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PROTON-He3 POLARIZATION IN THE RANGE FROM 10 TO 20 MeV 

William F. Tivol 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

ABSTRACT 

Using the polarized beam facility of the 88-inch isochronous cyclo-

tron at Berkeley, we have investigated the polarization of protons in the 

elastic scattering of poiariied protons on He3. Four pairs of detectors 

were arranged around a target gas cell to count protons. These consisted 

of phototubes on which were mounted CsI crystals gr~und to a thickness 

~pproximately 50% g~eater than the rang~ calculated for the protons. 

The signals from the detectors were routed into two 400-channel pulse 

height analyzers thereby separating the elastic peak from inelastic 

bacground. Backgrounds were low enough to permit an unambiguous treatment 

of the spectra. A solenoid magnet was used to flip the prote Sl spins 

in order to cancel any geometric asymmetries. The target ga. cell '.Jas 

operated at 60 psi with a window of 1.9 mil dural for the higher energies, 

and at 20 psi with a 1 mil dural window at lower energies. At one energy 

points were taken with both operating conditions. Polarization as a 

function of angle for approximately twenty points were obtained for each of 

five energies in the range from 10 to 20 MeV by measuring the right-left 

asymmetry in the differential cross-section. The results are similar to 

the polarization in p-a scattering which seems to indicate that spin-

orbit effects are large~ Phase-shift analysis of the data shows no 

apparent regularities; however, all indications are that much more data 

is needed to determine the phase shifts accurately. In particular, triple 

scattering experiments, which determine spin correlation parameters, are 

especially necessary. 
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I. INTRODUCTION 

A program is underway at the 88-inch cyclotron to gather information 

regardi~g the cross section and polarizations in the scatterings of simple 

nuclear systems. The determination of the polarization in p_3He scattering 

between 10 and 20 MeV is a part of that program. 

It is hoped that information gathered about simple nuclear systems 
,>. 

will serve to elucidate the nature of nuclear forces--one of the fundamental 

unsolved problems in physics. Since nuclear forces are known to be strongly 

spin-dependent, it is essential that such quantities as the polarization 

and correlation parameters be measured in order fully to describe those 

forces. 

According to the nuclear shell model, systems consisting of up to 

two protons and two neutrons should have particularly simple properties. 

Furthermore, the small number of particles involved greatly simplifies any 

theoretical considerations. Of great concern, then, are the scatterings 

involving these simple systems, and, in particular, the scattering of 

polarized protons from these systems. 

In order to fit the experimental data, nuclear forces must be assumed 

to consist of several terms, not just a central term. The existence of the 

deuteron as a pure triplet state and the unbound nature of the singlet 

n-p system demonstrate that these forces must be spin dependent. The 

finite quadrupole moment of the deuteron can be traced to a potential of 

the form 

{3 
(0

1 
1) (t1

2 
_ V T ----2--"''---'---

r 

. 1) 
-7 

- ° 1 

which is called the tensor potential, where 01 and 02 are the proton and 

neutron spins, r is the distance between them and VTis an arbitrary scalar 
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function of 1 and of the relative initial and final momenta k and k'. The 

most general central force has a potential of the form 

where V
l 

and V
2 

are arbitrary scalar functions of 1, k and k'. Polarization 

in the scattering of protons from 4He can be explained only by the inclusion 

of a large spin-orbit force derived from the potential 

~ ~ ~, 
where V

LS 
is an arbitrary scalar function of r, k and k . 

system the spin-orbit potential contains two terms due to the two spin-l/2 

particles. It is convenient to write this potential in the form 

~ 

n -
~ ~ ~ ~ ~ ---7 
cr

2
·n)+c(cr ·n+cr ·n), 

1 2 

~ 

where n is the normal to the plane of scattering, and B, and Care 

~ ---7 ~ 

arbitrary scalar functions of r, k and k'. 

In addition there are exchange forces. Between any pair of nucleons 

forces arise due to the identical nature of the particles. These forces 

can be described in terms of operators which exchange the space, spin, or 

isotopic spin coordinates of the pair. These forces produce saturation 

m nuclear binding and lead to the well known constant density of nuclear 

matter. 

In order to discover how much of each of these forces is present, it 

is necessary to measure several experimental quantities. 

Following the treatment by H. P. Stapp (Ref. 1, pp. 293-6) we define 

the density matrix 
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Then the expectation value of any operator A is 

< A > = Trp A = L f.. < i 1 A Ii> , 
i 1.1. 

where f .. is the fraction of beam particles in the state i as can be seen by 
1.1. 

expanding 
0;-

L <1<1 i> f.. < j 1 k > = 
ij l.J 

Of paramount interest, of course, are the expectation values of the 

scattering matrix or equivalently the transition matrix. 

Since I final> = sl initial >, 

1\ SA st. 
Pfina1 Pinitia1 

Subtracting the unscattered beam we have p . sc 
t = R ~. R , where R 

1. 

given initial momentum k and final momentum k' we have 

S-1. For a 

Using M(k'~) to represent the transition to various final spin states for fixed 

initial spin states, that is 

we get 

dO' 
dD = r(e,¢) = Tr f). 

1. 

Since M can be expanded in terms of 

we get. 

-~ 

cr = (0',0' ,0' , 1) 
IJ. x Y z 

M= 
\" 
l .. 

_Jl,V ~ (1) -7 (2) 
M: 0' 0' 

IJ. V 
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_J.l,V -c-7 d~' The only vectors upon which M can depend are k an k. Finally we get 

as, the most general scaler which is invaria'nt under rotations and spatial 

reflections 

Kd
2 

. rz) 

where K is a unit vector in the direction ~, + ~ and ¥ is a unit vector 

in the direction k' -k. 
-c-7 

Time reversal changes the sign of the expressions o. 
1. 

-c-7 -c-7 
Po. 

J 

whence invariance under time reversal requires that g = h O. 

-c-7 
K, 

There are, then, six complex quantities, a, b, c, d, e, and f, arising 

from six linearly independent amplitudes, which specify the behavior of 

the spin 1/2 on spin 1/2 system. Sincemch has a complex coefficient 

there are 12 real numbers to be measured. One of these is an overall phase 

factor which is not measurable experimentally; this leaves eleven experiments 

to be performed, e.g. cross section, polarization, and the nine correlations 

c ... 
1.J 

The purpose of measuring the polarization in p_3He scattering is to 

increase our knowledge of the p_3He system, in particular of these quantities. 

It is hoped that a number of sets of phase shifts consistent with the data 

will be found. From these phase shifts predictions of other experimental 

quantities can be made. Hopefully, in the future, measurements of other 

experimental quantities will enable a unique set of phase shifts to be 

chosen, and a complete description of the p_3He system will then be available. 

In particular, predictions will be made of A ,A and 3He recoil 
xx yy 
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..A.. 

C .. ( -1) n where polarization. A .. is defined as n is the number of times 
~J ~J 

K appears in i, j. At present measurements of A xx' A and p are beig 
yy 3He 

<-1 
carried out 

H. P. stappl has described the possible spin 1/2 on spin 1/2 experi-

ments and the relationships between them. Of concern here are the cross 

section, the polarization or asymmetry, and the correlation parameters 

CNN, A , and A 
xx yy 

Figure 1 (a-~) shows how measurements of five various 

experimental quantities are made. The cross section is measured using an 

unpolarized beam and an unpolarized target and no final polarizations are 

measured. The polarization is measured by performing a second scattering 

and comparing the numbers of particles scattered to. the left and to the 

right. For the perfect analyzer, P (L - R)/(L + R) where L is the 

intensity scattered to the left and R is the intensity scattered to the 

right. For a real analyzer, a factor must be inserted which corresponds 

to the analyzing power of the analyzer: Ba = (L - R)/(L + R) ; a < 1. 

Clearly, if a beam of completely polarized particles is scattered from 

an analyzer, (L - R)/(L + R) = a. 

Time reversal invariance implies that the polarizing and analyzing 

powers of any scattering are equal. If we define Zek, k'; A, B, C, D) 

as the intensity measured where the initial polarizations are fixed 

along A and B, and the final polarizations are measured along C and D, we 

'have 

(
-7 ~, ) Z k,k ; A,B; C, D z , (k,k')A B C,D 

~rl\p ~ I 1\ P 

where 
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ANA 1.. Y Z E. (:l.. ------ ------- __ 

P R. OTO N &E.M\ 

Figure 1. Various possible p_3He experiments: 
(a) Proton polarization 

R 

&tAM 

XBL 683-191 it 
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~CJ~TTER.EO 

BE~M 

POL. A R , :! E.D 

PROTON BEAM ( Up) 

Figure 1. Various possible p_3He experiments: 
(b) Asymmetry 

XBL 683-192 
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/OETiCTOIt 

ANAl.Y~EIl.S 

PETECTOR. 

RECOIL 3 lie / 

XBL 683-193 

Figure L 3 . . t . Various possible p- He exper1men s. 
(c) Spin correlation parameter, C

NN
• 
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.0( 

'iG"TTE.RE D &!AM 

POLAR.IZED 3 I-l.e ( up) 

POLAIl' l.. ED PJlOTON SEAM ( up) 

XBL 683-195 

Figure 1. Various possible p.3He experiments: 
(d) Spin correlation parameter A , measured in the 

horizontal plane. YY 
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VOL~R.~EO PROTON SEAM (Up) 

XBL 683-194 

Figure 1. Various possible p~3He experiments: 
(e) Spin correlat:ion parameter A ,measured in 

. . 1 1 xx tne vert1ca pane. 
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and M is the transition matrix of the interaction . 

Time reversal changes k' into -k, k into -k', and each of A, B, C, 

andD into -C, -D, -A, and -B, since all the spins and momenta are reversed 

(~ -7, ) as well as the designations initial and final. Now P = Z k,k ; 0,0; n,O 10 

is a scalar and thus must have the form 

hence 

Z Ck, k' ; 0, ° ; n, 0) = Z ( -k\ -k; 0, ° ; -n, ° ) 
which by time reversal is 

Z (-7k, k:-7, ., ) n,O; 0,0 

0: Z(k,k'; n,O; 0,0)/1
0 

so 

P = 0:. 

The correlation parameter C
NN 

is measured in a coincidence experiment. 

It is defined as 

(L,L) + (R,R) - (L,R~ - (R,L) 
CNN = (L, L) + (R, R) + (L, R + (R, L) 

where 0: is the analyzing power of the analyzers and (L,R) refers to a proton 

scattered to the left by the analyzer in coincidence with a 3He scattered 

to the right and so forth. Ayy is the time reversal of CNN . With a 

vertically polarized beam and target we can write 

= I + (p P + 3P3) cos 50 + P P
3

[A sin (210) + A cos (210)]. (1) 
P P P P xx yy 
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where Pp is the beam polarization, P3 is the target polarization, Pp is 

the proton polarization due to the scattering, P
3 

is the recoil 3Hepolarization due 

to the scattering, andcrO(e) is the cross section measured with an 

unpolarized beam and target. If measurements are made in the horizontal 

plane we have 

cr(e,o) + cr(e,:n:) 
20

0
(e) 1 + p P3A P yy 

in the vertical plane we have 

1 + p P3A . 
P xx 

1--. 

•. 
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II. PREVIOUS WORK 

T. A. Tombrello has summarized all the data obtained in p_3He 

·2 
scattering prior to 1965. That summary and the references contained in 

it include all the experimental and important theoretical work done on the 

p_3He system to that time. In Table I a list appears of data taken prior 

to this work. 

It can been seen that very few measurements of the polarization 

were available, especially in the region between 10 and 20 MeV where 

the inelastic processes first become important. The energy range of the 

present experiment was chosen so that the lower end would allow comparison 

with previous data. The range was made broad enough so that inelastic 

scattering effects would more than likely be observed. 

The Tombrello paper is excellent except that it contains a typo-

graphical error. The expression for two coupled S-matrix elements is 

'3 
given by ~. M. Blatt.and L. C. Biedenharn as: 

S 

. 2 2io2 
+ Sl.n E e 1 . ( (2iOl 2" Sl.n 2E) e - e 

. 2 2iol 2 Sl.n E e + cos E 

2io2 ) \ 

\ 
I 

li02)/ 

where Tombrello's expression for the off-diagonal elements reads: 

U 1 = U 1 
1,0;1,1 1,1;1,0 

Work is in progress at C. E. N. Sac lay, Rice University, and the 

University of California at Davis, to meaEure A , A , and recoil 3He xx yy 

polarization. In addition a remeasurement of the cross section at 19.4 

MeV is planned at Davis, since indications are that the data of Vanetsian 

and Fedchenko are no good. 
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~ Table r. Prior Work 

E1ab ~~. 
(MeV} Data Eoints Reference Connnents 

1. 01 O'(e) 9 K. F. Famularo et aI., Phys. Rev. 23., 
928, 1954 abstract only 

1. 60 O'(e) 9 K. F. Famularo et al., Phys. Rev. ,2}, " 

928, 1954 abstract only 

2.01 O'(e) 20 T. A. Tombre11o et aI., Nuc. Physics 

.3.2, 541, 1962 

2.25 O'(e) 9 K. F.Famu1aro et aI., Phys. Rev. ,2}, 

928, 1954 abstract only 

3·01 O'(e) 20 T. A. Tombre11o et aI., Nuc. Phys. .3.2 
541, 1962 

3·52 O'(e) 9 K. F. Famularo et aI., Phys. Rev. ,2}, 

928, 1954 abstract only 

3·99 O'(e) 20 T. A. Tombre11o et aI., Nuc. Phys . .3.2, 
541, 1962 

!fIlIII!'1t.. 4.00 O'(e) 16 D. G. McDonald et aI., Phys. Rev. 13JBz 

1178, 1964 

4.05 p(e) 4 D. G. McDonald et aI., Phys. Rev. 13313.z 

4.178, 1964 

4·54 O'(e) 20 T. A. Tombre110 et aI., Nuc. Phys. .32., 
541, 1962. 

4·55 O'(e) 22 T. B. Clegg et aI., Nuc. Phys. 2Q, 
621, 1964 

4·96 O'(e) 12 D. R. Sweetman, Phil. Mag. 46, 358, 1955 14.9 MeV3He on p 

5·5 O'(e) 8 K. P. Artemov et aI., Sov. Phys. JETP 31 
(10) 474, 1960 

5·51 O'(e) 22 T. B. Clegg et aI., Nuc. Phys. 50, 

621, 1964 
~ 

5·51 O'(e) 16 D. G. McDonald et aI., Phys. Rev. 133B, 
I' 

1178, 1964 

5·52 p(e) 4 D. G. McDonald et aI., Phys. Rev. 133B, 

1178, 1964 

~ 6·5 O'(e) 35 J. E. Brolley· etal. , Phys. Rev. 1:.!1, 
1307, 1960 



.. 

Elab 
(MeV) 

6.8 

6.82 

6.83 

7·51 

7·9 

8.0 

8·34 

8·51 

8.6 

8.82 

8.83 

9·00 

9·51 

9· 75 
10 

lO 
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Table I. Prior Work (continued) 

No. 
of 

Data points Reference 

aCe) 21 T. B. Clegg et al., Nuc. Phys. 12, 

aCe) 

aCe) 

pee) 

aCe) 

aCe) 

aCe) 

aCe) 

aCe) 

9 

16 

5 

22 

lO 

2 

38 

22 

lO 

16 

p( e) 5 

aCe) lO 

621, 1964 

K. P. Artemov et al., Sov. Phys. JETP 

31(10), 474, 1960 

D. G. McDonald et al., Phys. Rev. l33B, 

1178, 1964 

D. G. McDonald et al., Phys. Rev. l331L 

1178, 1964 

T. B. Clegg et al., Nuc. Phys. 50, 

62'1, 1964 

K. P. Artemov et al., Sov. Phys. JETP 

37(10), 474, 1960 

Bake et al., (to be published) 

J. E. Brolley et al., Phys. Rev. 111, 
1307, 1960 

T. B. Clegg et al., Nuc. Phys. 50, 

621, 1964 

K. P. Artemov et al., Sov. Phys. JETP 

37(10), 474, 1960 

D. G. McDonald et al., Phys. Rev. l33~ 

1178, 1964 

D. G. McDonald et al., Phys. Rev. ~, 

1178, 1964 

Bake et al., (to be published) 

T. B. Clegg et al., Nuc. Phys. 50, 

621, 1964 

K. P. Artemov et al., Sov. Phys. JETP 

37 (lO ), 1960 

Comments 

aCe) 25 

P3(e) 2 

R. H. Lbveberg, Phys. Rev. 103, 1393, 1956 

Bake et al., (to be published) 

pee) 8 L. Rosen and J. E. Brolley, J. Physics 

Radium 21, 365, 1960 Graph only 
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Table I. Prior Work (continued) 

E1ab 
No. 
of 

{MeV~ Data Eoints Reference Corrnnents 

10·38 cr(e) 20 T. B. Clegg et aI., Nuc. Phys. 22, 
621, 1964 .' 

10.74 p(e) 6 D. G. McDonald et aI., Phys. Rev. 1J.3.h. 
1178, 1964 

10·77 cr(e) 16 D. G. McDonald et aI., Phys. Rev. ~ 

1178, 1964 

11 P
3

(e) 2 Bake et aI., (to be published) 

11.48 cr(e) 17 T. B. Clegg et aI., Nuc. Phys. 50, 

621, 1964 

12·79 p(e) 4 D. G. McDonald et aI., Phys. Rev. ~ 

1178, 1964 

14.5 cr(e) 53 L. Rosen and J. W. Leland, NCSAG Report 

~, 
Wash-1064, 99, 1965 

14·5 p(e) 10 L. Rosen and J. W. Leland, Phys. Rev. 

Letters .§, 379, 1962 

19·4 cr(e) R. A. Vanetsian and E. D. Fedchenko, At. 

Energy (USSR) ~, 123, 1957 Graph only 

19·48 p(e) 26 T. A. Cahill (private communication) 

P
3

(e) 3 

A 2 
xx 

A 3 yy 

, 
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III. EXPERIMENTAL SYSTEM 

A. Polarized Proton Beam 

A hydrogen target was bombarded with an a-beam producing recoil 

protons polarized by the scattering. Studies of p-a polarization between 

5 and 10 Mev5 yield the information that at 126 deg in the c.m. , protons 

are polarized to better than 99.5%. A useful relationship is 

E 
c.m. 

_M_E 
m + M lab 

, 

where M is the target mass and m is the projectile mass. Thus, for the 

proton alpha system and an a-beam, E = 
cm 

1 5 Ea, whereas for a proton-beam 

E cm 
4 5 Ep. Hence for equivalent interactions 

1 E 
5 a 

The kinematic relationships for the recoil protons are shown in 

Fig. 2. 

~ -7 Since the protons are initially stationary it follows that vp = V , cm 

whence e-P1ab 1(1800 
- e· ). N t th b d d d ex, e a- earn energy nee e to pro uce 2 cm 

a given proton recoil energy must be calculated. From energy and momentum 

conservation we have 

and 

2 
rp/\ 

p 
'2 

+ P a 

o 
Pa cos e + p/\ cos 27 p. a p q 

Solving these we get 

and 

p = 2 p/\ sec 27 0 
; a 2 p 

2 
9p-p 

8m 

PI> sin 27
0

, 
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V p'" = pr'otoncm velocity '" ~ a lab velociiy 

recoil proton l/Jb'lelocHy co 

c\'\'\ '4e\oci-ty ;. recoil ~on 
CYI'\ veloci-ty=V pi 

--:i.;-------------
V :: em velocity:: * co<: lab velocity 

~* -Jo.* _ ---. ..... 
V P - V", ... V p - V~ '" - V~ 

-'".. --. 0 mp Vp + m.cV.,c = 
- '" ..... * 4...... .....* - V P ,. -4 V..c c '5' Yo( = V 

V~*I = IVp*1 

Vp "" Vp + v* 

... ec:oi I proton em velocity • '* DC la b veloci ty V p 1* 

XSL 683-19'6 

Figure 2. Kinematic relationships in the production of a polarized 
proton beam. 

.... 

• 
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so that in order to produce a 10 MeV polarized proton-beam we must use 

a 22.5 MeV a-beam and for a 20 MeV polarized proton-beam we must use a 

45 MeV a-beam. The scattering of a 20 MeV a-beam on protons is equivalent 

to the scattering of a 5 MeV proton-beam on an a-target, and the scattering 

of a 40 MeV a-beam on protons is equivalent to the scattering of a 10 

MeV proton-beam on an a-target. 
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B. Beam Layout and Optics 

The beam layout is shown in Fig. 3. The a-beam from the SS-in. 

cyclotron is sent through a switching magnet in the cyclotron vault 

area. It is collimated by C
l 

and it impinges upon the hydrogen target 

T
l

. The unscattered a-beam is collected in a beam stopper, a Faraday 

cup which can be used to monitor the beam intensity. The beam was 

centered using C
l 

and an ozalid paper mounted on the wall of the target 

box. During the run the currents on the halves of C
l 

were monitored 

and kept in balance. The recoil proton beam is collimated by C
2 

and 

C
3

; C
2 

defines the solid angle of acceptance and C
3 

defines the direction 

of the beam. The beam is focused on the center of the gas cell target T2 

by the quadrupole doublet magnets Q
l 
and~. The 9-ft. solenoid is used 

to precess the proton spins from "up" to "down." Also shown, but not 

used in this experiment, is a tickling magnet with which fine corrections 

in beam alignment can be made. 

Using well-known current settings the polarized proton beams of the 

several energies studied were easily set up. The beam was set up so that 

it had virtually no divergence in the horizontal plane but an angular 

divergence of ~ 3 deg in the vertical plane. Small adjustments in the 

current values were needed to center the proton beams exactly. An ion 

chamber with a slotted tantalum plate was mounted on the scattering table 

in such a manner that its precise position could be controlled with great 

accuracy by means of screws attached to a servomechanism in the counting 

area. Beam profiles were taken in the horizontal and vertical directions 

at each of two points, and for each energy. Q
l 

and ~ were adjusted for 

maximum beam transmission and the scattering table was moved so that the 

beam would pass throtigh the target center and would fall along the 0 deg 

• 
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mark on the table. 

The gas cell was inserted and fil~ed with 3He to operating pressure. 

A Faraday cup and foil wheel were mounted as closely behind the gas cell 

as possible and a determination was made at each energy of the range of 

the protons. From this the proton energies at target center could be 

easily determined. 

Previous studies of the effects of the solenoid magnet upon the 

alignment of the beam disclosed that no adjustments with the tickling 

magnet were necessary. 

... 
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C. Gas Cell 

The gas cell assembly is shown in Fig. 4. For the higher proton 

energies the gas cell was operated with a 1.9 mil dural window (see 

Fig. 4) at about four atmospheres absolute pressure. The window covered 

the area open to the outside, but did not cover the connection to the 

beam snout. A 5 mil Mylar window on the beam snout separated the gas cell 

from the cyclotron vacuum system. Aluminum blocks were placed in the cell 

to cut down the volume of gas necessary, but no scattering from these 

blocks was observed. Shortly before the run, the gas cell was evacuated 

to allow adsorbed gasses to escape. The cell was then filled and 

remained so for the duration of the run. It was discovered that the 

protons scattered at 13.6 MeV incident energy were not detectable in the 

back hemisphere. During the second run the gas cell was operated with a 

1 mil dural window and with about 20 psi pressure. The protons scattered 

with 13.6 and 11.7 MeV incident energies and were detectable under these 

operating conditions. Although great care had to be exercised in 

handling the fragile window, no leaks whatsoever appeared in the gas cell. 
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gas cell assembl y. 
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D. Scattering Table 

Figure 5 shows a. drawing of the scattering table set-up including a 

cut-away view of a detector assembly, and Fig. 6 shows a photograph of 

the scattering table with the gas cell and detectors in place. The table 

was marked from 0 to 360 deg in one degree steps. The counter arms could 

be adjusted to about 0.01 deg accuracy. The counters were mounted four on 

each side of the beam line. The back three on each side were mounted 30 

deg apart on a single arm. In this way data were gathered at the three 

rear angles while at the front angles, where the counting rates were much 

higher, several positions were measured. Brass collimators mounted on the 

arms were used to define the solid angle and the angle of acceptance of the 

detectors; these were 0.01844 sr and + 1.5 deg respectively. 
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Figure 6. Photograph of scattering table) gas cell and detectors . 
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E. Beam Monitoring 

During the course of the experiment, both the a-beam and the proton 

beam were monitored. The Faraday cup and the currents on Cl were used 

to keep track of the a-beam intensity. There was lit.tle variation in 

this int~nsity, whichaliowed the use of a timer to normalize· the 

proton beam. Gen.erally, an ion chamber was used to monitor the proton 
. (See Fig. 3. ) 

beam i~tensity. Since the solenoid flips the spin of the protons from 

up to down and vice versa, running with solenoid on is equivalent to 

exchanging all the left counters with all the right counters. In this 

way geometric errors can be corrected. Assuming that any error introduced 

by the solenoid is proportional to the srilenoid current, these errors 

will cancel if the spin is rotated in the two opposite directions by 

solenoid currents equal in magnitude but opposite in sign. Hence, in order 

properly to cancel both geometric and solenoid errors, it was necessary 

to run three times at each angle, once with Isol > 0, and equal amount 

of beam at I 1 < 0, and twice as much beam as either run with I 1 = 0. so so 

That is, one might have ten "dumps" with I 1 > 0, ten with I 1 < ° so so 

and twenty with I 1 == 0. A "dump" is an arbitrary unit of charge set so 

on an electrometer and chosen so that it is convenient for the beam 

currents used. 

The ion chamber was quite satisfactory at all angles greater than 

about 17 deg in the lab system; however, at small angles the counter 

mounting assemblies interrupted the unscattered proton beam rendering 

the ion chamber useless. At these small angles, total run time was found 

to be a satisfactory normalization factor. 

For each run, the total run time, the total charge collected by the 

ion chambers, and the total number of particles passing through each 
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detector were recorded and, except for the small lab angles, there was 

good agreement between all three means of normalization. 
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F. Detectors 

Figure 7 shows an exploded view of a detector assembly. The 

scattered protons were detected by thalium activated CsI detectors, 

l-bY-3-in. in area. For each angle and energy the expected range of the 

scattered protons was calculated. The thicknesses of the detectors 

used were at least 50% greater than the expected range and were not more 

than twice that range. In this way, background from stray radiation was 

made negligible. The elastic proton peak was clearly resolved except 

at the extreme forward lab angles where multiple scattering produced 

a significant" background. Figure 9 shows typical spectra at several 

angles. The detectors were mounted on 1/2-in. glass light guides which, 

in turn, were mounted on DuMont 6363 phototubes. The mounting was 

accomplished using a high viscosity silicone. Over the face of the 

phototube a sheet of 0.00025-in. aluminized Mylar was placed to act as 

a light shield and reflector. The whole detector assembly was held in 

place on the phototube by means of an aluminum frame taped to the phototube. 

The frame had a window 5/8-in. by 2 1/2-in. with a "O-ring" which was 

aligned with the detector. Before the run, detectors of various required 

thicknesses were prepared, mounted, and tested, so that during the run 

the proper ones could be attached quickly and easily to the counter arms. 

or 

".' 
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G. Electronics 

Figure :~8 shows a block diagram of the electronics system. The 

phototubes were mounted in standard bases which contained a linear 150 

kD resistor chain and a charge sensitive preamplifier. The signal from 

the last dynode was pre-amplified and fed into an amplifier-cross over 

unit in the counting area. The signals from the eight counters were 

amplified and shaped, then fed into a router-mixer unit. The signal 

output from the router-mixer was fed into one of two RIDL 400-channel 

pulse height analyzers. The cross over unit attached to each amplifier 

put out pulses which were used to route the amplified signals to the 

proper 100-channel segment of the PHA's. An anticoincidence requirement 

assured that each pulse counted represented only one incoming particle. 

The entire electronics assembly was gated by the electrometer used to 

monitor the beam. 

Before the run it was determined that each counter would only detect 

protons of a rather limited energy range. A setting of the high voltage 

for each counter could be left unchanged for all the angles taken at a 

particular energy with the result that at all times the elastic proton 

peak was well within the range of the pulse height analyzers. During the 

run periodic readings of the counter voltages showed no signs of serious 

instabilities. 

At each point graphs and paper tapes of numbers vs pulse height were 

taken. In addition, scalers were used to keep track of total counts. At 

no time did the scaler numbers differ markedly from the total counts 

recorded on the analyzers. This indicated that the dead-time cross 

sections were small and these were ignored. 
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IV. RESULTS 

A. Spectra and Backgrounds 

Typical spectra for several angles and both target conditions are 

shown in Fig. 9. The background at 15 deg lab is seen to be quite large 

and asynnnetric. It probably consists of recoil 3He ,s, products of 

inelastic processes and scatterings from the gas cell windows. At 20 

deg lab the background has become much smaller and can be treated with 

great confidence. It is mostly due to stray radiation in the experimental 

area and to tube noise. At high energies, the backgrounds at 119 deg 

and 149 deg lab are seen to 'be very small, but at lower energies the 

background at 90 deg lab and 120 deg lab are quite sizable. At all angles 

other than 15 deg lab, a standard procedure was adopted for the treatment 

of backgrounds. The tapes listing counts vs. channel were scanned for 

the five channels preceding the proton peak which had the lowest number 

of counts. The end of the proton peak was chosen--occasiona11y with a 

certain arbitrariness--and the counts contained in the next five channels 

were added to those in the first five chosen. Background runs, taken 

with brass in front of the collimators showed that the background could 

be accounted for by stray radiation in the experimental area. Thus it 

could safely be assumed that the background was linear. The width of 

the peak in channels multiplied by one-tenth of the total for the ten 

chosen channels yielded a number which was used as the number of back

ground counts contained in the proton peak. 

To a certain extent the results are insensitive to the number o~ 

background counts. Since the polarization is a ratio, small background 

uncertainty will tend to cancel and will tend to lower the values obtained. 

At 15 deg lab (see Fig. 9a) the background was handled in an entirely 
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Figure 9. Detector spectra at t'everal angles and with different 
target conditions. Note different ordinate scales. 
{2} 1.5 deg, 50 mil CsI, E = 16.2 MeV, P = 4 at. 
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Figure 9. Detector spectra at several angles and with different 
target conditions. Note different ordinate scales. 
(b) 20 deg. 50 mil CsI, E = 16.2 MeV, P = 4 at. 
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Figure 9. Detector spectra at several angles and with different 
target conditions. Note different ordinate scales. 
(c) 40 deg, 50 mil CsI, E = 11. 5 MeV, P = 1 at. 
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Figure 9. Detector spectra at several angles and with different 
target conditions. Note different ordinate scales. 
(d) 75 deg, 20 mil CsI, E = 16.2 MeV, P = 4 at. 
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Figure 9. Detector spectra at several angles and with different 
target conditions. Note different ordinate scales. 
(e) 119 deg, 10 mil CsI, E = 21.3 MeV, P = 4 at. 
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Figure 9. Detector spectra at several angles and with different 
target conditions. Note different ordinate scales. 
(£) 122 deg, 10 mil CsI, E = 13.6 MeV, P =: 4 at. 
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Figure 9. Detector spectra at several angles and with different 
target conditions. Note different ordinate scales. 
(g) 125 deg, 10 mil CsI, E = 13.6 MeV, P = 1. at. 
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Figure 9. Detector spectra at several angles and with different 
target conditions. Note different ordinate scales. 
(h) 149 deg, 10 mil CsI, Ep ::: 21.3 MeV, p::: 4 at. 
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different manner. It was assumed that no background was present in the 

high energy half of the proton peak. The total counts from the maximum 

to the end of the peak were used as a measure of the peak and no background 

subtractions were made. 

For each angle and energy right-left asymmetries could be measured 

for each run. If the corrections due to geometric effects and the 

effects of the solenoid were large, one would expect large differences 

among runs taken with the three conditions of the solenoid. However, it 

was found that by-and-large these asymmetries agreed within statistics 

which indicated that geometrical corrections and corr,ections .due to the 

solenoid were small. A complete discussion of these and other possible 

corrections occurs in Sec. IV. C. 
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B. Data 

Table ]1 shows the results of the experiment. The two runs at 13.6 

MeV are indicated separately, and where appropriate, the combined 

results are given. It can be seen that the agreement between the two 

runs is quite good . 



-45-
~ 

Table I;L Polarization data between 10 and 21.3 MeV 

11.1 MeV 13.6 MeV 
e . (deg) Pol. Error e (deg) Pol. Pol. Pol. Error 

em em run 1 run 2 combined 

27·4 -.034 .005 27·4 -.022 -.023 -.022 .002 

33·9 -.044 .005 33·9 -.047 -.047 -.047 .002 

40.2 -.070 .004 37·7 -.049 -.049 .003 

46.5 -.086 .005 . 40.2 -.064 -.064 .004 

52·9 -.101 .004 43·9 -.071 -.071 .004 

59·0 -.122 .005 46.5 -.082 -.082 .004 

65.1 - .132 .066 52·9 -.100 -.100 .005 

71.2 -.151 .006 59·0 - .121 -.121 .006 

77·1 -.160 .015 65.1 -.143 -.143 .007 
82.8 -.187 .009 71.2 -.163 -.163 .008 

88·5 -·173 .Oll 79·3 -.181 -.181 .008 

94.0 -.150 .014 82·7 -.196 -.196 .011 

99·3 -.128 .018 88.5 -.235 - .251 -.238 .009 
If'!" 101.4 -.055 .019 94.0 -.201 -.201 .016 

104.5 .. 062 .022 97·1 - .179 -.179 .014 

109·6 > .298 .045 99·3 -.180 -.180 .021 

ll4·5 ·539 .026 104·5 ·;,022 ,.022' .022 .015 

ll9·3 .698 .022 111.5 ·313 ·313 .023 

123.8 .647 .021 ll4·5 .476 .476 .0:10 

128·3 .651 .022 119·3 .644 .664 .649 .020 
130.0 ·539 .017 125.8 .654 .654 .024 

132.6 .405 .019'. 132.6 .580 .514 ·533 .021 

136.8 .348 .033 138.4 .488 .488 .060 

140·7 .443 .443 .019 

144·7 .297 .297 .020 • 
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Table U. (continued) 

16.2 MeV 12.7 MeV 21.3 MeV 
e Pol. Error e Pol. Error e Pol. Error 

em em em 
(deg) ~deS2 ~deS2 

21.0 -.094 .005 27·4 -.038 .006 27·4 -.035 .005 

27.4 -.076 .004 33·9 -.045 .008 33·9 -.028 .006 

33·9 -.051 .005 40.2 -.057 .004 40.2 -.050 .007 
40.2 -.068 .005 44.0 -.062 .005 46.6 -.085 .008 

46.5 -.094 .006 46.6 -.070 .009 52·9 -.098 .009 

52·9 -.098 .007 52·9 -.080 .012 59·1 -.120 .011 

59·1 -.128 .008 59·1 -.122 .014 65.2 -.132 .013 
65:2 -.145 .008 65.2 -.163 .016 71.2 -.192 .015 

(. 71.2 -.191 .010 71.2 -.167 .019 77·1 -.224 .015 

77·0 -.184 .013 79·4 -.224 .014 86.3 -·324 .017 
85.0 -.239 .013 88.6 -·305 .014 94.1 -·372 .023 
86.2 -.252 .013 97·2 -·338 .025 101.5 -·393 .029 

A 94.1 -.290 .017 104.6 -.262 .039 108·7 -.263 .046 
101.4 -.196 .022 111.5 -,024 .0,0 109·7 -.210 .045 
108.6 .033 .031 119·4 .440 .037 117·4 ·308 .051 
116.3 .424 .032 126·5 ·735 .031 123·9 ·588 .037 

117·2 ·524 .027 132.6 .617 .028 130.1 . .645 .040 

123·8 .696 .028 138·3 ·520 .028 136.0 ·536 .028 

129·9 .647 .022 144·7 .415 .021 136.8 .602 .032 

135·9 ·559 .024 150·7 .295 .024 143·1 .456 .027 
142.2 ·368 .020 155.8 .249 .021 148.5 ~298 .024 
143.0 .347 .023 153.6 .296 .022 
148.4 .294 .032 158.6 .253 .021 

<i, 
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C. Errors 

There are eight sources of possible error: 

1) Finite counter geometry and efficiency variation. 

2) Finite target geometry. 

3) Solenoid asymmetries. 

4) Finite energy spread. 

5) Alignment errors. 

6) Normalization errors. 

7) Background subtraction uncertainties. 

8) Statistical errors. 

The finite geometry and target corrections are of three types. First, 

the counters sub tend a finite angle, ¢, so that the measured asymmetry 

is less than the actual asymmetry. The measured asymmetry is 

J~ (a + b cos ¢)2 d¢ '-1~ (a - b cos ¢)2 d¢ 

€ = 0 . 0 (2 ) 
~ ~ 2 r (a + b cos ¢)2 d¢ + Jr (a - b cos ¢) d¢ ) 

0 0 

where a artd b are obtained by summing the p_3He amplitudes 0' .or the 

two target spin states, and ~ is half the azimuthal angle sub ':ended by 

the counters. For ~ = 0, that is, for a counter of infinitesimal height 

we haiet 
(a + b cos 

tl 
lim ' ft. 

(a + ~o 1 b cos 
~o 

= (a + b)2 ~ (a _ b)2 

(a + b)2 + (a _ b)2 

setting k = a/b 

2 lJ~ ¢) d¢ - - (a -. b. 
0 

2 1 r~ 
¢) d¢ +"61 (a-

0 

, 

2 k b2 2k 
€ = = 

k2b2+ b2 k2 + 1 

b 

b 

Carrying out Eq.(2) for ~ = (5/sin e) deg 

€ = 22.918 k sin e sin (.087266 csc e) 

cos 

cos 

1 + k
2

[l + .22918 sin e sin (.17453 csc e)] 

¢)2 d¢ 

¢)2 d¢ 

, 

The correction was found to be very small resulting in a change at most 

of 1 in the third decimal place only at the rear angles. The correction 
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was included however. 

Second, the counters subtended a finite, e-ang1e also, and since 

P = (L - R¥(L + R) = 1 - 2R/a = 2L/a - 1, we have 

R = 1/2 a(l - p), L = 1/2 a (1 + p). 
We have to second order for an angle of acceptance of + 1.5 deg (see Sec. 

III.D) r1. 5 ( .... 
/ L+6. 2kI 

E -1~5 de 6 
. 1. 5 I 

:~ f 
/ 1 
, \ 

-1.5 

or 
L -

€ == 

L + 

L + 6. dLj 
de-! 

\0 

2 
!:i +-

2 
d

2
L I 

de2
! 0 

d2
L 

di iO 

Using the best fits at each energy, L, R, and the derivatives were 

calculated from phase shifts. The correction was taken to be the difference 

between the calculated polarization and the value of E from the above 

equation. 

"The third type of geometrical error is that the actual mean angle, 

< e >, of the counter does not correspond to the angle at the center of 

the counter. This is because the solid angle subtended by the counter 

is a crescent-shaped area (see Fig. 10). 

> eO for 90 deg < e < 180 deg < e > < eO· 

Table III. Mean angle correction. 

eO < e > 
20 20.64 
30 30.40 
40 40.28 
50 50.20 
60 60.13 
70 70.08 
80 80.04 

-.;'.:. 

Thus for 0 < e < 90 deg, < e > 
Table ITI5shows this correction. 

eo < e > 

90 90·00 
100 :.99· 76 
110 109·92 
120 119· B1 
130 129·80 
140 139·~ 
150 149·60 
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The finite target size and beam divergence (see Sec. III. B.) can 

be folded into the g~'onietric corrections. The e-corrections are re-corrected 

by ~dding an average 6e ~o th~ width of the counters. The colli~ator sizes 

were chosen so that the angular spread due to them was equal to that due 

to the finite target size. In the case of the ¢-corrections, the plane 

e = eO is tilted, for the off ... axis particles to that f::, should be multiplied 

by the secant of the average spread, 3 deg. This correction is much too 

small ,to be included. 

The geometric asymmetries cancel exactly, as do the asymmetries due 

to ~hesolenoid in,sofar as they are linear with current. Since the 

runs are normalized to the same total number of counts and theiladded 

to ,produce a total before the asymmetry is calculated we have 

R++,RO+ R = i(l + G)(l - S) + 2R(l -G) + R(l + G)(l + S) 4R, 

! LT = L + La + L = L (l -G)( 1 + S) + 2L (l + G) + L (l - G)( 1 - S) = 4 L, 

where R is the true nu~ber of counts on the right and L is, the true number 

of counts on the left for a "solenoid on" run and Sand G are solenoid 
" , 

and geometric asymmetries., Prior studies of the effects due to the 

~~le~oid5 indicate that they are very small compared to statistical errors. 

The, finite energy spread can cause errors in two ways. The measured 

polariZation is an average over the energy spread, and both the focusing 

properties of the beam and the, angle through which, the protons' spins rotate 

in the solenoid are energy dependent. The first difficultY'is uncorrectable 

since no measure~ents have, been made at energies differing by a small 

amount or withh:!.ghresohiti<;m. Thus the termsd2Rrol ,etc.' cannot be 

calculated. The only solutions are better experiments or energy-dependent 

phase shift fits, which require more data than is presently available. 

The second cause of error can be corrected for. ,The focusing properties 

.. ,:':, ... , . 
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are included in the finite target size calculations, and the rotation 

angle correction appears as an overall normalization error. The energy 

spread in the beam comes from two major sources., The first target in the 

vault is 700 keV thick for scattered protons of 15 MeV laboratory energy. 

The thickness is determined by the energy loss of the (X-particles along 

the path within which scattered protons would be accepted. The energy 

spread due to energy loss of the protons is negligible. In addition, 

at 15 MeV there is a 500 keV energy spread due to kinematics. Folding 

the two energy spreads together gives an energy spread of about 1 MeV. 

Since the angle of precession of the particle spin is proportional to 

the square root of the energy, for an en~rgy of 15 MeV we have 

58 prec 
8 prec 

58 = 3 deg. prec 

<d' Ii>= - L 

~ 
Since a· 

+ 1/60, oi since 8 prec 

Ii = lal'lnl cos 8 for 8 

180 deg, 

180 deg we have 

However, we must average over 8 to get the true value prec 

. ~ ~ 

< a • n > = -180/61£ true 

So the correction is 

31£/180 

I cos e de 
- 31£/180 

0·99962. 

< (J. n > - < (J • n > =-0.00038, true 

which is small enough to be ignor'eq . 
••• -.- •• 'T"- • -' -.~ -

Alignment errors cart be fo1de4 into' the 8-corrections but are over 

100 times smaller so they were ignored. 

The overall normalization errors spring from two sources. The major 

source is uncertainty in the polarization of the proton beam and another 

source is the already mentioned possible spread in precession angle through 

( 
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the solenoid. In the present experiment uncertainties in the initial 

proton polarization are small since the protons are taken from an angle 

of maximum. polarization, which implies that the derivative with respect 

to angle is zero. Furthermore the polarization does not vary much with 

energy. Possibly there is some depolarization due to scattering on the 

exit window of the first target or the entrance window of the second 

target; however, Coulomb scattering does not depolarize and nuclear 

scattering is small for small angles so that any particle scattered 

is likely to retain its polarization or to be scattered completely out 

of the beam. No co:rrections were made for possible normalization errors 

but I estimate them at less than 1%. 

Background subtraction and statistical errors were by far the largest 

errors in the experiment. Since P = (L - R)/(L ;. R) and since 

(
dP 

+dR: 

we have 

+ ( 2L 
(L+R)2 

&,2 + 2 1/2 
( total ~gd) 

assuming a Poisson distribution we have 

2 
. 1/2 

[R
2

(L+2BL) + L
2

(R+2BR) ] 

where BL is the number qf background counts on the left and BR is the 

number of background counts on the right. The expression L + 2BL comes 

in because Ltota1 = L + BL. 
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V. PHASE SHIFT ANALYSIS 

A. Description of Problem 

The proton- 3He system is a spin 1/2~spin 1/2 system, but, unlike 

the extensively studied nuc1eon-nuc.1eon system, it has no symp1ifying 

symmetries. In the S-matrix each (J~) value can be represented by a 

two-by-two matrix: for example, (1+) can be made by 3S1 or 3D1, so we 

have 

--'---. ----c:---c:'"-,,--------,,-----,---,-:--- " 

(1
-) '1 1 1 

Whereas for we have a similar form involving ~11' 011' €£=1' ~1,0' 

1 
and 01,0 

J where o£ S is the.phase-shift for given total , 
angular momen'tum, orbital angular momentum and spin, ~i, S is the inelastic 

J parameter corresponding to o£,S and € is a mixing parameter either for 

spin mixing within a given £-va1ue or for tensor coupling between two 

different £-va1ues., 

With the exception of the S-wave, which has only one triplet phase 

shift, one singlet phase shift and no spin mixing, and the P-wave which 

is not coupled to a lower £-va1ue, each £-va1ue consists of four coupled 

phase shifts (see Fig. 11). Thus there are four S-wave parameters, nine 

P-wave parameters and ten parameters for each £ > 2 giving 10 £ + 3 -, max 

parameters needed to describe the system~ 

T. A. Tombre110 et a1. 2a define eight scattering amplitudes from 

which the values of the various experimental quantities can be calculated. 

The only change which was made in the present approach was to allow for 

complex phase shifts by inserting the inelastic parameters, ~, in the 

expressions containing the phase shifts. 
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1 

(L-2)Jca (L-2) +1 

1 I 
L . 

J= L-1 

o 
L -~~-----------------~~~ J:.L 

1 
LJ=L 

XBL 683-334 

Figure 11. Coupling of phase shifts in the p_3He system. 
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Explicit formulas are given for o(e), pp(e), andP3(e). In addition, 

the expressions for A and A can be obtained7 from the formulas 
xx yy 

involving 0(e,0). (See Eq. (1).) 

Given data and errors, a set of trial phase shifts was chosen, 

which yielded calculated values for the data points. The chi-squared 

function was formed: 

No. of data 

1 
{
datum-calculated value}2 

error 

This function was then minimized to give phase shift solutions. 

Sets of trial phase shifts were found by means of a computer program 

written by T. A. Cahil1~ It was found that unless reasonable trial p'hase 

shifts were used, either no minimum could be found or the resulting phase 

shifts were not physically reasonable. Therefore, Dr. Cahill's program 

was quite valuable because the trial phase shifts it gave l~d to 

physically reasonable solutions. 
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B. Description of Program 

A FORTRAN program, WTP3, was used to find phase shift fits and to 

predict values of the 3He polarization and the correlation parameters 

A and A • xx yy The main part of the program is a variable metric gradient 

search routine, VARMIT. '7 By following the gradient of a function--in 

this case chi-squared--the program finds minima and gives errors 

associated with each. The various subroutines calculate chi-squared 

and control input and output. 

An indication of the appropriateness of the parameters and of the 

goodness of the- fit--i-s -the --inverse of the matrix of second derivatives. 

In general we have 

f(~ + &) = f(;t ) + & . \7f(~ ) + 1. & 
o 002 

~ 

we set -it. =( 
'd2 ) -1 

If dX~dX. 1J 
, 

1 J 

then at a minimum, since \7f(;; ) = 0, 
o 

we have 

f(~ + &) - f(;t ) 1/2 ~. 
/",. -1 

~ = + (Hij ) 0 0 

if 
H .. «H .. for all i and j =f i, then 

1J 11 

-7 (' )-1 -7_ '\ 6x.
2 

6x H .. . 6x= L 1 
1J i H .. 

11 

So in this case if t:;;. = (0, 0, ..• (2H .. )1/2, ... 0) 
1 11 

(
-7 -7 -7 

f x 0 + 6x) = f (x
O

) + 1. 

In general, (2H .. )1/2 is taken as the error in the parameter x. and the 
11 1 

H .. are a measure of the implicit dependence of x. upon x.. The H-matrix 
1J 1· J 

can then be used to tell how well the parameters are determined by the 

data. 

Another measure of the goodness of th~ fit and of the consistency 

.. 
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of the data is the number R, the square root of the ratio of chi-squared 

to the number of free parameters, f, the number of data points less the 

number of variables. We have 

. 2 
< X > = f , 

and 

var(x~ = 2f, 

so 

whence 

and 

WTP3minimizes chi-squared treating five kinds of data, cross 

section, polarization of either proton or 3He A or A 
'xx yy 

The program 

handles partial waves through t = 3. There is printed output, as 
max 

shown in Table IV, and Ca1-Comp output (see Fig. 12 ). 
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Table IV. Printed output of WTP3. 

Ihl1Ul cuss 
].8 f900f-01 
7.55200E-OI 

-1.]15COI-CI 
o. 

'HI CUGCUl 
1.0(000E-02 
I.OCOOOE-02 

-c. 
-0. 

IS 
1.57100E+00 
1.57100E+00 
1.57100E+00 
1.5110(E+00 

1.4560DE+00 
1.23700£+00 

-3.64800E-03 
o. 

lLE~EhTS Of HARE 
I. OOOOOE -02 1.00000£-02 
1.00000f-OZ -0. 

-0. -0. 
-0.-' -'0; 

THE CETER'INANT Of H IS 1.00000£-22 

at H£ INITUl GUESS F. 1.4S085E+Ol 

1.57100E+00 -6.18200£-02 
1.5HOOE'OO -1.38900£+00 
2.18600£+00 O. 

O. R.51~00E-01 
1.05500E-Ol -3.57500£-01 
1.57100£+00 O. 

1 • 00000£ -02 
-0. 

1.00001)£-02 -0. I .00000e-02 
-0. -0. -0. ' 

-0. ,.-:O_~_.. .,,:0 .. " -_0,-, .. , 

1.'§iTlonf+OO J.167""''7-nl 
2.11t41)"'F+no t.Ii1.4nr)F-"'t 
1. 511 ~n~.!..o~ ".! ____ .. __ . 

I.Onnn(\F-"2 t .... ""r.'",F_n? 
-0. -0. . 
-0. -~. 

t. "i"1 () "-;. ~.(\ 
1.1)11 'rF.r" 
1.';11' ("Or.r., 

'. ""''' .~.c .. ", 

-'. 

~~~4 ~~ Uf'. 00 'I.~O 80jE=04=6;21 I ''ie-ol " i. U"f'J Fo;;' ';;f~'4-886HtOo' 'I. 54IiHe>o'6 '4. 4'4~4A~'-01\;0nllr:.l1"2"''1>J[5r'F~-=<nn..r-1,r:.""'C~Y'61:"II1F~0"O"Or-TI"'. "'n'r',S",nr",."'_Tj.X,-
1.29509£,00 1.718211-04 -3.15145£+00 -).5n'l1E-0~ -5.58611£-01 1.545,z£+00 1.06461E+00 6.1nS5!-"1 -1.'9744(000 _ •• 7nl"-c, 
5.C 8969£,00 9.94THE-04 1.12"6£+00 T •• 5911E-01 5.5'1809£+00 1.1'1420(-0] -5. 1'1TO'lF.'OI ~.IMHF-nJ -1.n8n~"~1 1.M&".".;';""-
5.0U42f+Ol -2.]2110E-03 O. 

lIL 6&1·4U 
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Table IV. (continued) 

DeS. POt. IN PROTON SCATTERING FROM HELIUM 1l.~800 MEV IIITH 18 r)ATA POINTS. StaRCH INtllJnF~ lIP TO .- 1 

ULCUU'EO VALUES OF DeS.Pr)L 

til ANGLE CALCULATED INPUT r)ATA ~I 

21~M -----.221>.54iiil .. -.--.--'-'-------.iIT:roolJ -.111 
31.97 220.3574 l27.0000 .34 
31>.71 209.1938 211.9000 .<q 
82.1>] 54.2012 54.2700 .~~ 
90.00 37.1476 . 31>.71>0ft ' ·-.'A 

I ~~~ ~~ ------ ~:: !::~ --------------~t;~~(l"'<)-----.,--------;_;~-
110.55 12.8820 13.11(1) .R., 
111>.57 13.1121 13.710') .10 
125.21 19 •. 702't 20.21>00 ."q 
1]3.~8 31.8311> ']2.7100 .4J· 
140.79 41>.314~ 45.950~ -." 

-·-·--·H1. 2 1 .------.-- - 60.1>303· ,·-------------.;/I."i2O' -\ .4n 
153.90 75.1>951 15.460n -.14 
11>2.1~ 92.1999 "2.120'1 .;~ -' 
165.67 91.9525 91.100n -.17. 
161>.59 99.2843 .-.,---.----, --·UH.IOOn .qJ 
27.~0 -.0]~8 -.0340 .1' 

---l3.90 --~;05I2 -.044'1 1:41, 
~0.20 -.01>1>1 -.0701) -."3 
~1>.50· ·-.0827 . ,---.--,----.-.... ,-- ~;n860 ---------.-. . ~'. Mi 
52.90 -.1000 -.1010 -.74 
59.00 - ·'-.1111> - .. -,--.-.. --.. --.---..... -.- :':;1l2·()·--·· -.A7 

65.10 -.1362 -.1320 .11 
--·11.20 ·-.:;\<;sZ- -.15111 .''''-

17.10 -.172~ -.1601) ."' 82.80 .. -.,-.-- .. -...... - . '-.1841> .. - ,,;\ 87~ .. --.. ---------.--.. -- .... ~ .• ', -. 
88.50 -.IR54 -.173ry 1.11 
9~ .00 .- .. -.---'---.. -.- ----.~- .-;... 1 I> 10 '- '---.. ----------;;; 150"'-·--·' -- - ... - - .--.------ ;7'1"-

---y-n:!g ::gm-- ::~~,.;;g7<~-------------...;~::.::,~..;:r-
104.50 .01>1>1 .01>20 -.1'1 
109;60-----·-·--·-·-------·· .3068 ,---.. , .... ,-----... --.- -·-·;2980------~-- -'-'-- -----'--;;-• .,0··-
114.50 , .5~()2 • .5390 
119.30 -.. --.-- .-- --.----- ----. -,. '" .• 65~0 . .., .. ----,-,-.-., .. ---- -~. 6'18<)·--- ----
123.80 .64~5 .1>410 ---y-)o.oo ~~~B .5jQO 
1 )6~~ _____________ .4t_I_~ _________ ._ .. ___ • 14B~ ____ ._ 

_.t'I~ 
.-.-----,. "I) - .. 

-----"..;;~~ 
-2.'''' 

XBL 684-414 
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Table IV. (continued) 

THf '"ASE-SHIFTS FOR THIS SOLUTION ARE. 

---.----SINGlEl------------.--.------------- fA JPut 
J-t 

ETA OEllA 

1.00000 

1.00000 .850Q) 

.85184 -.15750 

. -~~j- 1.00000 o. 

J-l-I 

ETA DELTA ETA DEtTA -

1.00000 1.00('100 

1.001l00 .15240 

~OvOvO.---.O •• ---------.I-.O~On.o .. OOMr-----nn.--------------.I-.n'Iln.n ... nv~.-----"'-.------. 
. ------.--------------------------

THE "I liNG PAAA"ElE.R~ __ AA!.! _ . ____ . ______ _ 

-~~66~.r-------ip~-~fr. • .-~-~O~.------------'lr. •• II~s~p~lgNO.--,lr..~9~'~9I8o~-------Lr •• ,~5npnl~Nr..~-r(.~Z~605n3~"r---~--T( •• '\~5P~lnNr. • .-_yI~.'~1~o~8~X;-----

ilL 684-415 
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ETA DEL fA 

L'O -.00000 .0H81 

• 00000 .oU92 

--------------
O. O. 
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(continued) 

,"E URDU fOR rHIS SOLUTlDN aRE, 

na DEL fA 

.00000 .O]OT? 

O. o. o. 

TRIPIEr 
J'L 

Eta 

l.f-------..-o.:-----a-;------------ -0;- -- --------Ir.--------------O'---

---~---- -----------

------------------

OELlA 

• ('If\qq 7 
.... _. ----_."_ .. 

o. n. 

0 .. h. 

-----------------

lBL 6M-416 
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Table IV. (continued) 

1-1-1-1-1-1-1-1-1-1-1-1-
-flUl VALleS Of STEP ] 

H 
I. HH2£-0] -5.55735£-04 6.8]831£-05 
1.0(891!-04 6.51111E-04 O. 
O. . O. O. 
O. O. O. 

-5.5·!llH-04 1.05812£-01 -1.l1HlE-O) 
1.84666£-0) '.260QO£-02 O. 
0.· ... - -0.· - --.--- -0. 

o. o. o. 
6.83831E-05 -1.1J3~lE-0) 9.9'00lE-05 

-2.4290U-04 -3.60611£-04 O. 
C. O. O. 
C. O. O. 
6. 2cio'-f~-Oj - ;; 2:"\4"';;)2£-01-1 .184"l!IE"-04" 

-1."695£-0) •• 62262E-02 O. 
O. O. O. 
O. O. O. 

6.20201£-03 -8.92911 £-O~ O. 4. ,,~""~=I)'---,._~-'~(.TCI'. 1. "'01.-' , 
O. O. fl. n. ('I. 1"1. ". 

o. o. t). n. o. n. 

-2.14432E-Ol 
O. 

- O. 

5.03826£-0) 
o. 
0; 

o. -1.1)121qe-o~" -1.41 ,.onF-~' 1.'''1.(·4f:''i\~ 
o. n. 1'). ". 

-0 ;-----o·;------(i·~·---_____n_;_-'· .'. 

1.38415£-04 -2.12111~E-n .. · n. 1.~A1~n£-n. 6.q~9"'~-'~ -1.6~'IH~n4 - • • H~,.r_r4--
o. o. .0. n. ('\. fl.' '. 

o. o. o. n. n. n. 

4·.6~ij~'l~-.;.or ';'-~.";;~1l!=(jj--o;-----=-.6~~.176A4I'-/l' - t .H"" F-"' 
o. o. ",. o. n. n. 
O. o. n. O. o. ". 

' .. ,,'e;. t .. f 1 
n. .1. 

-8.92911£-C4 5.0]826E-0) -2.120\8~-04 -6.19MlE-03 1.26581£-01 O. -'.2A·941~~~4 -6.9~?~'f"~1 

~: Ilm£-:04 -t~~ll-~!l~-t-------- g;- - - --t-- --t---------i-: .--.;~~' :~----"'~~:'-----7'f(".!..-----
O. O. O. 
o. o. O. 
C. O. O. 
o. O. O. 

O. 
o. 
o. 

O. 
o. 
o. 

O. 
o. 
o. 

n. 
n. 
n. 

-~.-
n. 
n-

. .... ". -' 

n. . .... ---n~ _ ... 

-~:61 UiFO/, -;;~-;ljn'f'JE--O){ :"G6'J~OFM -~e'_61"4E::jj4--;'Z;n~nE::.(J4---0.---------- r." ..... ,'"" .. n"Sl<e-"'o"".-'I-=."1I .. 1'I'1"'1Tt 6,.,.~ __ ;'i'l'"r;:_-"-:."-'1;;6"",.~,nf!::-"""4:-:--T,:C. "".".", .... ,,,."'-,,. r.-
-3.H54LE-C4 -1.H10lE-0) O. O. O. o. n. o. n. n. 

C. O. ·0. O. O. O. ~. -0. "~- -- --".------.-----
C. O. O. 
4.3~56LE-01 -7.91400£-02 6.92997f-04 1. 32664E-0~ -6.9920<0£-0] O. 1.'17016F.-03 --- 2~~R741F~nr;;~ .~'~nF""- ~T ;771'1,",",,",-

-3."616(-0] -1.85602£-02 O. 
O. - - - ·----1)-;----------0-;- t ----t-- -------g-;------~;__- -·--o;;.~·:--.-----i~.r.:~----..,",.:.-----
O. _ O. O. 
2.34549£-04 1.1160U-03 -1.654IlE-04 -1.6765IE-O~ 4.48494£-04 O. -- -3.26'152£-04· ~3. 53H6F""J- - 'I;'-6o;TZT="4 7;""'r7l'""rT--
9.33822£-04 2.07150E-0] O. O. o. n. o. o. 'l. 
O. o. O. O. O. o. n. 0." "". ----.-.-~-- • .,.-._------- .. 

t 222 8l£-Cl- t~r-or=~-: "J41IUe;;'jK -- r. 2415oe--0l-6-;OOnar-or-o;--·---= J-;lJlI1I'1 .... "E-::10""r:-"\-=.--.'1'I'7TI T,""'er:_'"""lrl'l',-: ... ","rrirtr.,".",-"""'.-.... -:-. "j/<l;""",.,,"'.-=-_7<"T\-
1.9]900E-0] 1.06611E-OI O. o. O. o. o. o. n. '. c. o. o. o. o. o. ". n. ' '0.-< 

.. -" -_ ... _.-------

o. o. o. 
1.0(891£-04 1.84666£-01 -2.42906£-04 --1.44695E-O~ •• 11215E-04 -. O. .~~. 7"54U~!14 "-1;.'11\' I\r~-IY1-q. '~"1?r-"4-·' ."""---"~'''--_ 

~:O 1~65~:CJ~~:00908£-03 ---g~--- -t-------- ---~------___{;-----;;~~:-----,~p;..:-. -~--_i~r.::------~;::-----
o. o. O. 
6.5UTI Fe4 4.260'lOE-02 -~3.60617£~04 
2.0C901f-0] 3.2]0]6£-01 o. 
O. O. - -- - O. 
o. O. O. 
o. o. o. 
o. o. o. 
O. o. ----------.--- o. --
o. o. o. 

-- 4.62262£--02 --I • 82Tf'1£-CB 0'-- --.----""l ;·nT07£"nl'""7;1l'I5O"1£-""r--?~=",,--T;1'5"~-~ 
0.' o. 
0.-- - - --0. 

o. 
O. -

o. 
O. 

--"·0;-' 

o. n. o. o. "'. . ---1').----------1'\.'.----- """;-----.------rr.--.- ------,;--------

o. 
o. 

--- O. 

b. H. fl. Ii. 

o. o. n. '. 
·-f\;------·-----tr.·-------"""7'i-;---------1"'·~-·-----

, 0 • .. o •. _- . -.. ~~ -0. -' o. -- _._. _. --,; ---,--- . - '---"0 •. _-----n ;-----..:............-rr-;------..". ~ --------,,--;--- - -- -- '-

~~·-·--------~----------w=----------wg~:--------_ig~:~--------,gr.:~--------~~~:----------~~~:-"--------~~~:--------~'T;:~---------O. II. 
O. n. 

o. 
o. 
o. 

0 .• 
o. 
o. 

o. 
-0;·- -
O. 

o. 
o. 

.r:-

o. 
O. 

--0;-- ------- -... ------- ---.r;-·---""-:-.------..H-:-.-----
o. ___ ~~ ______ ..!'~ ______ ~. ______ . __ ~ ______ _ 

lBL6114·U1 
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Table IV. (continued) 

o. n. O. o. 
C. o. o. 
o. o. o. o. 
o. 0. ______ ,0., ___ , ____ ._0. 
o. o. o. o. 
o. o. o. 
o. o. o. 
o. o. o. 
o. o. o. 
o. o. o. 

o. 
o. 
o. 

o. '-0.----·---- "0:--------0.-
o. o. o. o. 
c. o. o. o. 
O. 0., o. 
o. o. o. 
O. o, ____ . ___ 0. 
O. o. 0.' 
O. O. O. 
O. O. O. 
O. O. O. 
O. O. o. 

o. 
0.' o. 
o. 
o. 
o. 

n. o. 

o. o. 
o. o. o. ----,-,--. I); 

o. 
o. 
o. 

o. 
o. 
o. 

~. 

o. 
n. 
". 
o. 
n. 
n. 

~. ". 
o. ". '. n. '. 
~'-.-- ~. 

n. ". 
O. ". ". 
o. n. '--'r.;---" 

o. h. ~. o. ·-"-·-----0;----'''1;.---,,-----,,---..,,---
o. o. o. 
o. o. n. 

O. 
o. 
o. 

O. 
o. 
o. 

o. 
o. --'0.--

o. 
n. 
o. 

o. 
n. 
o. 

O. 
n. 
n. 

O. 
II. 

o. 
n. 
('. 

O. 
n. 
O. 

O. n. 
" 

O. ~. 
--., 

rt ~ -<'I. 

". ". n. 

n. n; 
n. ~. 

o. 
O., _______ ,J!,. o. 
O. o. ci~ o~ n. o. n. 

(I. 

O. 

n. n. ". o. o. 0., o. o. o. n. ". '. ____ k_'_' __ • ___ _ . 
o. o. o. o. o. n. o. n. " o. o. o. o. o. o. o. o. o. ~.·----·-'------n~---···-----o~·----·----·-·,.~----

~: g: g-:------g-:--------~:--.---lg(-':'--------:~/r:!..-----~~.!.:------;.~f!:'------...;~<':'----
o. o. o. 
o. b. o. ' 
o. o. o. 
o. o. o. 
o. o. o. 
o~ --'---0. 0 •. 
O. O. O. 
O. O. O. 
O. O. O. 

o. 
o. 
o. 

o. 
o. 
o. 

o. 
o. 

, o. 

O •. -,,--,-----.-. '0.·---'---·----- (f;-·--------·-·n~----- '-"'1'-. ---,-

o. n. o. /). . 
O. O. -----4---0. -.().;-----~-.--

O. 
o. 
o. 

n. 
n. 
n.---" 

("I. n. 
1'1. n, 
('I. ---------0",-----

'. 
'. --: .... -:--_.-;:--

O. O. O. 0.' O. fI," "0, -·--O~-·--·---Iy;----.. -·-----,-.---· 

~; ~: g:'------~'~-----~t'-------><g,.!.:-----7i~,.,:------ig,,:'-------,;.~!.:------,;~:'-.----
O. O. O. 
C. O. O. 
O. O. O. 
C. O. o. 

o. 
o. 
o. 

O. 
n. 
o. 

g;-----.. gi.!:-----,..;g;~:'------O·; .- ----If. 
c. O. o. o. o. 
o. o. . o. o. o. 
o. o. o. 

If.--' - 0; o. 
n. 

n. 
o. 
n. 

n. n. • 
n~ n. ---- -------".----------", -

o. x. O. h. 
O. o. n. n. ". 
~. -----··--·O.---·-----·-O·~------- ..... , "'"'7'\-:----- .-

o. o. o. o. 
o. 

o. 'O.···-·-·-----o·~------O~-----·-- (1.. '\. 

o. o. o. 
o. o. O. 
G. O. o. o. 0,-···----_··-- 0," 
o. 0 •. __ . _____ . o. ____ , __ ,, __ , 
o. o. o. 
o. o. o. 
~. O. O. 
o. o. o. 
O. O. O. 
O. O. O. 

'-, 

o. 
0." 
o. 
0; 

o. 
O. 
O. 

O~. __________ ~O. ~. n. ~. ________ ~'~.------
0'. 0-. o. (I. n.- ('I .. 

-'0. -
O. -0. -,--.--, 

o. 
o. 
0;-

n. -------------0;--------·-0 ~-- --f'\~----.---'--'-r'\. ----.---

o. o. o. o. n .. 
'-'---O~ ------O;------O;------'--(!~------~.---

o. O. o. O. '). 
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Table IV. (continued) 

'HE C:CMPC~!N' _O_~_I!'LG!,~_I!HI!.LIN THE O._fCTlON OF THE_ HfP_:~!_65~3'£_~!' _________ _ 

4fT F~~CTlON CAllS 

POVEt LEFT 17 TIMES 

I!O~£[ RIG!' __ ..L!!_Ml' __ S ___ _ 

8.06191E-06 
-Z.148Z6EtOO 

3.82299£.00 
-1.8.il'5~!C~ 

G 
1.16539£-01- 8.61114E-02 
1.60816E-08 2.1113fJe.OO 

-2.215.2(-04 1.10615£,00 
:~4_~5_1.!..:0~ __ ~'-

,- 1.4506 THaI 

• 3.81516£-01 1.51080E'00 1.45564£,00 
1.55(99£-01 1.51080£,00 1.2)100£,00 

-1. USOIJf--or -r.nncnoO--;"];648CoE-OJ 
o. 1.51100E'00 O. 

-------------------~. 
3.11458£-01 7.14950£-<11 -1.62~14Eo(It 4.~6QHE'6-o 8;~;,HrE~~A -".',]-AU.M --~;~'-"-""c- ,,---
5.31210f-04 -'.Ol4-81f-Ol 2.4-IjIHI6EtOO -,.1'122321:.00 -5.b37'·U-nl -Q.~lllj~""f.f'\-:'t -1."A(""IIij~_"4 
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C. Results 

Phase-shift fits were found for the lowest four energies. In order 

to fit the polarization data, it was necessary to have cross section data 

also. There is cross section data available at 11.48 and 19.4 MeV, and 

the 11.7 and 19.7 MeV polarization data was fit with that d~ta. Since the 

cross section varies more with energy than the polarization the energy 

used in the fit was the energy of the cross section data. For 13.6 and 

16.2 MeV, cross section data had to be made by interpolating between 

existing energies. For the 13.6 MeV data interpolations between the 

11.48 MeV data and data at 14.5 MeV were used, and for the 16.2 MeV data 

interpolations between the 14.5 MeV data, and the 19.4 MeV data were used. 

In addition there are a few data points of A , A , and P
3 

available at 
xx yy 

19.48 MeV so they were included in the fit at that energy. See Sec. II 

for a list of available data. 

The interpolation procedure is uncertain at best; however, it is 

the only way to get a sufficient amount of data to attempt a fit. In 

addition, there are indications that the 19.4 MeV data is bad. Since I 

was unable to obtain any cross section data to go with the 21.3 MeV data, 

no fits were attempted at that energy. 

-+ -+ -+ 
Classically, we expect £ = r x p where p is the proton momentum 

- max 

and 1! is the distance of closest approach which would be the sum of the 

radii of the proton and the 3He • Using r = 1.4 A 1/3fm, we get 

i = 1.4~ fm + 1.4 fm = 3.4 fm. So for the energies 11.7 MeV, 13.6 

MeV, 16.2 MeV, and 19.7 MeV we get £of 2.2, 2.4, 2.6, and 2.9, respectively. max 

Searches were made at the three lowest energies using both £ = 2 and 
max 

£ 
max 

£ 
max 

3. In the cases of the lower two energies, the R-valuefor the 

2 fit was lower than that for the £ = 3 fit, and at the third max 
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energy the R-value f«>r the 1-. - 3 fit was fower than that for the max 

I- = 2 fit, which indicates that the classical expectations are 
max 

fulfilled. However, the I- = 3 phase shifts in the I- = 3 solutions are max 

not necessarily small. At 11. 5 MeV the largest I- = 3 phase shift .is nearly 

13 deg and one inelastic parameter is less than .8. Both these conditions 

lead to rather large I- = 3 amplitudes, which indicates that the program is 

fitting not only the trend of the data, but the statistical flucuations of 

the indiv:i.dual data points as well. If there were, for example, exactly 

33 data points, so that there would be the same number of parameters as 

Points for I- = 3, one would expect to be able to find an exact solution . max 

which would give chi-squared equal to zero. Clearly, such a solution would 

have more arithmetic than physics contained in it. 

Due to numerical difficulties caused by the complexity of the chi-

squared surface, the phase flhifts could'only be searched in groups of 

eleven. Thus, for an I- '. = 3 fit it took three passes to complete a , ' max 

cycle during which each phase shift had been searched once. Several cycles 

were needed to complete each search, and two partitions of the phase 

shifts into sets of three were used. One partition roughly separated the 

lower, middle, and higher waves, and the other contained roughly equal 

amounts of each wave in each segment. After two cycles gave the same 

value of chi-squared, the entire set ()f phase shifts was searched 

simultaneously. Table V lists the phase shifts, errors, and R-values 

for each of the seven searches, and Fig.12 ~-n shows plots of the data 

points and the calculated and predicted curves derived from the phase 

shifts. There seems to be little order in the behavior of the phase shifts 

with energy. For example, the singlet S-wave phase shift jumps from about 

.5 to 1. 3 between 11 and 13 MeV, then drops to 1.1 and 1. 0 at 16 and 19 

"/,'.;' . 
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MeV whereas the J = 1 triplet P~wave phase shift rises from ·75 to .97 

between 11 and 13 MeV and then goes to .84 and back to .95 at 16 and 19 

MeV, and the predictions of A , and A , and 3He polarization are 
xx yy 

widely different for each solution. These features of the fits indicate 

again that the data is insufficient to determine the phase-shift parameters 

accurately. Note that the 19.7 MeV solution (see Figs. l2mn) fits the 

~olat{zation and correlation data quite well, but does not fit the cross 

section data at all well. 6 Apparently the data is bad, and it cannot 

be fit to better than a chi-squared of about two per point. 

w. Haeberli
4 

has calculated chi-squared as a function of one single 

phase shift for each of several phase shifts and has come to the conclusion 

that many of the parameters are not wen determined by the data. For 

example, at 4 MeV chi-squared as a function of the P-wave spin-mixing 

parameter, El , has a minimum at 15 deg, but the parameter can be varied 

between 5 and 70 deg and chi-squared goes up only by a factor Jf two, 

whereas in order to determine El to within 2 deg, X2 should be up by a 

factor of 2 at about 25 deg.rather than 70 deg. 

Looking briefly at the errors indicated in Table V, one can see that 

the best fits in terms of R-value for each energy have, for the most part, 

reasonably small errors. 

o 
energies, 000 for 13.6 and 

1 
and Ep_F for 16.2 MeV, 011 

Notable exceptions are 

16.2 MeV, E2 for 13·6 

1 
and ~ll for 19·48 MeV. 

El for the lower two 

011 1 
MeV, °00, °10, 01l,llU 

Since the p-wave is the 

only reany large coupled amplitude in the p_3He system at this energy, 

the fact that many of the parameters which have large errors are P-wave 

indicates once again that more data is needed. 
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where ° and .e., S 
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shift fits to the four lowest energies of polarization, 
J 1 ~.e S are the phase shift and ine astic parameter for , ' 

given total angular momentum, orbital angular momentum and spin, E£ 

is the spin mixing parameter in the .e-wave, E£ -ft is the tensor 
1 (2 ( ) coupling parameter between the £l-wave and the £2 wave see Sec. V.A. , 

and R is X
2 

divided by the number of free parameters (see Sec. V. B.). 

£ = 2 fits max 

11.4S MeV 

0·55±·04 

1.00±.00 

1. 52±.01 

1. OO±. 00 

0·94±.02 

1. OO±. 00 

-0.65±.24 

0·3S±.02 

1. OO±. 00 

0·76±.01 

LOO±.OO 

1. 12±. 09 

LOO±.OO 

-0·32±.05 

0.88±.03 

1.27±·02 

0.l7±. oS 

LOO±.OO 

-0.20±.07 

13.6 MeV 

1. 32±. 32 

1. OO±. 00 

1.44±.04 

1. OO±. 00 

0.61±.04 

1. 00±. 00 

0·36±.24 

0.2S±.09 

1. OO±. 00 

0·9S±.14 

1. OO±. 00 

1. 01±. 06 

LOO±.OO 

-0. 32±. 03 

LOO±.OO 

0·55±.41 

0.23±·02 

LOO±.OO 

0.07±·01 

-0.lS±.05 

16.2 MeV 

0.S1±.22 

1. OO±. 00 

1. 31±. 09 

0·94±.16 

O. 72±. 10 

1. 00±. 00 

-1. 36±. oS 

1. 16±. 13 

1. OO±. 00 

1. 14±. 08 

1. OO±. 00 

-1.20±.20 

0.5S±.07 

-0·38±.06 

0.84±.1O 

1. OO±. oS 

0.22±. oS 

1. OO±. 00 

-0. 12±. oS 

-0.03±·03 
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,~ Table V. (continued) 

Parameters ll.48 MeV 1~.6 MeV 16.2 MeV 
2 

1. OO±. 00 1. OO±. 00 1. OO±. 00 TJ21 
3 

°21 -0.01±.04 -0.09±·08 -0. 01±. 03 

~1 0·91±·02 0.68±.06 1. OO±. 00 

X
2 

28.53 50·72 94.22 

R 1.38 1.'5'5 1.94 

" max = 3 fits 

Parameters 1l.48 MeV 13.6 MeV 16.2 MeV 12.48 MeV 

0 
°00 1. 08±5. 09 1.231.03 1. 13±. 56 1. 04±. 20 

0 
1.00±.00 1. OO±. 00 0·99±·06 1. OO±. 08 TJOO 

1 
°01 L13±·69 1. 32±. 02 1.24±.ll 1. 32±. 08 

1 
1. OO±. 00 1. OO±. 00 1. OO±. 00 1. OO±. 00 TJ01 #' .. 

1 
°10 0·72±4.17 0.43±·01 0·72±·35 0·70±.13 

1 
1. OO±.OO 0·79±·01 1. OO±. 00 1. OO±. (+ TJlO 

€1 -0. 82±19. 56 0·77±·13 1. 54±. 01 1.40±.07 

0 
O. 87±5. 83 0·78±.04 0.441.20 0.43±·27 °ll 

0 
1.00±.00 0·96±.1O 1. OO±. 00 TJ U O. 53±. 05 

1 
0.80±.61 O. 85±' 39 0·95±·24 °ll 1. 02±. 02 

1 
1.OO±.OO 1. OO±. 00 0·58±·31 TJll O. 59±· 75 

2 
°ll 1. 15±2.13 1. 12±. 02 1.48±.09 

• 1.43±·07 

2 
1. OO±. 00 1. OO±. 00 0.80±.16 .. TJ ll 1.OO±.Ol 

\ 
('-./:; 

~2 

°20 -0.22±2·71 -0.19±·01 -0·35±·17 -,0.22±.06 

2 
1.00i.00 0·97±·02 1.oo±.06 ~O 1. 00±. 02 

112 0.87±7·97 O. 82±. 09 1.26±.09 1.44±.07 
) 

1 
0.15±2·35 ~ °21 0.05±·01 0.1l±.09 -0. ll±. 04 
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. " Table V. (continued) 

Parameters 11.48 MeV 13.6 MeV 16.2 MeV 12.48 MeV 

1 
L OO±. 00 1. OO±. 02 1. OO±.OO 1.00±.00 1121 

€s-n 0.02±4.44 -0.04±.01 -0. 06±. 08 o. 04±. 06 

2 
5
21 -0. 13±.20 -0. 01±. 01 0.06±.10 0.00±.05 

2 
LOO±.OO 1. OO±. 00 LOO±.OO LOO±.OO ~1 

3 521 -0.01±.84 -0. 17±. 01 0.02±.01 0.00±'03 

3 
1121 LOO±.OO 0·95±.01 LOO±.OO 1.00±.00 

3 8
30 

-0. 08±1. 07 -0.05±·00 0.06±.04 0.03±'03 

3 
1130 0·78±.70 0·96±.02 1.00±.01 1. OO±. 01 

€3 0·96±6·95 o. 34±. 06 -0·99±·28 1. 56±. 11 

2 
5

31 
-0.05±·11 0.01±'01 0.07±·1O -0.03±·03 

2 LOO±.OO 0·93±·01 1.00±.00 O. 81±. 11 
~ 

1)31 

€P-F -0.00±.08 0.04±.05 0.03±·36 0.15±.09 

3 5
31 

O. 19±. 18 0.13±·01 -0.19±·15 -0. 09±. 05 

3 
1131 1. OO±. 00 0·96±.02 1. OO±. 00 1.00±.00 

4 
5
31 

;.;Q.22±.13 -0. 12±.01 -0.22±.09 -0. 12±. 04 

4 
1. OO±. 00 1131 0·98±.01 LOO±.Ol 1. OO±. 00 

X
2 

14.40 ·43"33 69·70 76.15 

R 1.70 1·98 1·78 1·95 

.. ' . 

. pt..,. 
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VI. CONCLUSIONS 

It is not clear whether the statistical treatment used in the phase 

shift analysis is valid for the data now at hand. In most cases there is 

true data of only one kind whereas eleven angular distributions are needed 

to describe the p_3He system. The interpolation procedure used with the 

cross section data is reasonable; however, we are still left with few 

data points of few kinds and many phase shift parameters to determine from 

them. The difficulties found in the phase shift searches and the tendencies 

toward non-physical solutions can be ascribed in great part to this lack 

of data. 

Generally the shape of the p_3He polarization curves is slrniliar 

to that of those. in the p-a system. This is an indication that the spin

orbit effects are quite large. In the p-a case, however, the maximum at 

the back angles is nearlY a 100% polarization whereas in the r 3He case 

it is roughly 60 to 70%. 

Any firm conclusions as to the nature of the p_3He system must 

await further data • 
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