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ABSTRACT

Vector-to-tensorpolarization transfer coefficientsin

proton-deuteronelastic scatteringhave been measured at

outgoing deuteron laboratory angles of 0°, 22.5°, and 45° in

the energy range 4.1 MeV<Ep<9.1 MeV. The various vector-to-

tensor polarizationtransfer coefficientsare consistent

with zero, in view of the errors, but effects of the order

of -0.05 cannot be ruled out. The 3He(~,p)4He reaction near

the 430 keV resonance was used as the deuteron tensor

polarization analyzer.

Before the polarization transfer measurements could be

completed, the following had to be determined: (1) the

vector analyzing power for the reaction D(~,d)H, (2) deuter-

on polarization resulting from an unpolarized incident

proton beam, and (3) the analyzing properties of the

3He(~,p)4He reaction near the resonance.

Mith respect to (1), angular distributions of the

vector analyzing power for the reaction D(~,d)H were meas-

ured at 4.00 MeV, 6.00 MeV, and 8.00 MeV. With respect to

(2), angular distributionsof deuteron polarization func-

tions l?y’(f3),Px’z’(e), l/2(px’x’(e)-l?y’y’(0)),and Pz’z’(e)

have been measured at proton energies of 3.99 MeV, 5.00 MeV~

6.OO MeV, and ‘7.00Mev (correspondingto deuteron energies

in the inverse reaction of 7.98 MeV, 10.00 MeV, 12.00 MeV,

viii

n

8

.

.



and 14.00 MeV). These measurements were accomplished by

measuring analyzing powers in the inverse reaction, H(~,p)D

and applying a generalizationof the polarization-asymmetry

equality theorem. !l!heanalyzing power measurements show

considerablestructure although the effects are small when

compared to,their maximum

With respect to (3),

3He(~,p)4He reaction were

possible ranges of values.

&z and l/2(&-~) for the

measured in the vicinity of

ecm. = 54.7°. Azz was measured at OO. The measurements

were made in thick geometry for average deuteron inter-

action energies in the range 366 keV<~d<1090 keV. Correc-

tions made to the thick geometry measurements were typically

O.O2O and in no case larger than 0.035. The measured values

are indicative of the contributionof waves higher than S-

waves in this energy region.

Finally, one vector-to-vectorpolarization transfer

coefficient, lab~’, was measured at ed = 22.5° at an inci-

dent proton energy of 9.08 MeV and found to be nonzero. The

3He(~,p)4He reaction for deuteron energies near 5.6 MeV was

used to analyze the outgoing deuteron vector polarization.

Recent calculationsof nucleon and deuteron polar-

izations as well as cross sections for nucleon-deuteron

scattering have been made by solving numerically the

Faddeev-Lovelacethree body integral equations (Fa 61,

Lo 64) for a given set of potentials. Currently, the best

qualitative agreement to nucleon-deuterondata for nucleon

ix



energies 2SEN%77 MeV has been obtained ~~itha two-potential

formula for separable S-, P-, and D-wave nucleon-nucleon

3S1-3D1 tensor forceforces with thexinclusionof a

(Pi 72b, Pi73). The calculatedvector-to-tensorpolariza-

tion transfer coefficientsagree well with the present

measurements though there is “somestructure near a cm.

angle of 120° (correspondingto an outgoing deuteron

laboratory angle of 300). This class of transfer measure-

ments seems to be somewhat insensitive to changes in the

scattering amplitudes. Calculations of vector-to-vector

polarization transfer coefficients,on the other hand,

are large and appear more sensitive to such changes--both

in D(~,fi)Dand D(?,~)H elastic scattering. This then may

be a more ‘fruitfulplace in which to look. It is not yet

known whether the two-standard-deviationdisagreementwith

the single measurement of ~’ is significant.

x
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CHAI?TERI

INTRODUCTION

A. Description of Experiment

In an effort to better understand nuclear forces more

and more experiments involving polarized nuclei are being

performed. These experiments yield polarization and ,

polarization related quantities which supplement differ-

ential cross section data and help provide information on

the spin dependence of the nuclear interaction.

With the availability of polarized beams, first ob-

tained by a scattering or reaction and more recently ob-

tained with polarized ion sources, experiments and modeling

efforts have become more and more sophisticated. This has

resulted in the possibility of several classes of two-

particle experiments:

1. A(B,C)D cross section experiments

2. A(i,C)D analyzing power experiments

3= A(B,;)D polarization experiments

4. ~(fi,C)Dand

A(B,t)fi spin correlation experiments

5. A(~,;)D polarization transfer experiments

An arrow above a particle group indicates that its polari-

zation is known or is measured. An experiment of type (1)

involves a measurement of particle intensities. An ex-

periment of type (2) involves the use of a polarized inci-

dent beam and the measurement of asymmetrical intensities

1



in the angular distribution of reaction products, such as

a left-right asymmetry. Experiments of type (3) implies

the use of some sort of device (a polarization analyzer)

to measure the polarization of the outgoing particles;

this is normally done in a further reaction or scattering

of type (2) for which the analyzing properties have previ-

ously been measured or can be calculated. Spin correlation

coefficientsare obtained (1) by bombarding a polarized

target with a polarized beam and measuring asymmetrical

intensities for various combinationsof beam and target

polarization for the reaction products or (2) by bombarding

an unpolarized target with an unpolarized beam and measur-

ing

(3)

the polarization of both of the reaction products.

Experiments of type (5) are similar to those of type

in that the polarization of outgoing particles are to

be measured. The two types differ in that reactions of

type (5) are initiated with polarized incident beams

whereas those of type (3) are initiated with unpolarized

incident besms. Experiments of type (5) are historically

referred to as triple scattering experiments in deference

to the manner in which the polarized beam was obtained;

that is, the first reaction or scattering was used to

produce the polarized beam, the second was the one under

investigation,and the third was used to analyze the

polarization of

A polarized ion

the particles emerging from the second.

source replaces the first reaction thereby

2



reducing polarization transfer experiments to double scat-

tering experimentsalthough available beam intensities are

less than can be obtained with unpolarized ion sources.

Completion of polarization transfer experiments frequently

requires that experimentsof the second

also be performed.

Experiments involving the spins of

particle groups simultaneouslymight be

and third type

three or more

considered to form

an additional class of experiments (e.g., ~(~,~)D or
+++

A(b,c)D). Such experiments would be extremely difficult.

However, it is likely that experiments of this class will

never be performed, for Simonius (Si 71) has shown that

all scattering amplitudes can be determined by considering

no more than two polarized particle groups at a time, i.e.,

that experiments of types (l-5) always suffice.

It should also be noted that the complexity of ex-

periments within each class (except class (1)) is dependent

upon the complexity of the spin structure of the particles

involved. There are (2S+1)2-1 quantities required to

describe the polarization of an ensemble of particles of

spin S.” For spin-1/2 particles,

the components of a vector. POr

of the eight quantities form the

the three quantities form

spin-1 particles, three

components of a vector

while the remaining five

rank tensor. The number

form the components of a second-

of observable in each class

3



of experiment increases as the spin structure becomes more

complex. This will become more apparent in the next sec-

tion of this chapter.

A very useful.relation between the analyzing powers

for reactions induced with polarized spin-1/2 particles

and the polarization produced in the inverse reaction

(Bl 52, Da 52, WO 52), called the polarization-asymmetry

equality (Be 58), has been generalized (Sa 58) to include

spin polarizationmoments of higher order, provided time

reversal invariance is satisfied. From an experimental

point of view, this means that in principle an experiment

of type (3) may be performed by doing the inverse reaction,

one of type (2) (i.e., A(B,d)DMD(~,B)A). In practice,

this is not always feasible as is the case where the po-

larized particles are neutrons or if the polarized beam,

6, is not available.

The purpose of this thesis was to design, build, and

use a scattering chamber in which the second-rank (tensor)

polarizationmoments of outgoing deuterons from reactions

induced by polarized proton or deuteron beams could be

measured at tandem accelerator energies. For incident

polarized proton beams this would permit a determination

of vector-to-tensorpolarization transfer coefficients.

For incident polarized deuteron beams both vector-to-tensor

and tensor-to-tensorpolarization transfer coefficients

can be obtained.
4



Early design considerationswere based on the reaction,

4He(~,~)4He. However, an engineering problem (to be dis-

cussed in Chapter II) prompted a change to the reaction

D(~,~)H for which there were also fewer obse-rvables.

Altho~h the engineeringproblem was later solved and the

4He(~,~)4He experiment resumed, those data will not be

presented here.

Only recently have polarization transfer experiments

become routinely feasible. However, previous experimenters

have measured vector-to-vectorpolarization transfer coef-

ficients; correspondingto the well known Wolfenstein

(Wo 56) triple-scatteringparameters (originallyformu-

lated for reactions of the type A(~,~)D and later extended

. (Ga 70, Oh 72a) to reactions involving other spin com-

binations). An extensive review of polarization transfer

and spin correlation experiments involving spin-1/2 and

spin-1 particles has been written by Ohlsen (Oh 72b).

The experiment forming the subject of this thesis,

D(~,~)H, is the first

transfer coefficients

order to effect these

be done:

1. Design and build

experiment to measure polarization

of the vector-to-tensortype. In

measurements the following had to

a

2. Measure the vector

D(j,d)H.

scattering chamber.

analyzing power for the reaction

3* Measure the deuteron tensor polarization components

5



4.

5.

6.

which result from an unpolarized incident proton beam

for the reaction D(p,~)H. This was accomplished by

measuring the analyzing powers for the inverse reac-

tion, H(~,p)D and utilizing the polarization-asymmetry

equality theorem.

Design, build, and calibrate a

deuteron tensor polarization.

tiOn fOr Ed < 1 MeV was chosen

polarimeter to measure

The 3He(~,p)4Hereac-

for this purpose.

Measure the deuteron tensor polarization components

which result from a polarized incident proton beam

for the reaction D(~,;)H and extract the various po-

larization transfer coefficients.

Write various computer codes to analyze and correct

the data for finite geometry and thick target effects.

Item (1) constitutesa large portion of Chapter II.

Chapter III deals with items (2) and (3), and Chapter IV

deals with item (4). Chapter V iS

larization transfer measurements.

code is discussed in Appendix C.

reserved for the po-

The finite geometry

B. Formalism

1. Spin 1/2

It is the purpose of this section to outline

briefly the formalism of polarization phenomena as it ap-

plies to p-d elastic scattering. The description given

here is modeled after the formalism developed by Gammel

6



.

.

et al. (Ga 70), for which the reactions T(~,~)4He and

3He(~,~)4Heare special cases, and Ohl.senet al. (Oh 72a)

who in turn modeled their work after that of Wolfenstein

(WO 56).

A single spin-1/2

()

al
Pauli spinor x =

a2 “

direction in which the

direction is chosen as

particle can be represented by a

For such a particle there is a

projection of spin points. If this

the Z axis then x =
():“

The

expectationvalue of an observable correspondingto a

Hermitian operator O is given by

= Ial

where

20 =tr~O,2011+a~a2012+a~a1021+la21 22

\

p, the density matrix, has been defined as

(lq2 %%52
P =

)a,pl Iq “

(1-1)

(l-2)

For an ensemble of N particles, each element of the density

matrix is replaced with the average value; e.g.,

The state of polarization of an ensemble of spin-1/2

particles is specified by the expectation values of the

Pauli spin operators:

7



Px = <Ox> = tr Pdx

‘Y
= <oy> = tr PUY

Pz =<~z>=tr Paz , (l-3)

where

“x = (: ;)

Uy = (: -:)

Gz = (: -:) ● (1-4 )

A polarized spin-1/2 beam produced in an ion source

has an axis of symmetry referred to as the quantization

axis. For such a beam having N+ particles with their spin

projections aligned with the quantizationaxis and N-

particles with their spin projections aligned opposite

to the quantizationaxis, the density matrix is given by

()

N+ O
P =* o N- , where it has been assumed that the Z

axis iS along the axis of quantization. The beam polari-

zation is then given by

N -N
Pz =trpaz=N*,

+-
(1-5)

with pX = py = O. Each vector polarization component

thus defined is bounded by the limits * 1. It should

also be noted that the three Pauli operators and the 2x2

unit matrix are an orthogonal set in the sense that

.

.

.

.

8



‘r aiuj= 26ij “ (1-6)

.

.

Hence, any 2x2 matrix, M, may be expanded in terms of the

basis set.

2. Spin 1

A spin-1 particle is characterizedby a three-

()
al

component spinor X = a2 . In this case there is a direc-

tion for which X =
(Jr x ‘(:)if ‘his ‘irec’ionis

chosen as the quantization axis. The second case corre-

sponds to the spin vector perpendicular to the quantization

axis while processing around it. This double possibility

is what forces quantities more complicated than for the

spin-1/2 case to be considered. A 3x3 density matrix may

be defined in a manner similar to the 2x2 density matrix

for the spin-1/2 case.

The basic spin-1 angular momentum operators are

Sx () (- )=(PX=LW! sy=@y”&: :-:
Jzolo

()100
Sz =(PZ=OOO ● (l-7 )

00-1

These three vector polarization operators taken together

with the 3x3

whereas nine

desirable to

unit matrix comprise four Hermitian operators

are required to span the 3x3 space. It is

construct the remaining operators in such a

9



way as to (1) have known rotational properties, and (2)

have expectationvalues which vary between convenient

limits, and (3) vanish for an unoriented ensemble. The

set of tensor operators used here were first obtained by

Goldfarb (Go 58) and are defined by

@i.j = ~(@i@j+@j@i)-26ij ; i$j = X,y,z . (l-8)

Whereas five tensor operators were required, six have

been defined thereby producing an overcomplete set. The

dependence of the operators resulting from the overcom-

pleteness condition is

()000
(?Xxw’yy+ezz = ::: “ (1-9 )

The set of spin-1 operators so defined are orthogonal in

the sense that trpipj = 0 ‘or i + j and ‘rgijpk~ = 0 ‘or

ij ~ M?, while tr~i@i = 2$ tr@ij@ij = 9/2, and tr@ii@ii = 6.

As in the spin-1/2 case for 2x2 matrices, any 3x3 matrix

may be expanded in terms of the overcompletebasis set.

The expectationvalues of the spin-1 vector operators

form the components of a vector. Hence, if the components

are known in one coordinate system, they may be obtained

in another by a unitary transformation,~’ = u;. Expec-

tation values of the second-rank operators form the ele-

ments of a 3x3 symmetrical second-rank tensor, (pp). The

components of (pp)in a new system may be obtained by the

transformation (pp)’ = U(pp)fi.

10
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A polarized spin-1 beam produced in a polarized ion

source may have N+ particles with spin projections aligned

with, N with spin projections perpendicularto, and N-0
with spin projections aligned opposite to the quantization

axis. If the Z axis is chosen along the quantization axis

then the density matrix is given by

The

the

The

and

P 1=
l?++No+N-

N+O O

)ONOO.

OON_

(1-10)

nonzero polarization components are found to be, from

expression p. . = trp~.. ,
lJ lJ

.

N+-N-
Pz = ~++I?o+N-

P~=Pyy=+Pzz”

N++N--2N0
Pzz = lT++No+N-

(1-11 )

quantities pz and PZZ are referred to as the vector

tensor components, respectively, of the polarized beam.

Note that P~+Py-y+pzz= O as do the sum of the respective

operators. In general, the description of the state of

polarization of a spin-1 beam lacking an axis of symmetry

may require all three vector components and five inde-

pendent tensor components.

Expectation values of the various operators are bounded

by the limits *1 for vector polarization,i3/2 for pij

quantities (i # j), and +1 to -2 for pii quantities.

11



The differential cross section is given as tr~f where

~f is the final density matrix given by

‘f = M~iMt . (1-12)

Pi is the initial density matrix and M is a matrix which

transforms the incoming spinor into an outgoing spinor

(see Ref. (Oh 72a)). The elements of M are functions of

both energy and scattering angle. In the present proton-

d’euteroncase Pf$ Pi, and M are all 6x6 matrices. The

initial density matrix may be expanded in terms of a

direct product of appropriate spin-1 operators and spin-1/2

operators. The basis set obtained in this manner consists

of 36 matrices, a typical example of which is

010
0 101

{ 010

*

.

When the suggested expansion is carried out

(1-13 )

with the

aid of the normalization conditions (assumingun unpolarized

deuteron target) and the expanded result substituted into

*Some authors prefer to multiply the spin-l operators by

an appropriate constant such that trfl.fl.=
~J 36.Jj9 where

Qi =
ai~jk$ then expand in terms of the Q Set.

12
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Eq. (1-12), the resulting observable can be expressed

compactly as
7

I(o,P) = 1.(8)(1+ ~~lpjAj(o))
=

P~~mlI(e,w)= Io(0)(P~’m’(O)+ ~ p,K~’m’(8)), (1-14)

where

K{’(6) =
trMm.Mt@~

trMMT

K1’m’ trMU.MT@~m,

j
(0) =

trMMT

j=l J J

polarization transfer
coefficients .

(1-15)

analyzing powers

outgoing polarization
(unpm~arized incident

outgoing polarization
(&&arized incident

l.(0) and I(8,P) are the unpolarized and polarized differ-

ential cross sec-tiions,respectively. The pj (unprimed)

refer to the vector polarization of the incident proton

beam as described in

system. The p , and
!

the reaction initial coordinate

P~lm~ refer to the vector and tensor

13



polarization, respectively,of the outgoing deuterons as

described in the reaction final coordinate system (re-

ferred to as the outgoing laboratory helicity frame in

Ref. (Oh 72b)). Both coordinate systems are illustrated

in Fig. 18.

From an experimentalpoint of view it is fortunate

that parity conservationrestricts the

ables. This restriction requires that

number of observ-

an observable

vanish unless NX+NZ is

ber of times x appears

appears. For example,

an even number where N_ is the num-
A

and Nz is the number of times z
IZl~ would be allowed whereas

a.

Ky~z’ would not be allowed.
Y

Rotational invariance requires

that the observable be even or odd functions of the scat-

tering angle, f3,as NX+NY is even or odd.

When these rules are applied to Eq. (1-14), the fol-

lowing results:

I = Io(l+P@A)

PX,I = Io(Px~’+PzK:’ )

py,I = Io(&+pyK$’)

PZ,I = Io(P~’+PzK~ ‘)

Px@ = Io(p~’y’+pzK:’y’ )

X’Z’+PY$Z’)Px@ = 10(P

.

.

.
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Py@ = 10(PXK;’Z’+PZK;’Z’)

PxtxfI = Io(l$’x’+p ‘
=)#

Py@ = Io(l?y’y’+pyK~’y’)

Pztz~I = Io(Pz’z’+p~’z’) , (1-16)

where odd functions of scattering angle have been under-

lined. Because of the overcompletenessof the operators,

two of the last three equations of Eq. (1-16) may be re-

written in several ways as for example:

(PX,X,-PY,Y,)I = 10[(H’X’-PY’Y’ 1)+py(Kx’x’-Ky’y’) .

c. Summary of Data to be Presented

Chapter III contains the results of analyzing power

measurements made on p-d elastic scattering. In the

reaction D(~,d)H, angular distributionsof Ay in the range

210 < elab ~ 60° were made in 3° increments at proton

target center energies of 4.00, 6.oo, and 8.00 MeV. In

the reaction H(~,p)D, Ay, Ayy, Axx, and ~z have been

measured at deuteron energies of 7.98, 10.00, 12.00, and

14.00 MeV in the range 21°< @lab < 60°, again in 3°

increments. Azz ~d $(Axx-~y) have usually been quoted

in the literature and so have been tabulated from AH

and A
YY

with the aid of the relation Axx+
% y+Azz = 00

15



In addition to the measured H(;,p)D data, corresponding

polarizations resulting in the inverse reaction, D(p,~)H,

have been tabulated in the recoil deuteron laboratory

helicity frame as these quantities were needed for the

polarization transfer experiment.

3He(~,p)4He haveAnalyzing powers for the reaction

been measured for average deuteron interaction energies

in the range 366< Ed ~ 109O kev. J+ Axz, and ~(~x-Ayy)

were measured near a center-of-massscattering angle of

54.7°. AZz was measured at OO. Data have been tabulated

in Chapter IV, both in thick geometry and with the geometry

unfolded.

Chapter V contains results of the polarization trans-

fer measurements for the reaction D(~,~)H. All vector-

to-tensor transfer coefficientshave been measured for

outgoing deuterons at laboratory angles of 0°, 22~0, and

45°. Measurements were made in the energy range of 4.2

to 9.1 MeV. In addition to the vector-to-tensortransfer

coefficients,one vector-to-vectortransfer coefficient,

~’ (similar to the Wolfenstein R parameter), was meas-

‘ed at ‘lab = 22~0 and at an incident proton energy of

9.08 MeV.

16



CHAJ?TERII

EXPERIMENTALAPPARATUS

A. Experimental Situation

The experiments described in this thesis were performed

at the Los Alamos Van de Graaff accelerator facility. The

facility consists of two Van de Graaff electrostatic

accelerators,a vertical (one-stage)and a horizontal

tandem (two-stage)which may be used separately or con-

nected in series and used jointly. The tandem (High Vol-

tage Engineering Corp., Model FN) was used exclusively

for the experiments described here and was capable of

accelerating ions to energies in the range of 1.5 MeV

to 16 MeV. An overall view of the experimental setup

used is illustrated in Fig. 1.

The Los Alamos Lamb-shift polarized ion source (La 69,

Mc 71) was capable of producing hydrogen or deuterium

polarized negative ion beams of approximately 90% and 80%

polarization, respectively,with the quantization axis

aligned (or antialigned) with the beam direction. Beam

intensitiesproduced by the source under operating con-

ditions were typically 300 nA for both H- and 11-ions

as measured in the precessor “cup.” Ions leaving the

source were passed through the spin precessor which con-

sisted of crossed electric and magnetic

in such a manner as to precess the spin

fields oriented

quantization axis

17
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to the required initial direction which would give the

desired final orientation at the target after having

passed through

Details of the

where (Oh 70).

the facility’s system of bending magnets.

processing requirements are discussed else-

After having passed through the spin pre-

cessor, the negative ions were injected into the tandem

accelerator where they were accelerated electrostatically

to half their terminal energy near the middle of the

accelerator. The negative ions then passed through a thin

carbon foil which removed the orbital electrons, thereby

converting them to positive ions which acquired additional

energy in traversing the remaining length of the accel-

erator tube.

90° analyzing

lating slits.

beam down the

The beam was then energy analyzed with the

magnet used in conjunction with the regu-

A switching magnet was used to route the

appropriate beam tube to one of the scat-

tering

powers

cussed

chambers. The “cube” was used to measure analyzing

for the reaction D(~,d)H and H(~,p)D (to be dis-

in Chapter III). The deuteron polarization trans-

fer chamber was used to calibrate the deuteron polarimeter

(3He(~,p)4Hereaction in the vicinity of the 430-kev

resonance) and to measure recoil deuteron polarization

for the reaction D(~,~)H (to be discussed in Chapters IV

and V, respectively). In all experiments, the polarization

of the incident beam was measured by the quench ratio

method (Oh 71a) at the analyzing “cup.”

19



B. “Cube” Scattering Chamber

The 12-in. cube was originally constructed by

Starkovich (St 69) and later modified by Ohlsen, Keaton,

and Armstrong of Los Alamos Scientific

for the purpose of measuring analyzing

fied version is illustrated in Fig. 2.

Laboratory (LASL)

powers. The modi-

For the experi-

ments described here, a gas target cell was mounted in

the

and

1)

2)

3)

4)

5)

center of the cube. The entrance foil was removed

the cube evacuated. Essential characteristicsare:

provision for mounting either a gas or solid target;

four AE-E detector telescopes, utilizing silicon

surface barrier detectors, mounted in left (L),

right (R), up (U), and down (D) azimuthal positions

with variable polar angle;

provision for rotating the chamber about the beam

axis so that any single detector telescope may occupy

any of the four (L, R, U, D) azimuthal positions;

beam entrance and exit slits which are attached to

the cube and rotate with it;

a Faraday cup beyond the exit slits which serves as

a beam stop and beam intensity monitor.

The rotating feature of’the cube and slit system is

necessary in order to eliminate small differences in de-

tector efficiencies,solid angle, and scattering angle,

and also instrumentalor false asymmetries.

.

.

.

.
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The four detector telescopes were mounted from the

side surfaces of the cube in such a way as.to permit

o ~ @ ~ 163°.selection of the polar angle (t?)for 17

Circular verniers on the outer surfaces of the chamber

permitted the setting of @ to an accuracy of AO.1 degree.

Azimuthal rotation of the

means of a small electric

a series of microswitches

chamber was accomplished by

motor used in conjunction with

and could either be operated

manually or by

0.50.

Essential

computer control to an accuracy of about

characteristicsof the detector telescopes

are illustrated in Fig. 3. The dimensions are:

R.

h

‘1

‘2

Front slit width

Front slit height

Rear slit width

Rear slit height

Collimating slit thickness

Anti-scatter slit width

Anti-scatter slit height

Anti-scatter

The dimensions

of 1° (FWHM).

slit thickness

= 9.210 cm

= 5.870 cm

= 1.320 cm

= 1.560 cm

= 0.102 cm

= 0.762 cm

= 0.102 cm

= 0.952 cm

= 0.052 cm

= 0.436 cm

= 0.834 Cm

= 0.158 cm

specified provide an angular resolution

Ortec surface barrier detectors were

.

.

/

.

.
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positioned directly behind the rear collimating slit and

were sufficientlylarge to intercept those particles emerg-

ing through the,rear slit. The AE detectors were totally

depleted and of sufficient thickness (nominalvalue of

40 ~) to give pulses large enough to trigger the associ-

ated electronicsthroughout the energy and angular ranges

studied. The E detectors were partially depleted

sufficient thickness (1000 ~) to stop the charged

titles.

and of

par-

The gas target was cylindrical in shape (3.810 cm

diameter) and positioned at the center of the chamber

by means of support struts. The struts were attached

to the inner rear surface of the cube such that the cylin-

drical axis of the cell was parallel to a diagonal of the

rear surface, thereby prohibiting the detector telescopes

from viewing the cell frame. Entrance and exit windows

of the gas cell were of 2.1 mg/cmZ Havar* foil and were

attached to the cell frame by means of an epoxy resin.**

Each slit of the chamber’s front and rear slit

systems was monitored separately and the currents on

the four rear slits added (with the aid of a current

summing unit) to the current of the Faraday cup for the

*A high temib

Precision Metals

strength cobalt alloy obtained from the

Division of Hamilton Watch Company.

“

.

.

.

**Type A-6 from Armstrong Products Company, Inc.
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purpose of current integration.

generally set at 1.78 mm by 1.78

generally set at 2.03 mm by 2.03

The front slits were

mm and the rear slits

mm.

c. Deuteron Polarization Transfer Chamber and Polarimeter

1. Early design considerations

Early design considerationswere based on doing

the experiment 4He(~,~)4He tensor polarization transfer

at 12 MeV over as wide an angular range as possible.

Although design considerationswere based on doing a

specific experiment, it was intended that the resulting

design be flexible enough to accommodate a number of other

polarization transfer experiments in which the second-

rank polarization components of outgoing deuterons would

be measured. Some of the additional experiments contem-

plated included: D(~,~)H and 3He(~,~)3He elastic scat-

tering.

There have been several experiments in which second-

rank polarization components of outgoing deuterons in

reactions induced by unpolarized incident beams have been

measured by utilizing the analyzing properties of the

reaction 3He(~,p)4He in the vicinity of the 430-keV reso-

nance (Se 64, Mc 65, Yo 65, Iv 67). In those experiments,

a system of four detectors (CSI scintillation crystals)

was used, three of which were positioned at left, right,

and up azimuthal positions and at a center-of-masspolar

25



angle near 54.7° or 45°. The fourth detector was positioned

at a polar angle of OO. This arrangement, to be compared

to the five detector array of Fig. 18, was sufficient to

measure the three second-rank Cartesian components pxIzt z

*(Pxtxl-Pytyl), and pz,z, (correspondingto the spherical

tensor moments of <T21>, <T22>, and <T20>, respectively).

These three tensor components are the only tensor compo-

nents obtained with an unpolarized incident beam (as a

consequence of conservationof parity). Polarized inci-

dent beams may produce the additional tensor components

Py~z~ and Px~y~ (see Eq. (1-16)).

The tensor component px,z, can give rise to a left-

right asymmetry (asymmetryin the X’Z’ plane) and is

therefore sensed with the left-right detector pair.

$(Px?xt-Pytyt) may contribute equally to the yields in

the left-right detector pair but can give rise to an

asymmetry

to yields

therefore

when yields in the vertical plane are compared

in the horizontal plane. This component is

sensed with one or more detectors in each of the

two planes. The tensor component pz,z,

yield of outgoing protons independently

angle but dependent on the polar angle.

contributesto the

of azimuthal

It is

sensed by comparing proton yields at different

angles (e.g., the yield in the 0° detector and

therefore

polar

the yield

,

.

.

.

in one or more detectors at 54.7° or at 45°) or by com-

paring yields in one detector for two runs of different

26
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incident beam polarization. Hence, it was possible for

earlier experimentersto make simultaneousmeasurements

of these three tensors using a four-detectorarray.

The tensor component py,z, can give rise to an up-

down asymmetry thus requiring either the addition of a

“down” detector to the array or the ability to rotate the

four-detectorarray.

There is a sinecose azimuthal angular dependence of

the proton distribution on the tensor component px,y?.

This component contributes equally to the proton yield -

in detectors located at azimuthal angles of 45° and 225°

and equally to the

angles of 135° and

for the two sets.

contributionto an

yield in detectors located at azimuthal

315°, while contributing differently

That is, px,y, can provide its maximum

asymmetrical proton distribution in

orthogonal planes (containingthe z’ axis) which are

rotated 45° about the z’ axis. Measurement of px,y, is

then made with one or more detectors in each of the two

rotated

To

require

orthogonal planes.

measure all five components simultaneouslywould

a minimum of seven detectors. Cleaner separation

of polarizationtransfer coefficients obtain when the

number of components required to describe the incident

beam can be reduced. With the aid of the spin precessor

(Fig. 1) px, py, or

could be selected.

pz polarized incident proton beams

For any of these choices only four

27



of the five independent outgoing second-rank deuteron

polarization components involve polarization transfer coef-

ficients (see Eq. (1-16)). A similar situation obtains

for the case

4He(~,~)4He)

orientation.

of an incident polarized deuteron beam (e.g.,

with judicious choices in quantization axis

However, due to the larger number of experi-

mental observable (resultingfrom a more complicated spin

structure), separation of the transfer coefficientsis

not as clean as in the present proton-deuteroncase.

Based on these considerations,a rotatable five-

detector array was chosen. Solid state detectors were

chosen because of compactness and the ability to discrim-

inate against background radiation.

Because of the necessity of slowing the outgoing

deuterons to energies near the 430-keV resonance of the

analyzing reaction, it was thought to

have the degrading foils in air where

serted and removed with ease. It was

be desirable to

they could be in-

also desirable

to have the degrading foils as near to the 5He cell as

possible

multiple

electron

electron

1)

in order to minimize deuteron losses due to

scattering and deuteron depolarizationdue to

pickup. Consequently,depolarizationdue to

pickup has been neglected in view of

the continuous energy degradation once the

.

.

.

slowup process had commenced. This prohibits appreciable

numbers of deuterons from picking up electrons, and keeping

28



them, for times comparable to the Larmor

period (Li 71); and

2) the relative cross sections of

angular precession

the various

processes involved. That is, electron pickup becomes more

important for deuteron energies s 200 keV, while typical

average interaction energies under operating conditions

were - 500 keV. Those deuterons with energies less than

200 keV contributedlittle to the total proton yield.

Since the measurement of outgoing polarization com-

ponents produced in a reaction necessarily involves a

second analyzing reaction, such experiments are difficult

in view of the counting rates obtainable. This is especi-

ally true if the first reaction is initiated by an inci-

dent polarized beam for which currently available beam

intensities at the target are about 5% of those usable

in experiments utilizing unpolarized incident beams in

this same low energy region. With this limitation in

mind, it was hoped that a suitable chamber could be built

that would give counting rates in the order of 100 counts/

hour/detector for an incident polarized beam intensity

of 80 nA. To achieve this goal it was necessary to relax

requirements on energy and angular resolution, thereby

obtaining thick geometry.

In order to prohibit the deuteron polarimeter from

viewing deuterons scattered from the entrance

foils of the primary gas target, a collimator

and exit

with

29



rectangular apertures was designed and built with the

front and rear slits being of equal width in order to

maximize the well known geometry factor (Si 59) (and

hence the deuteron yield

ject to a given constant

diameter cylindricalgas

at the 3He cell entrance) sub-

angular resolution. A 1.25-in.

target cell capable of maintaining

a pressure of 6 atm at LN temperature was built for the

4He(~,~)4He polarization transfer experiment. The re-

sulting chamber and polarimeter were thus chosen in an

attempt to maximize the outgoing deuteron yield while

minimizing energy and angular spreading of the deuterons

entering the

ranges to be

After a

3He cell throughout

studied.

preliminary attempt

the energy and angular

on the 4He(~,~)4He po-

larization transfer problem, it became apparent that the

neutron flux produced by the 12-MeV incident beam was

higher than early calculationshad indicated it would be.

An upper limit on the machine energy of about 9.5 MeV was

established for which radiation to the detectors was still

at an acceptable level. In addition to the radiation

problem, it was found that the yield in the zero degree

detector was contaminatedby protons produced by the

14N(d,p)15N (Qreaction = +8.6 MeV) in the primary gas

target due to nitrogen outgassing from the walls of the

target cell and that for some operating conditions the

protons from the analyzing reaction could not be

30
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distinguishedfrom those produced by the nitrogen. This

problem was common to the experiments of McIntyre (Mc 65)

and Young (Yo 65) who chose to use an annular detector

at zero degrees to avoid the problem. These difficulties

prompted the change to the D(~,~)H tensor polarization

transfer problem for which the form of the observable

4He(~,~)4He problemis also simpler. Although data for the

have since been obtained for deuteron energies less than

the upper limit established,and after having solved the

nitrogen problem by modifying the primary cell to include

activated zeolite at LN temperature as an adsorbent, that

data will not be reported as part of this thesis.

2. Polarization transfer chamber

Shown in Figs. 4 and 5 are top and side views

of the deuteron polarization transfer chamber and polarim-

eter. In each figure two detector telescopes have been

omitted in order to show the zero degree telescope. Both

figures illustrate the apparatus as used for the

3He(~,p)4He calibration experiment.

Polarized beam was directed against the solid (or

gaseous) target and the outgoing deuterons were permitted

to enter the 3He cell after having passed through the

chamber’s 5-mg/cmz Havar exit foil, about 5 mm of air,

an aluminum degrading foil of appropriate thickness to

give an average deuteron interaction energy of about
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500 keV, and the 5-mg/cm2 Havar 3He cell entrance foil.

The deuterons then initiated the reaction 3He(~,p)4He

(Q= +18.35 MeV) and the high energy protons were detected

in the various detector telescopes of the array. By

using algebraic techniques (to be discussed in Chapters

IV and V) and the number of counts in each telescope, the

polarization components of the deuterons entering the

3He cell could be determined. In the 3He(~,p)4He calibra-

tion experiment,an incident beam of deuterons of known

polarization permitted a determination of the analyzing

powers for the 3He(~,p)4He reaction near the 430-keV

resonance.

The 15-cm (id.) aluminum chamber was mounted on a

bearing which permitted continuous rotation of the chamber

about its cylindricalaxis to an angle in the range of

-110° to 110°, to an accuracy of about 0.3°, without

having to break vacuum. The sliding seal consisted of

a 0.30-mm thick spring steel band bolted to the end of

the beam tube which was permitted to slide on teflon

bearings during the chamber rotation while maintaining ~

vacuum with viton “O” rings. The thickness of the band

was somewhat critical in that it had to be thick enough

to withstand the force of the atmosphere when the chamber

was evacuated and thin enough to bend away from the de-

tector array

was attached

in the

to the

available space. A rigid support

end of the beam tube near the chamber

34
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to eliminate flexing of the band, and subsequent loss of

vacuum, during rotation, as this had been a problem on

an earlier scattering chamber utilizing this type of slid-

ing seal. The rotation was accomplished with a small

electric motor mated to a worm gear attached to the bottom

of the chamber. The 3He cell and the detector array

assembly were attached to the chamber. The center of the

chamber was located near the focal point of the beam

tube?s quadruple focusing magnet. An insulated set of

beam defining slits was located about 31.8 cm upstream

from the center of the chamber and was typically set at

a width of 1.27 mm and a height of 2.54 mm during collec-

tion of polarization transfer data.

Because of the rather large magnification of small

outgoing deuteron energy differences during the slowing

process, and the high degree of sensitivity of the proton

yield in the 3He cell on the entering deuteron energy

distribution, it was necessary to monitor the current

balance on the left-right slit pair during data acquisi-

tion. Such energy differences can arise from small angular

changes of the outgoing deuterons which result from beam

steering. That iS, AEd/Ed = -2tandA6 where Ed is the

outgoing deuteron energy and 0

Both beam translation and beam

is the scattering angle.

entrance angle variations

contribute to this effect. The importance of beam posi-

tion monitoring became apparent as a nonreproducibility
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in the “excitation function” part of the data collection

routine (to be discussed in Chapter V) when such monitor-

ing was not used.

A diffusion pump was located 40 cm in front of the

chamber; this produced a typical pressure of 2X10-7 Torr

at the pump inlet.

The Faraday cup and beam stop was supported from a

rotatable shaft through the center of the bottom of the

chamber and was insulated from the chamber with teflon.

Electron suppression was handled magnetically with a

75 gauss fieldproducedby a pair of permanent magnets

clamped to the Faraday cup. Originally, tantalum had been

chosen as the material for the beam stop. However, when

it became apparent that neutron fluxes produced were

somewhat larger than had previously been estimated, gold

was substituted for the tantalum. This change was based

on the findings of Allen et al. (Al 51) that 15-MeV deu-

terons in stopping produce about 2/3 as high a neutron

flux in gold as in tantalum. A carbon beam stop was tried

but the resulting high gamma ray flux made this imprac-

tical.

.

.

“

.
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3He(~,p)4He calibration3* Accessory lid for the

For the 3He(~,p)4He calibration experiment an

accessory lid was made for the scattering chamber from

which metal foils could be suspended and with provision

for mounting an E-AE detector telescope within the chamber.

The E-AE detector telescope was used as a substitute

current intensity monitor by counting deuterons Coulomb

scattered at 300 from a 24.5-mg/cm2 gold foil. The

monitor was necessary for this

need of the ability to deliver

to the 3He cell in each of two

experiment in view of the

the same amount of charge

or three runs with the

chamber in the zero degree position. The detector tele-

scope consisted of a 50-~ AE and a 300-P E surface barrier

detector pair positioned behind a 0.74-mm diameter Col-

limator located 5.4 cm from the gold foil. Because this

experiment was a single scattering experiment (high count

rate), the beam defining slits were cut to 0.50 w by

0.50 mm and the beam was cut to - 1/2 nanosmpere.

4* Cryostat and primary gas target

For polarization transfer experimentsutilizing

gas targets, a liquid nitrogen cryostat was built from

which the gas target could be suspended. The cryostat

had a 3.3-1 reservoir and, although it was usually filled

after each 6-8 hours of

lasting 12 hours. This

operation, it was capable of

cryostat was a scaled down version
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of an earlier model

directly in contact

the seal being made

used in the D(~,~)H

1.27 cm in diameter

for which gas targets could be bolted

with the liquid nitrogen reservoir,

by an iridium’10”ring. The gas cell

polarization transfer experiment was

with 2.1-mg/cm2 Havar entrance and

exit windows attached to the cell frame by epoxy resin.

The cell was filled through a stainless steel filling

lead which extended up through the cryostat reservoir and

was operated at a pressure of 6.2 atm (- 95% of its upper

limit).

pressure

The

During operation the cell was left open to a

gauge.

polarization transfer data collected at d,ek = 0°

posed a particular problem in that

to be rotated to a position out of

order to give the machine operator

.La u

the Faraday cup had

the beam path. In

something to monitor

during data collection,the cryostat and gas target were

insulated from the chamber, and secondary electron emis-

sion from the target was used in lieu of the Faraday cup.

Insulation of the cryostat and gas target was accomplished

with the aid of a teflon spacer between the chamber and

cryostat and a kovar filling lead seal soldered in the

gas target filling line. (The method of polarization

transfer data processing made accurate current integration

unnecessary.)

.
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