerned 

mainly with the quantum mechanical parameterization of the 

problem of scattering with spin involved. Next, in Chapter 

III, is a discussion of the particular experiments performed 

along with a report of the experimental results. Given 

finally in Chapter IV is a report on the performance and 

3 3 
results of a phase shift analysis for the He(p,p) He prob¬ 

lem, which incorporates the present data taken at E^= 6.80 

and 8.82 MeV. The appendices contain information pertinent 

to the cleaning of the target cell, corrections made to the 

—t* 3 
d- He data due to inequalities in the deuteron beam polar¬ 

ization, corrections for background subtraction applied to 

—3 
the d- He data, and finally the angular resolution calcu¬ 

lation applied to the target cell. 

It was found that the spin correlation parameters 

involved in both reactions could obtain quite large values 

at the energies investigated. This would seem to indicate 

that spin-spin effects play a substantial role in the two 
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3 3 
reactions. In the phase shift analysis for the He(p,p) He 

reaction, the spin correlation data contributed substantially 

to the determination of the S-matrix elements, especially 

by greatly increasing the precision to which the important 

off-diagonal elements of 4 = 1 are known. 
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II. Formalism 

1. Polarization Description 

The spin state of a spin % particle is represented 

by a two component vector. 

(ii-D 

the spin state of a spin 1 particle by a three component 

vector, 

Xn = (II-2) 

and so on. In general, the spin state of a particle of 

spin s is represented by a (2s+l) component vector, called 

a spinor, where (2s+l) is the number of allowed spin pro¬ 

jections along a chosen axis. This axis is designated the 

spin quantization axis, and each a^ is proportional to the 

amplitude for finding the particle in its i-=— spin projec¬ 

tion. The spinors which span this (2s+1)-dimensional space 

are chosen to be 

o 1 ' 
, etc. (II-3) 

where each of these eigenspinors represents unit amplitude 

tïl 
and unit probability for finding the particle in its i— 

spin projection. 
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The expectation value for an observable in a spinor 

space is given by 

<M> = xtM X (II-4) 

where M here is represented by a (2s+l)x(2s+l) Hermitian 

matrix. In the density matrix formalism used by (Oh 72), 

this becomes 

<M> = Tr(pM) , (II-5) 

where Tr is the symbol for the trace of a matrix and p, 

the density matrix corresponding to the spinor X is given 

by 

P 
(a*,a*, ..aj) (II-6) 

n^ 

Here a^* is the complex conjugate of a^. 

For experimental purposes, it is useful to form 

ensemble averages for observables. The ensemble average 

for the expectation value is given by 

<M> = Tr (p M) (II-7) 

where 

P = N S X(l)X(l) (H-8) w i=l 
t 

X*1* is the Hermitian conjugate of x^ • 

For spin \ particles, four matrices that span the 2x2 

space are necessary to specify the 2x2 density matrix. Such 

a set of matrices are the unit matrix plus the three Pauli 

spin matrices a., o , and o . s
 x y z 
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The ensemble expectation values for the three Pauli 

operators are given by 

pi s = Tr(Pai) (II-9) 

The three p^ transform like the components of a vector, 

and thus a polarization vector for the ensemble is given by 

£ = Pxi + Py5 + Pz£ (11-10) 

If a measurement of the polarization is made, the absolute 

value of the polarization can easily be shown to be 

N -N, 
up down 

N +N. up down 
(II-ll) 

Here N is the number of spin states represented by the 

eigenspinor (^) , and is the number of spin states 

represented by (^) after the measurement. 

For spin 1, there are nine matrices necessary to span 

the spinor space. As with spin rectangular matrices can 

be used. Three such matrices can be found analogous to the 

Pauli matrices. These three matrices also transform like 

the three components of a spatial vector and so describe a 

vector polarization for an ensemble of spin 1 particles. 

The other five matrices necessary to form a basis are formed 

from the elements of the dyadic product of the vector polar¬ 

ization with itself. If the three vector polarization 

operators are designated Sx# S^., and Sz, then the tensor 

operators are defined as 
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sij = f <sisj + sjsi> - 26ij (II-12) 

Since = S^, this equation defines six operators while 

only five more are needed in addition to the unit operator 

and the three vector operators. However, S , S , and S xx yy z z 

are not independent. In fact 

S +S +S =0 (11-13) 
xx yy zz 

so that the Cartesian set is overcomplete. 

is also seen to be a tensor quantity since both 

the dyadic S.S. and the unit matrix 6.. transform as 

tensors. The tensor polarization for a spin 1 ensemble of 

particles can also be defined as 

p.. = <S. .) (11-14) 

as is the vector polarization for spin 1 particles, 

(11-15) 

If a measurement is made on a spin 1 ensemble, then 

the expressions for the vector polarization and tensor 

polarization, if measured along the same axis, are seen 

to be 

£i = 

N -N, 
up down 
N 

(11-16) 

and 
Nup+Ndown“^Nmid 

N 
(H-17) 
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where N is the number of (0) spinors in the ensemble, 
up 0 0 

Ndown nun*)er (0) spinors in the ensemble, and 

the number of (1) spinors in the ensemble, with N = N + 
0 up 

N-, +N . ,. down mid 

The usefulness of the spin operators becomes apparent 

by expanding the density matrices for spin % and spin 1 

ensembles in terms of these. For a spin % ensemble. 

P = = ^(I+Px°x+Py VPzV (H-18) 

where I is the unit matrix and cx = (0 ,0 , a ). For a spin x y z 

1 ensemble, 

_ i -i 2 
o = Tr[l-Hf(p S +p S +p S ) + — (p S +p S +p S ) \J 3l 2 Vix x py y *z zJ 3 Vixy xy *yz yz Fxz xz; 

+ -|-(p S +p S +p S )] (11-19) 
3 ^xx xx ^yy yy ^zz zz 

2. Coordinate Systems 

The coordinate system to which the scattering is 

referred is the projectile helicity frame as defined on 

page 745 of (Oh 72). This coordinate system, designated 
•4 

(xyz), has z along the incident beam direction k^n, Y along 
•4 -4 *4 

k. xk ., where k .is the scattered beam direction, and in out out 

x along the direction necessary to form a right-handed 

coordinate system. Also it is useful to define another 

coordinate system (XYZ) where the axis of the beam polari¬ 

zation lies along Z. (XYZ) and (xyz) are related to one 
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another by the angle g between the z-direction and the Z- 

direction and by the angle 0 between the y-direction and 

the projection of the Z-direction in the xy plane. Since 

p^ is a vector quantity and p^^ is a tensor quantity, the 

vector and tensor polarizations in the (xyz) system may be 

related to the vector polarization pz and the tensor polar¬ 

ization pzz in the (XYZ) system by the relations: 

Px = -sing sin0 pz 

Py = sing cos0 pz 

pz = cos g pz 

pxx = ^(3sin2P sin20 -DPZZ 

Pyy = H(3sin2g cos20 “l)pzz (11-20) 

Pzz = *S(3COS20 -1)PZZ 

3 2 
Pjjy = " 2 Sln P 

COS0 Sil1^ PZZ 

3 
PyZ = ^ Sln^ COSP COS0 PZZ 

3 
Pxz = - 2 

sinP COSp Sin^ PZZ 

When the polarization referred to is the beam polar¬ 

ization, for 0° < g < 180° Ohlsen's convention (Oh 72) 

defines left, right, up, and down scattering as the cases 

for 0=0°, 180°, 270°, and 90°, respectively. This is 

illustrated by Fig. II-l. 
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3. The Cross Section 

The differential cross section is given by (Oh 72) 

as 

H °(9,0) = Tr(MpincM
+) (H-21) 

t 
where M is the Hermitian conjugate of M and M relates the 

incoming ensemble state to the outgoing ensemble state, 

p is the direct product density matrix for the incident and 

target ensembles. The unpolarized cross section is given 

by 

t 
a (6) = Tr (MM ) (11-22) 

so that 

0(0,0) = 0(0) 
Tr (Mp . M ) 

' rinc ' 
T 

Tr (MM ) 
(11-23) 

The expressions (11-18) and (11-19) can be used for the 

density matrices in the direct product. For the case of a 

spin % on spin % correlation experiment, (11-23) becomes 

3 
0(0,0) = 0(0) S 

j,k=0 

T 
pjPkcj,k(9> (11-24) 

T 
where Pg = pQ = 1. Written out explicitly, (II-4) is given 

by (Oh 72) as 

0(9,0) = a (9) (l + PyAy
+PyAy+PxPx

C
X>x

+PzPxCZjX+PyPyCyiy 

m m 

+ p p C +p p C ) ^Z^Z z,z -^x^z X,Z (11-25) 
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where for example, 

y.y 

Tr(Ma aTMt) 
  

Tr (MM ) 
(11-26) 

Quantities such as A and C are zero because of a parity 
x z ! y 

restriction. As explained on page 751 of (Oh 72), this 

restriction requires that an observable vanish unless the 

number of its x-subscripts plus the number of its z- 

subscripts is an even number. If both the beam and the 

target are polarized along the y-axis, the cross section is 

given by 

n(0.0) = o(9) <i+Pyy
pyAy+PyPycy,y) (11-27) 

If both are polarized along the x-axis, 

a(9,0) = c(0) (1+PxPx
Cx,x^ (H-28) 

For the spin 1 on spin % correlation experiment, the 

cross section is given by Eq. (6.8) of (Oh 72). For the 

case where both the beam and target polarization symmetry 

axes lie along the y-axis, the cross section is simply 

a (0,0) = a (©) (1+ I p A +%p A +pTAT+ 4 
^ 2 y 4jryy yy ^y y 2 P P

TC +%p pTC ) 
*yy y»y yy y yy,y' 

(11-29) 

For x-axis polarization symmetry, 

0 (0,0) 0(9) U+,SPxj£AJat+ I PxPx
Cx,x) (11-30) 

This equation as it appears here has replaced the term 
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T %p p C which is incorrectly given in Eq. (6.10) of 
XX X XXfX 

(Oh 72), by the terra %p A . For the spin 1 beam polarized 
XX XX 

along the z-axis and the spin % target polarized along the 

y-axis, the cross section is given by 

= "(9) (l+%PzzAzz+PyAy+!5PzzPyCZZjy) (11-31) 

For the beam polarized along the z-axis and the target 

polarized along the x-axis, the cross section is 

a(9,0) = a(9)(1+^PZZAZZ+ 2 PzPx
Cz,x) (11-32) 
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III. The Experiment 

1. Experimental Details 

Both the polarized proton beam and the polarized 

deuteron beam (Oh 72) were produced at the LASL tandem 

van de Graaff accelerator laboratory. Before entering 

the target cell, the beam passed through a square aperture 

1.02 cm. on a side, followed 147 cm. downstream by a cir¬ 

cular aperture 2.4 mm. in diameter which immediately pre- 
2 

ceded the entrance foil (2.2 mg/cm aluminum). The labora¬ 

tory energies of both the proton beam and the deuteron 
3 

beam inside the He target cell were known to within 

± 15 keV. The beam current for both beams was typically 

100 nA. The polarization of both beams was controlled by 

a spin filter (Oh 70) which provided protons in the 

iiUj. = or state or deuterons in the nij = +1, 0, or -1 

state. The degree of polarization (typically 0.83 for 

protons, 0.73 for deuterons) was determined by the quench 

ratio method (Oh 70) and is estimated to be accurate within 

1%. The quantization axis was rotated before acceleration 

so that, after passing through various magnets, the beam 

would have the appropriate polarization symmetry axis 

direction. It is estimated that this direction was accurate 

to within 1°. This was determined by looking for proton 

analyzing power asymmetries in the 30° "up" detector. 
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3 
The polarized He target cell was constructed at Rice 

3 
and was designed for the p- He scattering experiment. The 

3 
He target was polarized normal to the incident beam 

direction by the method of optical pumping (Co 63). The 

target polarization (typically around 0.10) was determined 

optically as in (Ba 69), with a systematic error which is 

discussed in Section 2 of this chapter. Since the purity 
3 

of the He gas is of critical importance to the optical 

pumping method, an elaboration of the procedure used by 

(Ha 72) for cleaning the target cell in preparation for 

these experiments is given in Appendix A. Because of the 

pressure limitations of the optical pumping method (the cell 

was filled to a pressure of 4 torr) the target presented to 
2 

the beam is only about 0.7 Mg/cm . 

Figures III-la and III-lb give cross-sectional views, 

3 
to scale, of the cell in the plane normal to the He polar¬ 

ization and in the plane containing the incident beam 

direction and the target polarization direction, respectively. 

The cell arms allowed detection of scattered particles at 

30°, 60°, 90°, and 120° on both sides of the incident beam 
, 3 

direction in the plane normal to the He polarization di¬ 

rection and on one side of the incident beam direction in 

. . . . 3 the plane containing both the beam direction and the He 

polarization direction. All angles were useful for acquir¬ 

ing proton elastic scattering data. However, only the 30° 

and 60° angles were useful for acquiring deuteron elastic 



Figure III-la 

View of target cell in left-right plane. 



Figure Ill-lb 

View of taçgèt cell in up-down plane. 
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scattering data because of kinematics and background. The 

particles scattered at these angles passed through .09" x 

glass collimating slits and through the arms, exited the 

cell through foils identical to the entrance foil, passed 

through-^"xcollimating slits, and were detected by silicon 

surface barrier detectors. These detectors were mounted 

in air approximately from the exit foils and were shielded 

from rf pickup, originating in the optical pumping apparatus, 

by aluminum cans. It was found that to obtain a significant 

reduction of rf pickup in the electronics it was necessary 

to shield the microdot cable connections to the detectors 

with aluminum foil as well. 

The laboratory angular resolution (standard deviation) 

was about 1.2°, taking into account the slit geometry and 

multiple scattering in the foils (calculation appears in 

Appendix D). The target cell was electrically insulated 

from the beam transport tube. Both beams were allowed to 

exit the cell through a foil identical to the entrance foil. 

The proton beam was allowed to stop in air, but the deuteron 

beam was stopped by a gold disc just beyond the target's 

exit foil. The current entering the cell was integrated 

with a reproducibility, described in the next section, as 

better than 0.5% for each accumulation period. Typical 

spectra are reproduced in Fig. III-2. 
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Figure III - 2a 

Dectected proton spectrum at Q1 ^ = 120‘ 

6.80 MeV protons incident on ^He 

for 



C.HANNBL NO. (A'RBtT. UNITS) 

Figure III - 2b 

Dectected deuteron spectrum at Q1^ = 60° for 

8.9 MeV protons incident on He. 
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2. Proton Data Handling 

To obtain the data, counts were accumulated for 

equal amounts of integrated beam in each of the combinations 
3 

of beam and He polarization state. For protons there are 

four such combinations, and for deuterons there are six 

such combinations. This cycle was repeated several times 

3 
at each energy in each experiment. In the p- He experiment, 

the pulse height spectrum gave a useful peak due to the 

elastically scattered protons at all angles. The recoil 
3 
He were observed only at 30° but were not easily discerned 

from the background. A gate was set above the peaks due 

3 . 
to the recoil He in order to reduce dead time m the 

analog-to-digital converters. 

3 
In the p- He spectra, the background for the elasti¬ 

cally scattered protons was always less than 1.0%. No 

background subtraction+was made for these spectra. In the 

3 d- He experiment, the subtraction of background from be¬ 

neath the peaks was performed in a consistent manner: a 

straight line, representing an estimate of the background, 

was drawn between the average number of counts in regions 

on both sides of the peak of interest. The regions used in 

each peak and background determination were not changed 

when the polarization states were changed. It is then 

possible to show that, even if the background depends on 

the deuteron spin state, which it did, the values of the 
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spin correlation parameters are unaffected by crosstalk 

with the background analyzing power. The ratio of back¬ 

ground to true counts is indicated in the tabulation of 

the results in Table III-4. 

3 For the p- He case, the peaks corresponding to pro¬ 

tons were integrated to obtain total numbers of counts at 

each angle for each target-beam polarization configuration. 

3 
For the d- He case, the peaks corresponding to elastically 

scattered deuterons at 30° for all energies, and to elas¬ 

tically scattered deuterons at 60° for 5.80, 7.84, 8.85, 

9.86, and 11.89 MeV and the peaks corresponding to recoil 

3 
<He at 7.84, 8.85, and 9.86 MeV were integrated and the 

background for all these peaks integrated to obtain total 

numbers of counts and total number of background counts 

accumulated during each counting period. The data in this 

3 form as well as the He polarization data were analyzed at 

Rice using an IBM 1800 computer. Several checks on the 

internal consistency of the data were also performed using 

this computer. The proton data are considered first here. 

Table III-l gives a cycle of the data-taking routine 

adopted. This routine involved eight runs during each of 

which an equal amount of beam was integrated. With one 

target spin projection, the two possible proton spin pro¬ 

jections were cycled twice. The target spin projection 

was then reversed and the two proton spin projections run 

through again. Also listed in Table III-l are the number 
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of counts as a function of the analyzing powers and cor¬ 

relation parameters for the three detectors at a given 

angle for each of these eight periods of equal integrated 

beam. "Right," "left," and "up" refer to the Basel con¬ 

vention (Ba 60) explained in Chapter II, where the right 

3 and left detectors are m the plane normal to the He and 

proton polarization directions and the up detectors are in 

the plane containing the polarization directions and the 

. . -* T incident beam direction k. . p and p refer to the absolute 

beam polarization and target polarization, respectively. 

T T T The quantities pA , p A , and pp C were calculated 
y y Y'Y 

from counts taken in a left detector as follows: 

pAy = [ (L2+L£) + (L4+L^)-(L^+L^)-(L3+L^)]/8LQ 

pTAy = [ (L2+L£) - (L4+L£) + (Lj+Lj) - (L3+L^) ] /8LQ (III-l) 

PPTCy,y = [ (L2+4> - (L4+Lp - (Lj+L[) + (L3+L ’ ) ] /8LQ 

where 

8LQ = (L^+Lj^)+(L2+L2)+(L3+L3)-(L4+L4) (III-2) 

h. Using the fact that N is the error associated with N random 

counts, the errors in these quantities can be given as 

MpAy) = ^[l-(pAy)2l/8L0 

A(pTAy) = V I1-(PTR
y> 21/8L

0 

MpP
Tcy_y) = AJII-(PP\'Y)

2
W8I,0 

(HI-3) 
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Similar linear combinations can be taken to calculate these 

quantities and errors from counts taken in a right detector 

T 
and to calculate pp C and its associated error from x, x 

counts taken in an up detector. Figure III-3 illustrates 

the polarization-scattering configuration used to measure 

these quantities. 

According to Table III-l, the quantities (U^-U^)/ 

(U-j+l^), (UV-U^/OLJ+U^), (U2-U3)/(U2+U3) , and 

(U2~U3)/(U2+U3) should be independent measures of zero, 
-l' 

with errors (Ux+U4) 
2, (U-j+U^) 2, (U2+U3) 

2, and (U^+Up 2, 

respectively. Such quantities were particularly useful for 

checking the beam integration since they were sensitive 

to changes in the beam integration due to switching of 

beam polarization states as well as to any long term drifts 

in the beam optics. Zero asymmetries involving identical 

runs, such as (L^-L£)/(L^+L-p and (R^-Rp/(Rp-R£) , are 

useful also. 

Beam integration error showed up in this manner: Tf 

the error in the number of counts, taken by a detector for 

any one peak, due to beam integration is designated A(N)j 

and the fractional error in the beam integration is Ai/i, 

then 

(N)x = N ( Ai/i) (III-4) 

The fractional error in any number of counts N is given by 

(AN/N)2 = 1/N + Ai/i (III-5) 

and 



26a 

4>=0 

Figure III-3 

Target-beam polarization, scattering 

configuration for a) C and b) C . 
y # y x # x 
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AN = NVl+Ntp)2 (III-6) 

Beam integration error was estimated by inserting values 

for into Eq. (III-6) until reasonable values for X. 

could be obtained for the zero asymmetries. Chapter 10 of 

2 
(Be 69) defines the quantity x and gives a discussion of 

its usefulness. It was found that = 0.35% gave reason- 

2 
able X values for the zero asymmetries at 8.82 MeV. At 

2 
6.80 MeV.-:— = 0.50% gave reasonable x values for the zero 

asymmetries. These errors were folded into the results by 

using Eq. (III-6). 

The target polarization was measured using the method 

explained in (Ba 69). The quantities p, f, a, b, and c, 

defined in (Ba 69), were taken to be p = 0.02, f = 0.70, 

a = 0.28, b = 0.10, and c = 0.30. Because of a systematic 

uncertainty in the value of f the target polarization had 

a systematic uncertainty of ±15% (Ba 69). A measurement 

of Al/I (Ba 69), from which the target polarization is cal¬ 

culated, was taken each time the target polarization con¬ 

figuration was changed. Four consecutive such Al/I 

measurements were averaged and the beam polarization was 

calculated from this average. Thus a measure of the target 

polarization was obtained for groups of sixteen consecutive 

target-beam polarization configurations. Four such groups 

were obtained for E^ = 8.82 MeV and three such groups were 

obtained for E„ = 6.80 MeV. 
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3 
The final values obtained for the p- He analyzing 

powers and correlation parameters are given in Table III-3. 

T 
Fits to the Ay results and correlation parameter results, 

obtained by the phase shift search discussed in Chapter IV, 

are given in Fig. III-4. The Ay data listed are in excel¬ 

lent agreement with the proton analyzing power data 

reported by (Mo 69) . Only the data reported by (Mo 69) 

were used in the phase shift analysis, however, since it 

was felt that (Mo 69) had given a more complete analysis 

of the errors involved in a proton analyzing power experi- 

T T ment. The Ay data are in good agreement with the Ay data 

reported in (Me 70), with the error found in (Me 70), as 

explained in Section 2 of Chapter IV, taken into account. 

T 
It might be noted that the values reported here for Ay 

at 0cm = 109.5° for both energies are somewhat larger than 

the interpolations of the (Me 70) data at this angle. 

This could be due to an error in 0^or to the larger angular 

resolution reported by (Me 70), but no reason could be 

found to throw out any of these data for the phase shift 

analysis. The fits to the spin correlation data, especial¬ 

ly at 8.82 MeV, are strikingly similar to the fits obtained 

to C and C data taken at 19.4 MeV (Ba 71) . 
y#y x# x 

3. Deuteron Data Handling 

3 
In the d- He experiment, the pulse height spectrum 

from each detector gave a useful peak due to the elasti- 
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Figure III-4 

Fits obtained to the spin correlation 

and target analyzing power data using 

a phase shift analysis described in 

Chapter IV. For the target analyzing 

power data, squares are the data 

reported here, triangles are from (Me 70). 
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cally scattered deuterons at 30° and at 60° and a useful 

3 4 
peak due to the recoil He at 30°. The He from the 
3 
He(d,p) reaction were also observed but were not numerous 

enough to give useful statistical accuracy; protons from 

that reaction deposited too little energy in the detectors 

to be discerned from background. 

Table III-.3 gives a cycle of the d- He data-taking 

routine involving twelve periods of equal amounts of inte¬ 

grated beam. With one target spin projection three 

deuteron polarization states were run through twice. The 

target spin projection was the reversed and the three 

deuteron polarization states cycled again. Also listed in 

Table III-3 are the number of counts as functions of the 

analyzing powers and correlation parameters for the three 

detectors at a given angle for each of these twelve periods 

. . T 
of equal integrated beam. Again p and p refer to the 

absolute polarizations of the beam and of the target. It 

was possible to use one value for the absolute polarization, 

instead of two values corresponding to the absolute vector 

polarization and to the absolute tensor polarization, since 

the LASL spin filter source chose only one deuteron spin 

state, as explained in Appendix E, and the beam background 

remained unpolarized. m, and m refer to the vector spin 
J d 

projections for the target and beam, respectively, while 

mdd refers to the tensor spin projection of the beam. 

Actually, as explained in Appendix B, the deuteron spin 



32 

oo 
I 

H 
H 

0 
rH 

•S 
B 

Pi 
ÎD 

CQ 
•P 
P 
P 
O 
U 
m 
o 

o 
a 

-P 

■a 

»ü 
a 
rd 

•P 
m 
0 
a 

m 
-P 
P 
P 
o 
U 

m 
o 

o 
S 

"x ~X 
% % 

X X 
O o 

B O EH 
Pi Pi 
Pi PI 

00 ICN 00 ICN 
1 + + 

X X X 
X X X 

< < 
Pi Pi Pi 

A01 A01 

+ | + 
H rH «H 

P 

il 
r- 

P 

s 

>1 
0 

^P4 
Pi 

CO |CN 
1 

EH >1 
< 

*> a 
< 
Pi 

A°* 
+ 

04 
CO ICM 

Pï 

11 
t— 

Pl 

P 

II 
CN 

o 
P 

00 

à 
O s O z o 

EH EH EH_ 
Pi PI PI 
PI PI PI 

A" A01 

+ 1 1 + + 

s 

% 
>1 

O 

P 
II 
- oo 

o O 
^Pl 

Pi 
00 ICN 

1 + + + + + + 
_ o» „ 

= 5 

1 + 1 
î>i 

1 
V 

+ , 1 

= JS 
< 
Pi 

r 
Pi 

A°* 

= = = 

+ 1 1 + + + + 

** O O < 
04 

00 ICN 
= 

+ + + + 1 + 1 
p-l H H iH rH r-l rH 
«W> «w ** 
o O O O O O O 

PS PI PS PI PS PI PS 

II II II il II II II 
r-1 CN CN 00 00 -oo -00 

PS PI PS PI PS PI PS 

+ 

j 
<5 
Pi 
I 

H 

II 
-(N 
P 

>1 

O 

*0. 
Pi 

a 
<3 
Pi 
I 

O 

II 
-CN 
PI 

l 

O 

PS 

11 

»o «H CN iH «H CN 

g + 1 + + 1 

rH O H «H O 

g I + + 

00 A01 A°* PC A01 A" 
g + + + + + 

• 
o • • • § • 

B rH CN 00 LD 

X 
% 

X 
U 

Bpl 
Pi 

00 ICN 
I 

X 

1* Pi 
JT* 
+ 
H 

P 

II 
- r 
î=> 

>i 

à 
U 

Pi 
PI 

A" 
+ 

>1 
% 

>i 
0 

^Pl 
Pi 

00 ICN 
1 

a 

- CN 
PS 

< 
Pi 

A" 
+ 

<5 
Pi 

|00 ICN 

PI 

II 
- r— 
P1 

+ 
r-4 

PS 

II 
“ r- 
PS 

f 

VO 



N
o

. 
o
f 

C
o
u
n
ts
 
L

e
ft
 

an
d
 
R

i
g
h
t
 
N

o
.
 

o
f 

c
o

u
n

ts
 

U
p 

33 

§ 

X* 
% % 

X X 
u O u 

EH EH 
Pi n. 

PI 
QI 

OofcM OofcM 
^h + 1 

X X X 
X X .X 

< < < 
Pi Pi Pi 

A01 A°» 
+ 1 + 
rH HI H 

O O O 
P P P 

II 11 II 
i—1 CM CO 

P P p 

~Vi ~ >1 % 

o 

*0. 
Pi 

A01 

s 
U 

H 
Pi 
PI 

& 0 
^p. 

Pi 
HT1 

1 
>1 

3
 

T
 

+
p

p
c

y
 

9m O O 

>i 
u 

Bo. n. 

+ + + 
OofcM 

EH 
< = 

EH £>I - E*« >1 
< 

** 
1 

î>i 
+ 

*0. 

■x 
+ 

BP| 

J* z > 
< 

s 
< 

Pi 

+ 

Çk 

1 
! 

Pi 
HV1 

+ 
>1 

<6 
00 ^CM 

H 
+ 
H 1

+
 

0
 

1
+
 

0
 < 

Coj|cM 

H 

PS PS 

I 
H 

Pi 

+ 
HI 

II 
- oo 
P 

I 
H 

PS 

X 
$s Pi 

II 
- CM 
P 

>1 

£ 
o 

H 
Pi 
P. 

+ 
EH^>1 

< 
Bpl 

I 

«6 Pi 
I 

O 

+ 
H 

I 
O 

+ 
H 

PS 

X 
% 

u 
*0. 
rojoi 

X 

â 

f H 

P 

II 
•* r- 
P 

>1 
>1 

u 
Hpl 

Je» 
1 

>1 
* 

>1 u 
*q. 
rojcM 

EH !>I 
< 

*0. 

.ft 
Pi 

A™ 
+ 

< 
CO^CM 

Il II II II il II Il II II II II 
<d» lO in KO KO - KO " KO - LD - LO - ^ 

H PS H PS H PS L
 

R
 

P PS H 

TO 
*0 H CM rH H CM H 

g + 1 + + 1 + 

ne H O rH rH H 
g 1 + + O 1 

A" PT1 A°» A" A" A" 
or » 1 1 1 1 1 1 

g 

• • • 
o • • • O H CM 

S l> CO O H H H 

PS 
II 

PS 



34 

states were not pure so that the beam spin projections 

differed somewhat from integral values for different beam 

states. 

The quantities pAy, p
TAy, pA^, pp

TC^y, and PPTcyy/y 

were calculated from counts taken in a left detector as 

follows : 

pA : 
* Y 

= [ (LpLp + (L6+L£) - (L-j+L-p - (L4+Lp ] /12LQ 

T PP c 
^ Y'Y 

= [ (L3+Lp - (L6+Lp - (Lp-Lp + (L4+Lp ] /12LQ 

pA 
* yy 

= [ (L3+Lp + (Lg+Lp + (L^+Lp + (L4+Lp 

-2 (L2+Lp-2(L5+Lp]/12LQ (HI-7) 

T pp C 
** YY'Y 

[ (L3+Lp - (L6+Lp + (L-pLp - (L4+Lp 

-2 (L2+L ’ ) -2 (L5+Lp ) /12LQ 

11 
H
 

>» 

Q* ( (Lx+Lp + (L2+Lp + (L3+Lp - (L4+Lp 

-(L5+Lp-(L6+Lp]/12L0 

where 
6 

12L = S (L.+Lp (III-8) 
U i=l 11 

Similar linear combinations can be made to calculate these 

quantities from counts taken in a right detector and to 

T calculate pA , and pp C from counts taken in an up 
XX X | X 

detector. For deuterons polarized along k^n, similar 
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T T 
linear combinations can be made to calculate p A^ and 

T 
pp C from counts taken m either the left or right zz / y 

T 
detector, to calculate pp C from counts taken m an z f x 

up detector, and to calculate pA from counts taken in an z z 

up, left, or right detector. Because of impure beam 

polarization states, however, corrections must be made to 

these linear combinations. These corrections are explained 

in Appendix B. Because of background, the errors to these 

quantities are not as simple as those for the corresponding 

3 . . ... . . . 
p- He quantities. This is given a discussion m Appendix C. 

Also because of impure beam polarization states, 

quantities such as (U^-U^)/(U^+Ug) are not measures of zero 

as in the proton analysis. Instead, zero asymmetries formed 

using identical beam-target polarization configurations 

must be relied upon as internal checks on the data. In 

addition, measurement of parameters identically zero due to 

parity considerations are also useful in determining beam 

integration error. 

Beam integration error and target polarization were 

calculated here as described in Section 2. The final 

results are given in Table III-4. The agreement of the 

target analyzing powers with those reported in (Wa 70) 

(Ha 70) is very satisfactory with one exception: At 

T 
E-. = 9.86 MeV and 0 = 120° A appears to be several d cm y 

standard deviations away from the results of both (Wa 70) 

and (Ha 70). However, no reason was found to discard this 
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Table III-4b 

Correlation Parameters in 
3 

d- He Elastic Scattering 

Ed 
(MeV) 

0 i 
c.m. 

(deqrees) • 

C 
Y,Y 

C 
x,x 

C 
z,x 

C 
yy,y 

C 
zz,y 

3.73 49.5 -.09±.03 -.04±.04 .00±.05 

5.80 49.5 -i07±.02 f.l4±.04 -,03±.03 
5.80 95.3 f.55±.05 f.08±.06 .00±.06 

7.84 49.5 f.04±.02 f.l2±.04 -.02±.02 -.15±.03 f,14±.03 
7.84 95.3 f.42±.05 f.24±.06 f.07±.05 -. 12± .06 -.08±.06 
7.84 120.0 f.48±.07 f.42±.10 .00±.06 -.10±.08 f.44±.08 

3.85 49.5 f.04±.01 15±.02 -.13±.02 • 

8.85 95.3 f.45±.03 f.18±.04 -,06±. 04 
8.85 120.0 f.55±.04 K 29±.05 -.38±.06 

3.86 49.5 f.09±.01 t-.17±.02 -.18±.02 
9.86 95.3 f.44±.04 K 29±.05 t-.06±.05 1 
9.86 120.0 K 61±.05 f-.27±.05 -. 36±. 06 1 I 
LI.89 49.5 J-.09±.02 24±.06 -.19±.04 

t 
i 

11.89 95.3 K34±.04 i-.24±.07 -.01±.06 

is the lab energy of the incident deuteron beam; 

0 is the center-of-mass scattering angle. Errors are 

standard deviations and do not include possible systematic 

effects discussed in the text. 
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point. It should be noted that in making the comparison 

the Ay of (Wa 70) were multiplied by a factor of 0.96 to 

be consistent with the choice of target polarization deter¬ 

mination used here and in (Ha 70). 

In order to compare the results in Table 2 with those 

of (Ko 72) a conversion from the spherical analyzing powers 

iTll' T20' T21' an<^ T22 tC> t^le cartes:*-an analyzing powers 

A , A , A , and A was made according to the Madison y xx yy zz ^ 

convention (Ba 71'a). Since it is evident that the statis¬ 

tical errors quoted in ref. (Ko 72) do not adequately account 

for fluctuations in that data, our results were compared 

with smooth curves drawn through the converted analyzing 

powers. The agreement is then excellent, but it must be 

borne in mind that, in any detailed parameter search which 

2 
seeks to minimize X and which uses the data of (Ko 72) , 

additional errors should be folded in so that points with 

very good statistics will not be too strongly weighted. 
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IV. Phase Shift Analysis 

1. Formalism 

If the interaction of two particles is dependent 

upon the particles' spin state, then states of definite 

orbital angular momentum can no longer be considered as 

eigenfunctions of the interaction. Basis states for the 

construction of the scattering matrix are instead chosen 

to be states of total angular momentum J and spatial 

. . TT . , 
parity rr. Each term of specific J in the scattering 

matrix can be expanded in terms of states of definite 

orbital angular momentum L and definite total spin S. 

TT 
Since there are only two such states for any given J , 

. . TT 
each term of specific J can be a 2x2 submatrix and for 

elastic scattering is given in the convention of (Bl 52) 

as 

If the channel spin mixing parameter e is 0, S 
J 

becomes diagonal, and 6^ and become just the phase 

shifts for the two orbital angular momentum states. Note 

that e is modulus TT. Also it is seen that by changing e 

by TT radians, the only effect is to replace 6^ by &2 and 

vice versa. Other conventions are also used, as for 

example (He 72), the only requirement being that S 

S 
J 

.TT 

J 
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remain unitary. We adopt the convention that 6^ stands for 

the phase shift corresponding to the lower spin or orbital 

angular momentum. 

From the discussion of (Bl 52), incorporating a 

correction noted by (Hu 67), the scattering amplitude for 

elastic scattering connecting the spin state of total s 

and mg quantum numbers to the spin state of total s' and 

mg' quantum numbers is given by 

q 
s;ms ; s ,m 

s 

» J+s J+s' 

y Y y , TT^^A+D^AsOm |AsJM) 
J=o T=|j-s| T'=|J-s!| s 

x (A's'H'm '|A's'JM)(6 
S
6A' rss A ', s A ) 

x ^A'(0»^p) 

with M = m and |i‘ = M-m = m -m '. Here (IsOm llsJM) s s s s s' 

and (1's'H'|1's'JM) are the Clebsch-Gordan coefficients, 

and the Y^,^, (0, cp) the spherical harmonics in the conven¬ 

tion of (Co 70) . 

Since in any scattering experiment, the quantum num¬ 

bers of the two interacting particles are measured 

separately, the q , , must be expressed in terms of 
s mg ,smg 

scattering amplitudes which are parameterized in terms of 

the incoming and outgoing spins of the two particles. These 

scattering amplitudes are given in terms of the Legendre 

polynomials, the nuclear and the coulomb scattering matrices 

by (To 62) for the case of spin ^ on spin % elastic 
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scattering. The differential cross section and the 

Cartesian analyzing powers and correlation parameters dis¬ 

cussed in Section 3 of Chapter II are given by (To 64). 

The correlation parameters C , C , and C are given 
y,y x,x x,z 3 

in terms of the S, T, and U notation of (To 64) as 

U+T 
y,y a(0) 

P = U~T 

x,x a(e) 

= Im (S) 
x,z 0(0) 

2. Analysis 

The search routine used was one only slightly modi¬ 

fied from one used by (Me 70). It was a simple step 

routine which utilized fourteen phase shift parameters and 

five spin channel mixing parameters to fit the cross 

section, analyzing powers, and spin correlation data simul¬ 

taneously. The scattering matrix elements through A £ 3 

were included. Provisions were made to limit the number of 

phase shift and mixing parameters searched in, as well as 

to set certain phase shifts equal to one another. This 

latter provision allowed restrictions on the splitting of 

higher order phase shifts of identical i without excluding 

them from the search. The former provision made it not 

only possible to exclude higher A phase shifts and certain 

mixing parameters from the search, but also to determine 
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the goodness of fit, as defined below, with one parameter 

or a set of parameters fixed at certain values. 

2 
The goodness of fit parameter X is the same as that 

defined in Chapter 10 of (Be 69), in which a complete de¬ 

velopment of the method is given. The normalized proba- 

. . . . . 2 
bility distribution function for x with v degrees of 

freedom is given by 

P^(X2, v) 
(v2,Mv-2>e-X

2/2 

2V/2 r(v/2) 

2 
The minimum value for x is thus seen as the most probable 

and is defined as characteristic of the best fit possible. 

2 
The relative likelihood for a given value of x correspond¬ 

ing to a given fit is therefore 

X. <x2) 
V*2-v> . ef*Lr*

2>/2 

The errors for phase shifts and mixing parameters 

quoted here are the standard deviations of the curve P 
X 

2 
or alternately ) * The standard deviation a for one 

parameter in a multi-parameter space is given by (Or 58). 

It is the maximum difference between that parameter's value 

2 2 
for and that parameter's value for (X^^n + 1)* 

There are two methods used here for determining a 
2 

for each phase shift and mixing parameter. When the x 

2 
space near X^n is parabolic or approximately parabolic, 
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an inversion of the curvature matrix gives the values of 

the for the different fitting parameters. This method 

is given a complete discussion in Chapter 11 of (Be 69). 

A more direct but much more tedious method is to fix a 

given parameter at a certain value and search using all the 

2 
other chosen fitting parameters to find a minimum x • 

Several such minima can be found corresponding to fixed 

values of the given parameter and a curve fitted to this 

2 
X with respect to parameter plot. This method is neces- 

2 
sary if the X space is non-symmetric or non-parabolic 

about the minimum with respect to the given parameter. 

The data used for this phase shift analysis consisted 

T 
of: A , C , and C data and errors at 6.80 MeV and 

y y,y x,x 

8.82 MeV shown in Table III-3; A^. data and errors at 6.82 

and 8.82 MeV (Mo 69); cross section data and errors at 

6.82 and 8.82 MeV (Me 64); cross section data and errors 

interpolated to 6.82 and 8.82 MeV from data at 6.52, 7.51, 

T 
8.51, and 9.51 MeV (Cl 64); A^. data and errors interpolated 

to 6.82 and 8.82 MeV from data at 5.90, 6.91, 7.92, and 

8.93 MeV (Me 70); and C data and errors at 8.82 MeV 
X / z 

(Me 70). In all cases, a linear interpolation between the 

two adjacent energies was used. 

T 
The A and C data from (Me 70) were altered to 
y x,z 

conform with the choice of f = 0.7 in the calculation of 

the target polarization (Co 63), (Ba 69). The data in 

(Me 70) were reported as conforming to the choice of 



44 

f = 0.9, but this was found not to be the case for A^. data 

T 
at 0 = 58° and 110° (Ba 69). The A data and errors at cm y 

these two angles already conformed to the choice of f = 0.7 

and thus was multiplied by the factor 1.00 before interpola¬ 

tion. The A^ data and errors at 0 =70.3° and 127.4° as y cm 

well as the C data and errors were divided by the factor x, z 

1.120. 
The present phase shift analysis used as an initial 

parameter set for the search routine the phase shifts re¬ 

ported at 6.82 and 8.82 MeV by (Me 70). To find other local 

2 
minima in x space, the initial parameters were varied over 

their possible values. By this method, other local minima 

were found, testifying to the irregularity of the space, 

2 
but in no case was the x for these local minima less than 

an order of magnitude above the two minima reported. Thus 

it is reasonable to assume that the minimum for 8.82 MeV 

and the minimum for 6.82 MeV reported are the true minima 

and correspond to the proper solution sets. 

Determination of the parameter set was of major con¬ 

cern to this phase shift analysis. Since the phase shifts 

are often strongly correlated, care must be taken so that 

the final values found for the chosen parameters are not 

artifacts of the particular parameter set chosen. Also 

the addition of too many parameters only serves to clutter 

up the analysis with quantities that are essentially unde¬ 

termined by the data and which do not improve the fit 
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significantly. Tests such as the F-test described in 

(Be 69) are sometimes useful, but ambiguities arise since 

the addition of a parameter to one set of parameters can 

affect the fit to a much different extent than its addi¬ 

tion to another parameter set. 

Figures IV-1 and IV-2 are illustrative of the search 

for the proper parameter set. Figure VI-1 shows the behav- 

2 
ior of the minimum total x found for the two sets of data 

at 8.82 and 6.82 MeV as a function of parameter sets. It 

should be noted that to obtain a reasonable fit at either 

energy, it is necessary to include at least all the partial 

waves through P-waves as well as the P-wave coupling 

parameter e (1 ) and all the D-waves which were fixed equal 

to another. The fitting functions must therefore be 

characterized by these eight parameters. Other additions 

to the parameter set were determined by their contribution 

2 to the improvement of total x • For example, after finding 

2 
a minimum X for the eight parameters mentioned above, it 

is possible to choose from among several additional parame¬ 

ters, including the e (1+), the e (2 ), both of which are 

tensor coupling parameters, and the coupled F-waves. It was 

found at this point that the addition of the'coupled F-waves 

2 
brought about the greatest improvement in x • This, it 

seems, had not been found in previous analyses (To 64), 

(Me 69) . 



46 

NO. OF F>l^/lM£T£/?5 
Figure IV-1 - 

Goodness of fit vs. parameter set — eight parameter 

set includes the € (1 ) and all the S, P# and D-wàves 

with the D-waves held equal to one another. Parameter 

sets here were chosen for optimum improvement of % . 
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ed"1)' 

P I ^ >■».> ♦—»— ■- 

6.82 MeV 
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Pi *-> • • •- 

J L J L 
8 12 16 

NUMBER OF PARAMETERS 
Figure IV-2 

£(1 ) and L= 1 phase shifts as functions of parameter set. 
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Figure IV-2 shows the behavior of the four P-wave 

phase shift parameters and the e(1 ) coupling parameter as 

2 
determined for minimum X for different parameter sets for 

the two energies. These parameter sets are characterized 

2 
by their maximum improvement of x from sets consisting of 

fewer parameters. For the higher energy data, where it is 

expected that higher order terms could be more important, 

it is clear from Figs. VI-1 and VI-2 that the choice of a 

parameter set containing all the S, P, and D-waves, the 

e (l-), e(1+), and e (2~) coupling parameters and the coupled 

2 
F-wave s is sufficient. Not only does x fail to 

decrease significantly with the addition of new parameters 

past this 14 parameter set, but also systematic drifts of 

the S and P-waves as well as of the e(1 ) level off past 

this choice. 

3. Systematic Errors 

Since the absolute normalization of the individual 

data sets used in this analysis were uncertain, searches 

were performed using systematically altered data sets in 

order to determine the possible systematic error associated 

with each phase shift parameter. Since the possible value 

of the parameter f, used in the determination of the 

target polarization (Co 63), has been reported to have 

possible values ranging between f = 0.5 and 1.0, this intro¬ 

duces a systematic uncertainty in the determination of the 
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target polarization of ±15%. (Mo 69) indicate a systematic 

uncertainty of ±3% in the normalization of the reported 

proton analyzing powers, while (Me 64) indicate a possible 

scale error of ±2% in the reported cross section data. The 

data sets used in the searches to determine systematic 

errors in the phase shift parameters were assembled as 

given by Table IV-1. In each set all cross section data 

were multiplied by the factor 1.02, 1.00, or 0.98, the pro¬ 

ton analyzing power data were multiplied by the factor 
3 

1.03, 1.00, or 0.97, and all the data dependent on the He 

polarization were multiplied by 1.15, 1.00, or 0.85. The 

initial phase shift parameters used in the different 

searches were taken from Table IV-2. 

2 
A minimum x was found for each data set described in 

Table IV-1, and the systematic drifts in the phase shift 

parameters reported in Table IV-2 are those maximum drifts 

from the phase shift parameters found using the unaltered 

data sets. It was found that in general the systematic 

drifts in the phase shift parameters exhibited strong cor¬ 

relations similar to those illustrated in Fig. IV-3. Since 

these correlations are similar for both energies, the 

systematic errors given for e(1 ) should be considered as 

scale errors in the behavior of e(1 ) with energy. 

No significant improvement in the fit as determined 

. . 2 by total minimum x was found for any of the systematically 

altered data sets, and some data sets significantly degraded 
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Table IV-1 

Systematic Factors for 

Data 
Set .«7(0.) 

A 
. V 

A
t, 
Y 

C ,C 
Y» y x 

1. 1.02 1.00 1.00 

2. 0.98 1.00 1.00 

3. 1.00 1.03 1.00 

4. 1.00 0.97 1.00 

5. 1.00 1.00 1.15 

6. 1.00 1.00 0.85 

7. 1.02 1.03 1.15 

8. 1.02 0.97 0.85 

9. 0.98 1.03 0.85 

H
 

O
 

• 0.98 0.97 1.15 

il. 0.98 0.97 0.85 

12. 0.98 1.03 1.15 

13. 1.02 0.97 1.15 

• 

r—1 1.02 1.03 0.85 



51 

the best possible fit from the best possible fit obtained 

using the unaltered data. Thus this analysis of systematic 

effects did not indicate that any renormalization of the 

data was called for. 

4. Conclusions 

The final values for the phase shifts and for the 

mixing parameters for the two investigated energies are 

presented in Table IV-2. The statistical errors quoted 

were, with the exception of the error given for the e (1~), 

determined using the curvature matrix inversion method 

mentioned previously. The curvature matrix was assembled 

several times, each time using a different increment in 

the numerical approximation of the second order derivatives, 

2 
to determine that the X space near the minimum was approxi¬ 

mately parabolic. 

Since the precision with which this experiment had 

determined the e(1 ) coupling parameter was of great con¬ 

cern, the direct method of evaluating the behavior of the 

fit with respect to this parameter was used. For both 

energies, e(1 ) was fixed at values ranging from 5° to 85°, 

and a search was performed using the remaining 13 parame¬ 

ters. The results of these searches are plotted in Fig. 

IV-3. The likelihood functions and the correlations of 

the P-wave phase shifts are also plotted in this figure. 

The statistical errors determined for the e(1_) using 

the matrix inversion method and the errors determined using 
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Table IV-2 

6.82 MeV 8.82 MeV 

(U 4J 
10 
fO -rl 
x: si 
P, CQ 

iH 
id 
0 

•H 
X) 
(0 

•rl 5-1 -u o 
m u ■u u 
CQ w 

u •H 
4J 
id 
e 
<D 5-1 
4J o 

CO S-) 
>1 u 
CQ pq 

■—i 
rd U 

•H 
4J 

CO 
<D 4J -rl H 
10 M-l -U 0 
(d *H (d H 
x: XJ -u M 

Hi CQ CO pq 

Ü 
-H 
4J 
rd 
e <D u 
4J 0 
CQ U 
>1 u 
W W 

xs 
o 

-86.7° ±5.2° r+ 9.5 
1-10.7 

-82.1°±2.6 
r+3.4 
1-3.7 

3'1 
-63.4 ±1.1 r+0.7 

1-0.7 
-73.7 ±0.8 r-!.! 

1+1.1 

s 
50.9 ±1.1 r+1.0 

1-0.9 49.3 ±1.4 
r+2.7 
1-2.5 

25.6 ±2.3 r+1.5 
1-1.5 

38.0 ±2.4 r+2.5 
1-2.5 

3pl 18.2 ±2.1 r+4.7 
1-4.7 30.7 ±1.4 

r+2.6 
1-3.7 

% 58.8 ±0.6 
r+1.7 
1-1.8 62.5 ±0.5 

r+2.4 
1-2.4 

e(l“) 78.3 ±1.0 
r+1.8 
1-2.5 

69.7 ±3.2 
r+6.4 
1-4.3 

S 0.1 ±1.9 r+0.7 
li-l*,2 

-3.8 ±1.2 
C '.7 

\ 
-2.8 ±1.1'' -1.1 ±0.7^ 

S -2.0 ±1.2 , +0.3 
” -0.3 

-1.9 ±1.0 + .1 ► 
- .2 

3°3 
-2.8 ±0.7, -0.6 ±0.5, 

F 0.5 ±0.1 r+0.1 
1-0.1 0.7 ±0.1 

r+0.1 
1-0.1 

e(l+) -2.0 ±1.8 
r+0.6 
1-0.3 -1.3 ±1.0 r+0.2 

1-0.2 
e (2~) -1.5 ±1.5 

r+1.6 
1-1.6 -2.6 ±1.0 r+ .5 

1-1.1 

2s+l Phase shifts are notated in the & convention, coupling 
parameters in the e (Jn) convention. F represents the coupled 
i=3 phase shifts. Statistical and systematic errors are 
discussed in the text. 
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the sweep method were similar, testifying to the applica¬ 

bility of the matrix inversion method to the determination 

of the errors associated with the other phase shift parame¬ 

ters. The errors shown for the e(1 ) at the two energies 

in Table 2 were determined by fitting a parabola to the 

2 
minima of the two x curves shown in Fig. IV-3. At each 

2 
energy, the two points chosen on both sides of minimum x 

2 2 2 
were within Ax = (X ”^in^ 

= 1*5 of the minimum. Thus the 

parabola fitted to the minimum point and these two points 

2 
was characteristic of the x space about the minimum. A 

comparison of the likelihood curve for e(1 ) for 8.82 MeV 

as shown by Fig. IV-3 with the same curve as given by 

(Me 70) demonstrates the large improvement in the precision 

of the determination of the e(1 ) parameter at this energy 

with the present analysis. 

It is felt that the present analysis represents a 

significant improvement over previous phase shift analyses 

due to the addition of the new spin correlation data and 

to the determination of a proper parameter set with which 

to fit the data. In effect, the addition of the new spin 

correlation data put restrictions on the fit to the entire 

data set, especially at the higher energy, such that the 

addition of A = 3 phase shifts was found to be necessary to 

obtain satisfactory fits. Also such an addition of 1 = 3 

phase shifts was shown not to be related to any possible 

renormalization of the data. Finally, it is felt that the 



Figure IV-3 

2 
Plots of the minimum total found for 

fixed values of £(1 ) and the corresponding 

likelihood function . Also the correla¬ 

tions of the P-waves is plotted. Fourteen 

phase shift parameters were included in 

these searches at the two energies. 
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determination of all the other phase shift parameters and 

their errors are definitive and not artifacts of the parame¬ 

ter set chosen to fit the data or of the spaces near the 

minima. The addition of further parameters such as the 

e(2+) coupling parameter or the splitting of the F-wave 

phase shift parameters was not called for by this analysis, 

and it was found that the analysis could not determine these 

with any precision. As it was, the precision with which 

the splitting of the separate D-wave phase shift parameters 

was determined was minimal although a difference between 

singlet and triplet states could be seen. 
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Appendix A 

Cleaning Procedure for the Scattering Cell 

3 
The procedure for cleaning a polarized He target 

cell is discussed in (Ha 72) . It is felt that some 

elaboration should be given to this discussion here since 

the scattering cell used in these experiments was much more 

ambitiously constructed than previous cells and cleaning, 

as a consequence, was more difficult. 

At least two weeks should be allowed to clean a 

freshly assembled cell. Sufficient cleaning could be 

accomplished in a week's time with nearly constant atten¬ 

tion, but cleaning over a longer period can involve less 

attention from the cleaner. Over a longer period, the 

person cleaning the cell can devote time to periods of 

actively cleaning the cell and monitoring the cleanliness, 

as described below, and leave interim periods when the 

pump and some gentle heating device are left to eliminate 

impurities slowly. Care must be taken, however, not to 

let these inactive periods become too long since it seems 

that impurities driven from the cell and lodged outside the 

cell may diffuse back into the cell. It is helpful to 

think of the entire cleaning process as driving impurities 

out of the cell and along the pumping line so that the 

majority of impurities are pumped out and not left to 

diffuse back into the cell. 
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It was found that a procedure similar to the follow¬ 

ing was an efficient method of cleaning a glass target 

cell with metal windows. 

1. The vacuum system pumpout line was able to reach 

—6 
an ultimate pressure of less than 10 torr. An ion gauge 

tube placed on this pumpout line was found useful for 

monitoring the pressure as well as for monitoring out- 

gassing from the cell during active cleaning. This ion 

gauge tube must be at least 1/2 meter from the target cell 

being cleaned if it is to be used for this latter purpose 

since the oscillating high voltage put out by the Tesla 

coil, which is used in the cleaning, will affect the 

electron emission current in the gauge tube if it is too 

close. 

2. Before the cell was placed on the vacuum system, 

it was rinsed with spectral grade heptane and then ethanol. 

After the cell was placed on the pumping line, the pressure 

-5 was observed to reach a pressure of below 10 torr within 

an hour. If a cell does not exhibit this initial behavior, 

then there are probably leak problems or large amounts of 

impurities outgassing in the cell. A new cell usually 

reached a pressure of approximately 5 x 10 ^ torr within 

a day's pumping time. 

3. When the pressure in the cell had reached 

5 x 10 torr, active cleaning could begin. There were 

now three sources of impurities to consider: (a) impuri¬ 

ties in the stopcock grease, (b) impurities in the aluminum 
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windows, and (c) impurities in the glass walls. 

(a) The stopcock had been greased using a minimum 

of stopcock grease. Care had been taken, however, that 

enough was used so that bare spots did not develop on the 

bore of the stopcock after it was turned many times. When 

the stopcock was closed, it was always turned counterclock¬ 

wise to a position where it was just closed. In this way, 

only a small area of grease was repeatedly exposed to the 

cell. During inactive cleaning, the stopcock was sometimes 

left halfway open so that the area of grease exposed to 

the inside of the cell could more easily outgas. The stop¬ 

cock grease was considered sufficiently clean when repeated 

opening and closing of the stopcock did not produce a 

pressure of greater than 10 ^ torr as monitored at the 

position of the ion gauge tube. 

(b) Impurities in the aluminum windows seemed to be 

moderately shallow. The difficulty in cleaning these 

windows lay in the fact that impurities could be adsorbed 

to the metal surfaces as easily as they could be driven out. 

As in (Ha 72), a Tesla coil was used in cleaning these 

windows, but it was found to be more efficient to use this 

Tesla coil when the cell was open to the vacuum system 

unlike the procedure suggested by (Ha 72) where the Tesla 

coil is used during a gas discharge inside the cell. With 

the ion gauge on, it was possible to monitor the amounts of 

impurities driven from the metal by the oscillating high 
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voltage applied. When the room was dark, it was possible 

to see a faint discharge in the arm of the window being 

cleaned if that particular window was outgassing. Groups 

of windows also were shorted together electrically so that 

several windows could be cleaned at once. By monitoring 

the pressure, it was determined how the cleaning of the 

individual windows was proceeding. With a continuous rf 

voltage applied to a window, the pressure at the position 

of the ion gauge tube rose rapidly, peaked, and then de¬ 

scended slowly. The rf voltage was usually removed from 

a given window when this peak was past since it was felt 

that most of the impurities driven from the window had 

either been pumped out or lodged elsewhere. Cleaning of 

the windows was judged sufficient after a continuous appli¬ 

cation of the Tesla coil on each failed to increase the 

pressure to a peak of above 5 x 10 torr. 

(c) The microwave method of heating the glass walls 

4 
with a He gas discharge is described by (Ha 72). The use 

of the Tesla coil to draw the discharge into the glass 

arms of the cell was also used. In addition during pumping 

out periods, the cell was kept at a constant temperature of 

between 40°C and 50°C by a small oven. It was felt that 

this constant heating at least prevented significant back 

diffusion into the cell and perhaps promoted a gentle 

constant outgassing from the cell walls. 
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4. As described by (Ha 72), the ultimate cleanliness 

of the cell was determined by the purity of the spectrum of 
4 

the He gas discharge. A pair of glassblowers' goggles 
4 

were used to filter out the bright yellow line in the He 

spectrum so that the background spectrum due to impurities 

could be seen more clearly. 

5. After the cell was filled with approximately 4 
3 

torr of He and removed from the pumping line, it was 

3 
observed that the purity of the He gas decreased signifi¬ 

cantly over the period of a week such that the attainable 

polarization in the cell also decreased. Since the purity 
3 

of He gas in an all glass cell that has been permanently 

sealed can persist over periods of years, it was felt that 

outgassing from the vicinity of the stopcock used to close 

off the cell was the main problem. However, if the cell 

was not subsequently opened to the air, it was easily 

recleaned in a day's time using the procedure described 

above. 
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Appendix B 

Crosstalk Caused by Inequality 

of Beam State Polarization 

(Oh 70) gives a complete discussion of the reasons 

for differing beam state polarizations. Briefly, this is 

what occurs: The LASL spin filter selects deuteron spin 

states of either (itij,!!^) = (+%,+l), (+%#0), or (+%,-1) 

(states 1, 2, and 3, respectively in Table B-l below), where 

mT and mT are the atomic and nuclear spin projections, in 

a region where the magnetic field is in the 500 to 600 G 

range. The atomic and nuclear spins are therefore de¬ 

coupled. In the argon charge transfer region, however, 

the magnetic field must be reduced because of emittance 

considerations. This allows the atomic and the nuclear 

spins to couple to form mp = +3/2, +%, and -% states of 

total angular momentum projection. The polarization of the 

(mJ,mI) = (+%,0) and (+%,-l) states is degraded through 

mixing with the (-%,+l) and (~h,0) states, respectively. 

For the 60 G field used in the charge exchange region by 

LASL, the vector and tensor polarizations are given by 

Table B-l 

State P P 
  z  zz 

1. 1.000 1.000 

2. 0.012 -1.966 

3. -0.984 0.952 
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Since the analyzing powers and correlation parameters 

were formed assuming that these states were pure, a cor¬ 

rection must be applied to the calculations. Using 

definitions, Ô = 0.012, AQ = 0.034, 6_ = 0.016, and 

A_ = 0.048, for the left and right detectors, with trans¬ 

verse beam polarization, the quantities calculated using 

Table IV-3 and Eqs. (III-7) and (III-8) become 

(pAy)c = t (6-3ô_)pAy±A_pAyy]/[6±3 (ôo+Ô_)pAy+(Ao-A_)pAyy] 

(pA )_,= [±3 (6 -2 6 )pA + (6-A -2A ]/[pA + (A -A )pA ] xjr yy c — o r y — yy ^ y o — * y y 

rn ITI rri rn rn 

(P Ay)C= 
[6P Ay±3(6o+0-)pp Cy,y 

+ ( Ao- A_ ) ppTCyy # y ] / [ PAy+ ( Ao- A_)pAyy] (B-l ) 

(P1?Tcy.y)C = [(6"3ô-)ppTcy,y:fcû-ppTcyy,y]/[6±3(Ôo+6-)pAy 

+ (A0-A_)pAyy] 

(PP^yy^^C = [±3(0_-26o)pp
TCy^y+(6-A_-2Ao)pp

TCyy#y]/ 

[6±3 (ôo+ô_)pAy+ (AQ-A_)pAyy] 

For the left and right detectors with the beam polarized 

■4 

along k^n, these expressions are 
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(pTAy)c “ t6p
T**+(ft0-*.)»

Tc„<yl/t6*(A0-».
)I*M] 

<PAZZ>C= [<6-A_-2ûo)pAzz]/[6+(A0-AJpAzzl (B-2) 

(PPTczz^y)c = [(6-A_-2A0)pp
TCzzyI/[6+(A0-A.)pAzz] 

The plus/minus convention is plus for left detectors, minus 

for right detectors. For the up detectors, the expressions 

become 

«P’Wc - 

(PPTcx,x>C = (6-36_)pp
TCXjX/[6+(A0-A_)pAxxl 
' (B—3) 

lpAzz'c = <6-A_-2A0)pAzz/[6+(A0-A_)pAzz] 

•PP^z.x’c = (6-3&_)ppTCz>x/[6+(A0-AJpAzz] 

When all the available analyzing powers and correla¬ 

tion parameters were calculated for one energy according to 

Eqs. (III-7) and (III-8) and the values of p and p for 

each run at that energy, the analyzing powers and correla¬ 

tion parameters thus found could be substituted back into 

Eqs. (B—1), (B-2), and (B-3) as the first step in an itera¬ 

tion process. As an example, the first iteration for 

T pp C would be 
YY' y 

(PpTcyy/y
)
1 = {

t6±3 (ÔQ+Ôj pAy+ (LQ-LJ,p
Ayy

] (PPTCyy,y)C 

+ 3(0 -26 )ppTC )/(6-A ~2A ) (B-4) 
— ° Y» yj - o 
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where the upper sign is for left detectors. It was found 

that only one iteration was necessary, since the corrections 

after one iteration were small with respect to both the 

parameters and the errors in the parameters. 

Chi-squared tests were also performed using the 

parameters that are identically zero due to parity. A dis¬ 

cussion of this is given in the text. Since these are 

affected by the crosstalk due to unequal beam polarizations, 

the zero parameter expressions are given here, for the 

transverse beam polarization case: 

(Pax)c = 4J?AXX/[6+<V*->P
A
XX

1 

<P
T
4>C 

= 3<6o+6-)PPTcx,x/[6+(Vi-)paxx1 (E'5) 

(PPTcxx.x>C = 3‘5--26o)PPTcx,x/[6+(Vi->PAxxI 

and for the k^n direction beam polarization case: 

(PAZ)C = 
±i-PRz2/

[6+ (VA-)pAzz] 

(ppTCZiy)c = *A-PPTcZZ,y/‘ < V^-’I^ZZ
1 

(B-6) 

<PTax>C - 3<6o+6->PPTcz.x/[<Vi-)PAzz1 

(PP^zz.x’c = 3<6--fo)PPTcz,x/l(Vi->PAzz1 

where the upper sign is for the left detectors and, in the 

pA expression, for the up detectors as well. z 
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Appendix C 

Errors in the Subtraction of Background 

A typical spectrum with background can be divided into 

regions as in Figure C-l. Here N = T+B is the total number 

of counts obtained by integrating under the peak, and G is 

the total number of counts obtained by integrating under the 

channels used in determining the background subtraction 

curve. The errors associated with N and G are purely statis- 

2 2 
tical so that (AN) = N and (AG) = G. B is defined as the 

number of background counts and is obtained by integrating 

under the background subtraction curve between the limits 

of the peak integration. T = N-B is defined as the number 

of true counts. Thus 

(AT)2 = (AN)2+(AB)2 

= N + (AB)2 . 

Now, with the definitions 

f> = B/T 

and 

t = G/B 

it can easily be shown that the statistical error associated 

with T is given by AT where 
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(AT)
2
= T[ 1+^(1+^ )/t ] 

Any other errors associated with T are systematic ones 

associated with the method of subtracting background. These 

were considered to be small in comparison with the statis¬ 

tical errors and were not folded in. The value for 'f for 

the background determination for the d-3He experiment was 

typically 1.0 . 
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Figure C-l 

Background Subtraction 

CHANNEL NUMBER (art units) 
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Appendix D 

Angular Resolution Calculation 

The angular resolution (standard deviation) was calcu¬ 

lated by folding together the angular resolution of the beam 

slit geometry, the angular resolution of the scattering slit 

geometry, and the standard deviation of the multiple scat¬ 

tering angular distribution in the entrance foil. Both slit 

geometries are such that the angular detection efficiencies 

for both are approximately triangular with maximum angular 

ranges of +2.43° for the two scattering slit geometry and 

1.44° for the beam slit geometry. The standard deviation 

squared of a triangular function of base 2p is given by 

Thus the standard deviations for the angular detection 

efficiencies for the scattering and beam slit geometries are 

approximately 1.1° and 0.2° respectively. The standard 

deviation of the multiple scattering in the foil was obtained 

from pages 30 and 31 of (Ma 68). For protons and for 

deuterons, this quantity is less than 0.1. Thus the 

angular resolution is 

This is integrated to yield 

2 
a = — 

CT = p/A/"6 

=1.2° 
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(Aj 66) 

(Aj 74) 

(Bl 52) 

(Ba 60) 

(Ba 69) 

(Be 69) 

(Ba 71) 

(Ba 71a) 

(Bo 72) 

(Co 63) 

(Cl 64) 

(Fi 73) 

(Hu 67) 

(Ha 70) 

(Ha 72) 

References 

F. Ajzenberg - Selove and T. Lauritsen, Nucl. Phys., 

78, 1 (1966). 

F. Ajzenberg - Selove and T. Lauritsen, Nucl. Phys., 

(to be published). 

J. M. Blatt and L. C. Biedenharn, Rev. Mod. Phys. 

24, 258 (1952). 

First International Symposium on the Polarization 

Phenomena of Nucleons, Basel, 1960. Helv. Phys. 

Acta Suppl. 6., 436 (1961) . 

S. D. Baker, D. H. McSherry, and D. 0. Findley, 

Phys. Rev. 178, 1616 (1969). 

P. R. Bevington, Data Reduction and Error Analysis 

for the Physical Sciences. McGraw-Hill (1969). 

S. D. Baker et al,, Nucl. Phys. Al60. 428 (1971). 

Proc. 3rd Int. Symp. on Polarization Phenomena in 

Nuclear Reactions, ed. H. H. Barschall and 

W. Haeberli (Univ. of Wisconsin Press, Madison, 1971) . 

M. Bolsterli and G. Hale, Phys. Rev. Lett. 28. 1285 

(1972). 

F. D. Colgrove, L. D. Shearer, and G. K. Walters, 

Phys. Rev. 132, 2561 (1963). 

T. B. Clegg et al., Nucl. Phys. 50, 621 (1964). 

S. Fiarman and W. E. Meyerhof, Nucl. Phys. A206. 

1 (1973). 

P. Huby, Proc. Phys. Soc. A67, 1103 (1967). 

D. M. Hardy et al.. Nucl. Phys. A160. 154 (1970). 

D. M. Hardy et al.. Nucl. Instru, and Meth. 98, 

141 (1972). 



R2 

(He 72) P. Heiss and H. H. Hackenbroich, Nucl. Phys. A1182, 

522 (1972). 

(Ko 72) V. KSnicr et al.. Nucl. Phys. A185. 263 (1972). 

(Mc 64) D. G. McDonald, W. Haeberli, and L. W. Morrow, Phys. 

Rev. 133. B1178 (1964). 

(Ma 68) J. B.Marion and F. C. Young, Nuclear Reaction 

Analysis. Tables and Graphs, North-Holland (1968). 

(Mo 69) L. W. Morrow and W. Haeberli, Nucl. Phys. A126, 

225 (1969). 

(Me 70) D. H. McSherry and S. D. Baker, Phys. Rev. C 1., 888 

(1970). 

(Or 58) J. Orear, Notes on Statistics for Physicists, U.C. 

at Berkeley (1958), (unpublished). 

(Oh 70) G. G. Ohlsen, Los Alamos Lamb-Shift Polarized Ion 

Source: A User's Guide, Nat. Tech. Info. Service 

(1970). 

(Oh 72) G. G. Ohlsen, Rep. Prog. Phys. 35, 717 (1972). 

(Pi 69) G. R. Plattner and L. G. Keller, Phys. Lett. 29B, 

301 (1969). 

(To 62) T. A. Tombrello et al., Nucl. Phys. 3_9, 541 (1962). 

(To 64) T. A. Tombrello, Phys. Rev. 138, B40 (1965). 

(Wo 52) L. Wolfenstein and J. Ashkin, Phys. Rev. 85. 947 

(1952). 

(Wo 56) L. Wolfenstein, Ann. Rev. of Nucl. Sci. 6_, 43 (1956). 

(Wa 70) B. E. Watt and W. T. Leland, Phys. Rev. C 2, 1677 

(1970). 



Acknowledgments 

First, acknowledgments must be made to our collaborators 

at the LASL van de Graaff laboratory, Dr. Gerald G. Ohlsen 

and Dr. Robert A. Hardekopf, and to the hospitality of the 

laboratory staff. Thanks also must go to Mr. Thomas Armstrong 

for the target cell assembly, Mr. Ed Preston for the glass- 

blowing, and Mrs. Mary Comerford for her excellent typing. 

Finally, special thanks go to Dr. Stephen Baker, probably 

one of the few persons capable of having driven the author 

to do this. 


