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Analyzing powers for proton el-astic scatterÍng from llellum-3 have

been measured for proton scattering angles between 40 and 130 degrees.

The angular distributions were determined for incidenË protons v¡1th a

kinetic energy of 40"3 MeV" In order ro perform the experiment a

Hel-iun-3 target. was buil-t and a nuclear detection system was designed"

An optical purnping technique was used to poJ_arize the target, using a

Heliun-4 discharge lamp. The preparatory work and the experiment \^rere

perforned at the Unlversity oT Maniroba Cyclofron Laborat.ory.

ABSTRACT

This study discusses the theory and che apparat.us behind the

nuclear orientation of HeIium-3 by Èhe opt.ical pumping technique. The

measurement of the nuclear polarization, Ëhe data colLection system,

che data analysis and che consislency of t.he resuLls are dj-scussed"
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One of [he fundamenÈal problems of nuclear physics is the many

body nuclear systemo It. has attracted considerable attenci.on both

experimentally and theoreLÍcalLy in the pasL, and wil-l continue to do

so in the future.

I, INTRODUCTION

The main object of t,hrs problem is to l-earn more abour the

i.nLeracÈions between nucleons, thus gaining a better understanding of

the world that. surrounds us" For a long cime the three-nucleon system

has been the favored one among the few-nucleon systemso ILs

slmplicity escablished 1t as the most suitable system for srudying the

detalls of the nucLeon-nucleon forces in nuclei" Recent advances in

the FaddeevIFad61], three-nucleon formalism have produced very

impressive resuLts" It novt seems feasible to begin exÈensive studj-es

of the four-nucleon systemo

A sinple and direct method to study t.he four-nucleon system is

the procon Heliun-3 systero which is currently the most appropriaEe way

of st.udying the syslem of three protons and one neutron. The nucleus

that can be formed from the above is Lithi-um- . This rs an unbound

nuclear state and its ground state has been estlmat.ed to be 4,7 MeV

above the energy of a ileliurn-3 particLe plus a protonIFia73]" Turning

to figure l,l shows Lhat) from lov¡ energy (J-ess than l9 MeV)

scattering data for proton llelium-3, four levels have been deduced Lo



FIGURE I " 1

the four nucleon

Fia73).

Isobar diagram
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exj-stIFia73]. Although a preliminary R-matrix analysrs of higher

energy scatterlng daca indrcated fluctuations in certaÍn phase

shiftsIBro78], no further Lrac.e of structure has been discovered above

the four already existlng .l-eve_l-s.

The task of understanding the four-nucleon system is not an easy

one, this study is a smalr cont,ributlon to it" The proton He]iun-3

data are directj-y applicable to the charge conjugate sysË.em of a

neutron p-Lus tritium, assuming charge symmmetry of nuclear forces.

The unstable nature of both tricium and the neut.rons makes experiments

difflcult compared to experiments using protons and Helium-3.

Dat.a requirrng a polarrzed Helium-3 target are difficult to

obtain beyond 20 l"IeV, which is essential to establish t.he proton

Ilel-ium-3 spin dependence needed in phase shift anal-yses, which are

ÍnLermediate to a LheoreticaÌ interpreÈation" The difficulty lies in

the propertles of the opcicar pumping technique used to polarlze the

Helium-3 and are due to low pressure (less than a few PascaLs) and low

polarizarion (less than 0.25)" Table I.l summarizes the polarizarions

f or dif ferent polarized Hel-ium-3 targetso Beyond 20 l"teV the el-astic

differentiaL cross section decreases rapidly as the energy increases

and the background scattering becomes a problemIVer84] " Recent

development.s of -l-aser technology may al1ow the replacement of the

Hel-ium-  dlscharge lamps with more j-ntense lasers" I,ai-oe et

al" ILaJ-85], reported polarizations up to 0"70 by purnpi.ng gas with a

color center laser" The color center raser is excited by a dye J-aser



Values for P2p on differenË polarized 3He targets

Polarization
P

0.093

0"105

0.15

0.22

0. i6

0. 10

0. 165

0 .18

0.22

0.38

0. 13

0" 12

Pressure
p (Pa)

530

530

530

530

200

600

s30

270

530

400

647

475

)
P-p
(Pa)

5

6

t2

26

5

6

L4

9

26

58

11

7

Reference

Bak69

McS70

BakT I

RohT 1

Tim7la

Bec75

Itrar7 5

Mul7B

SzaTB

Nac82

VerB3

This work

TABLE

Largets"

I " I Summary of polarizations for different Hel1um-3



enitting in che infrared around the wavelength À= 890 nm, the dye

laser is itseLf pumped by the red lines( À= 644 and À= 690 nm

respectively) of a Kryplon laser" The pumping light is deLrvered ar

I.0B micromeLers, circuJ-arly polarrzed by a quarter wave plate and

senL onto the Helium-3 cell along Lhe magneËic field axis (BO)"

Schmor et al.ISch84], reporled results tor polarized Hydrogen of 0"80

to 0"90 using a dye laser" Optical pumping is performed by a

broadband coherent dye laser operating at 5896 angstroros. Broadband

punping is formed from circularly polarized beams" Splitting the

l-aser beam into cwo and purûprng the sodiurn bi-directionally increases

the poJ.arization. The laser is operating on several modes, each much

narrower than the Doppler r,lidth, averaging in time to a 30 GHz total_

bandwldth, Each narrorr mode interacts wich a population of sodium

atoms having veloclty *v" By pumplng from the other direction, a

partieular mode wiÌl also interact with atoms havlng velociÈy -v. The

polarlzation is measured using the Faraday rotaLion technique.

5

measurements has been undertaken in the energy range between 20 and 50

lleV. This program has already cornpleted measurenents of total- cross

sections I Sou76] , differential cross secrions IBro80; l"lur84] ,proton

analyzing pov/ersIBir84], as well as Heliurn-3 anaLyzing powersIMcCB5]"

This work reporLs on the measurement.s of Hel-iun-3 analyzing powers aE

40.3 l"leV usì.ng an unpolarLzed proton beam incidenL on a polarized

HeLiun-3 target s

At Lhe University of Manitoba a substantial program of



llelium-3 anal-yzing powers beLow 20 lleV have been measured by

Szaloky e¿ al-. ISza78], at f j.ve energies between 2,3 and 8"8 ]'leV, as

twel-ve poÍnt angular discributions, by }lcSherry eÈ al" [ÞlcS70] , at nine

energi-es f rom 3oB to 10.9 lleV, as f our point angular dist.ributions,

and by Baker at al.[Bak7l], ac 19"4 ]1eV as an eighteen point angular

distrlbutlon, Measurements for energies higher chan 20 IleV were

obtained by l"lulJ-er et al .[l.lu.L78] , aL 25.0 MeV as a nine point angular

distribution" The energy dependence vlas reported at a fixed lab angle

of 135 degrees for five energies between 19"6 and 26,5 !1eV[Mu17B],

Ware et al.[War75]. measured a fourteen poinL angular distribution at

26"0 MeV and McCamls et aL,[l'leC85] , measured f rom 25"0 to 35"0 ]leV

twelve point angular distributionso

In the present study a polarized Helium-3 target was an important

part of the experiment. The technique used to polarize the target was

by optical pumping using lleLium-4 lampsICo]-60], thus iruposing Èhe

Limitacrons of low pressure and low polarization" Optical pumpi.ng

refers to the t.echnique that uses light to produce a redistribution of

atoms among states" This is not a dlrect technique, as Lhe metasLable
j

2-S, state serves as a ground state in this caseoI

The polarizatÍon was achieved by placing the Helium-3 gas filled

target inside a uniform magnetic field" The magnetic field, in turn,

was produced by a pair of Helmholtz coils, strong enough to define a

cl-ear quanE.ization axis (Figure 1"2) " A number of 23S, met.astableI

atoms rtere created Ínside the Helium-3 gas filled carget by neans of a



FIGURE I"2 Schematic diagram

of an optical pumping apparatus and

electronic .l-eve1 diagram" Atoms

are polarized by the scattering of

the circularly polarlzed resonant

light" The transmitted light can

be used to monit,or the atomic

polarization 
"
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\,Jeak discharge, The mecastabLe atoms were pumped to tfre 23eO

state by the infrared component of the HeÌiun-4 larnp at a wavelength

of 1.083 micromelers which corresponds to the 23s - l3p"l t 'o rr r'2
transition of Helj-um-3[CoI60]" The optical power outpur of these

lamps Ís about I0l8 i.rf.ared photons per mj-nure and is achieved.

through a radiofrequency excitation to avoid Doppler broadening of the

emission lines IDanTlc] "

l.lith reference to the circularly polarized pumping light, the

transition from the 235, state obeys the sel-ection rule (¿Þf=-I)I

for positive and ( ¡ì'1=+l) for negatj-ve heliciry light" The atoms

remain in the excited stat.e for a sma.lJ- period of time and then decay

back co the 2"S, metas tab-l-e s Late " Durlng the cycJ-e ¿he ef f ecc isI

Lhe transfer of the angular momentum of the photons Èo the triplet

metastable atomso Due t.o the hyperfine coupJ-rng of nuclei and

electrons, the orj-entation of the eleclronic angular momentum is

transferred to the nuclear spin" During this process the atoms

col-l-ide wi¿h the ground state, exchanging electronic clouds, the spin

remains unaffected and the nuclear polarizatlon is transferred to the

ground state atoms IDanTlb] "

I

A discussion of che polarization instrumentation is inc-l-uded in

chapcers II and III, where preparatory measurenents and t.he

measurements of nuclear polarization are descrlbed" The details of

Lhe nuclear instrumentatlon and of the data collection system are

discussed in chapter III" The experiment was performed at the



university of l'lanitoba Cyclotron Laboratory using a proton beam energy

of 40.4 l"1eV from the sector focussed cyclotron"

Analysis of the da¿a collecled, the results, error analysis and

consistency of the results are discussed in chapter IV"

Frnally, chapter V is a summary of the previous seclions and

addresses future developments and lmprovements.

9



A" INTRODUCTION

CHAPTER II

The determinatÍon of nuclear poLarLzation in a Helium-3 gas

filled target is a vital part of ¿he experimenE and speciar care must

be taken to avoid systematic error in its measurement due to

:.ns t.rumenfal imperf ections o

POI,ARIZATION I'{ETHOD

There are several ways to detect nuclear polarizat.ion, whi_ch

arÍse from two techniques (Tabl-e 2.1). One rnethod is the use of the

ttnuclear magnetic resonancett technique" It involves a direct

detection, and employs the IIrO r.o,r.rd state for the detect.ion of

nuclear polarization" The other method refers Èo 'topÈical methodstt

(probing beam, fluorescence, and pumping lighr moniÈoring) which so

far has glven acceptable resulÈs in similar studies. In our study the

fluorescence technique was enployed " It is not a direcc technique of

detection" The intensiÈy of the punping lrght. that i-s absorbed by

atoms in the 23S, r"t.stable state and subsequently reemitted at

right angles to the applied magnetic fierd (Figure 2.I) is measured.

r0
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B. TARGET DESCRIPTION

The design and conscruction of the ileliun-3 gas filled cell was

undertaken aÈ Lhe Universiry of l"lanlEoba by VerheijenIVer83]. The

rnaterial- used at the beginning of the st.udy was type 1720 Corning

gJ.ass. The advantages of No "L720 glass are the following. Fi-ist, the

permeation at room Èemperature of hellurn through this material is

Ior¡er than for ordinary pyrex glass (Corning data sheets). Secondly,

lhe ground staLe relaxation time due to hellum aLom collisions with

the walls of the cefL is better than for ordinary pyrex glass[TimTla]"

However, there is one disadvantage as No.1720 gJ-ass has a high

softening point, and is t.herefore difficulÈ to handLe. Another

disadvantage is that iLs lifetirne is linÍËed due to prot.on bean

irradiacion causlng che windows to develop pinholes at the seal"

Flnally, standard laboratory pyrex glass No"7740 was usedn IÈ proved

to be a good substicute and prolonged che lifetime of the cells. l^Ihen

not in use Èhe filled He1ium-3 cells $¡ere stored in a refrigerator aÈ

-20 degrees Cu

13

The Heliurn-3 ce.Lls consisLed of a thin waLled cylindrical glass

bulb of 57 nrn diameter and 60 mn height, fij-J-ed with an average of

0"415 kPa (3"6 Torr) of Helium-3 of 99.995'Á puriry (Figure 2"2)" In

each cell there are tl^zo extensi-ons of 3J. mm ]q¡gt.h Þ¡i¿h a 0.03 rnm thin

wi-ndow at the end " 0n the outer perlmet.er of the cylindrical bulb tv¡o

windows have been developed which were etched to a thickness ot 0.25



FIGURE 2"2 Target cell

( dimensior'ts in mm) .
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r[flìo This reduces che energy l-oss for protons scattered from the

llelium-3 nuclei. The extensrons are in such positions as Lo minimize

the effects ot doubÌe scatt.ering through.Large angle scatcering from

the beam exit point, and smarl angle scattering when the beam passes

the entrance window. Before filling the cell-s an extensive cleaning

procedure was undertaken in order to iûprove Èheir quality" The

cJ-eaning process r-nvo-l-ved t.he use of dirute hydrof luoric acid (r0"A)

for a period of Less than a minute followed by dis¿illed e/ater to

remove the acid and, as a final step, acetone was used to remove Lhe

water droplets. The clean cells were pJ-aced under vacuum, which was

produced by a three stage oil diffusion punp and a supporring roughing

pumpc The celLs were then placed in a furnace where the vacuum v¡as

continued aÈ a constant pressure of t0-5 pa ( l0-7 Torr) and were

baked aL a temperature of 280 degrees c for several days. The cells

were cleaned by means of a discharge (Tesla coil) and filled ar the

desrred pressure with tieliun-3 gas, through a quartz diffusion el-ement.

to avoid conEaminatÍonIVerB3]. ln addlt,Íon, some external parts of

the cargeÈ v¡ere coaled with a special black paint Lo avoid sÈray ligtrt

before being placed in the scatLering charober.

I5

The pressure of the cel-Is was also calcuLated from the

experimental results using an analysis described by VerheijenIVer83]"

The analysis was made using Lhe c.ross sectlon at the energy of 40 l"teV

as given by Sourkes et aL,ISou76], the number of part,ictes of the beam

(collected as charge in ¿he Faraday cup), the geometry facLor as

described by SilversteinISif59] and ¿he teft and the righr yields from



our experlnent at the correspondÍng cycle"

0.475 kPa (3,5 Torr) and a typlcal- polarization of 0.12+/-0"01, (Table

2"2) which Ís consistent with other scudies (Table l"l)"

The ceLls used in this experj-nenE. had an average pressure of

L6



Dat.a relevant to the target cells used in
Èhis experimenË

Cel-l Pressure PolarÍzation Runs
(Pa)

E14 494

E36 658

E41 273

o.t2

0, 14

45,46r47,
48,49 .

50r51,52,
53,54 r 55,
56r57 r58,
59.

60,61 .0. 10

T7

TABLE 2"2 Experlmentar details of the Heliurn-3 ce.1s"



Co MET}IOD AND THEORY

The nucrear orientation of Heliurn-3 by optical- pumping j-s a werl

known and often used technique" colegrove ec at"Icol63], firsr

polarrzed. HeLium-3 (z3st) and ground state HeLr-um-3 by opticar

pumping 
"

Optical pumping is a powerful- method Èo creat.e aod to mainrain a

non-equilibrrum population of atoms in different quantum s¿aLes.

These can be stat.es of different energy, different fine structure

l-evels (J), different hyperfine quanÈum number (F),or differenc Zeeman

sublevels (*I ,*Jrm')oIn the Iatter case \àre achieve nuc.l_ear

o rie ntat ion.

A description in detail of the nucrear orientation process in

Helium-3 (r=1/2) invorves, first Ëhe process of "opcical pumpj-ng" and

1B

second, the distribution of angular momentum among t.hre âtoms in the

energy l-evels of Helium-3 (Figure 2.3)"

Opti.cal pumping linirs us

t.ransitions between the ground

nerasLabl-e sraÈe ( 2Is0)
?

( 2"Sl ) . Due to parity

triplet and rhe singJ-et

punplng technique which

to long lived states such as

1

sLate (l^S0) Lo either the singlet

the triplet metastable state, or co

conservation no transitions between the

ureEastable staces are allowed. ln the optical

is used in this work, a cell containing



FIGURE
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"
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Hel-iurn-3 is placed Ín a magnetic field" A weak elecLrical dÍscharge

is struck in the gas, popuJ-atlng both metasrable states with a denslty

of l0t0 - l0l2 rto."/"*3, The liferj-me of the merastab-Ì-e atoms

1s mainly determined by aromic corlisions wi-th impurit.ies and

container walls and is of Èhe order of l0-5 sec [TirnTtb]" The decay

froro che excired states (P) to any of rhe lower states (S) is

deternined by transition probabiliE.ies, and in all cases nore Èhan 9OZ

of Èhe decay goes to rhe lowesr srareIver83]. circularl-y polarized

1"083 micrometers wavelength light frorn a Heliurn-4 larnp is directed

along the magnetic field rnto rhe cell" The metasLabl-e Helium-3 aroms

are excÍÈed only from rhe z3sr; F=3/z ro rhe z3r.; F=I/2 srate

(Figure 2.4), because of a chance coincrdence between the Helium-4 and

Helium-3 lines" rf right handed circul-arly porarized lighc Ís used ,

3?only the z'Stt F=312, mr=-3/2 -) r'rO; F=I12, mr=-I12,
??and 2"Sr; F=3/2, mU=-I/2 -> 2-POt F=I/2, mr=I/2

Lransltions are induced' rf Lhe lower z3sr; F=r/z levels were not

present, the excited atoms would decay back to the four subleveLs of
?the 2-Sr; F=3/2 and the ar.omic popularion i-n each level would be

artered. rn the absence of relaxatj.on mechanisms, the atoms wourd

accumulaLe in the sublevel of z3sr; F=3/2 st.at.e, and thus acquire

a net total angular momentum. The presence of the lower Z3Sr;

F=r/2 state reduces the amount of anguLar monentum whÍch can be

acquired since Èhe atoms whlch decay Èo Èhe Z3Sr; F=I/2, u.r=-I/2

are isolated from the pumping light and cannot be transrqicted t,o the
a

2'POt F=I/2, mF=l/2 level- by the absorprion of a circuJ-arly

polarized photono



FIGURE 2.4 Diagram of possible

t ransitions bet\.reen tfre 23S ,;
?

F=3/2 and 2"PO; F=I/ 2 Helium-3

energy levels"



23Pg, F=l/ 2

2T

att, , F=3/2
-t /2
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Under the conditions of a weak drscharge the merastable 23S I
aLom populatton const.ituÈes only l0-6 of the ¿oral numbers of atoms,

most of which are Ín rhe llr' gro.rrrd st.ate" While in the 23S,

state' a helium atom collides elasticaLly wÍch the ground stat.e atoms"

These corrisions do not cause any signifÍcant disorientation of

polarized atoms in t,he metastable state (colLision tÍme I0-I3".", 
"o

spin I=l/2 remains unaffected) [Col60].

The orientalion of the nucleus originally polarized in the

metastable atom is unaffected by the collision, and the nuclear

orientation rs produced in the ground staÈe atom population through

the de-excitation or 23s, atoms" The collisions can be d.escribedI

as follows:

3tt"o(tIso;+; + 3tter(z3sr;r) f 3nuu(tlso;+) + 3neo1z3sr;+)

where A and

to the direction

Pol-arizacion is measured by opcÍcal absorption" The optical

method is best suited for low pressure measuremenrsIBec77], where

polarization is deduced from the me¿astable pumping J-ight absorption,

since the metastable excitation transfer maintaj-ns the ground state

and netastable polarlzat.ions equal.

B

of

indicate tq/o individual atoas, and the arrows refer

E.he nuclear spin"



Let us assume that the populations

ground sLate are N, and N' Lhen the nuc

Lhis staLe is defined as:

"1 *z

"toN2

Anderson et aI"[And60], have developed the general forms of che

steady-state sol-ution for spin exchange prolems in which the

relaxation Limes of the spin syscems are much longer Èhan the

interactlon Limeu In our case, Ëhe population l-evels were obtained in

terms of the ground scate pol-arization by the ratio:

of the Lwo subLevels of the

lear pol-arizalion P in

y _ ri,(-I/2) 
=

n(-L/2) n (L/2)

23

A condirion j-s rhaE IAnd60] :

n(-3 / 2)+2n(-I I 2)+2n (1/2)+n ( 3 / 2) = n

and:

n(I/21

(rr,l.)

n(3/2)

n(-3/2).= ( (r-p)3/tø*zv2¡ )n

=*t
*z

rL(-r/2) = ( (1+p) (1-p)2/(çrzp2) )n
rL(I / 2)

n(3/2)

I+P

=(
=(

l_-P

where n is the

popu.Lat ions of

(t+P)'{r-r¡ / (æ2P2) )n
(r+P)3 / {oozr2¡ )n

( rr"2)

popuJ-at ron of

23s, magnetic

( rr,3)

the triplet state

subi-evels ( Figure

( rr.4)

and Lhe n(i) are

2"5),

the



FIGURE 2"5 Isotope shift of

the 1"083 micron line of helium.



24

N

î
IL

À.o
Îf)

C\T

I
(\J

ro
t1

l!
:

U'
ro

C\l

N
I

ll-
tut, -zuo, ua

a.^¡ û-
i" it
rlu, (n

%%

-¡cm'

-tcm I



It has aJ-ready been rnentroned that

crrcularly polarized, thus on.J.y AÞ1=+l

the heLicicy is assuued to be negative,

magnetic sublevels of the two hyperfine

radialion. If the gas is optical-Iy thi

is linear and the flux wiII be:

l(P) cc f {n(-3l2)a} + {b+c(i-f )n(-tl2)}l

where arb, and c are the absorption probabilities of the transiÈions

(Tabl-e 2"3) that origlnate frorn the F=3/2 and F=I/2 (D0) Ievels

rqhich are assumed be equatly illurnina¿edISch65]. The constant f

describes the relative absorption of the F=3/2 hyperfj.ne componenEo

Timsit et al.[TinTLa], found that the separalron of the 23St -
?3

2-P, Iine emitced fron a Heliurn-4 discharge laurp and the 2-SI;
?

F=3/2 - 2-P^; F=l/2 absorption line of Helium-3 is only 0"03'u'
_1

cm'o The value of the constant f is clearly governed by the

Doppler broadening of the HeLlum-4 lamp emission lj-nes" Colegrove et

al"ICol63], assumed that f=l/2, whlle Greenhow IGre64], found thaÈ t.he

absorption \^ras due only Lo the F=3/2 hyperf ine component and

consequently used f=1" RecencJ-y Timsrt et al.ITrmTIa], obtained

absorption Èhat was almost gaussian, due to the F=3/2 J-ine, and

verified Greenhow's resultsIGre64]" In our study f was assumed to be

equal to unrty, since our lamps were identical to the ones described

by Daniels and Timsit"

the puurping light is

Eransitions can be excited. If

then onJ-y che appropriate

components can absorb

n, che absorption of radialion

25

( tr" 5)



,",.

F=3/2

n =3/z

2/3

\=1/Z

mr=r/2

t"o

'l=-t/z

26

\=-z/z

7/t

TT

*r=-t/ Z

+o

r/s

TABLE 2.3 Transi¿ion probabilities of Helium_3.

2/3

o

rt

+o



CoJ-egrove et aI"ICof63], developed the ideas

adapted rhern (by a combination of equations IL.4

related the polarÍzation P to ¿he light absorbed

r (o) -r (P)

where I(0) Ls the light absorbed by an unpolarized sample and I(P) is

t.he light absorbed by a sampj-e having polarizat.ion P. This equarion

is appJ-ied to ¿he resonance radiacion from a Helium-4 J-amp incÍdenL on

a Helium-3 sample, where due to the isoLope shÍft, only the DO line

of Heliurn-3 is illuninated" Colegrove et aL.ICol63], after

considering the absorption coefficients and collisional nnixing in the

23P 
"t^t.s 

in deLaiJ-, concluded that it lead.s to nore etficienc

punping than in the case of a Helium-3 larnp exciting both DO and

D, transitions"

r (0)

P (15-1OP +3P2

(o+zp2 )

and GreenhowIGre64],

and lI.5), and

by che metascables:

27

Daniel-s et al.IDanTla], proposed a variation of equarion (II"6).

This equation takes into account the fact that punping can also excite

o and TI transitions due Eo inperfections such as stray light.noise:

(rr"6)

r(0) - r(P)

where R+, R_, and RO are consÈants determined from the

geonetrical- characteristics of the pumping larnp and are, respecLively,

proportional to the traûsitiorr rates for O*, O-, and n transit.ions

induced in unpol-arLzed llelium-3. R+ is related to right. handed

r (o)

(r5p-toP2+3P3 ) R+- (15P+L

)
2(3+P-) (R +R +R )+-o

op2+3p3)n +Bp1n
(rr,7)



(negative heJ-icity), R_ is related to left handed (posirive

heli.city) and RO Ís reLaled to the angle of incidence of the light

on Lhe tarBet. In ideal conditions Lhese coosEants are normalized to

unlty (R+=1, R_=RO=O) tfrus equation (1I"7) reduces to equation

(II"6)" Determinatj-on of the above constants is rather complicated"

A disadvantage of chis method is that. the obtained signal is not

related directly to the 23S, "t.te buL to the exciÈed

staceIDraB4].

28



D. OPTICAL PUI'IPING INSTRUI"IENTATION

The instrumental layout for rhe optical punpl-ng of Helium-3 is

similar to thaL developed by the Toronro groupITimTIa]. A cypical ser

up j.ncJ-udes; i) the Helium-3 gas cell, ii) rhe tlelium-4 f illed puroping

lamps, i1i) Hehnhol-tz coils capable of producing a uniform magneÈic

f ieJ-d and, iv) various instruments such as, a 6 A power suppJ-y for the

Hel-mholtz coils, a I ì4Hz osclllator f or cell drscharge and a 150 IlHz

oscil.Lator f or the HeLlurr-4 discharge lamps (Figure 2.6) "

i ) HeJ-iurn-3 cells

The celLs were constructed at the University of I'fanitoba by

VerheijenIVer83]" A detailed descripLion is given in secÈion B of

t his chapt.er"

29

ii) Pumping light source

The aim of the light source in this experiment was to provÍde an

intense parallel beam of cj-rcularly polarized light with a narro\^7

spectral .l-ine width.

The light source consists of the Heliurn-4 filled lamp, and a

circular polarizer sandwiched between two Fresnel lenses. The punping

lamps are sinil-ar to the ones bui]- I by the Toronco group [Dan7lc ] . The

body of each laurp is made of quartz and t.he light ls produced in Lhe



FIGURE 2.6 Experinental layout

of the apparatus for generating and

maesuri.ng polar ization.
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constricted part of its body, which is 20 mm x20 mm xI mm Lhick. The

latter part was constructed in such a nanner as to satisfy opti.cal

requiremenEs and to prevent buil-d up of spuLtered malerial on the

walls of the constriction. The discharge rube is surrounded by a

cooling jacket, made out of pyrex gJ-ass, through which the cooling

fluid is circuratedu water coollng is provì.ded by a continuous fl-ow

around the electrodes and plasmê ârêâo 382 of. the 1"083 micron J-ight

is absorbed in the 29 mm of \,rat,er between the constriction and the

collector l-ens of the larnp (Figure 2"7 and Figure 2"8) "

The electrodes are made of tungsten and have a notybdenum cap to

¡ninimize gaseous impuritiesITim70]" A luciEe collecring lens is

attached al Ehe bottom side of the larnp wi¿h ordinary silicon grease

( General Electric).

3r

Prior to use, the lanops were internally cleaned, for better

perf ormance, using dilute hydrof luoric acid (I0"/"), drsti j-led water and

acetone" This procedure was repeated several Èimes to remove the

sputÈering residuals from the plasna area of the discharge tube.

Then, the larnp was internarly c.Leaned by rneans of discharge, which was

accomplished by firsE pumping out the lanp to a pressure near 1.3 pa

(0"1 Torr), admiltlng a new sample of Hel-ium-4 gas into t.he body of

the discharge tube at a l-ow pressure, and Lhen tunlng on the R.F.

oscillator through a pi networko The lleliun-4 gas contamlnaÈed by Èhe

impurit ies r.¡as then punped oul and the eycle repeated " The cycle

needed to be repeated four or five times for the spectruro of Èhe ltght



FIGURE 2.7 Design detail-s of

Ehe prlmping lamps"
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FIGI]RE 2 " B

pumping lamp and

LuciLe lens, B=

between Fresne-L
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emitted by che lamp Lo be acceptable" The lamp was then kept

connected Èo a sLation filled $/1th pure Helium-4 at the appropriate

pfêSSufe o

The pressure of t.he HeLium-4 gas in the discharge tube \.ias about

0.35 kPa (2"5 Torr). The gas was excited by a 600 WaÈr, I50 l'IHz R,F"

Power supply by the internal electrodes vrhich can be natched to a 50

Ohn line, without refl-ections, using a pi net.work.

Each lamp is abLe to produce up ro 1,4x1017 photons/sec at Lhe

1"083 micromeLers \.¡avelength. After one week the power output of the

lanp dlmlnishes, due Èo inpurlties creaEed by the sputtering. The

decrease in outpuL of the J-amp can be reduced by tuning the lamp to

higher power leveLs but only for a short period of Line i_n order to

prevent danage.

34

The poLarizer is made of a pair of Fresnel- l-enses (76 mm dianeter

and 76 mm focal length), an j-nfrared sheet type "HRt' by Polaroid and a

N4 wave pJ-ate, formed from two pieces of cellophane placed in

seriesIDan67]" The lenses, polaroid sheet and cellophane sheeÈs were

then glued together using epoxy, to reduce reflection losses.



111) llagnetic field

The uniforrtr oagnetic field u/as produced by a pair of circuÌar

Helmholtz colls with equal numbers of turns and equal dj-ameters,

arranged with common axisn In this arrangement the dlstance between

t'he two coils 1s equal to thelr radius ( 3L cn) " The two coll-s $rere

connected in series and were powered by a well reguJ-ated D"C. power

supply" The variaLion of the field strengLh near the apparacus l¡/as

minimal- and the field was uniform at the center" The maximurn field at

the cencer of the coils was 4"2 mT (Frgure 2"6).

The Helium-3 gas filled cell was placed

of the Helmholtz coils, which was the frame

preliminary polarization inêâsurernerrtso Two

placed on t he Hel-ium-3 cell which were connected to a

power suppty. A weak dì-scharge was prod.uced and 23S,I

atoms were createdo The light source was shielded in

attached to the top coil.

35

To increase the total lnLensiEy (available photons) a second

J-rght source r^7as attached to the bottom coil grving opposite circular

polarization" Beckmann et al"IBec77], used a mirror which reflect.ed

207" of. the incidenc lighL Lo increase Lhe photons instead of a second

aÈ the geomet,rical center

of the apparatus for ¿he

Iampo Although in this way the polarization

el-ect rode

single lamp arrangemenc, measurements showed

great as for two lamps" The cause was found

r].ngs vrere

L l'lHz R" F.

metastable

an aluminum box

increases over that. of a

the increase is not as

in the facc that a



considerable

in the cell

intensity is

amount of pumping light (about 30%) is

at Èhe first passage and therefore the

less than with two 1amps"

already absorbed

Eotal light

36



E . POI¿,RI ZAT ION Ì"TEASURE¡,IENTS

A reÌiable merhod of measuring the polarization produced in

tlelium-3 by optical pumplng uras essen¿ial- to our worko

The technique used here measured Lhe porariza:ion p of the
?

r¡etasLable 2"s, levels and relied upon the theoreticar equality of

the polarization of the 23sI atoms to chat of the ground state
I

l*SO atoms to determine the polarizatj_on of Helium-3 gas"

The "LraditionaL" methodIcol63] for measuring polarization

invorves measuring the fraction of the pumping light which is

absorbed. rn this mechod che quanrlries Ir(o) - r(p)] and r(o) are

obtained in a sequence of measurements which involve depolarizlng the

Helium-3 t.argeL. From Lhe rarro tr(o) - r(p) l/ r(o) rhe poÌarizarion

can be calculated by applying equation (1r"7). A brief descrlption of

thetrtraditi.onal" meLhod wil-l be given in the next chapter.
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PoÌarization of a particuLar cell takes an average of fifteen

minutes before the desired fruorescence signar is reached. A full

cycle of measurenûents includes observations of the fluorescence

signal, Sf, destruction of the polarization, Sl2, observation of

the fluorescence signal afLer its destruction, s23, and subtraction

of the background (noise, srray lighr),t4S" The polarizarion

ca-LcuÌation presupposes ¿hat the fluorescence signal from pumping



light

change

absorption is proportionaÌ to fhat

in fluorescence is related to the

where Sl2rS23r54, are the observed signals in arbitrary units,

(with I to 5 Lhe various stages in the measurj-ng cycle in figure 3"9).

Sr=fluorescence signal from pumping light, Rr= relat,rve rates of

n=-Ir0r+1, transitions and I_(P)=phoLon absorpÈion râtêc

sf (o)-sf (P)

sf (o) ,È-r*r{t-rn(P) )

absorbed, thus Lhe relative

polarization by:

The fluorescence signal from the weak dischargers45, can be

considered a correction to the above equation and al-so determines the

discharge intensiÈy" The optimurn vaLue for the weak discharge

intensiLy was 0o6Y/-0"02 (in a scale frorn 0 to I nA)" The latE.er can

JO

be used to demonstrate the dependence of polarization

inE.ensity (Figure 2"9), chrough which an opÈimization

polarization can be achieved"

( tt.8)

Pumping J-ight intensity measurements are obLained from the

nagnitude of Lhe stray .l-ight ref l-ected f rom t.he ceJ-I glass. The

dependence of the polarization on the pumplng light lntensity is

discussed in detail in BeckmannIBec75], The optinum value for the

pumping light i-ntensrty was 0"53+/-0"03 (in a scale of 0 ro 5 volrs),

tseckmann eL al"IBec77], applies the differenrial equarion for Èhe

on

for

the discharge

the



FIGURE 2.9 Weak

intensity dependence

polarizat ion u
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FIGURE 2. l0 Pumping light

intensity dependence of the

polarizatlon.
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FIGURE 2.ll Fluorescence

srgnal as a function of Ehe weak

discharge int.ensity.
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nuclear polarizatì-onITirnTIb] and concludes rhat there nust be a lÍnear

dependence beLween the reciprocals of the poLarlzation and the pumping

lrght Íntensity j-n the first approximation" This approxirnation is

good for polarizaLion values up ro 302" Figure 2"I0 shows Èhe above

dependence for the study under discussion"

The polarrzation ca-Lculations assume Lhat t.he f.Luorescence signal

from ¿he reemitted phoLons is proportional Eo the absorption rate per

âtollto Verheijen IVer83] suggested a different formula to calculate

the absorpti-on rate per at.om since the absorption factor can be

esLimated succ.essfully from frgure 2"10 and the targets are not always

sphericalo He al-so maintains LhaL the equalion confirros a non-linear

relation between the fluorescence sÍgnal and the weak discharge

intensity, especrally Ín the high pressure cells" His approach seems

Lo have a better accuracy due to rhe precise geometrical facLor rn the

42

equationo Figure 2"ll shows che relation between the fluorescence

signal and the weak discharge intensity in our worko



A.

CTIAPTER III

INTRODUCTION

The ain of thj-s chapter is to describe ¿he facilities and

equipnent used in the measurenent of the analyzing power for proton

elastic scatlering from polarized Heliurn-3"

SCATTERING EXPERIMENT

The experiment. i.tas pe rf ormed aE the University of l4anitoba

CycJ-otron Laboratory. Protons of 40"4 l.{eV were incident on a

polarized Hel-iun-3 target, wtiich was developed for chis

experimentIVer83]. The incident beam was under automatic computer

control to ensure ¿he stability of bean posiEion at Lhe t,arget. The

polarization was determined by an apparacus idenÈical to that

described in chapter t$/o" The scattering chamber was designed for the

experiment in order to incorporate the polarized target. The

detection systen consisted of detecÈor teJ-escopes placed at regular

angular intervals around the target. For the data acquisition

electronics interfaced ¿o CAMAC was used and a data acquisition

program was wricLen especially for thls experiment."
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The fol-lowing sections wiÌ.l- describe the above in a more detailed

and intormaLi-ve mannero
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B"CYCLOTRON FACILITY

A duoprasmaLron j-on source rvas used to produce the unpolarízed

beam" The Lheory of operation and construction of this type of ion

source is detailed in numerous articles (see, for exampJ_e, Lejeune

r97 4) "

The intention here is Lo out.line the production of È.he beam used

in the present study. The duoplasmat.ron is developed frou a Low

Pressure arc running between a cathode and an anode which is modlfied

by an internediate electrode and a magnetic field, concentrated near

the anode" A double sheath exists in the plasma deveroped in t,he

region of the intermediate electrode dividing the discharge into two

parts, Èhe cathode and the anode plasma. Electrons emitted from the

cathode pass through the cathode plasma and are then acceleraE.ed

across t.he double sheath, This beam is primarily responsibl-e for che

ionization and the arc forms around it. The ions are extracted

through a small aPerture in the anode" El-ectrons and ions are al-lowed

to flow, due t.o high density, lnto an expansion cup where the density

falls to acc.eptabLe values" The desired ion current is I mA and it

can reach a maximum value of 20 mA" The gas pressure ranges from 20

Pa (0.15 Torr) to t06 Pa (0"8 Torr)"
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const.ructed 1n 1965 and it accelerates H lons to energies between

The University of I'l,anÍtol¡a seclor focused cyclorron $ias

20 and 50 !leV" The axial injeccion systen injec[s a beam of ions into

Èhe center of the cycJ-otron (Figure 3.I)" The ions are deflected into

the medj-an plane by an eLectrostatic mirror and acc.eLerated by a 28 kV

R.F. voltage e Extract.ion is achieved by stripping the t\ro elect.rons

from the negative hydrogen ions using a thin aluminun foir, The

rûagnetic force produced in the cyclocron reverses, sweeping the beam

out of t.he cycloLron fÍeld" changing the radius and angle at which

Lhe stripper foil is placed and use of a smaLl nagnerrc field (the

conbinaLion magnet), aJ-1ows for exLraction of procon beams having

variable energyc

The layout of the cyclotron is shown in figure 3"2" The emerging

proton beam is guided Eo the switching magneÈ through a series of

quadrupores and steering magnets. The switching nagnet is used Lo

bend Ehe proton bean 30 degrees to the left j-nto beamline B"
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FIGURE 3"1 Duoplasmatron ion

source and injection sysEem"
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area of t.he cyclotron
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C " BEAT"I LINE

The polarized Herium-3 target is presently assenbled on the 30

degrees lefc beam line (Flgure 3.3).

Af¿er leaving the cycroË.ron, Èhe proton beam is guided through a

quadrupole doublec Ql, Q2 onto a waist ac the first set of slrrs. The

quadrupole Q4 is used to give an energy focus, by reducing t.he focaL

length of the bending magneL, on the momentum defining set of sl-its"

The verticaÌ and horizonral slirs (object sLits) defj-ne t,he

object plane in front of t.he bendrng magnet,. These slits are set at a

separation of about 0"3 cm vertically and 0,2 cm horizoncally" A

second slit sysren (inage slits) is placed at. che focal prane of the

bending nagnet to momentum-analyze che prot.on beam used in the

experiment. These sLits have the same settings as the first set of

slics' The sl-il setting corresponds to an energy spread of 200 Kev

(Fwln"l) at 40"4 ÞleV' screens S1, s2, s3 and s4 can be lowered inÈ.o Lhe

beamline to moniLor the beam Lransport by means of closed circuit

televislon. Steerì.ng magnets STl, ST2 and ST3 are available Èo center

the beam with respect to Lhe axis of the beamrine. Beam transport

cal-cu.Lations give the quadrupole magnet currenL I(Q4) of :

49

,Qo = fi <a.2t:s ! o.or3)

where E is the proton energy in lleV and I(Q4) in arnpe res IVerB3 j .

(rrr.t)



FIGURE 3"3
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The quadrupole magnet doubLecs QB5 and QB6 were used co focus che beam

at the target position to a si-ze of 4 mm width by l0 mm herght., which

was regularly inspecced during the experinent by means of a screen

inserted in front of the target posiLj,on" Beam currents at the target

were normally nore than 100 nA and no more than 250 nA to limit count

rates i-n the deÈectors "

Calibrations of the switching roagnet \.7ere done by

verheijenIver83] using the cross-over techniqueo rn this technique

protons are inelastically scattered from carbon and elastically

scactered from deuteriumo The scattering angle at which these two

peaks merge determines the proton beam energy and the zero degree axis

of the scattering chamber" The protons were scattered from a CD,

foil at varlous proton energies" At each energy the cross-over angle

was determined for tr¡o excited states of I2C ISmy64]. The

determination of the cross over angles and:

5l

f=
6.s14 @

enabled calculaEron of the G-factor (consLant)"

fleld strength is che frequency, f 1n "u"-l 
(of

which is roeasured as a funclion of the magnetic

which Ís related ro che kinetic energy T in lleV"

the value of G=63.823(+l-0"12"/"), and rhe energy

accuracy of +l-0.24%.

4.2577 G

A measure for the

the Nol"1"R" probe )

field (Gauss), and

In our study we used

was determined with an

(rrr.2)



Do SCATTERING CHAMBER

The aluminum scattering charûber used is abouÈ 45 cm 1n diameter

and l2 cm high (Figure 3"4)" Magnetic fietd gradienrs are minimj_zed

aÈ Lhe target by using non magnecic components. The interior of the

chaDber is machrne finished and parts are coated with special black

paint to mininize sÈray light on rhe target" The scattering chamber

st.and is boLted to the floor of the experimental area for rigidity"

Two rotaÈable Lurntables are placed near the chamber, one in the top

lid and the ot.her in the bottou lid. Each turntable can be roLated

from 0 to lB0 degrees manually" The rotation is simultaneous for the

inner and the outer part of each turncabl-e through a gear. A digital

readout of che position of each turntable in the chamber is provided

by an exÈernal Decitrack shaft encoder" Before Ehe beginning of the

experiment Èhe above systen was carefully aligned"
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Two sets of slits were mounted inside the chamber.The first was

placed 51 nm from the geomecrical center of the chanber, one on the

Lop part and the other on the bottom parto In the present study we

used slits of 3 mm t.hickness which are capable of stopping protons up

to 45 l"teV" These slits v¡ere made out of tanLalum to reduce slit edge

scatt.eringo They had a width of 4"8 mn and a height of 12.7 mm. The

solid angle definlng slits at the rear were rnade of brass. They were

used in conjunction with the surface ba.rrier detectors, The sl-its

were locaLed 223 mm from the geomeÈrical center of the chamber. The



FIGURE 3.4 ScatEering chamber

( dimens ions in m¡n) .
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angul-ar resoÌution in polar angle O of the system was 2.0 degrees"

The charnber was designed Eo deLect scattered protons in a range

of angles from 15 degrees to 165 degrees" The windows on the Heliurn-3

cel-l- r¡ere Èhe limit.ing f actor , so iL was pos sible only to measure f rom

30 degrees to 150 degrees " The det.ection was noade possible wit.h a 19

m¡n wide window (slot) on the outer ring (cylindrical part.) of the

chamber covered wÍth 0"13 mn thick kapton foil" This window covered

an area from l0 degrees to I70 degrees, on both sides of the

cylindrical part of the scattering chamber"

The beam of protons entered the scatterlng chamber, passed

through È.he center of the chamber and came out through a 0.I3 mm

kapton foil. It then travel-led through about 25 nm of air before

entering the external Faraday cup through anoLher kapton foil. The

54

bea¡n current was integrated using a current lnÈegrator for

normalization purposêso

The target s¡as placed at the geometrical center of the chamber in

a special base made out of ceflon, and aligned using an optical

method" This method involved a light source, a mirror and a carget

mounted on a movable ladder"



I{ounted on Lurntables in Lhe scattering chamber r./ere two arrays

of detector celescopes ( 
^E-E). 

Each Lelescope consisted of a surface

barrier detecLor ( ¡n) and a sodrun iodide detector (E) ruatched

properly in gaino One array was mounted on the top turntable and the

other on the bottom one. The surface barrier detecLors in each array

were placè¿ in specral detector holders made out of brass and were

contained in the chamber vacuumo Each surface barrier detector

consisted of Lhe sensitive surface, which has evaporated on ie a thin

layer of gold, and ¿he circular sllicon wafer which is mount.ed on an

insulating ring" The fronL surface of the ring is grounded to Ehe

housing of the detecLor. The back surface of the ring is connected to

the center electrode of the connector which serves as the srgnal

output and bias voltage connection (mlcrodoÈ)'

The sodiun Íodide detectors were set behind the surface barrÍer

deÈector outside Lhe scattering chamber at a drstance of a few

centimeters. Each sodium iodide detector consisted of a single

thallium-activated sodium iodj.de scintil-lation crystal NaI(Tl) (3"8 cm

j"n diameter and 1"3 crn thick) o The NaI(Tl) crystal was opticalJ.y

coupled to a photorûultiplier tube (RCA 4523)"
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Two more sodium iodide detectors preceded by similar slit

configurations were placed outside the scattering chambero These two

detectors served as moniLors for the automatic beam locat.lon slst€mo

They were 20 degrees away from the axis of t.he beam, one to the lefr

and the other to the righte near Ehe Faraday cup" The ouLput froro the



Lwo dec.ectors \^ias converted to a digital signal by the ADC (analog Ëo

dlgital- converter) and fed to the computer" The computer stored the

lnput in two regions, integrated the peaks (output of the detectors)

and analyzed the results (stability ratio) through an acquisilion

programo The output of Ehe computer elas fed to a DAC (digitaJ- to

analog converter) to acrivate Lhe por¡¡er supply in order to align Èhe

beam via a steering magnet when iÈ r^ras necessârlo The steering magnet

was mounted on the bean line, downstream from Ehe Q5-Q6 quadrupole

doublet (l'igure 3"3). The power supply had a range of +l-l volt and

delivered */-5 amperes.
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tr NUCLEAR DATA COLLECTION

i) Electronics

The el-ectronics configurat

diagrarn for the relative timing

and 3"6 respectively"

In the presenÈ study, aE both forward angles (less

degrees) and backward angles (greater than 90 degrees)

used since the scattered protons \^¡ere energetic enough

surface barrier detecEors.

ton

of

used in this experiment and a

the pulses are shown in figures 3.5

As noted in the previous section, the detecÈlon system consisted
,

of si.l-icon surface barrier (passing) detectors of 200 mm- area and

200 micrometers thickness i-nside Che chamber and sodium iodide

stopping detectors outside the chanber, comprising Lwo arrays of 
^E-E

particle telescopes. The telescopes were placed to the left and right

of the direcLion of propagation of the beam. A set of two collimators

was placed in fronE of each detector (Table 3'1).

57

than 90

by coaxial- cables with vacuum feed-throughs in Ports on Èhe Lop and

bottorn lids of the chamber. The electrical connections for lhe sodium

iodide detectors were made by coaxial cables as welL as wit.h regular

feed-throughs in the end of each detector base. tsefore installing the

ELectrical connectlons to the surface barrier detecËors were made

Lelescopes were

t.o pass the 
^E



FIGURE 3"5 Elect.ronÍcs diagrarn

for one teJ-escope" PA=

preamplifi-er, SA= spectroscopy

amplifier, TSCA= timing single

channel analyzer, HV= high voltage

supply, C= coincidence unit, LGS=

l-inear gate and pulse stretcher,

DSI= dual sum and inverter.
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FIGURE 3.6 Timing diagran"



PA - output
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Angle Front aperture Rear aperture Front-rear Center-front
width height width helghr distance dist,ance
(*) (rm) (nm) (m) (mr) (m)

f irst Lef t 4.764 12"736 5"795 t2.698 l7l.O2 50.121
Right 4"726 L2.622 5.672 12.691 171.05 50.378

+10 Left 4.7LI 12.647 4"759 12"691 170.93 50.446
Right 4"725 L2"686 4.79I L2,676 170.98 50.369

+20 Lefr 4.72L t2"673 4.757 12.727 170.81 50"256
Righr 4"75t 72.665 4.792 r2.7OI 170.93 50.424

60

+30 Left 4.752 72"679 5.741 L2.7I2 170.88 50.I47
Right 4.773 I2.7I4 5,494 12"693 170.93 50.312

Error: 10.006 10.010 10.005 10.006 10.05 t0"004

TABLE 3"1 Aperture dlmensions (in mrn).



detectors, the sodiun iodide deLectors were Lested for besL resolution

using a cobalt-60 source. lmmediately outside the chanber Ehe signals

fron the detectors l¡ere pre-arnplifj-ed. Afterwards, the signals were

carried by cables placed in a grounded metal- cabinet conduit, to

reduce background electrical noise, to Lhe amplifiers in the control

Íoortro The two signals E and AE, froru each telescope were then

anplified and sent to TSCA's (tining signal channel analyzer), which

were used to set ¿hresholds and provide tj-ning signalsn The outputs

of ¿he TSCA's \{ere senl to a coincidence unit, the output of which was

used Lo gate the linear signals in the LGS (llnear gate and

stretcher), operated in ttnormally closed" mode' The .Llnear srgnals

entering the LGS units were the unipolar, delayed outpurs of the

spectroscopy arnplif iers " The t.i.roi-ng of the Linear and logic signals

\,ras seÈ as j-n figure 3.6. A pair of signals from rhe LGS's were added

in the DSI (dual sum and inverter) amplifier and presented at the

input of rhe ADC (analog to digitat converter) " The ADC starred Lhe

signal conversion when a Strobe pulse was supplied, which was derived

from the logic signal representing a coincidence at a ParÈicular

celescope" A VAX II/750 computer registered the coincidence spectra

frorn the eight telescopes"
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ii) Dead Tine Corrections

The dead time correccions were obtained by conparing the total

number of counts in a coincidence spectrum with Èhe actual" numbers of

coincidences presenLed to the ADC, separately recorded by a scal-er for

each telescope, An extensive discussion will be presented in chapter

lvo

iii) Nuclear reactions in the detector material"

Some protons which are elastically scatEered from the larget into

the detector are J-ost by undergoing nuclear reactions in the sodium

iodide detector material. For each measurement, the energy of the

elastically scactered protons entering the detector is calculated"

The percentage l-oss due to nuclear reactions in the detector material

was found by interpolaLion of the resul,ts of Sourkes et aI.ISou77] and

was always less than 1,37" on the ylelds"
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iv) lleasurement Procedure

Before the actual runs were completed, a test of the background

spectra was made" Tria-ì-s wit.h spherical celLs showed that. protons

could be doubly scattered into t.he detecLors, due to the slits, or

f rom the cell wa.l-l at the ent,ry poinc. The target celLs (Figure 2"2)

we re des igned \^/it h the extens j-ons to reduce background as much as

possibJ-e" Once a proton beam with the desired energy had been



obtained, the detector arrays r\rere set aL a specified angle and the

experimental run started. These runs consisted of accumulating data

in t,he form of spectra fron Èhe Lwo detector arrays. The criLeria for

finishing a run was to obtain a certain number of counts,370r000 for

Lhe snallest angle (40 degrees lab) and 16,000 for rhe Largest angle

(130 degrees lab) on each cycle, in rhe Heliun-3 peak area of the

spectran At the eod of a run the eight spectra were stored on

nagnetic t.ape for l-ater analysis and the scaler values for che

deLectors and Faraday cup elere recorded. The value of polarlzation

was also measured and recordedo

The experj-ment cycle conslsted of four runs: a) magnetic field

up, polarizat.ion up, b) roagnetic field up, polarization down, c)

magnetic field down, polarization down, and d) nagnetic field down,

polarization up. The duratÍon of each run was about Lwo hours, and a

Lotal cycle, four runs, lasË,ed about ni-ne to ten hours" Tlme was

required to measure the polarization after each run, to repolarize the

target and t.o stabilize the proton beam on the targetô

The above sequence of magnetic. field and polarization was

f ol-l-or+ed because, bet\"reen runs a-b and c-d, only the polarization is

affected so that t.he count rate at the same deLector can be compared

in tr.¡o pairs of sequent.ial runs, where only Èhe nuclear asymmetry

changes sign. All spectra r{ere stored lncluding t.he calculated

left-right asymmeLries with theÍr errors" The errors. $/ere determj-ned

using a subroutine especialJ-y wriLten and incorporated in the data

acquisition prograrno A measurement at each angle s/as repeated several,
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times to achieve the desired accuracy

(+/-0.03).

v) lnstrumental Asyrumetries

Asymnetrles are j.ntroduced when the geometry

for the lefc and the right. detector respectlvely,

protons are traversing the magnetic field, v¡hich

direction" The asymûetries were calcuLaE.ed from

results using the fol-Iowing:

v _v
E= 

^L ^R

Yt*Yn

in the analyzing power

where Y, and Y* represent the Left and right deLector yields.

Alternatively the yield was given as:
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Y=Y(lte)o' n-

parameters differ

or because t.he

changes their

the experinental

where the * (-) sign is for che left

yield for the unpolarized carget"The

approximation only) was given by the

ru NA ç¡-Þ rt
I-

hRr

where:

J\m J' A'r
ape rture

( rrr.3)

nO = number

= area of

(in n), h

(right) detector and YO is the

yield of the target (first

followlng formula:

of partlcles in the beam,

rear aperture tin n2¡, w,

= disLance between sJ-its (

( rrr"4)

N = Èarget density (in

= width of fronL

Lhickness included, ln

( rrr.5)



m), R, = distance from the center i:o rhe rear aperture (in n),

differential cross section (in m2), O= scaLLering angJ-e, and

azin¡uthal angle.

The instrumenLal asymx0etries present in rhis study are mostly due

to the apparat.us and to the magnetic field (BO). The instrumental_

asymmetry ( ti) is mostly due to the geometry of rhe apparatus and

can be t.raced to: a) dif f erences in s-Lir dirnensions, b) di_f f erences

Ín aperLure distances, c) misalignment of the apertures, d) difference

in rotat.ion axis, e) beam positronlng" The latter was minimized by

Lhe use of an automatic beam control systemIPet72]. Table 4.2

demonstraË,es the instrumental asymmeLries calcul-ated from che left and

t.he right yields IRad8l ] .

The magnetic asymmetry ( em) is due

magnetic freld of the target changes the

amount A@. This change can be estimated

the particle before and after scattering

configuration" The typical value of 
^O

degree at 40 IleV"
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o=

(J=

The nuclear asymmetry is very small (J-ess than 0"3) due to t.he

low poJ-arizatlon ( -l-ess than 0" l3) , ln order to separaEe this

asymmetry from the others the runs were designed as descrlbed earlier

in ¿his chapLer" The inslrumental and magnetic asymmetrles give a

t.otal asymmetry of approxlmately 0"3, which shoul-d be compared to the

nuc-Lear asymmetry. Ideally the nuclear asymmeLry should be much

Eo Ehe fact that che

scattering angle by a small

by knowing che momentum of

and the magnetic field

is about a quarLer of a



greater Ehan the lotal- of magnetic and

The observed

above asynnetries,

t = to(trei) (I+Em) (lten)

nhere ti, e*, En are the

asymmetries respectively.

asymmetry ( IlI.

thus equation

3), consists of

(III,4) can be

instrumental asyutureL ries "

instrumenlal, magneEic

a combination of rhe

extended to:
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( rrt.6)

and nuclear



F" OPTICAL DATA COLLECTION

The polarizatlon apparatus desc ribed 1n chapter t\,Jo of this s [udy

was adapted to the beam line (Figure 3.7)" The Helmholtz coils were

placed parallel to Lhe scatcering chamber, which made it possible to

change the direction of the magneEic field, without disrupting the

operaÈj-on of the power supply" The direction of the polarizatlon was

changed by interchanging the two polari-zers from the light sourceso

Before each run Lhe Hellurn-3 gas cell- had co be polarized, a

procedure which required an average of 15 to 20 minuceso At the end

of, each run the polarizatlon was measured and recorded by an IBM PoC"

using a special electronics board (DVl'l)" A prograrr r¡ras especially

written to cycle through the procedure to neasure che polarizat.ion.

The polarization of t.he cells decayed slowly with time due to

irradiation of the glass (Figure 3"8).

61

A photodlode, which was shielded from stray light, and a lighc

collecting lens system were placed at right angles to the pumping

J-ighc beam going through the target. The output of the detector was

arnplified and fed into t.he e-l-ectronic board of the IBl"l comput.er" A

pair of coil-s fed by a 6O Hz power suppJ-y was placed near the Helium-3

ceLl to provide a large field gradlent when depolarizatlon was

requlred" The sequence of the polarization measurements was as

follows (Figure 3"9):



FIGIIRE 3.7 OnIine polarization

apparatus o
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FIGURE 3.8 PolarLzaLion

function of time"
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a ) l'leasurement

magnet.ic f ield when

Lhe value of:

of the resonance radiation ac

equilibrium polarization was

where I( SC)

the photodetector

intensity coming

anpllfier"

r(P) + r(sc) + t(wD) + G,

is the intensiLy of the

through scattering from

from the weak discharge,

b) DepoÌarization of

right angles to Ehe

reached. This gave

r(o) + r(sc)

c) Turning off the weak discharge gives:

r(sc) + G

d) Turning off the pumping light and turning on the weak

discharge gives: I(WD) + G

70

punping lighc thaL reaches

the cell, I(WD) is che light

and G is the offset of the

the aLoms in the celJ- gÍves:

+ r(I,]D) + G

From Ehe above neasuremenËs Lhe ratio II(0)-I(P)]/ I(0) can be

caLculated, and thus, by applying equation (1I"7), che polarization'

The polarization measurements were also recorded on a chart graph

recorder for verificationu Tr^to types of errors can be ascribed to the

neasurement of polarization, systematic errors and randog êrrorso

Systematic errors can originate from the uncertainty in the angle of

cietection. For the system under discussion this angle was 90 degrees"



FIGURE 3.9

signals during a

Diagran of the

neasurement cycJ-e.
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An optimization indicaced Lhat. at smaller angles the uncertainty in

the angJ.e @ j-s Less significant. Random errors can origi-nate from

the fluctuation of rhe pumping light" The cotal error in P was of lhe

order of */-0.01. This value was obtained by deÈermining the

polarization for a number of polarization-depolarization sequences and

then calculaci-ng the standard deviaLion and the mean for the measured

polar izat i-on "
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A" INTRODUCTION

CHAPTER IV

The purpose of the data analysis compJ-eted in t.he present st.udy

was to determine the proton Helium-3 analyzing powers and false

asymmetrieso Scattering and polarization daLa for che reaction
1) ')
'tte(prp)'He were col-lected at 40.3 l"leV between 40 degrees and 1.30

degrees in che laboratory, The collecLion procedure was discussed in

chapter three of this study"

DATA ANALYSIS AND R-ESULTS

?-

The data analysis can be separated into different stages:

i) Peak area determination where [he spectra are separated from

the background"

ii) Extraction of the anal-yzing powers, where the yields from rhe

Left and the right detectors are considered"

ir-i) A set of checks that. are necessary to assess the internal

consj-st.ency of the data"



iv) Resurts and errors" This section will report the resuLts

af ter the f irst tr.ro sLages of the analysis are completed, when the

third sLage indicates consistency of the resul-ts. An overview of

possible errors will also be included.
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Bo PEAK AREA DETERMINATION

The spectra collected after each run r^rere dispJ-ayed on a screen

in order Lo subtracc Lhe background" NormalJ-y, a simpl-e background is

determined on the basis of interpoJ-ation between tr,/o regions on ej-ther

side of the elast.ic peak (Figure 4"I) using a functj-on Èo approximate

the shape of the backgroundu

rn che present study each spectrum was inspected individuarry,

Two regions from each spect,rum were select.ed for the det.ermination of

the background" The choice of reglons required careful judgroent, thus

the procedure was repeated several times t.o minlmize Lhe error in the

selection in order to improve the flt.

75

The for¡n of che function for

second order polynomiaL f:-tted to

A second order polynomi-al proved in generaÌ t.o give the best fit, t.o

the background of all order polynornials used" Occasionally, a

straight line fj.t Èo the logarithm of the channel counts gave a better

chi-square fit.

A nethod used by VerheijenIVer83] was to mlnimize the effect of

systemaLic errors. Thls nethod requires the background to be fitEed

simultaneously Ëo Lwo spectra, taken r"¡ith the sane deÈector tel-escope

in consecuLive runs whj,ch had opposiEe Earget polarlzaÈion but the

the

the

background was 1n aLl cases a

logarithrn of the channel count.so



FIGURE 4.1 I.l-lustration of Lhe

method for defining the background

and determing the peak area.



r
(n
$-
z,
:lo
C)

76

Peok oreo

Bockground

Cü-lAruNËt ruUMBER 

-ø-

e(o 
+bx+cxe)



sane magnelic field" Using this nethod in our sLudy, che systematlc

error did nor irnprove as much as in Verheijen's case, therefore the

single fit was usedo

The peak areas were obtained by summation of all channeL counts

in the region between the two channels defini-ng the peak and

correcting t.his summaEion for the background (Figure 4,I). The

statist.ical error was eval-uatedo Dead time corrections and NaI proton

reaction losses were also appJ-ied. The dead time correction accounts

for the fact that the yield obtained by integrating the elastic peak

in the observed specErum corresponds to events recorded by the

comPuter and not the total numbers of protons scattered elast.ically.

When a pulse is processed by the eomputer, it is incapable of

processing another pulse for a perlod of time T after the first

pu1se" If R is the mean rate of pulses at the inpuÈ, then let R'be

the mean rate aE the output v¡here, of course R)R'" Since R'is the

rate at wtrich pulses are processed by the computer, it foll_ows that in

unit time the computer is 'dead' for a tot.al time of R'T " The number

of incident pulses occurring in that time is, on average RR'¡ and all

Lhese are lost due to the dead time, R-R'= RR'¡" This correction is

l-ess than 37" for the forward and backward angles,

l1



C" ANALYZING POWER

The deterrnj-nation of [he analyzing powe., Or, is dependenE on

the measurement of a nuclear scattering asymnetry, en, (drscussed

in the previous chapter) and the polarization, P, of the targetu

These quantities are related by:

The analyzing powern

asymmetry, but in view of

discouraged "

e =PA

At all four angles measured in a cyc1e, a total of elghÈ peak

areas at each angle were obtained from the four runs as described in

chapter III"E" Szaloky et a.l- "lSza75] and VerherjenIVerB3] used a

formalisrn to describe the ylelds in each of the eight peak areas"

These yields are tabulated in tabLe 4"1" The related asymmetries are

described in terms of those yields. The magnetic asyumetry which is

given in terms of an angle deviatj-on AO, and the instrumental

asymmetryIsiL59] which is included in the use of differenE geometry

factors G and angles @ for the lefr and ri-ght detectors are also

included 1n E.he yields. The scaLt.ering cross sections used are noted

by o, the target density by N and n is the number of lncldent

protons 
"

(vr"1)

A-_, has aLso been referred to as an
v

the Madison convention, this usage is

7B



Run epÍn Dagn "
f leld

Left detecÈor

auP

b down

c doçnr

duP

yield

uP

uP

down

doç¡n

Rlght detecÈor

euPuP

b down up

c down down

d up down

Yl*

\'æ
'2

Y3-

^!,
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naN GL(0L+^0) o

nON Gr(0r+40) o

n N G (O -Â0)oc L'L
rrn ar(0r-40) o

(or+46¡

(0L+¿0)

(0 -^0).L

(oL-^o)

\'E
)

^6

Vs'7
Va
^g

nrN'G*(0*-40) o

.uN.Gn(0n-Â0) o_

n"N G*(0*+Â0) o

ndN GR(OR+^o) o

(l+P A (O_+^O))
ay L

( t-Pbay(O'+AO¡ ¡

( r-PcAy(ol-^o) )

( r+P -A (O_ -^O) )dy L

TABLE 4"1. Definitions of formulae

nuclear scattering asymmetries"

(0R-ô0)

10*-Åo¡

(oR-$o)

(0R+^0)

( r-PaAy(oR-Ào) )

( l+PbAy(on:aol I

( r+PcAy(oR+ao) )

( l-PdAy(OR+^O) )

f o r the de t.erminat ion of t he



Taking the yieJ-ds fron

using the same detector, and

Lhe same, four escinaces of

or(U, + 
^0)

and

pairs of consecut,ive runs in table 4" ì",

making sure that the magnetic field is

Lhe analyzing power are found.

or(4, - ô0)

and

tl/.. - tZl\

ffi

or(u* - Ào)

and

YOlaO - Yrln"m

4.,.(oo + 
^o) 

= "t/n"- 
Yu/noJr\ ffi

BO

t6l.U - Yr/n^

ffi

Taking the averages of equation (IV"2) and (1V"3), and that of

(IV"4) and (IV.5) gtves two estimates in which the effects of the

Ilagnetic field asymmetry are eliminated up to the second order. The

analyzlng powers are also given at angles O, and @ n,

(vr.2)

Ay(oL) * [Ay(oL + ôo) + Ay(oL - ôo) J lz t o,

(vr.3)

and

(vr"4)

(vr"5)

(vr"6)



ur(u*) = [n

where n and % are the errors as derlved from the uncertainty
in che ylelds.

v 
(on + AO) * or(a* _ ôo) J lz t ø*

FinalJ-y, taking a weighted average of equations (IV.6) and (IV.7)

obtain:

Ay(o) * ter(o") /o"2 + Ay(oR) /o*21 , ,à, " ùr,

A welghted average has to be considered in t,he last equaË.ion

because t.here is a possibiliry thaÈ t.he errors in the peak areas are

different for the lef t and ri-ght detecÈors" The tot.al error in A,

can be evaluated using t.he errors in the uncertainEles in the yields,

the error in the polarizatJ-on, the magnetic fieJ"d asymmetry, and

errors j-n O. and @- which even though they are very small_, needL-R
to be taken into considerat.ion.

B1

(vr"7)

A correcEion for the porarization was incruded by mult.iplying all

analyzing polrers by the factor I"04" This factor descrlbes the effect

of a non ideal lighc source[Ver84] and is in accord with the

kinematics of polarization described by Daniels et a1.IDanTla]" ln

our case the factor was an average since the data reporLed here rvere

taken with three different cells,

(vr.B)



D" INSTRUMENTAL AND MAGNETIC ASYMI'ÍETRIES

Ilaving already calculated

anal-yzing power, r\7e can easily

rhe nagnetici er) asymmeÈrieso

of:

and taking the average

nN(I 1 PA")

the poJ-arizaÈion in each run and the

esLimate the instrunental( er) ana

Using equation (IlI.6) in rhe form

Ylz = (Yr * yì lz = Go(l + er) (l

and

= Go(I 1 ef)(l t.,n¡

Y¡¿ = (Y¡ * yì/z = Go(t + ei)(l - e*)

and

82

of each pair from table 4" I

ttt
Yso = (Ys * Yì/2 = Go(l _ ri)(r _ e*)

a rrd

e)
m

YZg = (YZ * xù/2 - Go(l -er)(1 +e.)

(vr"9)

Che lnstrumental and

equations (IV"l0) to

(vr. l0)

E.he magnetlc asyuunetries can

(tv"l3).

(vI.tt)

(vr,t2)

(vr. t3)

be calculated from



According Lo VerheijenIVerB3] the instrumental asymmetry will be

( Table 4,2) z

e,=ttr*t34-tso-Yzg (vr, t4)
Yl2*Y34oY5ooYzg

and the magnetic asyrûmetry rvill- be (Table 4,2):

e
m

- 
Ytz - Y34 - Y56 * Y7g

r | | r (VI.l5)Yr2*Y34*Y56oYzB.

The instrumentaL asymmetry is related to the aperture dimenslons

of the detector and possible nisalignment of Èhe beam" The magnetic

asymmetry is related to the effect of the magnetic field aE, the target

(ang1e deviation)" Both asymmeLries can be verified if they remain

constanÈ at the same angle in consecuÈive cycles"
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EO CONSISTENCY CHECKS

The consistency

tested by evaluating

\,, r- - t*=-ç--
r" + I

whe re

of rhe neasurenents for each cycle has been

che const.anr K (consistency factor) [Bak69;Verg3]

and Y. r.¡here i=lr2rooÞêr8 represenÈsa

tt t3 t6 tB

\zY4 Ys tz

The aim is t.o eva_l_uate K and

reject a cycle, K has to be three

backward angles" An excepÈi_on was

errors due to counting sE.atist.ics

B4

The constant K can have the

constant during all four runs (p.

(vr" i7)

the yields of the delectors "

(vr" l6)

verheijenIVer83] defines the use of K when all detector and

magnetic field dependence is elinlnated, up Èo the first order in the

polarization" Therefore, Kp t" considered a measure for Lhe

conslstency or. the porarlzation during a cycle and can be defined by:

its error AK, and in order to

times more than its error aE. the

made for forward angles where lhe

were smallISza78b] 
"

Kp = [K - (p" * rb _ pc _ pd) Ay/4f lLK

value zero when the polarization is

= PU = P" = Pd)[Sza75]"

( vr. l8)



which should have approximately a normal distribution"

Rad et aI.IRadBl] developed a method r,rhich compared the analyzlng

Powers obtalned from the left and rlght deÈect,ors by evaluating their

difference ln terms of their error. Therefore K, is considered as a

measure for the instrumental- asyrnmetry and ls deflned by:

K.E
l.

Av(oL) - Av(oR)

This equation 1s derlved from equatlons (IV"6) and (IV.7), and ls

sensitlve to any effects of the instrumental asyrnmetrles in the

analyzing polJêr o

q-q

sinllarly, a method was developed whlch coupared the difference

in the analyzing power obtained frorn the runs wlth magnetic field up

and magnet.lc field down"Therefore K* is consldered as a measure for

the magnetic asymmetry and is defined by:

B5

K=
m

where Ay(+) 1s derived from

and (IV.4) and Ar(-) is der

which measure the lnfluence

analyzing power IRådBl ] "

A(+)-A(-)vyw:

(vr.19)

the weighted average of equatlons (IV.2)

ived from equatlons (IV"3) and (IV.5),

of the magnetlc field varlati.on on the

( vr" 20)



Fina1ly, the overall fit

Y = nNGo(l r el) (r t er) (l

to the

XT

data

I
læ

\,las tested by evaluating the sum

where Y and Y , are the experlmental and the calculated yieldsexp ca1

respect,lveLyo A smooth curve is expected for chi-squared, if the

disËribution of devlations between the yields is a normal dlstrlbutlon

ç¿ith four degrees of freedorn (Figure 4"2) 
"

of the equaËlon:

'I
Y -YexD.1- caI

tPA
v

AY exp, l-

In several cases where some of the criÈerla were not meL, a

speclfie malfunctioning durlng the experiment could be traced, such as

detector breakdown or decrease in target polarization" Such

üeasurement.s hrere rejected" I^llth t,hese nodlf icatlons the final

analyzing powers rârere complled, The distrlbutions of K2 were

plotLed as obt.ained from the analysis of the experimental data, The

reduced chi-square raras added also from equatlon(VT.22). The four

histograms should have a ch1-square dlstrlbutlon wj-th one degree of
t

freedom for K' (Figure 4'3) and two degrees of freedon for both
m

?)K-. (Figure 4"4) and K"_ (Ftgure 4"5) respecrlvely" Therp
hlstograms compare well with t,he ones from the study of

verheijenIver83]" The quallty of rhe results could be judged from r.he

consistency checksn

I
2

(vr.2I )

of the squares:

(vr"22)
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FIGURE 4.2 The dlstribution of

chi-square"
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FIGURE 4"3 The distribution

consistency checks for K2 6
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FIGURE 4"4 The

consistency checks

distribution
)for K- "I

of
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FIGURE 4"5 The

consistency checks

distribution

for K2
p

of
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Ê
 f\

å

\o O



F. RESULTS AND ERROR ANALYSIS

The val-ues of the analyziog pourers A, f or protons scaE t.ered

elastically from polarÍzed Heli-um-3 are plotted in f:-gure 4.6. our

resuLts for A incÌude error bars which reflect the sÈatist.ical
v

uncertalntles in the peak integrations and in the baekground, as well

as Lhe uncertainty in the determination of the beam polarizat.ion whlch

was smalL compared to the statisLical uncertaint.ies. The numerical

values are listed in table 4"2, These values have been mulripl-ied by

t.he correctÍon factor which is proposed by verheijenIver83] " The data

covered angles frorn 40 degrees to 130 degrees in l0 degree interval-s

and were taken at Lhe energy of 40"3 IleV"

A total of 15 measurement cycles of four angles each were

completed and three more measurement cycles have been attempted.

These three measurenent cycles had to be rejected due to unst.able

beamu Count,ing each angle separately, the actual number of accepted

runs was 59 out of. 72.

9r

The errors quoted in Èable 4.2 cao be described as, for example,

for the angì-e of 70 degrees the rotal error is +/-0"026. This error

conprises (f) statistical uncertainties in the peak area and the

background which is +/-0 "023) (il) bean current integraLion error

which is +/-0.0005, (iii) angle uncercaÍnry which is +/-0"0005, and

(iv) polarization uncertainty which is +/-0"002 " From rhe above it



FIGURE 4"6 lle1Íurn-3 Analyzing

powers calculated at 40.3 l"leV"
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FIGURE 4"7 The Hel-ium-3

Analyzing powers as calculat.ed by

Verheijen et al. ât 25.0r 30.0,

32"5 and 35.0 MeV, and from this

s tudy at 40 " 3 þ1eV.
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is obvious thaL the statistical uncertainty is the determining error,

which is also the case for most of t.he angles.

The normalization error also needs to be taken into accounto It

is deLermined mainly by the syst.ematic error in determining the

polarizaÈion" This rnethod elÍminates the nagnetic fiel-d and

instrumental asymmetries up to the frrst order in their magnrtudes"

The second order effects are negligible for the above asymmetries

compared to the polarization related errors"

Unfortunately a co4parison with other data at Lhe sane energy

cannot be made since other data does not, exist ay thts energy. Figure

4u7 shows the resuLts of McCamis er al . [],1cCB5] ar 25.0, 30"0, 32.5 and

35"0 IleV and the result.s of thls study at 40"3 Mev, A phase shifr

analysis has been made by Verheijen et al.[Ver84] for rhe 40"0 l"feV

energy dala but with analyzítg powers at. 35"0 ì,leV[Ver83] and the

differenLia.L cross section daÈa at 40"0 ÞÍeVISou76], The analyzing

po\.7ers become slightJ.y more negative at the minimum with increasing

energy in comparlson with other studiesIVer83]"
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A" HELIUM-3 POIJ.RIZATION"

The Helium-3 targets used in the presenÈ experirnent were built in

1983 at the University of Þlanitoba, and kept under refrigeratlon (-20

degrees C)" Their performance during the present experinent (1985)

was quì-te satisf actory.

V. CONCLUS ION

Causes of depolarization were mainly due to relaxatj-on in the

presence of a weak dlscharge, and reabsorption of t.he purnping lighc"

This can be partially eliminated by covering, with a completely opaque

paint, certaÍn areas of t,he target"

The systemaÈic error in the polarization is mainly dependent, on

the uncertalnties in the geometry factor, and the uncertainty of the

96

absorption factor. A considerable improvement can be achieved by

using an al-Lernative measuring method, and by an independent

determinaÈion of the absorption facÈor. A probing beam t.echnique for

the measuremenc of the Helium-3 polariza¿ion can produce nore accurate

results than any other meÈhodIDraB4]" The various parame[ers that

need evaluation are oblained more easily than the ones required for

Lhe method used in thls s.tudy (fluorescence)" Use of both the above

nethods simultaneously can increase the accuracy and minimize the

probable erroro



An increase in polarization can be achieved by repi-aclng the

discharge lamps with a tunable lasern In principle, many transitÍons

could be ucilized f or oprica-l- pumping (chapter 2.C). The 1.083

micrometers l-ine contains several, waveJ-engths at which optical pumping

can be performed" Mollenauer[]1o180] developed an (f"+) center
¿

.Laser in NaF which is tunable f ro¡o 0"99 to I"22 rnicrometers with power

outpuÈ of 500 nW" This technology provided rhe means for inproved

optical pumping of HeJ-iurn-3" For a nuclear scatterÍng experimenl, the

problem appears to be ¿he stability in Èhe intensity of the laser, but

it appears to be feasible. The use of a laser can increase the value
2of P-p on a polarized Helium-3 target by a factor of five (Table l"l

INacB2])"

The opcical pumping technique can be considered as the best

method of polarizing Helium-3, and any further developments should be

concenlrated on lhe use of a laser"
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B.

The experimencal resul-ts for che HeLiuur-3 analyzing powers between 40

and I30 degrees at 40.3 l"leV are Listed in tabLe 4"2 and are shown in

f igure 4"6" The ilel j-um-3 Analyzing powers at 25,0, 30.0, 32"5, 35.0

ÞleV[l'fcC85] and 40'3 l"leV Ithis study] are shown i"n figure 4"7. The

relative errors in the data are given, and are derived from

HELIUM-3 ANALYZING POI,IERS"

uncertai-nÈies in t.arget polarization, beam integration and counting

staE.islics (dominant factor)" The instrumental and magnetic fiel-d

related asymrnetries shown ln table 4"2 t¿ere al ready e.l"iminat.ed f ron

the results to at leasÈ the flrst order, according t.o our neasurement

method, and any second order effects were negligible compared Lo the

oLher uncertainties"

The data show consist.ency in the backward angles (great.er chan 90

degrees), changing sign at a laboratory angle of about 100 degrees to

positive analyzing powers, as in other sLudies[]'1u1 78]. At forward

angles (less than 90 degrees) , especlally t.he f irst t,hio angles, the

resuLts appear to give small- analyzlng po\.rers but compare welL with

Èhose of Verheijen et al"[Ver83] (negative minimum)" The consistency

tests proved adequate in deEecting internal- consistencies as described

in chapter 4"E. The qual-ity of the results can also be judged froro

che distributions of the consistency checks.
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advrsabLe to measure complete angular distributions at 45.0 and 49.0

l"leV. A phase shift analysis with the new data j-s also required as a

complement to Ehe overall study. This uright help the search involving

the A=4 systen and night give new and valuabl-e informationso

To complete the Heliun-3 measurement project it would be
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