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Abstract 

We have constructed a polar ized 3He ion source based on a polari zed electron capture 

at the Research Center for Nuclear Physics , Osaka University. The 3 He2+ ions are produced 

by an Electron Cyclotron Resonance (ECR) ion source. An electron of a sodium atom is 

polarized by means of optical pumping using a circularly polar ized l aser l ight .  The 3 He2+ ion 

captures an electron from a polar ized sodium atom in a magnetic field .  Half of the electron 

po larization of 3 He+ is transferred to the nucleus by the hyperfine interaction . A beam foi l  

spectroscopic technique i s  used to measure the nuclear pol arization o f  the 3He+ , i n  which 

the circul ar polarization degree for 389nm photon i s  measured . 

The nuclear polarization was determined to be 0 . 0415±0 . 006 1 with the ion current of 

40nA under the cond itions of about 2eflA of 20ke V He2+ ion extraction frOll1 the ECR ion 

source, and the sodium polar ization of 0 . 30±0 .05  with a thickness of 3 x1013atoms/cm2 . 

The reduction ( 0 . 259±0 . 083 )  of the 3He+ nuclear polarization from the sod i um electron 

polarization was lllainly caused by the depolari zation due to fine interaction of the excited 

states in the 3He+ ion formed by an electron capture. 

In order to search for the maximum nuclear polarization, the 3 He+ nuclear polarization 

was measured as a function of an incident 3 He+ energy. The observed resu lt shows less 

pronounced dependence on the incident energy in an energy range from 20ke V to 28ke V .  

iv 

1.  Introduction 

Over the past decades polarization phenomena in nuclear physics have p rovided fru itful 

information in understanding both the nuclear reaction mechanism and nuclear structure 

in a w ide range of incident energies [B090). For this purpose, various types of polar ized 

ion sources have been invented and improved for practical use. In sp ite of these efforts , the 

polarized beams have been limited only to p ,  d ,  3 He, 6,7L i ,  and 23Na .  Therefore a universal 

i on source to polar ize every nucleus with a spin i s  desi red . 

Recently, the production of intense polarized proton beams has become avai lable by a 

novel technique suggested by Haeberl i  [HA67] ,  Witteveen [WI 79], and Anderson [AN79). The 

basic princip le of the polarization is to uti l ize a polarized electron capture by an incident 

proton from an alkali atom po larized by means of optical pumping . They also suggested 

the poss ibi l ity to polar ize nuclei heavier than a proton by thi s  technique. Thi s  method 

seems to be very promising for the production of other heavy ions , because owing to the 

technical developments on the ion sources such as an ECR ion source , and on the high power 

lasers ,  one can obtain a large current of a h ighly stripped ion, and a h igh degree of an alkali 

polarization. 

Paying attention to this universal ity, Tanaka proposed in 1985 to construct a polarized 

heavy ion source by thi s  method [TA85) at the Research Center for Nuclear Phys ics , Osaka 

University ( RCNP) , where the main construction of a r ing cyclotron w ith K = 400 MeV 

was completed in 1991. Among various proposals of nuclear physics , physics w ith polarized 

heavy ion beams is one of the attractive fields in the intermediate energy region .  In addition 

to nuclear phys ics , the use of the polarized beam is also interesting in the fields of atomic 

phys ics , plasma physics and material sciences . 

As  the first step of our work , we tried to realize the nuclear po larization of the 3He beam 

( I7r = � +) by th is method since 3He is eas i ly polarized as compared w ith other heavier nuclei . 

The construction of the polarized ion source started in 1987 .  

In th is paper we outl ine a bench test dev ice of  the polarized 3He+ ion source based on 

a polari zed electron capture and report the results obtained since 1987 .  In Chapter 2 ,  a 
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review of the various methods so far offered to produce the polarized beam i s  descri bed . In 

Chapter 3 ,  the basic principles are described for each part of the system; the production of 

h igh ly  stripped ions by an ECR ion source, the production of the polarized sod ium atom, the 

polarization transfer processes fol lowing the electron capture, and the measurement of the 

produced nuclear polarization. In Chapter 4 ,  the experimental setup of each part is described . 

In Chapter 5 ,  the experimental resu lts and d iscuss ion are described , where descriptions on 

the ion current obtained from the ECR ion source, the achieved sodium polarization , and the 

resu lts for nuclear polarization measurements are included . In C hapter 6, future prospects 

are described , where the improvements of the polarized 3He ion source and the feas ib i l ity of 

application of the polarized electron capture method to heavier elements are presented . The 

conclusion of the present paper is given in Chapter 6 .  

2 

2 Production of Polarized Beam 

The production of the nuclear polarization has been accompl ished in various ways . We 

present here a brief description on each way to produce polarized ions from a historical v iew 

point. The definition of the polarization is  shown in Appendix .  

2-1 Nuclear Reaction 

In  1929 Motto [M029] suggested that an electron scattered by a nucleus was expected to 

have a preferred orientation of the magnetic moment. As the electron moves to the nucleus ,  

an electromagnetic fiel d  B i s  produced by the nuclear charge which is  mov ing toward the 

electron on the rest frame of the electron. This magnetic field B is proportional to the orbital 

momentum of the electron-nucleus system. The interaction of the magnetic moment f.L of the 

electron spin with B is cal led a spin orbit interaction. The electron feels an additional force 

which comes from the electron charge and the nuclear charge (Coulomb force) . S ince spin-up 

electrons and spin-down electron with a given impact parameter are deflected d ifferently by 

the spin orbit force and the Coulomb force, the scattered electrons are partial ly polarized . 

If there is a spin orbit force between a projecti le nucleus and a target nucleus , the 

scattered beam wi l l  be partial ly polarized l ike the above case . The existence of the nuclear 

spin-orbit force was observed using thi s  mechanism. But the scattered particles do not have 

a goo d  qual ity to use as a beam. The intensity of the scattered beam is low . The scattered 

beam can not easi ly  be focused into a wel l - formed directional beam. The scattered beam 

has a considerab le energy spread as a result of the relati vely th ick targets that are required 

for reason of intensity. The beam energy could not be varied at w i l l  w ithout changing the 

polarization. The background from the primary beam is large. Nevertheless ,  this method is 

a way to make a polarized radioactive beam. 

Around 1953 a method of producing polarized ions was proposed by F leichman and 

Schopper in Hamburg .  A few years later a prototype of the polarized ion source came into 

operation at Erlangen University, Germany. The first operational polarized ion source was 

constructed at Basel University by Huber et aI, in 1960 .  S ince then polarized ion sources 
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were extensively developed .  The quality of the polarized beam was vastly improved by the 

development of a po larized ion source, i .e . ,  the intensity, the energy spread, and the emittance 

of polarized beams were greatly improved . The beam energy was changed without perturbing 

the polarization, and the polarization was easily reversed and thus systematic error of a 

po larization experiment was reduced . 

2-2 Atomic Beam Method 

The first polarized ion source was an atomic beam type one. An atomic beam polarized 

ion source h as been widely used for polarizing hydrogen atoms 1 H, 2H, and alkali atoms 6Li, 

7Li, and 23Na .  In case of a hydrogen atom, a thermal hydrogen atomic beam is produced from 

an RF dissociator by passing through a col limator. The atomic beam is introduced to a Stern

Gerlach magnet ( usually 4 or 6-pole magnet is used ) where a state wi th mJ=+ 1 /2 is focused 

towards the magnetic axis by the force of F=-grad J.1,' B. The electron sp in polarization is 

transferred to the nucleus by a method combined with an RF transition and the adiabatic 

passage [AB5S] .  After the nuclear polarization is produced, the atom is ionized . The nuclear 

polarized beam i s  ionized positively by an electron impact, or is ionized negatively by an 

electron capture in a sodium cell .  

In case of alkali atoms, a thermal atomic beam is produced by a high  temperature oven. 

The ionization of L i  or Na  atom is done by a surface ionization with high temperature 

tungsten fi lament in a strong magnetic field .  

Production of  polarized 3 He is  attempted at Laval Univers ity [SLS5]. They use the 

metastable state ( 23S 1 ) of He atom. That is because the total angular momentum of the 

ground state He atom (11So) is zero, there is in no separation of the ground-state beam after 

passing through the multi -po le magnet. They try to build the ion source in 7 . 5MV Van de 

Graaff. 

4 

2-3 Lamb Shift Method 

Successful results have been obtained for 1 H, 2 H  and 3He with thi s  method .  Stripped 

ions e H+, 2 H+ or 3 He2+) are produced by a conventional ionizer and are accelerated. Then 

the ions pass through a charge exchange cell and capture electrons. A fraction of the beam 

is formed in a 2s metastable state of a hydrogen atom e H,2 H )  or a hydrogen like ion eHe+) . 

A selective quench ing is done by an RF transition in a magnetic field, i .e . ,  the metastable 

state in MJ=-1/2 decays to the ground state, thus an electron polarized metastable beam is 

produced . The electron polarization is transferred to the nucleus by a hyperfine interaction 

using the Sona method [S067]. Then metastable atoms (ions ) are selectively ionized to 

extract the polarized part of the beam. The polarized ion current is limited by the quenching 

of the meta-stable particles by space charge effect [CLS3] . 

A polarized 3 He beam is produced by Birmingham group using thi s  method . The po

larized 3He2+ beam was accelerated to 33 .4Me V and used for nuclear physics experiments . 

The extracted current and polarization of the beam were 2nA on target and 0 .6 ,  respectively 

[HA81) . 

2-4 Optical pumping Method 

a )  Direct Optical Pumping Method 

This method is based on an absorption of circularly polarized photons by the atom. Then 

an angular momentum of the photon is transferred to the atom, thus the atom is polarized . 

The detail of thi s  process w ill be described in section 2 .  But available strong light sources 

are in limited wavelength regions . This method is used to polarize Li or Na combined with 

a Stern-Gerlach magnet to produce alkali atomic beams in one hyperfine state [JAS7] . 

3 He ( 23S) atom is polarized by this method at Rice university [MAS5] . They used a tran

sition between 23S and 23P. The corresponding wavelength for this transition is 1. 0SJ.1,m. They 

accelerated polarized 3 He+ ion by the Texas A&M cyclotron between lS.4 and 49 . 0MeV. 

They got 100nA 3 He2+ beam with the polarization of 0 .11 on target . The low polariza

tion came from the low intensity of the pumping l ight, because the light source for optical 

pumping was not eas i ly available. 
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b) Polarized electron capture Method 

I t  is very difficult for a hydrogen atom to polarized by direct optical p umping method ,  

because the needed light for pumping i s  in  Ultra Violet region .  For this reason  an  indirect 

optical pumping method is developed .  The po lari zation of alkali atoms ( which can be easily 

optical p umped )  is transferred to the hydrogen nuclei . This type of a p olarized ion source was 

proposed by Zavoiski i  [ZA57] , and later Haeberli [HA67] , Anderson [AN79) and W itteveen 

[WI79). Successfu l  results are obtained in producing a polarized proton ion [MOS9 , SC9 1 ,  

Y090 ,  ZE90) .  This method is based on a polar ized electron capture by a proton from a 

polarized sodium or a polarized potassium atom. A proton bearll prod uced by an ECR ion 

source captures a polarized electron from an alkali atom in a strong magnetic fiel d . The 

electron polarization of the beam is transferred to the nucleus by the Sona method .  Then 

the beam is negatively ionized by an electron capture i n  another sodiun1 cel l .  

2-5 Tilting Method 

When an ion beam is reflected from a polished metal surface under very smal l angles or 

passed through a ti lted foi l ,  strong electron orientation of the ion i s  observed . The electron 

orientation originates from an anisotrop ic Cou lomb interaction at the surface of the tilted 

foi l  or the scattering crystal . The breaking of the axial symn1etry w ith respect to the beam 

is responsible for this orientation [FA 73] . An orbital angular momentum i n  a well-defined 

direction is induced , na.mely in the n x v direction , w here v i s  the beam velocity and n i s  

a vector normal to the interaction surface. Thi s orientation i s  transferred to a nucleus by 

a hyperfine interaction . In a p ractical use, the obtained po larization is rather smal l . The 

polarization is increased if success ive processes of a beam-surface interaction are applied . B ut 

it reduces the beam intens ity and degrades the beam emi ttance. The l i fe time of the foi ls or 

the crystal surface is less than several hours and thi s  i s  also a problem to be solved . For the 

case of tilted s urface u ltra high vacuum (lO-lOTorr) i s  needed . Th i s  method i s  attempted to 

polarize a radioactive beam obtai ned from an isotope separator on l i ne [VA92] . 

I n  table 2-0- 1 the performance o[ several presently work i ng sources i s  compared . As [or 

6 

Labora t ory lOllS ava.ilable Intensity Pz Ref. 

(/LA) (%) A ramie Beam type 
ETH-Ziirich H+ D+ 400 85 [SC8 1) 
Saturne Tf+ D+ 580 90 [LE90l 
TUNL H+ D+ 60 85 
P S I H+ D+ 150 85 Bonn H+ D+ 30 80 
Karlsruhe D+ 60 67 [EH89] Ma.dison H- D- 3 95 [IIA82) 
Seatt.le H- D- 1 93 Brookhavcn ]{- 40 80 [AL90]  
TNR H+ 6000 80 [BE90] 
RCN P  H+ D+ 1 85 
Lamb shift, type 
Tukuba H- D- 0 .4 75 [WA90) 
Fukuoka H- D- 1 70 [WA90] 
1\1 iinchen H- D- 1 83 Birmingham 3 He2+ . 0 02 60 [IIA81 ] 
Opt.ical Pumping 
a) Direct Optical Pumping 
Heidelberg 6 Li 7 Li [JA87] 
Ri ce 3He 0 . 1  0 . 1 1  [SL85] 
b) Pola.rized Electron Capture 
KEK H- 1 50 65 fM 089] 
TRIU1\1F H- 35 6 1  B U9 1 ]  
LAMP F H- 2O 62 [Y090] 
I NR H+ 4000 65 [ZE90] 

Table 2-0- 1  Performance of present ly work ing polarized ion sources 

t.he ion currcnt, i t  is not easy to read the table s i nce one has to know how and at wh i ch 

position the gi ven values have been measured . 
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3. Basic Principle of the Polarized Ion Source 

We descr ibe here the basic pr i ncip le of the polarized ion source based on a po lar ized 

electron capture .  The b lock d iagram showing the principle of the polarized ion source i s  

presented in Fig.3-0-1. 

Firs tly 3He2+ ions are produced by an ECR ion source. Polarized sod i um atom is pro

duced by means of the optical pumping usi ng a circu larly polar ized l ight . Then a 3He2+ 

ion captures a polarized electron of a sod ium atom. The produced 3He+ i s  u sual ly i n  its 

excited states. If a magnetic field strong enough to decoup le the fine i nteractions ( sp i n-orbit 

interact ions of the atom) i s  appl ied, the electron spin polarization of the excited 3He+ ion is 

kept dur ing the de-excitation to the ground state. Otherwise,  the depolarization appears . I n  

our case the needed magnetic field to decouple of fine i nteract ions i s  much stronger than that 

we appl ied i n  our  test bench apparatus .  So we treat the depolarization mechan i sm by fine 

i nteract ions in a weak magnetic field l imit. The electron polarization of the p roduced 3 He+ 

is t ransferred to the 3He nucleus through the hyperfine i nteraction . The nuclear polarization 

of 3He+ is finally measured by means of beam foi l  spectroscopy. 

After the polari zation is transferred from the electron to the nucleus , the electron should 

be removed by pass ing through a gas or a foi l  stri pper to accelerate it up to the maximum 

energy by a cyclotron . 
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3-1 ECR Ion Source 

An i on beam i s  usual ly produced by an electron i mpact ionizat ion of gases . In an E lectron 

Cyclotron Resonance ( ECR) ion source, the energet ic electrons are provided by the cyclotron 

resonance heat ing [JOS9j. The electron cyclotron resonance occurs when the magnet ic fields 

B and the RF fields are super imposed with the condi t ion of 

eB WL= - , me 
where WL i s  a frequency of the RF field ,  e and me are the elect ric charge and the mass of 

t he electron, respect i vely. If an elect rical component E of the RF field is perpendicular to 

the magnetic field ,  electrons are accelerated . The energy gain of electrons depends on their 

phase w i th respect to E, and depends on the stay ing period of elect rons in the E C R  region. 

vVhen t he energy of electrons reaches above the ionizat ion potent ial of the atomic gas , the 

gas i s  i oni zed and electrons are add i t ional ly produced . If electrons are confined in t he ECR 

region the produced electrons are accelerated again and cont ribute to further ionizat ion of 

t he gas . Thi s  is the ignit ion mechanism of the ECR plasma . 

The mer i t  of an ECR ion source i s  a h igh y ield of highly charged ions . The probabi l i ty of 

producing h ighly charged ions by a s ingle electron impact rap id ly decreases wi th  increasing 

t he ion charge q. So a high ly charged ion is obtained by success ive ionizat ion . Important 

ingredients for a h igh current of high ly ionized ions are to obtain a long exposure t ime T of 

the ion and to increase the electron dens i ty ne' The cross sect ion of step by step ionizat ion 

decreases as logar i thmic scale versus the ion charge q. Therefore the configurat ion of the 

plasma confinement i s  important for producing a h ighly charged ion . The extracted curr ent 

dens i ty depends on the plasma flow niVi (ni is the ion dens i ty and Vi is the veloci ty of the i on) 

arri v ing at an extraction hole .  At the inside of the plasma, the electron and ion dens i t ies 

must  be balanced to fu lfi l l  the condit ion qni = ne, where q i s  the ion charge , and ne i s  the 

e lectron dens i ty in the p lasma. It is known that the plasma frequency Wp and the p lasma 

cutoff dens i ty (nco) have the relat ion as , 

10 

Thi s  relat ion g ives an upper l imit of the ion current densi ty. vVhen t he ion current densi ty i s  

h igher than nco, the stabi l i ty condi t ion of  the p lasma is broken . S ince the plas ma frequency 

i s  i dent ical  to the RF frequency, the h igher RF frequency y ields a larger ion current . 

Another advantage of an ECR ion source i s  i t s  stabi l i ty for a long term operat ion .  The 

reason is t hat there is  no cathode which might be damaged by the bombardment of electrons 

and ions . And the consumption rate of the gas is very low , because the ECR p lasma i s  

i gni ted in a low gas pressure if  the magnetic confinement of  electrons i s  sufficient ly good .  

1 1  



3-2 Polarization of Sodium Atom 

a) Optical Pumping 

We use an opt i cal pumping method [HA 72] to obtain polarized sod ium atoms . Th is  

method i s  based on  an absorpt ion of a circularly polarized photon by an atom.  The max imum 

val ue of t he atomic po larizat ion by t h is method i s  mainly l im i ted by t he compet i t ion between 

pumping rate and depolar izat ion rate. The pumping rate i s  determined by t he pumping l ight  

i ntens i ty. The depolar izat ion rate i s  mainly determined by two sources . O ne i s  a relaxat ion 

dur ing  t he adsorpt ion on a wal l  surface of the sodium cel l .  The other i s  t he effect of the 

radiat i on t rapp ing .  A polar ized sodium atom absorbs an unpolari zed p hoton emi t ted by a 

neighboring exc ited sod ium atom, wh ich resul ts  i n  t he depolari zat ion . 

To ext ract an atomic polari zat ion of sod ium atom, a model calculat i on i s  carr ied out . 

Neg lecting  t he hyperfine coupl ing  of t he sod ium atom, each of the ground s tate of the sod ium 

atom S1/2 has two n1agnet i c  sublevels . The first exci ted s tate i s  Pl/2, wh ich has also two 

magneti c  sublevels . For the sake of convenience we label t he s tates as s hown i n  Fig . 3 - 2- l :  t he 

S1/2 mJ = -1/2 s tate i s  labeled 1, t he S1/2 mJ = +1/2 state i s  labeled 2 ,  t he P1/2 mJ = -1/2 

s tate i s  labeled 3 ,  and t he P1/2 mJ = + 1/2 state is labeled 4 .  I f  a (J- c i rcularly polari zed 

l ight i s  i nt roduced, t he atom i n  t he state 2 absorbs the l ight and i s  exci ted to the s tate 3 .  

Bu t  t he atom i n  s tate 1 cannot absorb the l ight. The excited s tate 3 decays t o  t he s tate 1 or 

2 spontaneously. The atom decay ing to the s tate 2 absorbs the l ighL again . Repeat i ng th i s  

process , t he atoms are made to populate i n  the S1/2 mJ= - 1 /2 s tate. 

The rate equat ions for these s Lates become, 

where 

dn2 n2 - n1 
- = -0:(n2 - n3) + A32n3 - - A32R32n3, dt T 

).3;b Iw I 0: - ----

- 4h 1l"C hv' 

1: t he l ight i ntens i ty 

v: the frequency of the l ight 
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(3.2.1) 

(3.2.2) 

(3.2.3) 

3 4 

3 S 112 

m=-1/2 m=+1/2 

Fig . 3 -2-1 The ground and the first exci ted states of a sod ium atom 

A: E ins tein 's A coefficient , A31 + A32 = A3 

T: relaxat ion t ime between s tate 1 and s tate 2 

R: effect of t he rad iat ion t rapp ing .  

The p olarizat ion i n  a s teady state i s  g i ven by tak ing ft = 0, 

-1 (3.2.4) 

To i ncrease t he sod ium polarizat ion , i t  is needed to increase t he pumping l ight i ntens i ty I 

and i n crease t he relaxat ion t ime T .  The effect of the rad iat ion t rapp ing R is s ign i ficant at a 

h igh sod ium dens i ty. R i s  expressed as fol lows; 

13 



where Gdecay i nd i cates the radiative decays of atoms i n  state 3 at a pos ition of r
'

, Greduce 
i nd icates the i ntens ity reduction of the radiation by the absorption dur ing a propagation 

from r' to r ,  and Cabsorb i nd icates the absorption of the rad iation by atoms i n  state 2 at a 

position of r. Numeri cal calculation can be done us ing Hermit i ntegration [TU86] . R31 can 

be calculated in a s im i lar way descr ibed above . 

b) Faraday Rotation 

We measu re the polarization degree and the vapor th i ckness of the sod ium atom us ing 

the Faraday Rotation method [ 1084] . The rotation angle B of a l i near polarization p lane 

after pas s i ng through the polari zed sodium vapor is  proportional to the sod ium th i ckness 

NL and the sodi um polarization P as expressed in the fol low i ng way; 

B = (Bo(B)+ BpP)N L, (3.2.5) 

where B is a strength of an external magnetic field , Bo and Bp are constants depend i ng on the 

wavelength of the probe l ight. The detai led cal culations of the values of Bo and Bp are g iven 

in Append ix .  The sod ium vapor thi ckness is obtained by comparing  two rotation angles 

measured w ith the m,agneti c field and w ithout the magneti c  field ,  

NL = (J(B = Bo, P = 0) - (J(B = O, P ='0)  
(Jo 

. (3.2. 6) 

The sod ium polarization degree is  obtained by comparing two rotation angles measured w ith 

the pumping l ight and w ithout the pumping l ight, 

P _ e (E = Eo, P = PN a) - B (B = Eo 1 P = 0) 
Na -

(J N L . 
p 
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(3.2.7) 

3-3 Polarization transfer 

A large cross section of a polarized electron capture i s  des i red to obta in an i ntense 

polar ized beam. The cross section of an electron captu re by a He2+ ion from a Na atom was 

measured by Dubois et al [DU85] . F ig . 3 -3- 1 shows thei r results . The cross section of s ingle 

electron capture i s  about 1 0- 1 4 cm2 for a 20keV He+ ion . If we use the sod i um thi ckness of 

3 x 101 3atoms/ cm2 , the electron capture rate i s  expected to be as much as 0 . 3 .  

,OIC1'T'IJI 

10·1t 

10·" -

ElM thV/.f'T'UJ 

\ 
\ 
'1 

\ 
\ 
o 

'a" 

-

-

-

-

F ig . 3 -3- 1 S i ngle electron transfer cross section for hel ium ion impact 

on sod ium by Dubois et ai , [DU85] 

As  for a polarization obtained , there are two contributions . One i s  an electron polar iza

tion transfer from a sod i  um atom to a He+ ion of the ground state ( ELS ) )  and the other i s  

the polar ization transfer from the electron to the nucleus ( EH F)' 
a) ELS 
In  case of a polar ized electron capture, formed He+ ions are mainly i n  excited states, We 

assume that th is excited He+ ion i s  made instantaneous ly at t=O, w here" in stantaneous" im

p l ies that the excitation time i s  short compared to other character i s t i c times ( fine i nteraction 
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state i+ 1 

unobserved 

Fig . 3- 3-2 The depolarizat ion mechanism by fine i nteract i ons and E 1  t rans i  t ions  

per iods  or  hyp erfine i nteract ion periods ) of  the exci ted state. This  means that the  electron 

po larjzat ion wi l l  be conserved at t=O, and that the spin orientation during the o11 i sjon i s  

space fixed  dur i ng t he co l l i s ion [P E5Sj . 

I f  t he l i fe t imes of exc i ted states are short compared to the fine  i nteract ion  i ntervals , or 

if a magnet i c  field s t rong enough to decouple the fine i nteract ions  i s  appl ied , the  electron 

spin polar i zat ion  is  kept during the de-excitat ion to the ground s tate of He+ ion . 

O therwise ,  t he fine i nteract ions transfer the sp i n  angular momentum i nto  t he orb i tal 

angular momentum of the electron . A part o f  the orb i tal angular momentu m  i n  the sys tem 

i s  carr ied away by the photons enutted in the de-exci tat ion processes . Thus a par t  o f  t he 

electron sp i n  polar izat ion is los t .  F ig . 3 -3 -2  shows th i s  process .  Under this assu mpt i on we 

calculate the e lectron polarizat ion fol lowing the photon emiss ion .  

We define t he efficiency ELS as , 

(3.3.1) 

where Pe(g.s.) IS the electron Splll po lar izat i on o f  the  ground s tate I-Ie+ Ion .  Pe(O) i s  the  

16 

electron sp in  po lar izat i on j ust  after the elect ron capture ,  which corresponds to the sod i um 

polar izat ion PNa. 

First ly we shall examine l i fet imes and fine interact ion intervals of hydrogen l i ke i ons . 

For hydrogen l i ke i ons w i th  nuclear charge Z, the l i fet ime T of the s tate (n,l) i s  expressed as 

[OM83] , 

where n, l are pr inc ipal and angular quantum numbers and en/ i s  a constant whose value i s  

aroun d  2 rv 1 x 10-10. The fine  structure i nterval 21'i/WLS of a s tate (n,l) has a relat ion  of 

[B R83 ] , 

e2 Z2 (Za)2 
nw LS = -- - ----'------'-41'ifoa 2n2 nl(l + 1) 

where a i s  Bohr rad ius , a i s  the fine  structure constant and EO i s  t he d i elect r i c constant i n  

vacuum .  These relat i ons show that the rat io  of 27r/WLS i s  approx imately 1 00 ,  i . e . ,  the l ifet ime 

of each exci ted s tate i n  cascade decay i s  much longer than i t s fi ne structure per iod . 

The next step i s  to est imate the s trength of magnet i c  field B fine to  decouple the fine 

i nteract jon .  I f  a s t rong magnet ic  field i s  appl ied ,  the coup l ing of a spin angu lar momentum 

and an  orb i tal angular momentum is  reduced , thus the value of ELS i s  near ly 1 . 0 .  The value 

of B fine for hyd rogen Eke i on w ith  a state (n, l) i s  calcu lated as , 

(3.3.2) 

f-Le 47fEoa 271,2 nl( l + 1) 

A calcu lated part i al cross sect ion o f  an elect ron capture from a sod i  urn atom by a He2+ lOn 

[SH87] i s  s hown i n  Table 3 -3- 1 .  The formed He+ is mai n ly in the 3d s tate at an inc ident 

energy of 20keV . The dOmlnant de-exci tation process of the 3d state is l i ke 3d- 2p- 1 s .  In  tab le 

3- 3 -2  the  calcu lated val ues of Efine for He+ ion are shown .  The fine i nteract ion  i ntervals of 

t he 3 d  and 2p s tates ar 1 8  and 1 80GI-Iz, the l i fe times are 0 . 97nsec and 0 . 1 0nsec , respec t i ve ly 

as shown in  Table 3 -3 - 2 . On  the other hand we app l ied the magnet i c  fie ld s t rength o f  on ly 

3kGauss in  our  p resent exper imental sys tem . The corresponding Zeeman sp li t ting is on ly 

4 . 2G  Hz wh i ch is not enough to decouple fi ne i nteractions .  T he depolar izat i on due to fine 
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Energy 
(keY) Is 25 2p 35 3p 3d 4s 4p 4d 4f Total 

10.0 0.00) I 0.29 0.78 7.47 26.25 70.32 1.51 5.02 10.0 6.13 129.02 
2I.JJ 0.0018 0.56 1.14 3.61 14.37 66.84 2.91 6.34 1J.43 16.22 126.45 

26.67 0.0018 0.42 0.92 3.36 10.33 53.22 03 10.QJ 13.30 14.12 112.14 

30.00 0.0047 0.36 0.84 3.18 9.16 50.88 3.80 8.91 14.06 10.38 103.22 

40.00 0.0061 0.36 0.72 1.79 5 .99 37.42 2.60 7.36 13.05 6.24 78.60 

53.33 0.031 0.54 0.84 0.93 3.93 18.31 2.04 6.13 9.33 3.91 52.69 

66.67 0.027 0.66 0.62 0.52 2.02 10.77 1.03 3.36 7.01 1.98 35.33 

80.00 0.029 0.54 0.49 0.33 1.10 5.71 0.59 2.07 .. U 8 1.03 .23.66 

106.67 0.038 0.3 I 0.34 0.17 0.29 1. 38 0.22 0.72 1.72 0.35 11.25 

160.00 0.029 0.053 0.16 0.044 0.076 0.29 0.061 0.17 0.29 0.067 2.63 

213.33 0.022 0.029 0.093 0.017 0.03 I 0.075 0.020 0.048 0.075 0.014 0.75 

266.67 0.012 0.025 0.051 0.013 0.016 0.026 0.011 0.018 0.027 0.0048 0.35 

Table 3-3- 1 The partial cross sect ion for t he reaction He2+ + N a( 35) -
He+(nl) + Na+ in units of lO-16cm2 by Shingal et al [SH87] . 

state fine structure interval Bfrne 
(GHz) (T) 

2p 180 6.4 
3p 53 1.9 
3d 18 0.65 
4p 22 0.80 
4d 7.3 0.26 
4f 3.7 0.13 

Tab le 3-3-2 The magnetic field B fine to decouple fine interactions of He+ ion. 

interactions emerges in th i s  case . 

In a weak magnet ic field l imi t ,  the value of tLS is calculated as fol lows [LI91 ] .  For 

i ons w i th  zero nuclear spin (or the applied magnetic field i s  strong  enough Lo decoup le t he 

hyperfine interact ions ) ,  the state mu ltipole J p of the excited state in  the (L5)J representat ion 

after the elect ron capture i s  gi ven as fol lows ) 

J( 
-Q 

18 

5 
5 

(3 . 3.3) 

Here L p(O) and 5 p(O) indicate the state multipo les of the orbital  part and of the spin part 

i mmediately after the excitat ion, respect ively. The anisotropy of the ground state (LoSo)Jo 
develops  from many sequences of orientat ion and alignment t ransfers in the transitions from 

Ji+ 1 to Ji· We consider the anisotropy transfer from a state Ji+1 with a coup l ing scheme 

(Ji+l' Ji+l) k' to a state Ji wi th  a coup ling scheme (Ji, Ji) k. The electric dipo le transition ( E 1 ) 

matr i x i s  represented by the coup ling scheme (Ji , Ji+dl . The two states are coupled by t he 

radiati ve transi t i ons characterized by the di pole transition operator (f* . r ) (f . r') averaged 

over di rections and polari zations of the photon 

r· r' ((* . r ) (f . r') = -
3 

. 

Since th i s  operator i s  a scalar, the average squared dipole matri x  element i s  characterized 

by the cou phng scheme (Ji, Ji+d1 (Ji' Ji+dl(O) . The anisotropy transfer is presented in a 

recoupl ing of (Jili+1 ) 1 (Jili+I) 1(0) to the coupling (JiJdk(Ji+ 1Ji+dk'(0) . Then th i s  gives a 

fol lowing relat ion; 

J.pkq = IC: (Ji+1 I1r I l Ji) 12 "" ( (IJ ) I(J.J. ) 1 (0) I (J.J. )k (J. I )k'(O)) J.+t k ' 
J(2k 1) (2 xl I) � 1 1+1 1 t+1 1 1 t+1 1+1 P q' + + k',k,q', q , ( 3 .3.4) 

= I C;(Ji+1 I1rIlJi)12 ( - ) J.+1+J.+l+k { JJi�l Ji 
k
1 } J.+tp; . Ji+l 

because the recoupl ing scheme can be expressed as, 

= [ ( 2 k' + 1 ) (2k + 1 ) ( 2 x 1 + 1 ) (2 x 1 + 1 )P /2 (�: 
- 2k 1 x 3 X 1+1 ( -)J.+1+J.+l+k { J. - ( + )  [(2xl+l)(2k+l )) 1 /2 Ji 

k 
q 

Ji 
Ji+l 

0) { J'+l Ji n o Jt+ 1 Ji 
k' k 

� } 8kk,8 qq, 
The E1 operator acts on the L component only. From th is fact the reduced dipo le element 

can be  written in the follow ing 

C:( (Lt+1 S)Ji+ll l r l l (LiS)Ji) = ( - )L.+t+S+J.+IC:[( 2Ji+l + 1 )(2Ji + 1 )] 1 / 2 

X { LJ�l JZl f} (Li+l l l r I lLi) (3.3.5) 

Insert ing (3. 3 . 5 )  to ( 3 . 3 . 4 ) ,  the anisotropy trans fer i s  g ive by 

J'pk - C·B ( k J. J. )J.+1 k q - 1 , 1) 1+1 P q 
1 9 



where 
Ci =IC:(L;+11IrIILi)1

2 

B(k, Ji , Ji+d =(2Ji+1 + 1)(2J, + 1)( - )J.+1 +J.+1+k 

{ L;+l Ji+1 S}
2 

{Ji+1 Ji 1 } 
X Ji Li 1 Ji Ji+1 k 

The state multipoles with a rank k for the state (LoSo)Jo are computed by summing over 

all possible transfers. The transformation of the state multipoles are given by the following 

relation, 

We choose the quantization axis as the ion beam propagation axis. Because of the axial 

symmetry, the multi poles with q#O vanish. The electron spin is also along the beam prop

agation axis in our case. Then the Cartesian polarization Pe of the electron is expressed by 

using 5 p� as, 
5p� Pe = so ' 
Po 

Since the value of L in the ground state is 0, the electron spin polarization of the ground 

state ion Pe(g.s.) is given by 
Pe(g.s.) = 

5 p6(g.s.)/ 5 pg(g.s.) 

= J P6(9.s.)/J pg(g.s.) 
_ LJN D(1,JO,J1\ )JNp6(O) 
- LJN D(O,Jo,JN)JNpg(O) 

where p(g.s.) is the state multipole of the ground state, and p(O) is the state multipole just 

after the electron capture. From the equation (3.3.3) and the property of 9j coefficient, the 

state multipoles of J are expressed as, 

J1 C L051 C L2 5 1  Po = 101 Po Po + 121 Po Po 

JO C L050 Po = 000 Po Po 

where C's are constants. Thus the polarization of the ground state He+ ion is expressed as, 

P ( ) _ 
LJN D(1,Jo, IN)[C101 Lpg 5p6 + C 12/Jp6 5pb] e g.s. - LJN D(O,Jo,JN)[CoooLpg 5pgJ 

= EL5Pe(O) , 

20 

where 

Then we can write EL5 as the following form 
Lp2 

EL5 = C onst + Const' L � 
Po 

(3.3.6) 

The electron spin polarization Pe(g.s.) is proportional to the electron spin polarization just 

after the electron capture Pe(O) .  

The value of � relates to the alignment parameter Agol defined by Fano [FA 73) and this 
P o 

value corresponds to 

where 

5L(L + 1) Acol 
(2L + 3)(2L - 1) 0 . 

Acol _ 
Lm[3m2 - L(L + l)]a(m) 

0 - L(L+1)Lma(m) 

and a(m) is the capture cross section of the magnetic substate (L,m). For the case of L=2 
the value of Agol can take 

-1 < Acol < 1 - 0 - (L = 2) 

For example if the excited states are equally populated a(mL) = 2L1+1 a, the value of Agol is 

O .  If the excited states are formed in mL = 0 state only a( mL) = DmLO a, the value of Agol is 

-1. An example of a calculation of EL5 is given in Appendix. The result of the calculation 

of EL5 is shown in Table 3-3-3. 

As one can see in Table 3-3-1, the formed He+ is mainly in the 3d state at an incident 

energy of 20ke V .  The value of EL5 is calculated to be 0.301 at Ago1 = 0 for the cascading 

transitions from the 3d state (1=2) to the ground state 0=0). 

b) EHi' 

The second process is a transfer of an electron polarization to a nuclear polarization 

by the hyperfine interactions. vVe define the efficiency for the polarization transfer of this 

process as EHF in the followillg, 
PN EHF = Pe(g·s.) , 

21 

(3.3.7) 



as L 
Acol max Acol :{) Acol=· 1 

1 0 .556 0.407 0. 1 1 1  

2 0. 502 0. 30 1 0. 099 

3 0.486 0. 2 5 7  0. 074 

4 0.479 0.234 0.059 

5 0.475 0.2 1 9  0.048 

6 0.473 0.209 0.04 1 

7 0.47 2 0.202 0.036 

8 0.47 1 0. 1 96 0. 03 1 

9 0.470 0. 1 92 0.028 

10 0.470 0. 1 88 0.025 

I I  0.469 0 . 1 85 0 .023 

12 0 ... 69 0. 1 8 3 0.02 1 

1 3  0.469 0. 1 8 1  0.020 

14 0.469 0. 1 7 9  0.0 1 8  

1 5  0.468 0. 1 7 8  0.0 1 7  

1 6  0.468 0. 1 7 6  0.0 1 6  

Tab le 3-3-3 The calculated values of t.LS . The value of L i s  

an orb ital quantum number , and Acol is an al ignment factor 

of an initially formed excited state. 

where PN is the nuclear spin polarization and Pe (g . s . )  is the electron spin polarization of the 

ground state He+ ion. In the magnetic field strong enough , the electron spi n  and nuclear 

spin are decoupled. As the strength of the magnetic field is reduced , the electron and nuclear 

spins become to be coupled by a hyperfine i nteraction. The Harnilton ian is expressed as, 

H' = aI · J - J.Le gJ J  . B - J.L N g I I · B, 

where a is a hyperfine constant , J.Le  is the Bohr magneton , J.LN is a nuclear magnetic moment , 

9J is a gyromagnetic ratio of the electron ) 9 1 is a gyromagnetic ratio of the nucleus. If the 

external magnetic field B is applied to z direction as ( O ,O , Bz ) ,  the Hamiltonian is expressed 

as , 

where 

22 

U sing a first order perturbation theory the energy of the hyperfine state E ( F, m F ) is calcu

lated for ground state 3He+ ion [BE65] , 

a a 
E ( F, mF ) = - - - gI J.L N mF Bz ± - ( 21 + 1 )  4 4 

Bz x = -----

BhJ ( I  + 1 / 2 )  

a 
BhJ =  ----gI J.LN - gJI-Le 

2 m F  
1 + x + x 2  

1 + 1 / 2  

( 3.3.8) 

and the calculated result is shown in Fig.3-3-3. The value of a for a hydrogen like ion of 

state (n, J, L )  with nuclear spin I is calculated [BR83] as, 

J.Lo 1 Z3 
a = 47r 4g1 J.LeJ.L N J(J + 1 ) ( 2L + 1 )  a� n3 ' 

where a).J. is a reduced Bohr radius of the ion . For the case of ground state 3 He+ ion, the 

value of a i s  8.666 G Hz and corresponding BhJ is 3.1kGauss, g1 is -4.2.5512 and gJ is 2.0. 

We labeled the wave functions as shO\vn i n  Table 3-3-4. The nuclear polarization , i.e. , the 

expectation value of J (, i l lz l i )  for each state I i )  [OH69] is  shown in Fig.3-3-4 .  We assume that 

initial ly the system is in a strong magnetic field, the nuclear polari zation i s  zero and the 

electron polarization is Pe ( g . s . ) . Then the population of the initial system can be expressed 

using Pe ( g . s . )  as shown in Table 3-3-5 . 

Next we consider what happens when the external magnetic field i s  reduced. If the 

reduction of magnetic field is adiabatic, each state follows the correspondi ng energy line. 

The nuclear polarization of th is system ( PN ) is given by 

i = 1 ,4 
x 

= 0 .5 ( 1 -
J1+X2

) Pe (g .s . ) 
1 + x 2  

= CIf F Pe ( g . S . )  

X 
t.IfF = 0 . 5( 1 - � ) v I  + x 2  

(3 .3.9) 

In a strong magnetic field ( x = oo ) ,  t. H F  is zero, i.e. , there is no hyperfi nc i n teract ions and 1 10 

polarization transfer from the electron to the nucleus occurs. If the field strength is reduced 
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Fig.3-3-3 The hyperfine energy levels 
of He+ ion plotted as a function of an 
external magnet ic field. 
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F ig .3-3- 4 The nuclear polarizat ion of state i . 

I I ,  Iz ) I S , 5::. ) representation 
1 1 / 2 ,  + 1 /2 ) 1 1 /2 )  + 1 /2 )  
x i I t2 ,+  I ni 1 1 / '2 . - 1  j'. :!L+( v'1 +£2  - 1 ) I l /'2 . - 1 /2i 1 1  /2 . +  1 /2L 

V£2 +(v'1 +x1 - l ) 2 
1 1 / 2 , - 1 /2 ) 1 1 / 2 ,  - 1 / 2 )  
x l l /2 . +  1 1' 2 ) 1  I ( !. , - 1 /2 ) - (  jl +x 1 - 1  ) / 1  / 2 , - 1 /2 ) / 1 /2 , + 1 /:' )  

V1:2 + ( v'I + x2 - 1 ) 2  

Table 3 -3-4 The wave funct ions of  He+ hyp erfine levels 

s tate  i populat ion Ci 
1 l . � 'J ' J  

2 I . 1 +  P. 0) 'J 

3 i l �P. ? ' -'J� 

4 I l �P. ? ' -.) � 

Table 3-3-5 The populat ion of each state at t=O wi th electron pol arization of Pe ( O ) .  
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to zero adiabat ically ( x=O ) ,  we have t H  F = 0 .5 ,  i .e., half of the electron spin polarizat ion is  

transferred to the nucleus. 

The adiabat i ci ty is fulfilled under the following condit ion [ME60] , 

1 T � - ,  
a 

T - BhJ _ BhJ 
- d B  - v dB ' 

dt Z dz  

( 3 .3 . 1 0) 

where T i s  the t ime needed to change the magnet ic field strength from BhJ to zero, a i s  the 

hyperfine i nterval , and Vz i s  the veloci ty of the ion beam. For the 20ke V 3 He+ beam, the 

veloci ty Vz of the ion is  108 cm/s, and the ad iabat ici ty i s  fulfilled when �� ::; 1 05 Gauss/ cm. 

In conclusion, the obtained helium nuclear polarization PN i s  expressed by the product 
of three parameters as, 

(3.3.11  ) 

where PNa i s  the sodium polarizat ion defined in  equat ion (3 . 2.4), tLS I S  the efficiency de
fined i n  equat ion (3 .3 .1) and (3.3 . 6), and tHF is the efficiency to transfer the electron spin 
polarizat ion to the nuclear polarizat ion defined in equat ion (3.3 . 7) and (3.3 . 9) . 
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3-4 Beam Foil S pectroscopy 

To improve t he performance of the polarized ion source , i t  is essent i al to moni tor  the 

nuc lear polarizat ion of the 3He beam. We developed a beam fo i l  spectroscop ic  techn ique 

for t hi s  purpose [OH92 ] . The pr inc iple i s  as fol lows :  The polarized 3 He+ ion is selected by 

an energy analyzer and is deflected by 90 degree w i thout changing the sp in  d i rect ion . The 

analyzed beam passes through a thin carbon foi l .  The electron capture and loss cross sect ions 

are of the order of 1 0 -I-!  '" 1 0- 1 6 cm2 . VVh i le a 5J.Lg/cm2 carbon foi l  has 2 . 5 x l 0 1 7atoms/cm2 . 

Thus t he electron polarizat ion of t he incoming 3He+ ion is lost dur ing the passage of t he foi l .  

At the  ex i t  o f  the  foi l ,  t he  i on  captures an elect ron to i t s  excited s tate from t he las t  l ayer of 

t he foi l  [AN79 I I] .  Though the electron polarizat ion i s  lost during t hese col l i s ion s ,  the nuc lear 

polarizat ion is kept  because the cross section for spin exchange between an elect ron and a 

nucleus i s  of the  order of 1 0- 2 1 cm2 . And the depolarization due to hyperfine i nteract ions i s  

not s ign ifican t ,  because the per iod passi ng through the fo i l  is of the order of 1 0 - 1 4sec ,  wh i ch 

i s  s horter t han hyperfine per iods . After t he passage)  most of the i ncident 3 He+ i s  neutral i zed 

but  i n  i t s  exci t ed s tate . As the excited atoms move away from the fo i l  i nto vacuum,  an angular 

momentum t rans fer occurs by a hyperfine interaction from the 3He nucleus to the  elec t ron 

orbi t ,  t hen photons emitted from the exci ted states become ci rcular ly polarized . Th i s  c i rcular 

polarization degree i s  proport ional to the i n i t ial 3He nuclear polarizat ion . Thus the nuc lear 

polarizat ion degree is extracted from the ci rcu lar polarization of the emi t ted photon from 

He atom. Fig . 3 -4 - l is a schemat i c  draw ing of th i s process . 

I n  th i s  method ,  d ifferent from the polari zat ion measu rement by nuclear react ions )  we do 

not need to accelerate the ions up to the leV energy reg ion ,  and we can mon i tor the nuclear 

polar izat ion at the s i te of the ion source .  

The S tokes parameter wh ich expresses the c i rcu lar po larizat ion degree of l ight i s  defined 

as ) 

where I( 0"+ ) i s  t he i ntensi ty of r ight handed circu lar ly polari zed l igh t )  and I(  a _ ) is the  in ten

s i ty of left handed ci rcularly polarized l ight . As for a conven ience we label I (  a + ) as I( e+ d 
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Upper l eye I 

unobserved 

Lower leye l 

photon 

unobserved photon  

Fig .3 -4- 1 The process of po larized photon erruss ion from in i t ial ly nuclear polar ized atom. 

and 1(0"_ ) as I( e- d . For a part icu lar trans i t ion from the state ( LS ) J  Lo ( LoS ) J o ,  the S tokes 

parameter is calculated under t he fol low ing assu mpt ions ; ( 1 )  t he photon measurement i s  

done along the in i t ial sp in  quant i zat ion ax i s ,  ( 2 )  the t ime i ntervals of fine and  hyperfine 

i nterac t ions are short compared with the l i fe t ime of the exc i ted sLate) ( 3 )  we cannot d i s t in

gu i sh  the fine s t ructure l ines , ( 4 )  t he excitat ion cross section i s  proport ional to a stat i s t i cal 

weight ( 2J + 1 )  and ( 5 )  there is no cascade contri bu t ions to the ( LS ) J  s tate . 

The s tate mult i pole of the upper state under the hyperfine interact ion is character ized 

by the  total angu lar momentum F ( =J + 1 ) .  The mu l t ipole Fp in the  F representat ion i s  

constructed from the  product ion of t he state mu lt i poles of the nuclear sp in  part  [p and of 
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the electron sp in  part J p as , 

F p�" = 2::: [ ( 2kJ + 1 ) ( 2kJ + 1 ) (2F + 1 ) ( 2F + 1 )P /2 { �  � � } 
k[ ,k J k[ kJ 1l.. 

X (- )K-Qy'2K + 1 ( �  �" k� ) J p�[ ( t = 0 )  J p�J ( t  = 0 )  
= 2::: ( 2F + 1 ) (  - )F+J+l+K { � � �" } J p{j ( t  = 0 )  ® 1 

F 

because j us t  after the exc i tat ion t he electrons are unpolar ized i . e . , 1  P:" ( t = 0)  = J pg( t  = 0 ) . 

The state mul t ipole concern ing to t he E 1  trans i t ion i s  J P: '  T he state  mul t i pole J P: i s  

obtained from F p�\ as , 

1 ® J Pb\" = I)2F + 1 ) ( -{+J+ J+J': { 5 
F 

F K } F r: 
J I Po . 

The i ntens i ty of the emit ted l ight 1{ ( e,\ )  with a hel i c i ty A i s  then expressed as [BL8 1 ] ' 

I{/ ( e> J  = IC' ( J l l r I I Jo ) 1 2 y12K + 1 ( _ )J+Jo+ '\ ( _\ l � )  { j j 
= IC' ( J l l r I I Jo ) 1 2 y'2J( + 1 ( _ )J+Jo+ '\ ( _\ � �" ) { j j 

x I)2F + 1 )2 { 5 5 1" } { � � �} [p�\" ( t = 0)  
F 

where B ( K , J )  i s  

B (K, J ) = IC' ( J l l r I I J0 ) 1 2 ( _ )J+JO { j j ;� } 
x 2::: (2F + 1 )2 { 5 5 �} { � � 

F 
K } J . 

Then the photon i ntens i ty i s  expressed as , 

I{; ( e,\ ) = )2]( + 1 ( - ) '\ ( _\ l �" ) 2:::(2J + 1 ) B (K, J ) lp6\" ( t  = 0 ) . 
J 

The stokes parameter S / 1  is expressed as , 

5/1 = 1i( ed - Ii( e - d  
Io(e t) + 1o ( e - d 

= �LJ(2J + 1 )B ( I( = 1, J )  1 P6 (0 )  
V 2" LJ (2J + 1 )B ( I( = 0 , J )  1 pg (O )  

_ �LA2J + 1 )B ( I( = 1 , J )  
p ( ) - V 2" LA 2 J + 1 )B ( I( = 0 , J) N O , 
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( 3 .4 . 1 )  

w here PN (O )  i s  t he nuclear polarizat ion at t=O .  Thus the S tokes parameter for photons emit 

ted in t he d i rect ion of the quant ized axi s is l inearly proport ional to the nuclear polarizat ion . 

We can denote i t  as 

where 

A = f3LJ (2J + 1 )B ( I( = 1 , J ) . V 2" LJ (2J + l )B ( I( = 0 , J )  
I f  we observe the photon i ntens i ty w i th  a good t ime resolut ion and w i t h  t he energy 

resolu t ion not enough to d is t inguish each hyperfine level , t he Stokes parameter is expressed 

as [AN77] , 

where 

B2( F1 , F2 , J ) = IC' ( J l l r I I Jo ) 1 2 ( - )J+Jo { JI l l  } J .]0 
x ( - )F1 + Fd2J+2 [ ( 2Fl + 1 ) ( 2F2 + 1 ) { �l 

( 3 .4 . 2 ) 

and WF1 F2 i s  the frequency corresponding to the energy d i fference of the s tate ( J  Fd and the 

state ( J  F2 ) '  'vVe can see an i ntens i ty modu lation as a funct ion of t ime . This  comes from 

an interference of photons corresponding to transi t ions from d ifferent hyperfine levels . This  

effect i s  cal led Quantum Beat . If the t ime interval for t he measurement i s  long enough , 

the osc i l lat i ng  terms are averaged out and we can use equat ion ( 3 .4 . 1 )  i nstead of equat ion 

( 3 . 4 . 2 ) " 
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4 .  Experimental Apparatus 

To real ize the principle described in t he prev ious chapter ,  we constructed a bench test 

device of the  polar ized ion source .  The top view of the polarized ion source i s  shown i n  

F ig .4 -0- 1 .  The polarized ion source cons ists  of a 2 .4 5GHz  E C R  ion source , a sod ium oven i n  

a solenoidal coi l ,  a l aser system t o  polarize sodium atoms , and a polarimeter t o  measure t he 

nuc lear po lar izat ion of the 3He+ beam. 

The ion beam is extracted from the ECR ion source, t hen t he He2+ ion i s  analyzed by 

a magnet i c  analyzer .  The sodium vapor is produced in the oven and i s  polar ized by the 

opt i cal pumping us ing a circu lar ly polarized laser l ight . The analyzed He2+ ion i s  focused 

to t he sod ium oven w here a polarized electron capture of t he He2+ ion o ccurs . Th i s  electron 

capture is done in a 3kGauss  soleno idal coi l .  A fter t he magnet ic  field reduct ion ,  the electron 

spin polari zat ion i s  transferred to t he nucleus . A guiding magnet ic  field is appl ied downward 

t he solenoidal coi l to avoid t he effect of perturb ing magnet ic  field . T he fract ion of the  beam 

wh ich captu res the polar ized electron from the sodium atoms is analyzed by an e lectrostat ic 

analyzer. The nuc lear polar ization degree is measured by the polarimeter based on the beam 

foi l  spectroscopi c  method .  
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4-1 ECR Ion So u rce 

As descr i bed in sect ion 3- 1 the ECR ion source is based on a heat ing of elect rons by 

a cyclotron resonance. Our  ion source is operated w i th  a 2 .4 5GHz  micro-wave . The top 

v iew and s ide v iew of our ECR ion source are shown in F ig .4 - 1 - 1 .  We u se a mirror magnet 

and a hexapole magnet to confine energet i c  electrons axial ly and radially. A mirror magnet 

cons i s t s  of two coi ls w i t h  an i nner d iameter of 25 cm and an outer d iameter of 6 6 . 5 cm. 

Each coi l is cons tructed by w ind ing a hol low conductor .  Typ ical values of the maximum 

and min imum field strengths along the magnet i c  ax is are about 1 kGauss and 0 . 7  kGauss , 

respect i vely. A mirror rat io defined by Bmax l Bmin i s  thus about 1 . 4 .  Th i s  rat io  can be 

changed s l ight ly by changi ng the d is tance between the two coi l s .  The cyclot ron resonance 

o ccurs at the  magnet i c  field BECR = hw . The value of BECR i s  8 75Gauss for a 2 . 45G Hz Jl e  

microwave . The value of BmaxlBECR i s  1 . 1 .  It i s  repor ted [G E9 1 ]  that fo r a good  p lasma 

confinement one n eeds Emaxl Bmin ,....., 2 and Emaxl BECR > 1 . 5 .  Our  magnet does not fu lfil l  

t hese cond i t i on s .  But we th i nk  that our ion source i s  enough to produce He2+ ion for a test 

exper iment . The hexapole field i s  produced by a permanent magnet . The i n ner d iameter 

of the hexapole is 1 0  cm. The field st rength at the pole surface i s  about 800 Gauss . Each 

pole is composed of an array of rectangular p ieces of a ferr i te core magnet . The arrays are 

i nserted i n  t he vacuum sealed containers made of s tai nless steel . The permanent magnet i s  

cooled by  water t o  avoid an  excess i ve heat ing from the  plasma. 

The 2 .45 G Hz micro-wave is generated by a magnet ron .  The maximum power output 

of the magnetron is 5k W . The micro-wave i s  guided to the p lasma chamber t h rough a 

rectangular wave guide .  Four devi ces are i n stal led between the magnetron and t he plasma 

chamber . ( 1 )  An i solator wh ich i solates the magnetron from the reflected wave at the p lasma 

chamber . Two power meters are equi pped on the i solator to mon i tor  an i n put  power and a 

reflected power . ( 2 )  An E- I-I tuner wh ich adj usts the phase of the  micro- wave to match t he 

cavi ty. ( 3 )  A chalk  fl ange wh ich serves as a D C  insu lat ion between the plasma chamber and 

the magnetron . The EC R chamber i s  electr ical ly i so lated from the g round  poten t i al ,  and a 

h igh voltage up to 20k V can be app l ied to t he chamber to ext ract the  ions .  ( 4 )  A vacuum 
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seal between the p lasma chamber and the wave gu ide. For th i s  purpose a fused quartz plate  

i s  used .  Typi cal input  power is  around 700\V and reflected power i s  less than 1 00'vV .  

The  gas flow rate needed i s  typically 0 . 2cc/min in  our i o n  source. We use a convent ional 

mass flow control ler to control the gas flow rate. The plasma chamber i s  evacuated by 

a turbo molecular pump w i th  a pumping speed of 1 60 l / s .  The ion extract ion region i s  

evacuated by  a 1 200 1/s  oi l d iffus ion pump w i th  a l i qu id n i t rogen t rap . The vacuum pressure 

of t he ECR chamber is  5 x 1 0-6Torr w i thout operat ion . The pressure in operat ion is typ ically 

2 x  1 0 - sTor r . A gate valve is  equipped to keep the chamber in vacuum when the sod ium metal 

i s  loaded to  the oven . 
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C h a l k  f l a n g e  -
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M irror Coi l  
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E inze l  Len s  ( E 1 ) 

Analyser Magnet 

E i n ze l  Len s  ( E2 )  

F i g . 4 - 1 - 1 T h e  s i d e  v iew a n d  t he top v i ew o f  t h e  2 . 4 5 G  H z  ECR i o n  s o u rc 
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4- 2 S o d ium O ven 

T h e  so d i um vap o r  is  p ro d u ced b y  a h eated ove n .  I n  t he i n i t i al s t age of  our  meas u rement 

we used a s o d i u m  oven s h ow n  i n  Fig .4-2- l .  T he oven is made of cop p e r  an d is wou n d  by a 

h eater .  T h e  temperat u re of t he oven i s  meas u red by a P lat i n u m  1 00 n t hermo res i s t an ce . 

The length  of t h e  so d i u m cel l  i s  6 cm . The o u ter  d i ameter i s  3 C111 . A n  i nner  s leeve w i t h  a 

d i amet er  of l . 2 cm i s  i nserted i nt o  t he cel l .  Vari ous  coat i ngs ·were tested on t h e  s u r face of 

t h i s  s l ee ve to exami ne t he d ep ol ar i zat ion  effect . The oven is i nserted i n t o  a wat er  cooled 

cop p er t u b e .  S ome fract ions  of effu sed s o d i u m  vapor  are t rap p ed by t h i s  t u b e . 

A magnet i c  fie ld  i s  ap p l i ed to t h e col l i s ional reg ion w h ere elect ron cap t u res o c c u r. T h i s  

mag n et i c  fie ld  i s  p rod uced b y  a soleno i d al coi l .  T h e  l engt h o f  t h e  coi l  i s  3 6 cm an d t he 

d i a met er  i s  6 cm . The max i mu m  fie ld  s t rengt h p ro d u ced by t h i s  coi l i s  :3 k G au ss . A 5 0 0  lj s 

o i l  d i fFu s i o n  p ump w i t h  a l i q u i d  n i t rogen t rap i s  i ns t al led u p s t rea111 from t h e  solen oi d ,  and 

a 1 2 0 0  lj s o i l  d i ffus ion pump with  a l i q u i d  n i t rogen t rap i s  i n s t al le d  downst ream from t he 

soleno i d al coi l for evacuat i on . 

ivlost  of t h e  measur ements  of t he so d i u m  p ol ar i zat ion were d o n e  w i t h  t h is ove n  b u t  t here 

is a p ro b lem fo r t h i s  o\-en _ D u r i ng the load i ng p ro cess of t he so d i u m  metal i n t o  t h e  c r u c i b l e ,  

t h e  s u r face of t h e sod i  um m e t a l  i s  ox i d i zed . So i t  i s  n eeded t o  i n cr ease t he telnp erat u re 

of t h e  cruc i b le u p  to nearl y 3 0 0 0  C t o  b reak t he s u rface s k i n  of t h e  s o d i u m  oxi d e .  After  

t h i s  p ro ce d u r e ,  t h e  s u rface of  t he i nn er s leeve i s  deter i or ated by h i gh temp erat u re so d i um 

at oms w i t h  a h i gh dens i ty. T herefo re we con s t r ucted a ne'vv O\'en w h i ch can co n t r o l  t he 

temperat u re of t he i n n er s leeve and t h at o f  t h e  sod i u m c r u c i b l e  i n d ep e n dent ly, t h us  red u c i ng 

t h e  d eter iorat i o n  of t h e  s lee\-e surface . 

A n e w  ov n i s  s h o w n  i n  F i g A - 2- 2 . A s o d i u m  met al  i s  vap o r i zed i n  a t e m p erat u re C011 -

t ro l led  cru ci b l e .  The sod i u m  va por flows t h rough a heated p i p e  t o  t h e  col l i s i o n al reg i o n  

w h e re an e lecL ron cap t ur e  o f  a Hc2+ i o n  fro m  a s o d i u lll a t o m  takes p l ace.  T h e  d i ameter o f  

t h e  col l i s i o n a. l  reg i o n  i s  2 . 0cm an d i ts lengt h is  1 2 c lll . Bot h e n d s  h a.ve a h o le w i t h  a d i ameter  

o f  0 . 6 c m . A t h i n  i n ner s l eeve coat ed w i t h  d ry fi l m  i s  i l l serted in  t l te co l l i s i o n al reg i o n ,  and 

i t s d i a meter  i s  l . 9 cm . A t  both t h e s i des of  t h e  co l l i s i o n a l  reg ion , water  cooled p i pes w i t h  a 
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d iameter  of 2cm are p laced to trap the sodium vapor effused . To measure the temperature 

of the cruci ble ,  we use P lat i num l OOn thermo- res i stor . For the temperature measu rement of 

the heated p ipe  and t he inner s leeve, we use thermo- coup les .  Three power suppl ies are used 

for heater w i res to control the temperatures i ndependent ly. 
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4-3 Laser System 

We use two sets  of dye lasers . A r ing dye laser (380A , Spectra P hys ics ) i s  used for the 

opt i cal pumping of the sodium atom. A broad band dye laser ( 3 75B ,  S P )  i s  used for the 

Faraday rotat ion angle measu rement to moni tor the po lar i zat ion and t he th i ckness of the 

sod ium vapor  on l ine .  Each of the dye lasers is pumped by a 5W argon laser ( 1 68B , SP ) .  

The frequency of t he pumping l ight is set to the D 1  l i ne ( 589 . 6nm) . I t s  typ i cal intensi ty i s  

about 300  mW. The  intens i ty of the  probe l ight offered from the  b road ban d  dye laser i s  

set to be  less than O . l m\N to avoid perturbing the sod ium polar i zat ion .  The  l i ne w id th  of 

the probe l ight is about 1 0  G Hz .  These l aser l ights are t ransmi t ted to the sod i um cel l us ing 

mirrors and focus ing lenses . 

The Faraday rotat i on ang le at a sodium th ickness of  5 x  1 0 13  atoms/ cm2 w i t h  3kGauss  

magnet i c  field i s  on ly 0 .8 0 •  To detect the rotation angle of the probe l ight  precise ly, we use a 

system composed by a polar iz ing beam sp l i t ter (05FC 1 6 P B . 3 Newport ) and two photod iodes 

( S2386 H amamatsu ) . A schemat ic d iagram of the measu rement of t he rotat ion angle is shown 

in F ig .4 -3 - 1 .  The spec ificat ion of each part i s  tabulated in  Table 4- 3- 1 .  A typ i ca l  i nput  l ight 

i ntens i ty was l OllvV .  The output of the photod iode was termi nated by a 1 0k fl res i s tance, 

so t he output  voltage of the photodiode "vas of the order of 1 00mV .  The output  of the 

photod iode 1 (Id i s  sens i t ive to the l ight polarized along the polar iz ing ax i s  of t he sp l i t ter .  

The output of the  photod iode 2 (h) i s  sens i t i ve to the l ight po lar ized perpend i cu lar to the 

polariz ing axi s  of the sp l i t ter .  Then the l ight intens i ty i s  expressed as , 

where e i s  the angle between the axis of the po larizing beam sp l i t ter and l i near polar izat ion 

p lane .  The rotation angle is obtained by, 

e - � 5 "  - 1  
( II - h )  

c - t il . 
2 II + h 

( 4 . 3 . 1 ) 

The output vo ltages of II and II - 12 are measured by two d ig i tal mult i -meters ( RG450 , 

Advantes t and 9300M F ,  Sanwa) and recorded through a G P - I B in terface to the personal 

computer ( P C980 1 VX, N Ee)  [or on- l i ne calcu lat ion of e . The angle e i s  set to 7r / 4 at 
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polariz ing beam sp l i t ter 

ext inct ion rat io  

t ransmi ss ion 

avai l able region 

photo d i ode 

sensi t i v i ty 

dark current 

temperatu re dependence 

of  dark current 

output  l inear i ty 

< 1 0-3  

> 0 .9 

400- 700nm 

O .4A/W at 589nm 

50pA 

1 . 1 2 t imes;o C  

1 p\N- 1 mW 

Table  4- 3 - 1 The specification of the polar i z ing beam sp l i tter and the photodiode . 

a cond i t ion that there is no sodium atom, because the sens i t i v i ty for the rotat ion of the 

po lar izat ion p lane of the probe l ight is the largest at th is  ang le set t ing . 

F ig .4 -3 -2  s hows the calculated angle ec from the output vol tage us ing the  equat ion ( 4 . 3 . 1 )  

versus the  rotat ion angle of t he polarizat ion p lane of the incoming l ight e .  The angle e i s  

changed by  rotat ing the detector system. One can see a good proport ional ity of e c  to  e .  

vVe measured the Faraday rotat ion angles as a function o f  the wave length  o f  t h e  p robe 

laser .  The angle N L eo was obtai ned by using the equat ion ( 3 . 2 . 6 ) descr ibed i n  chapter  3 -2 ,  

N L eo = e ( B  = Eo , P = 0 )  - e( B = 0 ,  P = 0 ) .  

S i mi la rl y  the angle N L P ep was obtai ned by, 

N L  PNa ep = e ( B = Bo , P  = PNa ) - e( B = Eo , P  = 0 ) .  

FigA- 3- 3 ( a )  and ( b )  show the N L eo and N L p ep )  respecL ive ly. The so l i d  curve i s  the 

fi tted curve of the calculat ion (see Appendi x ) .  The free parameters are N L and PNa ' I n  

th i s  case N L = 3 . 8 x 1 0 1 3  atoms/cm2 and PNa =O . 32 are obtai ned . The  experimental resu l t s  

reasonably agree w i th  the calculat ion , wh ich ind icates th i s  moni tor i s  a rel i ab le one . In  a 
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usual operat ion , the wavelength of the probe l aser i s  set to 589 . 3nm,  b ecause t he wavelength 

dependence of Faraday rotat ion angles i s  minimum at this po int . The frequency of t he p robe 

l ight i s  monitored by a spectrum analyzer ( M4 1 0 ,  S F ) .  D ur ing an experiment , a fine tuning 

of the pumping laser frequency i s  done to maximize the Faraday rotat ion angle of the p robe 

l ight , i .e . ,  to maximize the sod ium polarization .  

Sodium Oven 

Polarizing 
B eam 
Splitter 

I I 

Probe Laser Light 

Io 

Photodiodes 

+ 

Fig .4 -3 - 1 The detection system of a Faraday rotat ion  angle . 
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Fig .4 -3 -2  The calcu lated angle B e  from the output  vol t ages of the photodiodes p lotted 

as a funct i on of the angle e which is  the angle between the axi s  of po lar iz ing beam 

sp l i t ter and the po larization plane of the probe l aser l ight 
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as a funct ion of the wavelength of the probe laser .  The so l i d  cu rve i s  t he fi t ted curve of 

the calcu lat ion ( see Append i x )  with N L=3 . 8 x  1 0 1 3  atoms/cm2 and PNu =0 . 32 .  
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4-4 G uiding F ield System 

In  the system of the electron and the nucleus of the 3He+ i on ,  t he electron spm and 

nuclear spin s t rongly coup le at a magnet i c  field w i  th nearly zero .  The d i rect ion of  the electron 

sp in  changes eas i ly if there exists a perturbi ng magnet i c  fiel d ,  such as a terrest r ia l  magnet ic 

field and a residual magnet i c  field produced by electr i c  p ower l i nes . Thus the d i rect ion of 

the  nuc lear sp in also changes i n  the presence of the per turb ing magnet i c  field through the 

electron sp in . To el im inate th is  effect , a weak magnet ic fie ld of a few G auss i s  app l i ed paral le l  

to the axial d i rect ion of the 3 kGauss solenoidal coi l  downward the coi l .  This magnet i c  field is 

produced by a smal l solenoidal coi l (C  1 )  and large rectangular Helmholtz coi l s  ( Rl )  covering 

the w hole reg ion of the polarimeter ,  where the produced nuclear po lar izat i on i s  measured 

( see F ig . 4 -0 - 1 ) . VVe choose the z axis  i s  parallel to the axi s  of the so lenoidal coi l ,  t he x axi s  

i s  i n  a hor izontal p lane . The 3kGauss solenoidal coi l i s  located a t  z=Omm.  T he C 1  coi l  

i s  lo cated at z=500mm. The R 1  co i l s  are located at z= 780mm and  z = l :?OOmm.  Fig .4. -4 - 1 

shows t he magnet i c  field d i s t r ibution along the 3kGauss solenoidal co i l .  The ion  beam feel s  

a magnet i c  fie ld reduct ion from 3kGauss as  the ion beam moves away from t he so lenoidal 

coi l ,  and the field strength is  reduced to 5G auss at z=400mm . The maximum grad ient of the 

magnet i c  field i s  500Gauss/ cm , wh ich satisfies the adiabat i c  cond i t ion of equat ion ( 3 . 3 . 1 0 ) . 

The rat io of Bx,y / Bz is less  than 0 . 1 for th is  region , and th is  corresponds to the angle between 

z axis and the magnet i c  axis is less  than 5 . 7° . The maximum reduct ion  of the expectat ion 

value i s  cos5 . 7 ° = 0 . 99 ,5 . 
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1 0  
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2 0 0  4 0 0  6 0 0  

Z ( Illrn )  
8 0 0  1 0 0 0  

Fig .4- 4- 1 The measured magnet i c  field d i s tri but ion along the axis  of the solenoi da l  

coi l  ( the z axi s ) . The x and the y axes are normal to  the z ax i s .  C 1  coi l  

i s  located at z=500mm and R 1  coi ls are located a t  z=7  0 ,  1 20 0mm. 
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4- 5 Polarimeter 

A n  out look of the polar imeter i s  shown i n  F ig .4 -5- 1 .  The po lar ized 3 He+ ion  beam i s  

bent b y  90  degree b y  a n  e lectrostat ic analyzer . A weak magnet i c  field i s  app lied t h e  w hole 

region of the p olar imeter us ing rectangular Helmholtz co i l  to avo id  t he depolar i zat ion  caused 

perturb ing magnet i c  field as described in sect ion 4- 3 .  This sect ion is evacuated by a 500 l / s  

turbo molecular pump and by two l i qu id n i t rogen t raps .  The analyzed 3 He+ beam b ombards 

a carbon foi l .  The th i ckness of the carbon foi l  i s  about 5 p,g/ e m  2 .  The foi l  surface is set 

to be  p erpendicu lar to the beam axi s to avoid an add i t i onal po lar i zat ion product ion by a 

t i l ted foi l  effect . The pos i t ion of the foi l  can be changed upward and downward along the 

beam ax i s .  The foi l  i s  des igned to be removed dur ing the tun i ng of  the t ransportat i on of the 

H e+ ion  b eam. The ion beam pass ing through the foi l  i s  col lected by a Faraday cup ( F3 ) . 

A p recise measurement of the current i s  impor tant because we use the current i ntegrat i on 

for the  normali zat ion of the photon count i ng . For th i s  purpose ,  we i nsert two elect rodes i n  

front of the cup ;  one  i s  kept in  the ground potent ial and the other i s  appl ied to a potent ial 

of about  1 k V .  These electrodes p lay a role of electron repel lers w h ich s uppress secondary 

electrons emit ted from the Faraday cup . 

The photons emit ted from t he foi l- exci ted He atoms are detected by US ll 1g  a photon 

detector sys tem . These photons are focused on the head of the photomu l t i p li e r  by two 

lenses . The c ircu lar ly polar ized photons are converted to the l i nearly po lar i zed photons by a 

1 /4 wave length p late. Then the l inearly polar i zed photons are analyzed by a p olar izer fi l ter . 

The photons that pass through a wavelength fi l ter are finally counted by a photomu l t i p l ier .  

The spec i ficat ion of each component of the photon detector system i s  tabu lated i n  Tab le 

4 - 5- 1 .  

The photomu l t ip l ier is operated in  a photon count i ng cond i t i on .  A n  output  of the  anode 

i s  terminated by 1 1 0kn  res istor . The output  s ignals of the photomu lt i p l ier are ampl i fied and 

conve rted to logic s ignals  by a s i ngle channel analyzer. The number o f  the logi c s i gnals is 

recorded i n  a scale r .  The photon counts are accumulat d alternat i vely under the cond i t ion 

that the sod i um atoms are polar ized (Npol) or that the sodi u m  atoms arc not p olar ized 
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lens ( S igma O pt i cs )  

focal length 

d iameter 

material 

t ran sm.lss ion 

1 /4 wavelength p late ( S igma Opt ics ) 

a imed wavelength 

t ransm.lss ion 

polar izer ( Polaro id H22 )  

ext i  nct ion rat i o  

t ransmiss ion 

70mm 

50mm 

BK7 

9 1 . 8% a t  389nm 

389 . 0nm 

99% 

6 . 1 2 %  at  389nm 

wavelength  fi lter (Vacuum Corporat ion of Japan M IF-W )  

centro id o f  t ransm.lssion 39 1 . 5nm 

Ful l  Width  at Hal f  Max imum 20nm 

tr  ansm.l ss i  on 4 1 . 5% 

photomu l t i p l i er ( Hamamatsu R464 ) 

quantum efficiency 23% at 3S9nm 

effect i ve area 5mm x 8mm 

typ ical b i as vol tage - 700V 

Table 4- 5 - 1 The specificat ion of components of the polar imeter .  

( Nunpol ) ' The degree of the c ircu lar po larizat ion AP is calcu lated as  fo l lows ,  

where 

A P = r - l , 

Npol 1" - --- Vunpol ' 
I S  the  photon number coun ted by the detector. The cond i t ion of the  sod ium 

polar izat ion is  changed by each l Osec to  red uce a sys temat i c  err o r .  The  electron i c  ci rcu i t  

d i agram for t he da ta  tak ing system i s  shown i n  F ig .4 - 5 -2 . 
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The pulse hei ght  spectrum of the photomul t ip l ier i s  shown  i n  F ig .4- 5- 3 .  The lower 

d i scr iminat ion  of the s ingle channel analyzer was set at the d i p  of the spect rum ( ind i cated 

by t he arrow in the figure ) . 

The detect ion efficiency of the polar imeter along the b eam axis was measu red as a 

funct ion of t he pos i t ion of the l ight source ( photod iode was used ) wh i ch was moved on the 

beam axi s .  T he resu l t  i s  shown i n  Fig .4- 5-4 . The FWHM of th i s  detector system i s  about 

5mm. 

The dark current of the photomult ip l ier w i thout the He+ ion b eam was 0 . 3 cps . But the 

count i ng  rate was i ncreased when the He+ ion beam was introduced even at a cond i t ion 

that the carbon foi l  was removed , . The background count i ng rate w i th  t he He+ ion beam 

was measu red as a funct ion of the vacuum p ressure of t he Polar imeter chamber .  F ig .4 -5 -5  

shows  the  result . T h is background component comes from t he neutral He atom produced 

by the col l i s i ons  of He+ ions and the res i dual gas atoms . The background  count i ng rate was 

O . l count s /nC  at the pressure less than 1 0 -6Torr .  A typ ical counti ng rate w i t h  the  carbon foi l  

( t rue events )  i s  50counts/ nC .  This  shows the s ignal t o  noise rat io  of 2 x  1 0 -3  a t  t h e  pressure 

of the po lar imeter sect ion less than 1 O-6Torr . 
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4- 6 Ion Beam Focusing Elements 

The ion beam extracted from the EC R ion source i s  focused by e inze l  lenses ( E l ,E2 ) . 

Then the  He2+ ion i s  analyzed by a magnet i c  analyzer ( D  1 ) . The analyzed b eam i s  focused 

by an electr i c  quadrupole lens ( Q2 )  to the sod ium oven where a po lar i zed elect ron capture of 

the He2+ ion occurs . The polar ized beam is focused by an electr i c  quadrupole lens ( Q 3 )  and 

analyzed by an electrostat i c  analyzer ( D 2 ) .  Here we descr ibe  i n  detai l s  on each component 

of ion focus ing element . 

The extract ion electrode of the ECR ion source has a hole of  8 mm d iameter an d i s  kept 

i n  a ground potent i al ,  wh i le a h igh vol tage up to 20kV can be app l i ed to the ECR chamber 

to extract  an ion beam. The gap w i dth i s  1 0mm. 

Two e inzel lenses are equ i pped to focus the ion beam. The einzel lens E1 is located j ust 

after t he extract ion electrode, and the other one (E2 )  i s  located 300mm downst ream. The 

d iameters of El and E2 lenses are 70mm and 1 20mm, respect i vely. Typ i cal vol tages app l ied . 

to these lenses are around 2kV and -500V,  respect i vely for 1 0 keV 3 He2+ beam. 

The ion beam i s  deflected by a magnet ( D  1 ) . The deflect ion angle of  D 1 i s  60  degree, 

and a radius of the ion traj ectory is  1 35mr11 . The analyzed ion curr ent is measured by a 

Faraday cup ( F2 )  after a s l i t  ( S2 ) .  The s l i t  w idth i s  usual ly set to 1 0mm. The Faraday cup 

can be  removed form the beam path us ing an air cy l i nder un i t .  

The elect r i c  quadrupole doublet lenses ( Q2 , Q 3 )  are used t o  focus  the beam . The aperture 

of the lens is 30mm and length of the lens un i t  i s  1 20mm . The elect rode i s  made of a brass 

p ipe w i th  a length of 45mm and a di ameter of 30mm.  Typ ical vol tage app l ied to Q2 is 

around 500V for a 20keV He2+ ion ,  and the vol tage app l ied to Q3 is around 1 kV for a 20keV 

He+ ion . 

This  analyzer ( D2 )  cons i sts of two spheri cal e lec t ro des made o f  s tai n less s teal . The rad i us 

of the ion t raj ectory is 250mm .  The gap width is 20 111111 . The app l ied pote l l t i a ls for t hese 

electrodes are set as fo l lows , \1+ = - 1 . 1 7 \1_ becallse the  centro id  of t he t raj ecto ry is set to be 

zero potent ia l .  Typ ical app l ied potent ials are + 2 . 25kV and - 2 . 6 3kV for t b e  20keV 3 He+ ion 

beam . Th is analyzer has a dOll b le focus ing property and focal length i s  7 00mm.  O u ter s ide 
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of the electrodes has a hole through which the l aser l ight and neut ral He atoms pass .  
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5.  Experimental Results and Discussion 

5- 1 Performance of the ECR Ion Source 

The performan ce of the 2 . 45GHz ECR ion source was checked u s i ng a 3He  gas . F ig .5 - 1 - 1 

shows  t he extracted ion current as a funct ion of the exci tat ion current of t he D l  magnet . 

Ions such as H + ,  Hi , carbon , n i t rogen , and oxygen ions w i th  low charge s tates were extracted 

i n  addit ion to the He2+ and He+ ions .  These components other than He ions are expected 

to come from a smal l  leakage of an ai r and a back d iffused oi l vapor from vacuu m  pumps . 

The largest p eak in  Fig . 5- 1 - 1  corresponds to the He+ ion . The ion current of He2+ i s  about 

1 ,,-,2% of He+ i on current . We think the low current of He2+ come from a low frequency 

of the elect ron cyclo t ron resonance, and from imperfect confinement of energet i c  electrons 

because of a low value of Bmax/ B ECR . 

I n  F ig .5 - 1 - 2 ,  the 3 He2+ and 3He+ ion currents are p lotted as a fun ct i on of the  3He  gas 

flow rate. The extract ion voltage was l OkV .  \Nhen a current peak is  obtai ned for the  He2+ 

i on , the gas flow rate was less than that of He+ . This  may be because the recomb i nat ion 

p robab i l i ty between He2+ ions and He atoms is  cons iderably large when t he vacuum p ressure 

i s  h igh . 

vVe measured the 3He2+ ion current by varymg the ext ract ion vol tage, and we could 

extract more than a few eJ-LA of the 3He2+ ion wi  th the energy range of 1 6  to 28ke V . 
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5- 2 Polarization of the Sodium Atom 

The sod ium polarizat ion was measu red by varyl llg the pumpl llg l i ght i ntens i ty, the 

strength of the external magnet i c  field ,  and the sod ium th i cknes s .  To enhance the sod ium 

polar izat ion , we tested 4 materials for the wal l of the col l i s ional region [TA90j . The mater ial s  

are copper ,  pyrex g lass , copper w i th  dry-film coat ing and  pyrex g lass w i t h  d ry -fi lm coat i ng . 

The dry-fi lm i s  a k ind  of s i l i con polymer [SWSS] and i s  known to have a low relaxat i on rate 

for po larized alkal i atom. As  ment ioned already this measurement was carried ou t  main ly 

w i th  the old type sod ium oven . 

As  i t  i s  show n i n  the equat ion ( 3 . 2 . 4 )  the obtai ned polar izat ion is determined by a com

pet i t ion between t he pumping rate and relaxat ion rate . The sod ium po lar izat i on o bserved 

as a funct ion of  the pumping l ight i ntensi ty i s  shown i n  Fig .5 -2- 1 .  The polar izat ion i ncreases 

as the pumping Eght i ntens i ty i ncreases . This corresponds to the i ncrease of the  value of (X i n  

equat ion ( 3 . 2 .4 ) .  The sod ium polar ization i s  shown i n  Fig . 5- 2-2 as a funct ion o f  t he external 

magnet i c  field .  The po lar izat ion i ncreases as the st rength of the external magnet i c  field 

increases . I n  both case the po lar i zat ion i s  enhanced w i th dry-fi lm coat ing .  The polar i zat i on 

enhancement by a dry- film coat i ng and by a s t rong external magnet i c  field correspond to 

the i ncrease of the relaxat i on t ime T in  equation ( 3 .2 . 4 ) . The relaxat i on t ime T i s  main ly 

determined by the fol low ing three mechanisms : depolar izat i on d ue to the  effus ion of the 

polarized atoms through entrance and ex i t  holes of the sod i um ce l l  (Te ) ;  depolar izat ion due 

to col l i sions of polar ized atoms w i  t h  neighbor ing atoms (Tc ) ;  and depolar izat i on i nduced by 

the local magnet i c  field on the wal l s u rface during the adsorpt ion of the polar i zed atom ( Tw ) .  

Thus the relaxation t ime T i s  expressed as , 

1 1 1 1 
T = 

T 
+ T + T- ' e c w 

Te i s  est imated to be  about  300l1sec fo r the geomet ry of the oven . Tc i s  negl ig i b le at a 

vapor dens i ty less than 5 x l  0 1 2atoms/ cm3 because the N a- N a sp i n  exchange cross sect ion i s  

reported to be  1 .6±0 . 5 x 1 0 - 1 4 cm2 [SWSS] . 

The depolarizat ion on the wal l s u rface i s  caused by the fo l lowing p rocesses . W hen an 

alkal i atom s t r ikes the wal l ,  the atom is  adsorbed on the wal l s u r face by the Van der Waals 

56 

att ract i on force for a br ief t ime. The i nteract ion potent i al for adsorpt i on on the surface is  

not homogeneous . This  resu l ts  that the atom feel s  t i me dependent magnet i c  fie ld  as t he 

atom moves on t he surface. This  modu lated magnet i c  fiel d  acts on the valence electron of 

the alkal i  atom and causes the depolar i zat ion .  The relaxat ion by the wal l  surface is expressed 

as [LESS ] , 
1 _ 2 Ts,2b2 Tc 

Tw (B ) - "3 Ts + Tv 1 + W2T( ' 

gl1 e 
, = - , 1i 

eB w = 
me ' 

w here Ts i s  the  average t ime that an atom remains on the surface at each col l i s ion , Tv i s  

t he  average fl ight t ime between wal l col l i s ions , 9 i s  t he  gyromagnet i c  rat io of t he e lectron 

spi n ,  l 1e  i s  the Bohr magneton , b i s  the strength of the surface magnet i c  field produci ng 

the relaxat ion , Tc i s  the correlat ion t ime of the modu l ated magnet i c  field , w i s  the Larmor 

precess ion  frequency of the electron sp in ,  and B is  the external magnet ic fiel d .  The data 

are fit ted by t reat ing the value b as a free parameter u nder the approxi mat ion  Ts rv Tc and 

us ing the values Tc = 0 . 84 X 1 0- 1 0  sec for a pyrex glass and 0 . 1 9  x 1 0 - 10sec for a copper wall 

[B066 , S WSS] . We obtai ned the modulated magnet i c  field strength b of 1 . 5kGauss for pyrex 

wal l ,  2 . 0 kGauss  for copper wal l ,  and 0 . 4kGauss for the d ry-fi lm- coated wal ls both  on pyrex 

and copper .  The sol i d  curves in Fig .. 5 -2- 1 and 5-2 -2 show the calculated value . These values 

agree w i th the results  of Levy et al [LESS] . 

F ig .  5 - 2- 3  s hows the sod ium polari zat ion p lotted as a funct ion of t he sod ium th i ckness . 

As the th i ckness increases , t he polar izat ion decreases . I t  is because t he pump ing l ight i s  

absorbed and the i ntens i ty decreases as  the l ight passes through the sod ium vapor ,  and 

because the effect of the rad iat ion trapping gets large . 

The sod i um polarization was enhanced by us ing t he dry-film coat i ng because of  i t s  low 

relaxat ion rate . Bu t  the coat i ng was grad ual ly dest royed when the ion beam was i ntroduced 

to the sod i um cel l . This may be  due to the bombardment of the wal l by e lectrons or ions . The 

degradat ion of the coat ing was improved by a new type  sod i um oven . The main  d ifferences 

between  t he o ld  oven and the new one are the Lemperatu re of the i n ner s leeve and the  rad ius 

of the i nner s leeve. The temperat ure i s  red uced from 240° C to l S0° C in operat ion .  The 

57 



d iameter  i s  enlarged from 1 6rnm to 1 9mm. "V i t h  th i s  new oven the sod ium po lar i zat ion was 

kept from 0 .4 to 0 . 2  dur ing a month .  
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5-3 Beam Foil Spectroscopy 

To search for a photon cand idate adequate for the beam foi l  spect roscopy, we measured 

a spect rum of p hotons emi t ted from the exc i ted hel ium atom us ing a monoch rometer . The 

resu l t  i s  shown in F ig . 5-3 - 1 .  Th i s  measurement was done with an inc ident b eam of 20keV 

3 He2+ , and w i th  the ion current of about 1 00nA .  At this energy nearly 90% of  He2+ ions are 

neut ra l ized after pass i ng through the carbon foi l  w i th a th i ckness of 5J-Lgj cm2 . The s l i t  w id th  

of  t he monoch rometer was 0 . 5mm. The correspond ing resolu t i on of the monochrometer  

was about  0 . 5nm . The count ing rate of  the photomu lt i p l ier was recorded by changing the  

wavelength of the monochrometer by a l nm step . The peaks i n  the spect rum are  ass igned 

to t rans i t ions from 53D ,  43D 33P states and so on of t he neutral 3He atom.  F i g . 5- 3 -2  shows 

t he G rotor ian d iagram [BA 75] of a neutral He atom ( He I ) . The most intense peak i s  found  

a t  389nm,  whi ch corresponds to the trans it ion from the  3 3  PJ=O , 1 , 2 s tate to the  23 SJ= 1  s tate 

of the  neut ral hel i um atom . The l i fe t ime of the 33 P s tate i s  l OOns . 

The analyz ing power A for the t rans i t ion from the 33 P state to the 235 s Late i s  calcu lated 

u s i ng the equat ion ( 2 . 4 . 2 )  as , 

where WI and W2 i s  the hyperfine intervals of the 33 P s tate . The hyperfine i nterva l  wd27r 

between the s tate ( J  = 1  , F=3 /2) and the state ( J  = 1  ,F= 1 / 2 )  i s  2 . S5G Hz,  and the i nterval 

W2 /27r between t he s taLe (J =2 ,F=5/2 )  and the state ( J=2 ,F=3/2 )  is 539MH z  [T I 73 ] . Th i s  

analyz ing power i s  shown in  Fig .5- 3- 3 .  Here the  z axis  i s  chosen as  the beam ax i s  and  the  

beam velo ci ty i s  assumed to be  1 06m/s wh ich corresponds to the 20keV 3 He beam . Because 

the FWH M  of the detect ion efficiency of the polarimeter i s  about 5mm , the osc i l l at ion of 

A i s  much faster than the t ime reso lut ion of the detect ion sys tem . Thus t he t ime averaged 

val ue can be used i n  th i s  case , 

;1 = 0 .207 .  

Because of  i t s  large y ie ld and raLher large analyz ing power A ,  we  decided to  use  389nm 

photon fo r the  detect ion of the nu clear polar izat ion of 3 He+ beam . 
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and the pos i t ion of the fo i l  i s  taken as z=O . 
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5-4 Production of Nuclear Polarized 3He+ Beam 

From the resu l t  shown in the previous section , we carried out the measurement of t he c i rcular 

polar izat ion degree of 389nm l ight with a 20ke V 3 He+ beam produced by a sp in  po lar i zed 

electron cap tu re [OH 92] . As shown in chapter 2, the relation between the c ircular p ol ar i za

t ion degree of t he 389nm l ight APN and the 3He nuclear polarizat ion PN is expressed by the 

fol lowi ng equat ion , 

where Npo/ i s  t he p hoton count ing rate for a 3 He+ beam formed by an electron capture 

from a po lar ized sodium atom, and Nunpo/ is the counting rate for a 3He+ beam formed by 

an elect ron capture from a unpolar ized sod ium atom. For the opt ical pumping of sod ium 

atoms , a (/+ c i rcu lar ly polar ized l ight was used . 

I n  Fig .5-4- 1 the observed values of APN using a 3He beam are plotted ( closed c i rc les ) for 

two cases ; the left one is obtai ned with (/+ photon detect ion and t he r ight one is obtained 

w i th  (/_ photon detect ion . The left and right data dev iates from each other in the opposite 

d i rect ion with respect to zero . This demonst rates that the 389nm photon has a (/+ c i rcu lar 

po lar izat ion . Us ing t he cal cu lated value of A=0 .207  the degree of nuclear po lar izat ion is  

deduced to b e  PN =O . O l S  ± 0 .0 05 .  

To ensu re t hat t he circu lar polarization o f  389nm photon d i d not come from the  elect ron 

po lar izat ion but  came from the nuclear polarizat ion ,  the measurement in the same exper i 

mental arrangement was carried out for a 4 He+ beam formed by a polarized elect ron capture. 

An exp ected value of APN is  zero because the 4 He+ ion has no nuclear sp in  thus no nuclear 

po lar izat ion . The energy of 4 He+ ions was chosen to 26 . 6keV .  Th correspond ing veloc i ty of 

the 4 He+ ions i s  approx imately equal to that of the 3 He+ ions w i th  an energy o f  20keV .  In 

Fig . 5 -4- 1 ,  the resu l ts  fo r 4 He+ case are p lotted (open ci rcles ) .  The measured APN values are 

zero w i th in  a s tat is t i cal uncertai nt ies for both the (/+ and (/ _ photon measurements .  From 

th i s  resu l t ,  we arc defi n i tely cOIlv inced that the I luclear polar ized 3 Hc+ beam can be obta ined 

by t he po lar ized electron capture method . 

The next s tep  i s  to find the cond i t ion for ob tai n ing the max imum nuclear po lar izat ion 
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att ai nab le by th i s  method .  The nuclear polar i zat ion PN i s  exp ressed as  shown in equat ion 

( 3 . 3 . 1 1  ) ,  

and t he value of APN / PNa i s  

Fig . 5 -4-2  s hows the value of  APN plotted as  a fun ct ion of t he sod ium polar izat i on PNa .  The 

value  of APN i ncreases as  the sod ium polarizat ion PNa i ncreases , wh i ch s hows the  sod ium po

l ar izat ion i s  t ransferred to  t he 3He nucleus .  The largest asymmetry APN was 0 . 0086± 0 . 00 1 3  

at the  sod ium polarization of 0 . 3 0±0 . 03 wi th d ry-film coat ing,  and t his corresponded to  the  

nuclear p ol ar izat ion of  

PN = 0 . 04 1 5 ± 0 . 006 1 .  

The nuclear po lar izat ion s hould be  p roport ional t o  t he sod ium p olar izat ion an d the  

coefficient APN / PNa should be constant for a l l  data  at  same inc ident energy. I n  Fig . 5-4-2 

t he value of A PN / PNa are rather s cattered . So we re-analyze the value  of A PN / PNa as a 

funct ion of the  vacuum pressure of the chamber downstream from the sod ium cel l .  Fig . 5-4- 3 

shows the  resu l t . One  can see an increase of APN / PNa as the vacuum p ressure decreases . 

This  ind icates t hat t here is a depolarization process i nduced by the  col l i s ions b etween 3 He 

ions and res idual gases . The coll is ions between the He2+ ion and the unpolarized res idua l  

gas resu l t  i n  an u npolarized He+ ion , and col l i s ions  between the polarized He+ ion and t he 

res idu al gas atom may induce an excitat ion of the po lari zed 3He+ ion o r  a sp in  exchange 

coll is ion wi th  the  res idual gas and reduce the polar ization . The dens i ty of res idual gas at a 

p ressu re of 1 0-6Torr corresponds to 3 x l010atoms/cm3 . The path length between the  sod ium 

oven and t he foi l  of the polarimeter i s  about  1 . 5m. Thus if t he cross sect ion for depolar izat ion 

process i s  of the  order of 1 0- 15 cm2 , t he 1 0% polarization redu ct ion  may o ccur at  a p ressure 

of 3 x  1 0 -6Torr .  The value of APN / PNa at the best vacuum pressure was obtai ned to be 

0 . 0268 ± 0 . 0 086 . Us ing A=0 .207 and tHF=0 . 5 ,  the val ue of tLS i s  calculated to  be 

ELS = 0 . 259 ± 0 .083 .  
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If we assume that the e lectron capture to the 3d  state of t he He+ ion i s  dominant  at 

t he i n ci dent energy of 20ke V as shown in  Table 3 -3- 1 ,  the ELS i s  expressed i n  terms of the 

alignment factor ADol as , ELS = 0 .301 + 0 .202ADol . Us ing t his  relat ion the al ignment of t he 

He+ (3d ) state Agol formed by an electron cap tu re from a sod ium atom i s  calcu lated to  be  

Agol = -0 .2 1  ± 0 .41 . 
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Fig . 5-4-3 The value of APN / PNa plotted as a funct ion oi t Ile  vacuum 

pres sure of  the chamber downstream from the sod ium oven . 
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5-5 Energy Dependence of the Polarization Transfer 

The polarizat ion t ransfer efficiency ELS depends on the  al ignments  of the  exci ted states 

of t he He+ p roduced by t he react ion He2+ + Na -+ He+ (nlm) + Na+ ,  and the al ignments may 

have a dependence on t he i ncident energy of the He2+ ion . To know i n  what energy is t he 

opt imum to obtain l arger nuclear polar izat ion,  we measured the  energy dependence of the 

value of the  A PN / PNa .  The measurement was done at  the 3 He2+ inci dent energy of 20 , 24 ,  

and 2 8keV . The lower l imit  of  th is  energy comes from a worse beam qual ity from the ECR 

ion source , and from a low current after the  foi l  wh ich was used to the normahzat ion of  the 

photon count ings . The upper l imi t  of the incident energy comes from the d i scharge p roblem 

of the ECR ion source ,  and from a small cross section of an electron capture as s hown i n  

Fig . 3 -3- 1 .  The resu l t  i s  shown in  Fig . 5- 5- 1 .  The analyzing power A may also vary w hen the 

i n ci dent beam energy changes . To cancel the energy dependence of fl. ,  we app l ied a h igh 

vol tage to the  target foi l  in  order to keep the inc idence energy of t he He+ ion to the  carbon 

foi l  constant  to be 20keV . The resu lts are shown in  F ig . 5-5- 2 .  Here the val ues of ELS ( E) 

devided by t hat value w i th  20keV 3He+ incidence are shown instead of APN / PNa .  There 

appears no drast ic  change of ELS in an energy region of 20-28keV . 
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6. Fut ure Prospects 

6- 1 Improvement of the Polarized 3 He Ion Source 

The qual i ty factor for a polarized ion source Q is  characterized by 

Q = P� x I ,  

w here PN i s  the produced nuclear polar izat ion , and  I i s  t he beam i ntens i ty. For max imum 

Q the  acqui s i t ion t ime of a polarization sens it ive measurement w i th in  a given s tat i s t i cal 

accuracy is  min imized . In t he fol low ing , we cons ider how to increase the pol ar izat ion and 

t he b eam i ntens i ty. 

a) N uclear Polarization 

Concern ing the nuclear polarization PN , the expected nuclear polar izat i on o f  3 He i s  

expressed i n  t he equation ( 3 . 3 . 1 1 ) ,  which means that the factors PNa ,  E L S  and  EHF should 

be  i nc reased to  obtai n  larger nuclear polarization , . 

1 )  PNa :  E lectron Polar ization of Target Alkali Atom 

Large sod ium polarizat ion can be expected if a s t rong l ight source for the opt i cal pumping 

i s  employed . I t  i s  reported t hat a more efficient way is  to use potass ium or rub id i um i nstead 

of sod i um [Y0 90j . This is expected from fol lowing reasons .  ( 1 )  At t he same vapo r  dens i ty, 

t he veloc i t ies of t he atoms are s lower than that of sod ium atoms b ecause the temperatures 

requi red to produce t he same vapor pressure is lower ) and because the  masses are l arger t han 

sodium .  Th i s  resu l ts in a longer relaxation t ime. F ig .6 - 1 - 1 shows t he vapor  p res su res for 

alkal i atoms p lotted as a funct ion of the temperature [WE80] . ( 2 )  The p hoton number of a 

pumping l ight i n  a same wat tage is larger than that of the sodi urn case . ( 3 )  A p owerfu l  sol id 

l aser to pump rub id ium and potass ium is avai lable, such as Ti Sapph i re laser .  On the  other 

hand in  dye lasers , the power and lasi ng frequency are influenced by the cond i t ion  of the dye 

j e t .  Us ing t he p olarized potass ium vapor ,  the polarizat ion  of the e lectron is expected to be 

nearly 1 . 0 at a th i ckness o f  a few 1 0  13atoms/ cm2 . (4 )  The cross sect ions o f  electron capture 

p rocess are comparable to that for a sod ium atom . 

S wenson et  a l .  [S W90j reported that they could obtain a polarized potas s ium vapor 

w i th  the polar izat ion of 0 .8 at a th i ckness of 3 .2 x  1 0 13atoms/cm2 at  LANI P F .  They used a 
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TiSaf l aser wh i ch produced a power of 3 . 5vV at 7 70nm i n  an O .S G Hz bandw id th . This  band

width nearly matched the 1 G Hz l i ne width of potass ium ( Hyperfine i ntervals VH F=0 . 46GHz , 

Dopp ler w idth  vD= 0 . 9 G Hz at 1 20° C ) .  The TRIU i F  group ( Levy et al . )  reported that 

they cou ld obtai n  a polarized rub id ium vapor w i th  t he po lar izat ion of 1 . 0 at a t hi ckness of 

3 . 5 x 1 0 1 3atoms/cm2 . They u sed two TiSaf lasers ; one had an output  of 3 . 4 W  in a 2 G Hz 

(FWHM)  bandwid th ,  t he other produced 5 . SW i n  a 4 G H z  bandwidth . Th i s  l ight nearly 

covered the absorpt ion width of rub id ium ( VHF=3GHz ,  vD =O . 4GHz  at S O° C ) .  

2 )  ELS : depolar izat ion due t o  fine interact ions 

I f  we app ly  a magnet ic  field s t rong enough to decoup le the fine i nteract ion ,  E L S  may 

reach to be near 1 . 0 .  As shown i n  Tab le 3 -3 -2 ,  t he l imi tat ion of the nuc lear po lar izat ion 

comes from t he s t rength of the fine i nteract ion of t he 2P state of the 3He+ ion ,  where t he 

requi red magnet i c  field is more t han 6 .4T which i s  not eas i ly p roduced . For t h is  reason we 

t ried to opt imize the value of ELS by selecting a proper reaction energy. However as s hown 

in previous chapter there was no dras t i c  change in  E L S  for the inc ident energy of 20- 2SkeV .  

A nother way to increase the  efficiency of E L S  i s  to  use  a He+ (2S )  meta- s table ion .  As  

discussed above, the polarizat ion at ta inable by  th i s  method is  l imi ted by the fi ne i nteract ion 

of the 2P  state of the He+ ion . If we use the 2S  state the efficiency E L S  may be  i n creased , 

because t he 2S  state i s  popu lated d i rectly or cascad ing from excited states w i t hout  pass ing 

through the 2P  state .  The magnet i c  field strength to decoup le the fine interact ions for the 

3P,  4D states i s  about 1 . 9T,  wh ich is  not d ifficult  to produce at a laboratory. I f  we ionize 

these metas table components , almost al l  the electron polarization may be t ransferred to the 

nucleus by the Sona method .  The production rate of the 2S  state at an inci dent of a 20keV 

3He ion i s  est imated by us ing the part ial  cross sect ions (Table 3 -3- 1 ) ,  and the resu l t  i s  s hown 

i n  Tab le 6- 1 - l .  

in i t ial state 

2S 

cross sect ion :a 

( X 1 0- 16cm2 ) 

0 .4 2  

branch ing to 2s : 1' a1' 

1 0 .42  
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3P 1 0 . 83 0 . 1 2  l .3 0  

4 P  1 0 . 03 0 . 1 2  l .23  

4 D  1 3 . 30  0 . 03 0 .4 0  

total  3 . 35  

Table 6- 1 - 1  The production rate o f  t he 2S  s tate 

for 20keV 3He2+ inc ident on sod ium atom . 

The cross sect ion passing through the 2P state i s  obtai ned by subtract ing t he cross sect ion 

for produci ng 2S s tate ( 3 . 35 x 1 0 - 1 6cm2 ) from the total cross sect ion ( 1 l 2 . 1 4 x l 0- 16 cm2 ) and 

i t  i s  1 08 . 79S x l 0 - 1 6 cm2 . For the fraction passing the 2P state ,  the  value of  E L S  i s  0 . 407  

( depolarizat ion factor for the trans it ion o f  2P  to I S ) .  Accord ing to B urcham e t  a l  [BU74 ]  

the  ion i zat ion cross section of  He+ to  He2+ for He+ (2S )  i s  1 00 t imes l arger t han He+ ( I S )  

case . The ionizat ion cross sect ion of He+ ( 1  S )  to He2+ is 1 0- 16cm2 [MA69 ] . Then the  overall 

nuclear polar i zat ion of the 3He2+ ion is  

EL S = 
3 . 35 x 1 00 x 1 . 0 + 1 08 . 79 x 1 x 0 .407  

= 0 . 85 .  
3 .35 x 1 00 + 1 08 . 79  x 1 

3 )  EHF : Hyperfine Interact ion 

The po larization transfer efficiency from the elect ron to the nucleus of the 3 He is  0 . 5  

for t h e  weak field t rans it ion . This  efficiency can be tw iced by employ ing t he Sona method 

[ S067 ] . I n  the Sona method ,  the ion  passes a reversal point of the magneti c fie ld and reaches 

negat ive h igh magnet i c  field , i .e . , the value of x i s  changed to - 00  in equat ion ( 3 . 3 . 9 )  t hus  

t he value EH F reaches to be near l . 0 .  

I n  F ig . 6- 1 -2 the energy d iagram o f  Zeeman levels i s  shown for 3 I-Ie+ Ion . 'vVe ass ume 

that the  He2+ ions capture the e lect rons polari zed parallel to z ax i s  in  a high magnet ic  

fie ld i .e . ,  the p roduced beam is i n  the state 1 or  2 .  Suppose t hat the part i cle moves i n  a 

region where the magnet ic field decreases from a h igh pos i t ive value ,  changes i ts  d i rect ion 

and r�aches a negat ive high value .  VVe cal l  convent i onally " low field" and " high field" as t he 

value  of B is much smal ler and much larger ,  respect ively, t han a cr i t i cal val ue BhJ defined 

in equat ion ( 3 . 3 . S ) . If the passage of the magnet ic  field is adiabati c ,  then t he two s tates I ,  
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2 go i nto  the two states 1 ' , 2 '  at the h igh negat i ve field . Ionizat ion i n  th is reg ion g ives a 

ful l  p ol ar izat ion t ransfer from t he electron to the nucleus .  The necessary cond i t ion for th i s  

method i s  descr i bed i n  Append ix .  The cond i t ion requ i red i s  p oss ib le  to be  obtai ned i n  a 

reasonable exp er imental geometry. 

b) Beam Intensity 

The beam intens i ty is a second important property of the polarized ion source .  We used 

a 2 .45GHz ECR ion source and obtai ned only a few pA of the  3 He2+ ion beam. In add i t i on 

the ion b eam t ransport was not opt imized i n  our p resent test bench system. But  i f  we employ 

a new powerfu l ion source ,  and i mprove the beam t ransportat ion system , we w i l l  b e  ab le 

to obtain more i ntense currents .  Recently a new ECR ion source call ed Neomafios- 1 0G Hz 

was introduced at the RCNP.  The performance was tested at the RC NP and res ul ts  are 

tabulated in Tab le 6- 1 - 2 .  vVe could  obtain the current of 200 ILA for the 3 H e2+ ion s .  If the 

cross sect ion of the polarized e lectron capture i s  1 0- 14 cm2 and the th ick ness of the p ol ar ized 

atomic target is 3 x 1 0 1 3atoms/ cm2 , the efficiency for polar ized electron capture reaches 0 .3 , 

thus 60pA of the polar ized 3He+ ion w i l l  be able to be obtained . 

c) Beam Q uality 

1 ) Str ipp ing of t he electron 

After the polar i zat ion of the electron is transferred to the nucleu s ,  the added electron 

becomes a burden when the polarized beam is transported and is accelerated [O H85j . S ince 

the magnet i c  moment of the  electron i s  much larger than that of the  nucleus ,  the  nuclear 

polarizat ion is reduced through the hyperfine interaction if the electron sp in  feels perturbed 

magnet i c  field .  A h igh charge s tate i s  also desi red for the accelerat ion of 3 He in the cyc lot ron 

to obtain an energet ic beam. 

To remove the electron much efficient ly, the ion should be once accelerated by a stat ic  

elect r ic field and then the  electron should be removed by a s t r ipper fo i l  or a s t r i pper gas . 

The equ i l i br ium charge s tate of He i s  shown i n  F ig .6 - 1 - 3  [MA68j . The fract ion of He2+ i s  

0 . 3  a t  the energy of  300keV . In  the str ipping region a magnet i c  field s hould be  appl ied to  

use the  Sona  method .  A schemat ic  drawing of  a s t r ipp ing process and all i nj ect ion l ine to  
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Isotope 
support 1 +  2 +  3+ 4+ 5+ 6+ 7+ 8+ 9+ 1 0+ 1 1 + 1 2+ 1 3+ 

gas 

He He 332 250 

0 02 43 22  1 . 4 

Ne 02 62 50 34 17  5 1 . 3 . 0 3 5  

Ar 02 34 40 33 37 3 1  26 34 1 7  2 . 2  

Tl 02 7 1 2  1 1  6 . 4  4 . 5 0 . 7  

Table 6- 1 - 2  The performance of the eomafios- 1 0G Hz E C R  ion source at the  RC P . 

M eV / A  

0. 001 0.0 1  0.03 0. 1 0. 1 5  0 .2  

2 3 4 5 6  7 8 
V E LO C I T Y  ( 1 0 e m /sec ) 

Fig .6- 1 - 3  The equi l ibr ium charge state of He [ MAG8] . 
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the cyclot ron i s  shown i n  Fig . 6- 1 -4 .  

2 )  Emit tance growth  

One should ment ion to the p roblem of an  emi t tance growth  of  the beam caused by 

a charge change in a magnet i c  field .  This emi t tance growth is caused by an insufficient 

cancel l at ion of the angu lar momentum p roduced by a radial magnet i c  field .  Th i s  emit tance 

growt h  i ncreases as the strength of the magnet ic field i ncreases . The eva luation of the 

em.i t t ance growth  is  gi ven in  Append ix .  

d)  Polarimeter 

To mon itor t he value of the nuclear polar izat i on , vanous types of a po larimeter are 

offered in add i t ion to the beam foi l  spect roscopy. For example a po lar i meter based on the  

left- r ight aSYllli11eLry o f  recoi l deuterons i n  the d-3He scattering in the  3He energy range from 

1 6 . 7  to 32 .4MeV is reported [K A 7 7] . The analyz ing power reaches up to - 0 . 5 at 1 300  w i th  

an  i n ci dence o f  32 . 9 MeV 3He .  Th i s  type  o f  experiment w i l l  be eas i ly made us ing the AVF 

cyclotron faci l i ty at the RCNP after an inj ect ion and accelerat ion of a po lar i zed 3 IIe ion 

beam. The po lar imeter based on a nuclear doub le scatter ing may be used to confi rm the the 

absolute value of t he nuclear polar izat ion determ.i ned by the polar imeter based on a Beam 

Foi l  Spectroscopy. 

To summarize, app aratus requ i red to atta in po lar ized beams w i th  h igh qual i ty are l i s ted 

below . 

1 .  3 He+ ion wi th  a po larizat ion of 0 . 1 5  and w i th  a current of 60ltA 

( 1 )  An  ECR ion source wh i ch p roduces 200 ItA of 3He2+ ions . 

( 2 )  Two 3VV T iSaf lasers pumped by 20\t\f argon ion lasers to po lar i ze ru bid i um vapor 

w i th  nearly 1 00% polar izat ion at a th ickness of 3 x 1 0 1 3atoms/ cm2 . 

( 3 )  A solenoi dal co i l  w i th  a magnet i c  field nearly 1 T wh i ch shou l d  be app l ied to the 

reg ion where an electron capture occurs .  

Add i t ional apparatus are needed to obta in 

I T . 3 He2+ ion wi th  a polar ization or 0 . 30 and with a cu rrent o f  18 It A 

( 4 )  A foi l  or gas s t ri pper 
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(. 5 )  A so leno i d al coi l w i t h  a strength greater t h a,n 0 . 3T i n  an o p p os i te d i rect ion  to t h e  

fi rs t  so len oi d a l  coi l .  The  s t r i p p er is  equ i pped i n  t h i s  coi l .  

( 6 )  T wo h i gh vol tage s u p p l iers w h i ch p rov i d e  + 1  50kV t o  t h e  Be R i o n  sou rce a n d  t . h e  fi rst  

so lenoi d a l  coi l ,  an d - 1 50kV to t he str i p p er .  A very h igh prec i s ion  of t h e  o rder of  1 0 - 5  
i s  req u i red t o  t h e  h igh volLage s u p p l ier ,  because t h e  O u ct u at ion  of  t h e  accelerat i n g 

vo l t  age res u lts  i n a energy spread of t h e  beam . 

I f  t h e 3 1 l c+ ( 2 s )  meta- s tab l e  s tate can b e  u t i l i zed , 

3 l T c2+ i O I l  w i t h  a p ol a r i za t i o n  of 0 .85 an d w i t h  a cu rrent of 0 . 6/lA 
I n  t h i s  c a se h i gh vo l t age s u p p l iers ( 6 )  are not  n ecessary . 

TIl(' q u a l i ty fa ctors [or po lar i zed 3 H e  ion sou rces are tab u l ated i n  Tab l e  6- 1 - 3 .  

Insti tute Method 
Pol an7..a t ion Current Energy p2( 

Species Comments 
P I (nA) E (keV) (nA) 

Ace. 33 .3 MeV 
B irm ingham Lamb Shift 0. 60 50 29 1 8  He2+ operated till 

1 985 

Laval Alomic Beam 0. 95 1 00  1 2  90 He+ 

Acc. 1 8 .4-

Rice / 
Direct 49.0MeV 
Optical 0. 1 1  8000 1 6  97 He+ operated 

Texas A&M 
Pumping during the mid 

1 970s 

0 .04 40 20 0.06 He+ Present Status 

Polarized I I  

RCNP Electron 0 . 30 1 8000 20 1 600 He2+ Ionization at 

Capture 300keV 

III  

0. 85  600 20 430 He2+ Ionization of 
2S 

F i g . 6- 1 - 3 Th q u al i ty [actors P2 1 for d i fferent typ es of p o l a.r i zed 3 I-I e ion sou rces . 
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6-2 Feasibility for polarizing other ions 

The polarized elect ron cap tu re method can be genera l ly appl ied t o  o L i l c r  fu l l y s t r i p p  d 

ions .  The maximum nuclcar polar i zat ion is l im i ted by an i n su ffic ien t decou p l i ng o f  th e A i le 

interactions by a magnet ic fie ld . The magnet i c  field to deco u p le t i l f i l l  i l l tera · t i o ns o f  

hydrogen i c  ion is expressed by 
Z4 

B fine f'V C 3 ,  
n 

where Z is the charge o f  the  ion , n i s  t he  pr inc i pal quantum number  o f  t h e exc i ted st a t e, 

and the value of C i s  app roximately 3 . 2T .  'I'hus the  st ronges t fi I d  is needed t o  decou p le t he 

hyperfine i nteract ion of the  n=2 state. The value o f  B fine  reaches up tu  6 . -l T fo r t he j I I c+ 

case. As  t he charge Z i ncreases t he larg r s t rength of t he magnet i c  fie ld i s requ i red , w h i c h  

i s  no t  pract ical ly p roduced . 

Here we est imate the nuclear polar izat ion obta inable by t he po lar i zed e l  ctron cap t u re 

method i n  a l im i t  o f  a weak magnet i c  field .  The mos t p robable st ate fo rmed by t l te elect ron 

captur e  is est imated from the  match ing cond i t ion of  t he ion izat ion  poten t i als of  al kal i  atoms 

with t he energy levels of t he hyd rogen ic  ion .  F ig . 6-2- 1 shows t he ion izat i on  potent ials o f  a lkal i 

atoms and energy levels o f  hydrogeni c i ons . For example ,  in case that a p ro t on  cap tu res an 

electron from a sod i um atom, the domi nant state o f  the formed hydrogen atom is es t imaled 

to be main ly the 2p state, and in  case of a cap tu re by He2+ i on , t he d o m i n a nt s tale is 

est imated to be the 3d  state of  the H e+ ion , w h ich agrees w i th  more elaborated t heoret i cal 

calcu lat ions . Thus we assume that ( 1 )  the  hydrogen l ike ion  is formed ma i l l ly i l l  t he state 

w i th  a pr inci pal number n w hose energy level is near t he ion izat ion p o t e n t i a l  o f  t h e  alka! i 

atom, ( 2 )  the dominant orb i tal s tate I i s  n - 1 because o f  i t s  s tat i s t i ca l  weigh t ,  a l ld  ( 3 )  t he 

magneti c  fie ld i s  weak . Under t h is assumpt ion , the  values o f  E L S i s  eva luated u s i ng t h e  Tab le 

3- 3- 3 .  The evaluat ion of the  at tainable nuclear po lar izat i ons fo r l ight heavy i on s are g i v I t  

i n  Table 6-2- 1 i n  case of Ago 1=O , i . e . , t he elect ron cap tu re cross sect ions  for each mag llet ic  

sublevels ( l  m ) are equal . 

Here we cons ider an electron capture from al kal i atoms by fu lly s t r i pped iO l l S . I n  t h i s  

case the  energy d i fference i s  i n creased as the  Z number o f  t he i 01 1 i s  i n crcascd , w h i c l l  rcs u l t s 
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1n a polar izat ion loss .  But if we can use not fu l ly str ipped but rare gas l i ke ion ( closed 

elec tron shel l ) ,  t he s i tuat ion may be improved . Because t he value Z is rep laced by the 

effect i ve charge Z * wh i ch i s  smal ler than Z by the screen ing effect o f  electrons ,  t he energy 

d ifference is reduced and t he field st rength to decouple fine i nteract ions may reduced . Th i s  

top i c  i s  one of  fut u re subjects . 
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F ig . 6 - 2- 1 T h e  i on i zat io l l  po tent i als  of al kal i atoms , and energy leve ls  of hydrogen ic  ion s .  The 

smal l number wr i tten on the r ight  s i de of the  energy levels i nd i cates the pr in ci pal quantum 

number of the  level . 

9 1  abu ndance captu red chan ne l  € L S  Pz 
( % ) n L weak f i e ld  Sona  

+5 . 58554 99 . 85 2 1 0 .407 0 . 204 0 .407 

+0 . 8574 1 0 . 0 1 5 2 1 0 .407 0 . 1 36 0 . 267 

-4 .255 1 2 8 X 1 0-4 3 2 0 . 3 0 1  0 . 1 5 1 0 . 3 0 1  

+0 . 8220 1  7 .5  5 4 0 .234 0 . 078 0 . 1 56 

+2 . 1 7086 92 .5  5 4 0 .234 0 . 059 0 . 1 1 8  

-0 .78496 1 00 6 5 0 . 2 1 9 0 . 055 0 . 1 1 0  

+0 . 6002 1 9 .9  8 7 0 .202 0 . 029 0 . 058 

+ 1 .79243 80 . 1  8 7 0 .202 0 . 05 1  0 . 1 02 

+ 1 .40478 1 . 1  1 0  9 0 . 1 92 0 . 096 0 . 1 92 

0 .40356 99 .63 1 1  1 0  0 . 1 88 0 . 063 0 . 1 26 

-0 .5662 0 .37 1 1  1 0  0 . 1 88 0 . 094 0 . 1 88 

-0 .75748 0 . 038 1 3  1 2  0 . 1 83 0 . 0 03 0 . 006 

Table 6-2- 1 The expected nuclear polarization produced by the polarized electron capture 

method  under the assumptions that the hydrogen like ion is formed mainly in the state with 

a p ri ncipal number n whose energy level is near the ionization potential of the alkali atom, 

the dominant orbital s tate l is n - 1 ,  Ago1 =0 ,  an electron capture occurs in a low magnetic 

field . 
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6- 3 Possib le Experiments with Polarized 3He Ion Beams at Intermediate Energy 

The const ruct ion of polar ized 3 He ion sou rce at RCN P  is des i red from fo l low ing  reasons .  

a )  No  polarized 3 He beam is now being accelerated in  t he world .  I t  was on ly a t  t I le U n i

vers i ty of B i rmingham that data had been accumu lated w i t h  33 A MeV [ B A8 I ] '  wh i le at t he 

University of Laval [SL85] and Texas A & M  / Rice Un ivers i ty [ M A 85] pol arized 3 H e beams 

were produced but not u sed at p resent . b) At RCN P  the avai lable bea m e n e rg i es ra nge from 

4.0 to 54 0MeV,  where experiments have not been done w i t h  polar i zed 3 l T e h ea m , a n d  have 

seldom been done even w i t h  unpoiarized 3 H e  one. c )  Data for 3 I Ie is i n d i spensah le  to develop 

nucl ar physics associated w i th  p roject i le  dependence, s i n ce data fo r p roj ect i les o f  p,  n, eI ,  

and 6,7 L i  i s  being accumulated w i t h  h igh  p recis ion at many l ab o ra t o r ies i n  t he wodd . 

At the intermediate energy above 1 00MeV /nudeon , one ca ll d is t i n c t ly c lar i fy a ro le 

of spin in interact ions t h rough a fo ld ing p rocedure and a s udden app ro x i mat io n .  F i rs l ly 

each term of effect i ve interact ions for 3He- p  or 3 He- n - sp i n  and i sos p i n  t erms in cent ral 

i nteract ion , and spin-orb i t ,  tensor and momentum-dependent terms in n o n cent r a l  i nterac t i o n  

- could  be  separately obtained i n  adequate sp in  observab les o f  3 l Ie i nduced reac t ion . Then  

detai led compari son of effec t ive i nteract ions phenomenolog ical ly o b t ai n eo w i t h  i n t e r ac t i o n s  

for 3He-p  or  3He- n folded from effect ive N -N i nteract ion wi l l  p rovide i n fo r m a t i o n  on  fonnat ion 

of  a nucleus .  Secondly a sudden approx imat ion wel l  holds , so t h at p o l ar i za t io n  obser vab les 

for nucleon are d i rectly connected to t hose for 3He .  These s imple relat ions w i l l  be greatly 

usefu l to deduce sp in-dependent scat ter ing amp l i tudes for 3 He from those fo r nucleon . 

In elast ic  scatter ing ,  one of a p uzz le w h i ch h as not yet been so l ved i s  s m a l l ness of a 

d iffuseness parameter ( r-v 0 .2 fm)  for the  sp in-orbi l i n teract ion  i l l  3 H e- nuc leus elas t i c  scaUer i ng 

at 33 . 4MeV .  I t  is d i fferent fronl t hat i n  3 H- nuc leu s  at 1 T MeV.  Fo ld i ng  potent ia ls p red ict t he 

di ffuseness parameter of 0 . 65 fm as nuc leon and t r i ton .  To gi ve a co nect a ns 'we r  wh i cl l  leads 

to the  un iversal potent ial ,  fL t t i ng p rocedure al one i n cident energy i s  l l o t  good c l lo l lg l l , and 

potent ial search w i l h  w ider inc ident energies wi l l  be  needed . O p t ical p ar a me t ers fo r rea l a llC. 1  

ima.gi nary potent ials s t i l l  have ambigu i t ies i n s t rengt h as wel l as i l l  geom L ry. l\ l ea. S U l·e l ll e n t s 

and cons istent analyses w i L h  a w ider energy range are essent i a l  to u nL a. ng l e  a m b ig u i t i es i:l I l d  
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t o  demon s t ra.t e u n i queness and conti nu i ty from p, d, to 6,7 L i  t h rough 3He . Comparisons 

of  p l l C'no l lw l l o l ogi cal l y  obtai ned potenti a l  pa rameters w i th  pa ramet crs obtained by d o u b le 

fo l d i n g  p ro c('c l u rc from effect i ve N -N  interact ion s are aLb-adive. 

The ncw combi nat ion of pol ari zed 3 H.e beams w i th  h igh preci s ion ma.gnet i c  spect rographs  

R A I D EN and  Cat A N D  RA I D EN instal l ed a t  RC N P  w i l l  shed l i ght on l 1 u cl ea,r s t ruct u re i n  

nuclea r p a rt i c l  spect roscopy as descr ibed below . 

A s  for one  n u c l eon  t ransfer ,  eHe ,  a ) i s  un ique in  a sense of Io=O .  One neul ron ho le 

state d i s t r ibu t ion in t. he  res idual nucleus can be invest igated with less ambigu i ty compared 

t .o t h a t  of ( p ,  d )  react ion . S i nce j -dependence by vector po larized 3 J T e heam i s  es tab l i shed at 

forwa rd angl es [R085] , a h o l e  s tate d i str i but ion w i th  defin i te sp in  and par i ty can be obtained . 

En ergy sp ect ra in ( 3 He ,  a ) is much cleaner and a cont inuous part i s  better understood t han 

t hose  in ( p ,  d ) .  

A nother  un iqueness i s  e He ,  d )  i n  terms o f  one p roton transfer ,  i .e . a d is t r ibut ion of 

p ro t o n  p a d i c l e  s t a t e . The .i - dependence of (3 jle ,  d) h el ps  to obtai n  a separate d i s t r ibut ion 

for j = I± I / 2 s t.a.lps [R085] . Two nucl eon transfer ( 3 ire ,  n )  and ( 3  Ire ,  p)  are al so u n ique to 

i nves l i ga t e  2 p ro t.on sta tes a l l d  deu teron states . The ( 3 !{e ,  2p)  channel is useful to idenl i fy 

t be  sta tes from wh i ch sequent ial l y  decays w i t h  emi t t i ng proton after the  deuteron t ransfer .  

For t h e ( 3 11 e ,  2 He ) re a ct ion 1 determi nat ion of p -p final s tate interact ion under the i n fl ue n ce 

o f  a nuc lea r  fie l d  a t  var ious inc ident energy i s  interes t ing .  A lpha  c lus ter t ran sfer o f  ( 3 }re ,  

' Be )  i s  an  another fi e ld to  be  opened for exp lor ing a d i s t r ibut ion of states w i th  4 - hole or 

n -pa r t i cl e  4 - ho le configurati on . 

C h a rge exchange react ion of ( 3 rIe ,  t )  i s  the most expect ing  one because t hi s  react ion 

p l ays a l l import an t. role in  selec t ive exc i tat ion of G iant Resonances w i th  sp in- i sosp in modes .  

P roblem on  q u cn ch i ng o f  G T-strength for s um r u l e  appeared in  ( p ,  n )  reaction up  t o  200MeV 

h a.s not  been soh·ed . One of t h e  reason for quench i ng i s  due to Delta exc i tat ion . J n fact , 

m easu rements  o f  e H e ,  t )  above 1 . 5GeV at Saturne show that Delta exc i tat ion is clearly 

found in t h e energy spect ra for va.r ious targets [G A84 ] .  At intermediate energies above 

70Me\! / n u c l eo l l , reac t i on mech ani sms become s imp l e  enough to allow one step analysis i n  
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DWBA.  Thus ,  to elucidate the propert ies of the exc i tat ion energy reg IOn between normal 

GT resonances and Delta exci t at ion ,  systemat ic  s tud ies of energy dependen ce and cons istent 

analyses from 200MeV to 600MeV are desired with ident ificat ion of  sp i ns  fo r s tates i n  res i dual 

nucleus by us ing polarized 3 He beam. 

Symmetry tes t  experiments are feas ib le w i th  polarized 3 I I e beam. On o f  t hem i s  on 

t ime reversal invari ance based on  the polarizat ion and ana lyz i ng  power o f  i n verse rea ct ions . 

Poss ible react ions are 4 He(3 I-Ie ,  p ) 6L i  and 6L i (jJ, 3 H e) 4 He  [ P084 ] . The o ther sy mmet ry lest i s  

on par i ty violat ion . For th i s  tes t  the sp in  d i rect ion shou ld be rotated p a ra l lel and  ant i  paral l el 

to the beam d i rect ion . 

I f  one can regard that two protons i n  3 He nucleus i s  u n i fi ed to make a pai r  w i t h  a s p i n  

0+ , polarized 3He  nucleus behaves a s  a polarized neutro n .  Scatt er i ng between po lar ized 

3 He and polar ized neut ron with various energ ies call g ive i n format io ll on  1 1 - n  i nteract ions . 

Any problem related to three bod ies w i l l  be  tackled . For example 3 Jle +3  H e  � 0' + p + p , 

3He +9 B e  -t 0' + 0' + 0' ,  or 2 I I ( 3 Jle ,  3 I I ) 2 He w i l l  be cons idered . Even i f  3 I J e n u cl eu s  i an open 

system for nucleons ,  sp in  dynamics of 3 nucleons may s imu late sp i n  dynamics of  3 quarks in 

a nucleon .  
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7 .  Concl usion 

I n  the p resent work we explored the feasib i l i ty of p roduc ing a nuclear po lar ized IOn 

beam by an electron cap ture from a sodiu m  atom polari zed by the opt ical pump ing .  vVe 

succeeded i n  p roduct ion of a nuclear polar ized 3He+ ion beam . The nuclear po lar i zat ion of 

0 . 04 1 5±0 . 006 1 and the ion current of 40nA were obtained under the fol low inu  condi t ions ' o ) 

1 )  the polar izat ion of sodiu m  atoms was 0 . 30±0 .05 ,  2 )  the sod ium th i ckness was 3 x 1 0 13  

atoms/cm2 , and 3 )  the i nc ident energy of 3He2+ to the sodi um atom was 20keV . 

The qual i ty factor of the polarized ion source i s  expressed by the square of t he nuclear 

polar izat ion t imes the ion curr ent . To enlarge th is  value, efforts has been devoted .  

A max imum beam current of 6ep,A of He2+ ions was extracted from the 2 .4 5GHz  ECR 

ion  source . The measurement o f  nuclear polar izat ion of  3He+ beam was carr ied out u s ing a 

3 He2+ ion beam of rv 2ep,A in  the energy range from 1 6  to 28ke V .  

To i ncrease the sod ium polar izat i on , opt ical p umpi ng of the sod ium atom has been 

i nves t igated from various po ints  of v iew;  such as a pumping l ight i ntens i ty, an external 

magnet i c  field st rength ,  and the th i ckness of the sod ium atoms.  In  order to min i nuze the 

depolar izat ion , various wal l  mater i als of the sod ium oven , such as copper , pyrex glass and 

dry-fi lm coated wal l  were tes ted . vVe could obtai n the sod ium polar izat ion of 0 .4 at the 

sodi  um th i ckness of 3 x 1 0 1 3  atoms/ cm2 w i  th a laser power of 300m vV . 

To measu re the nu clear po lari zat ion ,  a Beam Foi l  Spectroscop ic  method was u sed . A 

prominent peak w i th i t s  wavelength of 38911m was observed i n  the photon spectrum when a 

polar ized 3He  passed through a th in  carbon foi l .  This photon peak corresponds to the t ran

s i t ion from t he 33 PJ state to tbe 23 S1 s tate of a neutral He atom . The c ircular polar izat ion 

degree of  the 389nm photon emi t ted from a excited 3He atom is measured . It i s  proport ional 

to the nuclear po larizat ion of 3 He,  and i t s  coefficient A i s  calculated to be 0 . 207 . 

The relat ion between the nu clear po larization PN and the sod ium polar izat i on PNa i s  

exp ressed as  PN = ELSEHF PNa ' PN \-vas observed by the Beam Foi l  Spect roscop i c  method ,  

and PNa was observed separately by the Faraday Rotat ion method . Compari ng PN with 

PNa ,  a reduct ion was observed.  1"'he value  of  EHF i s  0 . 5 for a weak magnet i c  field trans i t ion , 
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which i s  our ca.se .  This  factor can b e  i ncreased to nearly  1 . 0 by us ing the  Sona method .  The 

value of ELS was obtai ned to be 0 . 259 ± 0 . 083 at an 3He2+ i nc ident energy of 20keV .  We 

searched for the  maximUlTl val ue of ELS by varyi ng an i nc ident energy of t he  3 HeH ion . The 

value of E L S  did not dras t i ca.l ly change in an inc ident energy range of 20-28ke V . 

The polar ization degree w i l l  be  i ncreased u p  to  nearly 0 .3 by employ ing h i gh ly p olar ized 

rubid ium atoms and the Sona method .  The b eam current can be i ncreased by t hree orders of 

magni t ude (60ILA ) when we extract 200{LA 3He2+ ion from a more powerfu l  ECR ion source 

wi th an i mproved ion t ransport system. The polar ized ion should b e  s t r i pped fo r min imiz ing 

the depolarizat ion dur ing the  beam transportat ion and for obtai n i ng the max imu111 energy 

avai lable in the cyclotron .  

If  a po larized 3He+ b eam mentioned above w i l l  b e  atta ined in  t he i ntermediate  energy 

region , a new poss ib i l i ty of developing nuclear phys ics w i l l  be opened . The feasib i l i ty for 

app ly ing t h is method to  polariz i ng other ions i s  p romis ing . 1 u clear polar i zat ion of more 

than 1 8% w il l  be expected for l3C and 1 5 wi th  t he Sona method . 
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Appen d ix 

A- I Descriptio n of Polarization 

The w ave fun ct i on of t he p a r t i c l e  w i t h  a s p i n  I i s  exp ressed i n  t erms o f  one o f  t h e  ( 2 1+ 1 )  

magn et i c  s u bs t ates J\l ( - I  :; �\'I :; I )  w i t h  a cer t ai n p ro b ab i l i ty N :- 1 · I f  N i'vl d i ffers fro m  t h e  

aver age value 2 I�1 . t he b eam is called to h ave a polar izat i o n .  The s t at e  o f  a p o l ar ized  b eam 

can be exp ressed by a dens i ty mat r i x :  

p = 2: NM I IlvI ) ( IJ\;[ I · 
1 ,1\1 

The dens i ty mat r i x  i s  u s u al ly  no rmal i ze d  as 

t 7' P = 1 . 

T h i s  dens i ty mat r i x  can b e  exp ressed u s i ng t h e i rr e d uci b l e  t e n s o r  rep resent at i on ,  

p = 2: t [,'Q T(1 ) I\'Q ' 
[,'Q 

Here T(1 ) I\'Q i s  cal led t he s p her i cal tensor  operat o r  \\' i t h  a ran k o f h . t I\Q i s  cal led t he s t at e  

mu l t i p ole  a n d  t h e  latter  rep resents  t h e  n at u re of t he p o l ar ized b ea m  a s  \\' i l l  b e  d es cr i b e d  

b elow . 

A gen eral d scr i p t ion of an ensemble o f  p a r t i c les w i t h  a s p i n  I reqll l res t e nsors u p  t o  

a r a n k  2 1 .  T here a re (2 1  + 1 ?  p a.rameters . T h e  defi n i t i on o f  t h e  s p her i ca l  t e n s o r  o p era t or 

T( 1) [,'Q ( E :::; 2 I )  is g i \'e n as fol l ow s ,  

'1' ( I ) 1\'Q = 2: ( - ) I -M '  ( 2 1,,' + 1 ) 1 / 2 ( j\� ' 
M 'M  

!� ) I I \ t[ ' ) ( J i\ / 1 . 

A n d  Lhe def1 n i t i o n  o f  t he s t ate  mu l L i p o le is ex p ressed as , 

For exarn p lc ,  we s h o w  t he tenso rs w i t h  1( = 0 ,1 , 2 ,  T h e  p o l ar ized b ea m  p ro d u ced by a p o l ar i zed 

ion  so urce has an ax i al sym met ry w i t h  res p ect t o  the beam ax i s . S o  w e  co n s i d e r  t h e  case 
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\v i t h  Q = O . The operator w i t h  a ran k 1\ = 0  i s  a scalar op erator a nd is p ro p ort i on al t o  t h e  

( 2 1+ 1 )  d im en s ional  u n i t  m at r i x  1 .  

1 
T( 1 )oo = 

C ) 1 /2 2: I IAI )  (I i\I 1  2 1  + 1 M 
1 

= I 
( 21  + 1 ) 1 /2 

The sLaLe  mu l L i p ol e  w i t h  a rank 1\. = 0  is expressed as , 

1 
too = t r  pToo = � v 2I + 1 

S t aLe mu l t i p oles w i t h  a rank K = l  are ca l l ed a vector p ol a ri z a. t ion . T h  t h ree \'ect o r  

c o m  p o nents  '1 (I )  lQ  are related t o  t he comp onent o f  t he ang u l a r moment u m  vector  I i n  a 

s p her i ca l  d es cr i p t io n ,  

U s i ng t he defi. n i t i o n  o f  t he s p her ical tensor w e  o b t a. i  n t he fol low i n g  relat i o n s ,  

T h u s  we ob ai n 

, :3 1 /2 (Ii'd I T ( I ) l O I Ij\;£ ) = [ ( 21 + 1 ) ( 1 + 1 ) 1
] i\1 5M,M' , 

(111I ' IT ( I )  I I i\1 ) = [ ( I  =F 1\1 ) ( 1 ± iV! + 1 ) ] 1 / 2 ( 2 ) 1 /2 5 
' . l ± I =F (21  + 1 ) (1 + 1 ) 1 2 .H . .  \ [  ± l  

T( I )  - [ 
:3 ] 1 /2 I 1 Q - ( 21 + 1 )  ( 1  + 1 )  I 

Q . 

S i mi l a rl y  t he seco n d  ran k tensors T(1 hQ ( 1\. = 2 )  are rel ated t o  t h e  q u a d rat i c  comb i n at ions  

of  t he angu lar mome n t u m  o p erator ,  

r C . 2 2 T( Iho = 6 1 /2 ( .3 1:; - I ) 

T(Ih± l  = =F � [ ( I, J:; + I:; 1x ) ± i ( 1y 1:; + f:Jy )] 

T( 1 h±2  = � [I; - 1; ± i ( I.Jy + Iy 1x )] 
:30 ] 1 / 2 

C = [ ( 2 1 + :3 ) ( 2 ! + 1 ) 1 (2 1 - 1 )(I + 1 )  
, 

S o mc L i mes an o t h e r  ex press ion  is used to desc ri b e  t h e  p o l ar i :0 at i o l 1  o r  t l t e  b e a m . I n  t h e  

C a. rtes i an rep rese n t a.t i o n ,  w e  get 

P, = ( 1:; ) . - I 
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Here P:; i s  a polar i zat i on express ion i n  a Cartesi an coord inate and th i s  value  corresponds  to 

the expectat ion value of the sp in , 

_ 
1 . '2 '2 

P:;:; - 1(21  _ 1) 01
:; - I ) .  

P:;z i s  concerned t o  the quadrat i c  comb inat ion of angu lar momentum opera.to r .  

Tbe relat ion b etween the spheri cal tensor representat ion and the Car tes i an  polar i zat i on 

representat ion is as fol lows,  t+ l � = p-31 t oo .. 

( I  � 1 ) ( 21  + 3 ) t '20 = p _ _  . 
.}1 (21  - 1 )  t oo - -

For t b e  case of 1 = 1 / 2 ,  quantum mechan i cs teaches us  that measurements o f  t h e  com-

ponent of sp in  proj ect ions of a sp in  1 /2 p art i c le along a gi ven d i r  et ion w i l l  y ie ld on ly two 

answers , m [  = ± 1/2 . The po lar izat ion t l O is defined in  Lerms of the number of par L i c les N + 

and N_ : which have sp in proj ect ions m [ = + 1 /2 a.nd  71/. [ =- 1 / 2 . respecL i \"C ly : 

- 1 < � < 1 .  
- too -

Part i cles w i th  1 = 1 /2 such as p ,  n ,  t ,  3He ,  l 3C  I O N ,  1 9 F ,  . . .  correspond to th i s  case . 

for he case of 1 = 1 ,  there is an add i t ional second typ e  of po la r i zat ion , ca l led a tensor 

polar izat ion , or an al ignment t 2q : 

�_t l_0 = P7 = ______ _ 
V 3" too -

.j2 t20 = P _ _  = ______ _ 

too - -

�3 t l O �3 - - < - <  -2 - t oo - 2 

_ .j2 < ho < _1_ 

- t ou - J2 

Part i c les w i L h  1 = 1  such a.s d ,  6 L i ,  H N ,  . . . corres ponds to t h i s case .  

I t  shou ld  be noted t haL the s LaLe mu l L ipole J P� used in  sect ion 3-3 and 3 -4  I S  i l ent ica l  

i l l defin i t ion to the s L ate mu l L i pole t ( J ) kq . 
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A- 2 Faraday Rotatio n 

Faraday rotat ion effect [:\1 0S4 ] i s  a rotat ion of the polar izat ion p la ne of the l i nearly 

po lar ized l ight when the l ight passes th rough an opt i cal act i ve med i um such as a th i ck 

sod i  um vapor .  The calculat ion of the rotat ion angle i s  sho\\'n b elow . 

I n  a sod ium atom, we cons ider two levels : the gro und state ( 35' )  and t he fi rst  exc i ted 

st ate  ( 3 P ) . The :3P state of a sod ium atom spl i t s  into t wo fi ne  s t ructu re le\ 'els ( .1 = 1 /2 and 

.1 = 3/2) . A l ight correspond ing to the trans i t ion from the 35' 1 / 2 to L h e  :3 PI /'2 ( 3 P3/2 ) state i s  

ca l led Dl ( D2 )  l i lle and i t s  wavelength i s  5S9 . 59 :3nm (5SS . 996nm ) . T h e  l i fe t ime of t he 3P  

s tate i s  1 6ns . In  a magnet ic  field sufficiently s t ro ng to  obtain good Zeeman sp l i t L i ng ,  each 

s tate is sp l i t  i nto fine st ructure sublevels w hich is spec ifi ed by a quantum number mj as 

shown in F ig .A- 2- 1 .  

l e v e l  mj ( S I a i e  number ) 

mj , .. � 8 

� 
I 7 ml ' � '2 

mj , - � 6 

mj , - � 5 

O2 : ).. : 588 . 9 9 6 nm 
mj ' " � 4 < mj , - � :) 3P 1/2 

0, : ). ' 589 . 59 3 nm 

mj ' " � 2 

< mj ' - � 35 112 

M A G N E T I C  F I E L D  

I' i g . A- 2 - 1 1 h e  Zeeman levels of sod i um  3S  an d :3 P s L aLes . 

Fara.day ro t a,t i o n  comes fro m the  d i fl"e rence b eL ween U l e  rcf r a,cL i ve i n d i ces fo r l e fL and 
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r ight  c i rcu lar p o lar ized l ight . 
e = ...;":::' t 

L L = 2Ttv( - - - ) 
v+ v_ 

2Tt L 
= -,\- ( n+ - 71. _ ) 

( 112 . 1 ) 

where n+ and 11 - are t he refract i ve i n d i ces for left and l ight c i rcu lar po lar ized l ight respec-

t i vely, ,\ i s  t he wave- length a.nd  L i s  t he  length of  t he  med i a . Refra.ct i ve i n d i ces ncar a 

resonance l ine can be  w ri t ten  as fo l lows [ST66 ] , 

e ;00 
n - 1 = L 2 0 0  

f ( x ij ,  a ) ", (v)dv 
0 0  4Tt v!) ' _ = !) 

( fl 2 . 2 )  

Here Vij i s  t he trans i  t ion  frequency between t he t wo l evels i and  j ,  a nd , i s  O lle  hal [  o f  t h e  

natu ral l i n e  w i d th ;  
6.v 1 

, - - - - 2 - -l Tt T ' 

f(X ij , a ) i s  a funct ion r p resen t i ng a Dopp ler effect i n  the  absor p t i on  of l i gh t  and gi ven as 

where 

1 j= Y ") f(X ij , a ) = r::: -2- exp( - [ { X ij - y } /aj - )dy  
v Tta - :"l  Y + 1 

m e2 a JOO I/ij - Vi m e2 I/ij - Vi oJ I -----,- - exp ( - -- [ j - ) dl/ 2Tt kTv;j Tt - 00 ( Vij - v' )2 + ,2 2kT V' 

Vij - v 
X ij = 

I 
2, 

a = � ":::' I/D v ln2  

vD = tk� Vi) 
Tn e -

and K ( V ) i s  an absorpt ion coeffic ient defined b elo\\' . "' ( 1/ )  is co n ne cL ed w i L h  E i n .  Le i n 's coe rG-

c i e n L  A by L h e  fo l l ow i ng equa t i on ,  

II ere,  Vi i s  L h e aL o m i c  de n s i ty of the i s L at e , gi is t h e  s tat i s t i ca l \-ve igh t of i s L :I L e  a.nd /\ ij i s  

L he wave len g L h  of  L h e L rans i L i o n  b e L ween l eve l  i a n d j . [ ' o r  n O I l - p o Lu i ;;,cd l i g l d" I �J i n s L e i n  ' s  

coeffi c i e n L  A i s  re l aLed Lo  maL r i x  e lemenLs  o f  Lhe  e le c t r ic d i po le L nUl s i L i o l 1  ( -i l e t· lJ ) 
<\ 3 64Tt V 0 

It = , �J I U l er lJ ) 1 2 . 3 Tt h c  

Under the cond i t ion that the  s Late i has an angu lar momentum .J '  and the  sL ate j has an 

angular momentum .J . t he d ipo le moment i s  expressed us i ng \Vigner- Eckart t heorem as , 

L 1 ( -i ( J 'm' ) l er lJ ( Jm ) ) 1 2 = 1 ( J ' l l er I I J ) 1 2 L ( - )J' -m' ( J' I 
JJ'mm '  JJ 'mm' - 171 

Th i s  resu l t s i n  

= I ( Jl l l e r I I J ) 1 2 L 133J77(' · 
JJ 'mm' 

j '\tJ 9j 1 '" ' K (v)dv = -- Ai - L 133J77( 
- 00 81T9i T JJ 'mnl, '  

E 
Q J )  7n 

If t he  po lar izat ion of t he state i i s  P. the  popu lat ion of m ( Pm ) is exp ressed a s .  

Then 

1 
Pm=- l j2 = 2 ( 1 - P )  

S o  equat ion  ( ;-\2 . 2 ) can be  wr i t ten as 

The nexL step I S  an e\'alua t i on  of f ( .T ij , a ) . Th i s  funct ion  can be  expres ed by a senes 

ex p an S I o n  a s ,  

"3 x 2  '3 5 1 0 x2 + X 4  X ij 2 ' - . ij .1 ' , - . ij . Ij 
} f ( .T i)o . a )  = { I  - (L + eL - + . , . 1 + .Tfj 2 ( 1  + X iJ ) 2 4 4 ( L + X ij ) 2 

I f  t h e  wavelen g L h  o f  t he  l ighL  is fa r from the resonan ce l i ne ,  t h aL i s  )1 + .Tlj � eL , neglect i n g  

L h e  a,bm 'e seco n d  orde r  term ,  

So  w e  gel 

X ij J ( x ij , CL ) � OJ 1 + x '"  
• ' J  

9.5 

I) j311nn ' 
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For t he D l  and D2 resonance of  a sod i um  atom i n  a h igh magllet i c  fie ld ( s t rong enough 

to decouple  the  hyperfine i nteract ions ,  > l kG ) ,  we can get n +  for l eft c i rcu l ar l igh t  and n -

for r ight c i rcu la r  l ight : 

where 
g3p C  [ Xi4 x 1 4  1 1 ;\ §3X23 1 1 ()o = 871A V1 4 ( 1  + xi4) 2 3 - v23 ( 1 + x�3) 2 3  

/\i 7X 1 7  1 1  A§6 :Z: 26 1 1  + - - - -
v1 7 ( 1  + xi7) 2 6 v26 ( 1  + X�6) 2 6  

;\�8X28 1 1  XiSX l S 1 1 ] + - - -
v28 ( 1  + .'l: �s) 2 2 Vl S ( 1  + x is) 2 2  

() = 
g3p c [ ;\i4 X 1 4 1 � + X�3 .'l: 23 � �  

p 871 /\ v14 ( 1 + xi4) 2 :3 v23 ( 1 + x�3 ) 2 :3 
Xi 7X l 7  1 1 A§6X26 1 1 + - - + -

v1 7 ( l  + x 'f7) 2 6 v26 ( 1 + ·'l: �6) 2 6 

A�8x2S 1 1  ;\ iS X l S 1 1 ] 
- v2s ( 1  + x�8) 2 2  - V1 5 ( 1 + ·'l: is ) 2 2  

Then t he pol a. r iz(:1,L ion P can b e  obLa.i ned from L he  ro La.L i on  (l,ngle  () , 

The calcu lat ion , [o r cXi:t m p le ,  s h ows t h aL 

96 

at the  sod ium th i ckness of  3 x 1 0 1 3atoms/ cm2 and the magnet i c  fie ld  of 3kGauss . The  calcu

l at ed  ()o and ()p i s  shown in  F ig . 3-2 - 3 as a funct ion of  the wavelengt h of the  l ight . 
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A-3 Calculatio n of c[S 

\Ve show the  calcu la t ion of cLS for t he case that t h e  po l ar i zed elect ron i s  cap t ured i n  an 

L= 1 state and t he state decays to an L = O  s tate . 'vVe choose t he  quan t i zat ion axi s  as t he 

ion beam p ropagat i on axi s .  Because of t he ax i al symmet ry, t he  mu l t i p oles w i t h  qiO  van i sh .  

The  electron sp in  i s  also along t he beam p ro pagat ion axi s  i n  our  case . S P6 i s  e:-.::p ressed by 

us ing the Cartes ian p ol ar i zat ion Pe of t h e  e lectron as , 
S 1 
_
P
o
o = Pe · 

::, Po 
There are two state mu l ti poles of i n i t i al s tate ,  .] = L + 1 /2 and .] = L- 1 / 2 . Here we have .] = 1 / 2  

and .] =:3 /2 .  The state mul t i po les .] o f  i n i t i al s t ate are coris t ructed by t he s tate  ll1u l t i po le  L 

and the stat mu l t i  po le S as , 

J� l /'pl _ _ 0) [3 ( 0 1 
o - � .  0 0 

+ :3 J5 ( � 1 
0 

J� 1 /2 pg = 2  { � 
J�3/2p6 = _ + ( � 1 

0 

( 2 1 + 3 J5 0 0 

J=3/' pg =4 { � 

6 ) n 
6 ) n 
1 /2 
1 /2 
0 

6 ) n 
6 ) U 

1 /2 
1 /2 

1 
1 / 2  
1 /2 
1 

1 /2 } 
1 {2 L= l pgS= 1 /2p6 

1 / 2  } 
. 1 1 {2 L= l P6::' = 1 /2 P6 1 /2 } 

1 62 L= l pgS= 1 /2  pg 

1 /2 3/2 } 
1 /2 3 {2 L= l pgS= 1 /2p6 

1 
1 /2 3/2 } . 1 1 /2 3{2 L= 1 P6::' = 1 /2 P6 
1 

1 / 2  3/2 } 
1 / 2  3S2 L= l pgS= l  / 2  pg . 
0 

Then the s ta te  mu l t ipoles of  t he g round s taLe  J p( g . s . ) a re g i ve n by 

J= 1 /2 P6 (9 . s . ) = C[B (  1 , 1 /2 , 1 /2 ) J= 1 /2 P6 ( 0 ) + 13 ( 1 , 1 / 2 , :3 /2 )J =3/ 2  p6 ( O ) ]  

J= 1 /2pg (g . .s . ) = C[J3 ( O ,  1 / 2 , 1 /2 ) J= 1 / 2 pg ( O )  + 13 ( 0 , 1 /2 , 3 /2 ) J=3/2p8 ( 0 )] . 

The electron sp in  po lar izat i on  o f  the ground  s tate ion Pc (g . .s . ) i s  g i ve n  by 

Pe (g . s . ) = S P6 ( g . s . ) /s p8 ( g . s . ) = .J P6 (.q · s . ) ; -' p8C(j . s . ) 
. . Lp6 ( O )  s(JMO ) 

= ( 0 . -107 + 0 . 2 1 0 -[ O ( ) ) �( ) j Po 0 ::, Pu 0 

= ( O A07 + O o 296 !1 �' i )  :����i 
98 

Thus ,  

w here cLS i s  defined by 

Pe (g . s . ) . co l  cLS = 
Pe ( O ) 

= 0 .407 + O . 296 Ao 

For the  case  of L= 1 the  value of Agol can t ake 

- 1 < Acol < � 
- 0 - 2 ( L = 1 ) .  

( L  = 1 )  

I f  t he  exc i ted s tates are equal ly popu lated el ( n/, r ) = 2L�1 el ,  t here i s  no al ignment Aool = 0 

and the value of cLS i s  0 .4 0 7 . If the exci ted s tates are formed i n  mL = 0 s tate only, t he 

al ignment factor  Agol = - 1  and t he value  of cLS i s  0 . 1 1 1 .  
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A-4 Sona met hod 

As descr ib ed in  sect ion 6 - 1 ,  the elect ron po lar izat i o n  can be t ransferr ed  t o  the 3 He 

nucleus by us ing the Sona method  [S 067] . Here we show detai l s  o f  t he Sona method  and a 

requi red cond i t ion  to app ly  i t  to  the  pol ar i zed 3 I-Ie  i on  beam w i t h  2 0 keV energy. 

In  F ig .6 - 1 - 2  the energy d i agram of the Zeeman l evels o f  a 3He+ i on  i s  show n .  \Ve assume 

that the p roduced beam i s  i n  t he s tat e  1 o r  2 i n  a h igh  magnet i c  fie ld . I t  enters then a reg ion 

where the s t rength o f  the magnet i c  fie ld B i s  decreas ing  w i t h  keep i ng the  d i rec t i on  p ara l l e l 

to the  bea.m d i rect ion . Suppose that t he part l c le moves i n  a reg ion where t h e  magnet i c  fi. e l d  

decreases from a. h igh pos i t i ve value ,  changes i t s  d i rect i on  and final ly reaches a negat i ve h i gh 

value .  If the  passage i n  the  magnet i c  fie ld i s  ad iabat i c , the  part i c le wave func t i on  i s  s t i ck i ng 

on the energy l i ne of F ig . 6- 1 - 2 ,  and the  two s tat s 1 , 2 go i nto the  two s t a.tes 1 ' , 2 '  at t h e  h i gh  

negat i ve fie ld . Ion i zat ion i n  th i s  r g i on  g i ves a fu l l  po lar i zat lon t ran ,  fer from the  elect ron t o  

t h e  nucleus . The  ad iabat i ci ty i s  fu lfi l led under  the  fol low i ng cond i t i on  as  shown i n  sect i on  

1 T -:?> 
a 

T _ BhJ _ BhJ 
- dB - dB ) 

Tt v.:; d ::: 

a 
BhJ = -----

9HlN - 9JIl e 

where T i s  t he  t ime needed to  change the  magnet i c  fi e ld s t reng t h  from BhJ t o  zero , a i s  t h e  

hyperfine i nt erval , a nd  v .:;  i s t h e  \'e loc i  t y  o f  t he i o n  beam . 

vYe have to take i nto account  t he f l11 i t e  b ea.m c ross sect ion , and t herefo re the p resell ce 

of the t ransverse component  B1' of t he field B ncar 13=0 . The  value of 13 1' is rela t ed to the  

grad ie ll L  of the paral le l  compo l  enL  o f  B v ia  t h e  M axwe ll equa L i ons  d i vB =O ,  roL B = O .  A t  low 

fields the He+ ion  behaves l i k ' a part i c le hav ing  t b e magnet i c  moment o [  t he s p i n  F '= l. .  And  

t h e  coupled eled ron and  nuc lecH sp i n  I' ro Lates a ro u n d  L i t e  Ill ag n et i c  fi e l d d i rec t i on w i t h  

the Larmor frequency. A par t i cl e t r c\'\ 'c1 i ng o rr- ax i s  never s ees c\. fi e l d  go i n g exacL l y  Lo  ze ro , 

but feels the  fie ld wh i ch changes con t i nuous ly i Ls d i rect i on o[ 1 80° . 1 [' t h e  freq u e n cy o f L h e  

field reversal W B  i s  much smal ler t han L h e  Lar l110 r  frequency W L  o r  t h e l owest  fi e l  I ,  t h e  s p i l l  

1 00 

d i rect i on  i s  kep t  d ur ing t he fie ld  reversal  ( '  sudden" cross ing )  and h igh nuc lear po lar izat ion 

i s  eXI) ected . 1'h e  value  of B /  at a d i s tance r from t he axis i s  o' i \'en b\·, o " , 

divB = 0 ,  

� � ( 1'B1' ) + 
dB.:; = 0 ,  

l' d1' dz 
l' dB > T . B1• = - '2  dz

- = - '2 B::: . 

The correspon d i ng angu l ar velo c i ty of  t he  p recess ion i s ,  

The angular velo ci ty o f  t he rotaL i on of t he B d i rect ion a s  seen by  a par t i cle t ra\'e l ing w i  th  

the  veloc i ty v and  at  a d i s Lan ce r from t he ax i s  i s ,  

v 
WB = 2 - .  

l' 

H ere the  fador of 2 comes from t h at t he d i rect i on  of the  maounet i c  fie ld  chan o'es tw ice duri n o' o 0 

the  rot at i on  of 2 71 .  The requi rement for s udden cross ing i s  

\IYe can  rewr i t e  th i s  requ i rement as 

. 2 4 h v B � 1' �
- . -
91 l e 

Another cons t rai nL comes from the res i dual  magnet i c  fie ld  i n  L h e  reg ion of t he zero c ross i ng 

po i n t ,  wh i ch comes [rom a s l i gh t  mi sal i gnment a nd  from an external magncL i c  flc lds l i ke a 

terres t r i a l one . Th i s  magneL i c  fie ld is equ i valent to a. lateral d i sp l ctcement  0 ['  z e ro  cross i ng 

po i n t  a.t a. d i s tance 1'r es = r"  Th is i l l  L um requi res 

. '2 4 Ii. v 
JJ::: 1 'l' CS � 

-
91l e 

4 ]] 2 Ll h v  _. _1' � _ . 
B;; 91 L e 
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For 2 0ke V 3 He+ ion ; us i ng  the val ues of v = 1 06m/s ,  f-Le =9 . 2 7  x 1 0- 24 J /T ,  9 = 2 .  n =  1 . 0 ·) x 1 0-34 J s . 

we fina l ly obta in  

These cond i t ions are  sat i sfied for r < 0 .5cm;  d�.' =2 G auss/cm ,  Br < 0 . 5 G auss , w h ich  are 

a\-a i l ab le  w i t h  a reason ab le geometry. T he cond i t ion  of the acl i abat i c i ty d�. � 1 05 G auss/ em 

i s  also fu lfi l led by the above val ues . 
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A- 5 Emittance Degradat ion  Effect s asso ciated wit h 

Charge Transfer in  a Magnet ic F ield 

The effect on  beam emi t t a n ce wh i ch resu lts  from charge t ra nsfer co l l i s ions w i t h i n  a 

111agnet i c  fie ld  i s  d i scussed . Cons ider a p ar t ic le  w i t h  a charg q wh i ch t ravels w i th  veloc i ty 

Vz paral le l  to  t he  ax i s  of  a so leno ida l  coi l at rad i us R .  And  the  pa rt i cl e  captu res an electron 

when the par t i c le reaches the p o i nt z = Z in the so leno id . For s impl i c i ty, we assume 'V _ i s  

l arge compared to a.ny add i t ional veloci ty components w h ich a re acqu i red as the part i c le 

l eaves the fie ld regi on . Therefore we cons i der t he orb i t  i n  t he soleno id  to be s t ra ight l i n e  for 

t h e  pu rpose of est i mat i ng t he veloc i ty change . F ig .A -5- 1 shows a schemat i c  d i ag ram of th i s  

p rocess . The for ce on  t he par t i c le i s  g iven  by t he Lorentz  force :  

F = mv = qv X B ;  

w here m i s  t h e  part i cle mass ,  B i s  the  magnet i c  fi el d vedor ,  a.nd v i s  the  part i c le veloc i ty. 

The mot ion of the  part i c le i n  a e d i rect ion i n  a cy l i nd r i ca l  fram i s  exp ressed a.s . 

d 2 de dT elz m - (R - )  = - qeR ( B - - - B . - ) . 
elt elt - elt 1 elt  

This i n d i cates t he change of an angular momentum of the  par t i c le i s  expres sed as 

vVhen  t he pa r L i cle  changes i t s  p os i t i on  by c1 z and dr ,  the  p ar t i c le crosses a magnet i c  fl ux  el(J! 

Then the  pa.r L i c le g a i ns a n  angular momentum 

'vVhen t h e  part i c le ca.ptu res a.n eledro n  a. t a pos i t ion z = Z ,  the  ga, i n ecl angu lar momentum 

L i s  o b t a i ned b y  i n Legra.t i ng Lhe  a,Gove equat ion , 12 qe j'X> ( q  l ) e L = - -. d <l> -
• 

cl (J) 
_ (X) 2 7r  2 27r  

1 " ( � = - 2eR-B:; Z ) .  
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This  s hows a rot at i onal \'e loc i ty Vg i s  added to t he par t i c le 

L I e 
r; Vg = - = - - - RD:; ( Z ) . 

mR 2 m  

The i mportant measure o f  t he b eam qual i ty i s  the t ransverse b eam emit t an ce .  Th i s  i s  

common ly defi ned as the x - x '  o r  t he y - y' phase space area wh i ch t h e  beam occup ies w i t h  

i ts veloc i ty Vz , where x '  = !!.L and  y' 
= � .  v. v. 

The effect of th i s  rota.t i on al vel oci ty on t he beam emi t t ance is evalua t  d as fo l lows . For 

a perfect l y  pa ral lel cyl i nd r i cal b eam w i t h  rad i us R ,  the x - x' coord i n a.t s a l l  l i e on  a heavy 

l i ne s ]lOwn in F ig .A- 5- 2 ( b ) . I f  a rotat i onal veloc i ty i s  added , we ili a), represent the veloc i ty 

field schemat i ca l ly as i n  F ig . A- 5- 2 (  c ) . I f  we consi der the  part i c les i n  the b eam wh i ch l i e 

at radius R, t he correspond ing  x - x' coord inates fal l  on  t h  e l l i pse s ho\\' n i n  F ig . A-5 - 2 (  d ) . 

Part i cles wh i ch l i e  at smal ler  rad i i  h ave x - x '  coord i n a tes wh i ch l i e  o n  sma l ler el l i pse ; hence, 

the ell i pse shown i s  the boundary of  t he emi t t an ce d i agram. A rgu ments for the y - y' phase 

space are i dent i cal 

Thc quant i ty of  in terest i s  t herefore the e ffect i \'e t ranS \'erse emi  t ance 17 ; 

r; = li vo (max ) R(max ) jv:; = Ti eB:; R( ma x ) 2 j ( 2m vJ , 

where R( max ) i s  the rad iu s of t he beam em'elop e at the ax i a l  p os i  t i on  z = Z . I n  t he case for 

a elect ro n  cap tu re o f  a 20keV He2+ i on ,  the  value of 77 i s  ob tai ned t o  b e  17 = :39  Ii mm mrad 

assuming R( max )= :3 111111 , and B :; = 0  . :3T . S i  nee th is  value i s  smal lcr t han the acccptance of  

a cyc lot ron whosc va lue i s  a round  200  Ii mm mrad . But  i f  the fi e ld i s  i ncr ca sed 10  t imes 

h i gher ,  t hc emi t tance grow t h  exceeds thc acceptance ,  wh i ch rcsu l t s  in a i n tens i ty reduct i o n .  

1 0,,1 

PART ICLE  T RAJECTORY 
/\ 

/ 

Fig . A -5 - 1 Schemat i c  d iagram showing charge t ransfer i n  a so leno ida l  magnet i c  fie ld . The 

chargc s tate of the part i c le changes from q to ( q - 1 )  at a pos i t i on  of  z= Z .  

a )  c )  
y y 

• • 

x x 

• • 

b )  x '  d )  x 

vtJVz 

x --ll--+ __ +-_+-__ x 

R m a x  

Fi g . A - 5- 2 (a )  D is t r i bu t ion of  p a r t i c l es for CI, pa. ra,l le l  b ea.m ;  ( b )  E l l l i U a, ll cc d i agram for a 

para l le l  beam w i th rad ius  R(ma .t: ) ;  ( c ) Schema,t ic d i ag ra m o f  t he t r i:l Il S \'c rsc \'c lo c i Ly fi.el d 

ch aracter i z i ng (1. b ea.m o r  rad iu s  R(nw.t: ) a fter angu lar momcl I L um  h as bec l l  acqui red ; ( d )  

Em i t t a.n cc d i ag ra m for a. b ea m  o r  ra. d i u s  R( m,ax ) aft er a.ngu lar  l l 1 o l1l cn t u ll1 i t a.s becn dcq u i rccl . 
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