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Abstract

We have constructed a polarized 3He ion source based on a polarized electron capture
at the Research Center for Nuclear Physics, Osaka University. The 3He?* 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 polarized laser light. The *He?* ion
captures an electron from a polarized sodium atom in a magnetic field. Half of the electron
polarization of *He™ is transferred to the nucleus by the hyperfine interaction. A beam foil
spectroscopic technique is used to measure the nuclear polarization of the 3He*, in which
the circular polarization degree for 389nm photon is measured.

The nuclear polarization was determined to be 0.0415+0.0061 with the ion current of
40nA under the conditions of about 2epA of 20keV He?*t ion extraction from the ECR ion
source, and the sodium polarization of 0.30+£0.05 with a thickness of 3x103atoms/cm?.
The reduction (0.259+0.083) of the 3He*t nuclear polarization from the sodium electron
polarization was mainly caused by the depolarization due to fine interaction of the excited
states in the *He* ion formed by an electron capture.

In order to search for the maximum nuclear polarization, the 3He* nuclear polarization
was measured as a function of an incident 3Het energy. The observed result shows less

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

1. Introduction

Over the past decades polarization phenomena in nuclear physics have provided fruitful
information in understanding both the nuclear reaction mechanism and nuclear structure
in a wide range of incident energies [BO90]. For this purpose, various types of polarized
ion sources have been invented and improved for practical use. In spite of these efforts, the
polarized beams have been limited only to p, d, 3He, ®7Li, and ?*Na. Therefore a universal

lon source to polarize every nucleus with a spin is desired.

Recently, the production of intense polarized proton beams has become available by a
novel technique suggested by Haeberli [HA67], Witteveen [WI79], and Anderson [AN79]. The
basic principle of the polarization is to utilize a polarized electron capture by an incident
proton from an alkali atom polarized by means of optical pumping. They also suggested
the possibility to polarize nuclei heavier than a proton by this technique. This 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 1on source, and on the high power
lasers, one can obtain a large current of a highly stripped ion, and a high degree of an alkali

polarization.

Paying attention to this universality, Tanaka proposed in 1985 to construct a polarized
heavy ion source by this method [TA85] at the Research Center for Nuclear Physics, Osaka
University (RCNP), where the main construction of a ring cyclotron with K = 400 MeV
was completed in 1991. Among various proposals of nuclear physics, physics with polarized
heavy ion beams is one of the attractive fields in the intermediate energy region. In addition
to nuclear physics, the use of the polarized beam is also interesting in the fields of atomic

physics, plasma physics and material sciences.

As the first step of our work, we tried to realize the nuclear polarization of the *He beam
(1 = %+) by this method since 3He is easily polarized as compared with other heavier nuclei.

The construction of the polarized ion source started in 1987.

In this paper we outline a bench test device of the polarized *He* ion source based on
a polarized 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 is described. In
Chapter 3, the basic principles are described for each part of the system; the production of
highly stripped ions by an ECR ion source, the production of the polarized sodium atom, the
polarization transfer processes following 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 results and discussion are described, where descriptions on
the lon current obtained from the ECR ion source, the achieved sodium polarization, and the
results for nuclear polarization measurements are included. In Chapter 6, future prospects
are described, where the improvements of the polarized 3He ion source and the feasibility 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 Production of Polarized Beam
The production of the nuclear polarization has been accomplished in various ways. We
present here a brief description on each way to produce polarized ions from a historical view

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

2-1 Nuclear Reaction

In 1929 Motto [MO29] 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 field B is produced by the nuclear charge which is moving 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 x of the
electron spin with B is called a spin orbit interaction. The electron feels an additional force
which comes from the electron charge and the nuclear charge (Coulomb force). Since spin-up
electrons and spin-down electron with a given impact parameter are deflected differently by
the spin orbit force and the Coulomb force, the scattered electrons are partially polarized.

If there is a spin orbit force between a projectile nucleus and a target nucleus, the
scattered beam will be partially polarized like the above case. The existence of the nuclear
spin-orbit force was observed using this mechanism. But the scattered particles do not have
a good quality to use as a beam. The intensity of the scattered beam is low. The scattered
beam can not easily be focused into a well-formed directional beam. The scattered beam
has a considerable energy spread as a result of the relatively thick targets that are required
for reason of intensity. The beam energy could not be varied at will without 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 Fleichman 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 al, in 1960. Since 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 polarized 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

polarization 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 has been widely used for polarizing hydrogen atoms 'H, 2H, and alkali atoms 6Li,
"Li, and 22Na. In case of a hydrogen atom, a thermal hydrogen atomic beam is produced from
an RF dissociator by passing through a collimator. The atomic beam is introduced to a Stern-
Gerlach magnet (usually 4 or 6-pole magnet is used) where a state with m;=+1/2 is focused
towards the magnetic axis by the force of F=-grad p-B. The electron spin polarization is
transferred to the nucleus by a method combined with an RF transition and the adiabatic
passage [AB58]. After the nuclear polarization is produced, the atom is ionized. The nuclear
polarized beam is 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 Li or Na atom is done by a surface ionization with high temperature
tungsten filament in a strong magnetic field.

Production of polarized 3He is attempted at Laval University [SL85]. They use the
metastable state (23S;) of He atom. That is because the total angular momentum of the
ground state He atom (1'Sg) is zero, there is in no separation of the ground-state beam after
passing through the multi-pole magnet. They try to build the ion source in 7.5MV Van de
Graaft.

2-3 Lamb Shift Method

Successful results have been obtained for 'H, ?H and 3He with this method. Stripped
ions (*H*, 2H* or 3He?*) 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 (*H,2H) or a hydrogen like ion (3Het).
A selective quenching 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 [SO67]. 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 [CL83].

A polarized 3He beam is produced by Birmingham group using this method. The po-
larized 3He?* beam was accelerated to 33.4MeV and used for nuclear physics experiments.

The extracted current and polarization of the beam were 2nA on target and 0.6, respectively

[HAS1).

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 this process will 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 [JA8T].

3He (23S) atom is polarized by this method at Rice university [MA85]. They used a tran-
sition between 23S and 23P. The corresponding wavelength for this transition is 1.08um. They
accelerated polarized *He*t ion by the Texas A&M cyclotron between 18.4 and 49.0MeV.
They got 100nA 3He?t beam with the polarization of 0.11 on target. The low polariza-
tion came from the low intensity of the pumping light, because the light source for optical

pumping was not easily available.



b) Polarized electron capture Method

It is very difficult for a hydrogen atom to polarized by direct optical pumping method,
because the needed light for pumping is in Ultra Violet region. For this reason an indirect
optical pumping method is developed. The polarization of alkali atoms (which can be easily
optical pumped) is transferred to the hydrogen nuclei. This type of a polarized ion source was
proposed by Zavoiskii [ZA57], and later Haeberli [HA67], Anderson [AN79] and Witteveen
[WIT9]. Successful results are obtained in producing a polarized proton ion (MOS89, SC91,
Y090, ZE90]. This method is based on a polarized electron capture by a proton from a
polarized sodium or a polarized potassium atom. A proton beam produced by an ECR ion
source captures a polarized electron from an alkali atom in a strong magnetic field. The
electron polarization of the beam is transferred to the nucleus by the Sona method. Then

the beam is negatively 1onized by an electron capture in another sodium cell.

2-5 Tilting Method

When an ion beam is reflected from a polished metal surface under very small angles or
passed through a tilted foil, strong electron orientation of the ion is observed. The electron
orientation originates from an anisotropic Coulomb interaction at the surface of the tilted
foil or the scattering crystal. The breaking of the axial symmetry with respect to the beam
is responsible for this orientation [FA73]. An orbital angular momentum in a well-defined
direction is induced, namely in the n x v direction, where v is the beam velocity and n is
a vector normal to the interaction surface. This orientation is transferred to a nucleus by
a hyperfine interaction. In a practical use, the obtained polarization is rather small. The
polarization is increased if successive processes of a beam-surface interaction are applied. But
it reduces the beam intensity and degrades the beam emittance. The life time of the foils or
the crystal surface is less than several hours and this is also a problem to be solved. For the
case of tilted surface ultra high vacuum (107 '°Torr) is needed. This method is attempted to

polarize a radioactive beam obtained from an isotope separator on line [VA92].

In table 2-0-1 the performance of several presently working sources is compared. As for
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Laboratory lons available Intensity P, Ref.
Atomic Beam type

E'TH-Ziirich HT Dt 400 85 [SC81]
Saturne H+ Dy 580 90 (LE9O]
TUNL n+ Dy 60 85

PSI n+ Dt 150 85

Bonn H+ DY 30 80

Karlsruhe D+ 60 67 (EH89]
Madison - D~ 3 95 [HA82]
Seattle nH- D- 1 93
Brookhaven - 40 80 [AL90]
INR I+ 6000 80 (BE9O]
RCNP H+ D+t | 85

Lamb shift type

Tukuba o Do 0.4 5 [WA90]
Fukuoka H= D~ 1 70 (WA90]
Miinchen A 1 83
Birmingham He?* .002 60 ]
Optical Pumping

a) Direct Optical Pumping

Heidelberg Li{e JAS8T7]
Rice 0.1 0.11 [SL85)
b) Polarized Electron

KEK - 150 65 MO89]
TRIUMF H- 35 61 BU91|
LAMPF H- 20 62 YO090)
INR g 4000 65

Table 2-0-1 Performance of presently working polarized ion sources

the ion current, it is not easy to read the table since one has to know how and at which

position the given values have been measured.



3. Basic Principle of the Polarized Ion Source

We describe here the basic principle of the polarized ion source based on a polarized
electron capture. The block diagram showing the principle of the polarized ion source is
presented in Fig.3-0-1.

Firstly 3He?*t ions are produced by an ECR ion source. Polarized sodium atom is pro-
duced by means of the optical pumping using a circularly polarized light. Then a 3He?t
ion captures a polarized electron of a sodium atom. The produced *He*t is usually in its
excited states. If a magnetic field strong enough to decouple the fine interactions (spin-orbit
interactions of the atom) is applied, the electron spin polarization of the excited 3He* ion is
kept during the de-excitation tothe ground state. Otherwise, the depolarization appears. In
our case the needed magnetic field to decouple of fine interactions is much stronger than that
we applied in our test bench apparatus. So we treat the depolarization mechanism by fine
interactions in a weak magnetic field limit. The electron polarization of the produced 3Het
is transferred to the 3He nucleus through the hyperfine interaction. The nuclear polarization
of 3Het is finally measured by means of beam foil spectroscopy.

After the polarization is transferred from the electron to the nucleus, the electron should
be removed by passing through a gas or a foil stripper to accelerate it up to the maximum

energy by a cyclotron.

meter

Po

nteraction

Po arized E ectron
Capture

ECR
on Source

stripper

q+

Fig 3-0-1 The block d agram of the po a zed on source based on a polarized electron capture.

not constructed at present



3-1 ECR Ion Source

Anion beam is usually produced by an electron impact ionization of gases. In an Electron
Cyclotron Resonance (ECR) ion source, the energetic electrons are provided by the cyclotron
resonance heating [JO89]. The electron cyclotron resonance occurs when the magnetic fields
B and the RF fields are superimposed with the condition of

eB

WL =
where wy is a frequency of the RF field, e and m. are the electric charge and the mass of
the electron, respectively. If an electrical component E of the RF field is perpendicular to
the magnetic field, electrons are accelerated. The energy gain of electrons depends on their
phase with respect to £, and depends on the staying period of electrons in the ECR region.
When the energy of electrons reaches above the ionization potential of the atomic gas, the
gas is lonized and electrons are additionally produced. If electrons are confined in the ECR
region the produced electrons are accelerated again and contribute to further ionization of
the gas. This is the ignition mechanism of the ECR plasma.

The merit of an ECR 1on source is a high yield of highly charged ions. The probability of
producing highly charged ions by a single electron impact rapidly decreases with increasing
the ion charge ¢. So a highly charged ion is obtained by successive ionization. Important
ingredients for a high current of highly ionized ions are to obtain a long exposure time 7 of
the ion and to increase the electron density n.. The cross section of step by step ionization
decreases as logarithmic scale versus the ion charge ¢. Therefore the configuration of the
plasma confinement is important for producing a highly charged ion. The extracted current
density depends on the plasma flow n;v; (n; is the ion density and v; is the velocity of the ion)
arriving at an extraction hole. At the inside of the plasma, the electron and ion densities
must be balanced to fulfill the condition ¢n; = n., where q is the ion charge, and n. is the
electron density in the plasma. It is known that the plasma frequency w, and the plasma

cutoff density (n.) have the relation as,

10

This relation gives an upper limit of the ion current density. When the ion current density is
higher than n.,, the stability condition of the plasma is broken. Since the plasma frequency
is 1dentical to the RF frequency, the higher RF frequency yields a larger 1on current.
Another advantage of an ECR ion source is its stability for a long term operation. The
reason Is that 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 plasma is

ignited in a low gas pressure if the magnetic confinement of electrons is sufficiently good.
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3-2 Polarization of Sodium Atom

a) Optical Pumping

We use an optical pumping method [HA72] to obtain polarized sodium atoms. This
method is based on an absorption of a circularly polarized photon by an atom. The maximum
value of the atomic polarization by this method is mainly limited by the competition between
pumping rate and depolarization rate. The pumping rate is determined by the pumping light
intensity. The depolarization rate is mainly determined by two sources. One is a relaxation
during the adsorption on a wall surface of the sodium cell. The other is the effect of the
radiation trapping. A polarized sodium atom absorbs an unpolarized photon emitted by a
neighboring excited sodium atom, which results in the depolarization.

To extract an atomic polarization of sodium atom, a model calculation is carried out.
Neglecting the hyperfine coupling of the sodium atom, each of the ground state of the sodium
atom Sy/; has two magnetic sublevels. The first excited state is Pjj,, which has also two
magnetic sublevels. For the sake of convenience we label the states as shown in Fig.3-2-1: the
S1/2 my = —1/2 state is labeled 1, the 5y/, m; = +1/2 state is labeled 2, the P/, m; = —1/2
state is labeled 3, and the Py, mj; = +1/2 state is labeled 4. If a o— circularly polarized
light is introduced, the atom in the state 2 absorbs the light and is excited to the state 3.
But the atom in state 1 cannot absorb the light. The excited state 3 decays to the state 1 or
2 spontaneously. The atom decaying to the state 2 absorbs the light again. Repeating this
process, the atoms are made to populate in the 5;/,, m;=-1/2 state.

The rate equations for these states become,

(S50
dng Ny — M
—_— —a(712 —- 713) + Aggng - s A32R32713, (322)
dt T
AAs he [
i ol ol
a dh wc hv’ ($253)
where
[: the light intensity
v: the frequency of the light
12

&Sl =

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

Fig.3-2-1 The ground and the first excited states of a sodium atom

A: Einstein’s A coeflicient, Az; + Az, = A3
T: relaxation time between state 1 and state 2
R: effect of the radiation trapping.

The polarization in a steady state is given by taking £ = 0,
L1 (3.2.4)
To increase the sodium polarization, it is needed to increase the pumping light intensity I

and increase the relaxation time T. The effect of the radiation trapping R is significant at a

high sodium density. R is expressed as follows;

13



where Cyecoy indicates the radiative decays of atoms in state 3 at a position of r', Creguce
indicates the intensity reduction of the radiation by the absorption during a propagation
from r’ to r, and Cupsors indicates the absorption of the radiation by atoms in state 2 at a
position of r. Numerical calculation can be done using Hermit integration [TU86]. Rs; can
be calculated in a similar way described above.

b) Faraday Rotation

We measure the polarization degree and the vapor thickness of the sodium atom using
the Faraday Rotation method [MO84]. The rotation angle 6 of a linear polarization plane
after passing through the polarized sodium vapor is proportional to the sodium thickness

NL and the sodium polarization P as expressed in the following way;
6 = (64(B)+ 6,P)N L, (3.2.5)

where B is a strength of an external magnetic field, 6y and 6, are constants depending on the
wavelength of the probe light. The detailed calculations of the values of 6y and 6, are given
in Appendix. The sodium vapor thickness is obtained by comparing two rotation angles

measured with the magnetic field and without the magnetic field,

(B = By, P =0)— 6(B =0,P =0)

NS
1 90

(3.2.6)

The sodium polarization degree is obtained by comparing two rotation angles measured with

the pumping light and without the pumping light,

= Ra=Nc -6 = 19n. 12 =
Pya = 8(B = Bo, I\QQBVL (B = Bay [ 0)' (3.2.7)
P

14

3-3 Polarization transfer

A large cross section of a polarized electron capture is desired to obtain an intense
polarized beam. The cross section of an electron capture by a He?* ion from a Na atom was
measured by Dubois et al [DU85]. Fig.3-3-1 shows their results. The cross section of single
electron capture is about 107'*cm? for a 20keV He* ion. If we use the sodium thickness of

3x 10'3atoms/cm?, the electron capture rate is expected to be as much as 0.3.

.
1
la(cm ) a,

E/M IkeV/iermu)

Fig.3-3-1 Single electron transfer cross section for helium ion impact

on sodium by Dubois et al, [DUS83]

As for a polarization obtained, there are two contributions. One is an electron polariza-
tion transfer from a sodium atom to a He* ion of the ground state (e1s), and the other is
the polarization transfer from the electron to the nucleus (e ).

a) apS

In case of a polarized electron capture, formed He™ ions are mainly in excited states. We
assume that this excited He™ ion is made instantaneously at t=0, where "instantaneous” im-
plies that the excitation time is short compared to other characteristic times (fine interaction

15



state i+1

unobserved
Fig.3-3-2 The depolarization mechanism by fine interactions and X1 transitions

periods or hyperfine interaction periods) of the excited state. This means that the electron
polarization will be conserved at t=0, and that the spin orientation during the Collision 1s
space fixed during the collision [PE58].

If the life times of excited states are short compared to the fine interaction intervals, or
if a magnetic field strong enough to decouple the fine interactions is applied, the electron
spin polarization is kept during the de-excitation to the ground state of Het ion.

Otherwise, the fine interactions transfer the spin angular momentum into the orbital
angular momentum of the electron. A part of the orbital angular momentum in the system
is carried away by the photons emitted in the de-excitation processes. Thus a part of the
electron spin polarization is lost. Fig.3-3-2 shows this process. Under this assumption we
calculate the electron polarization following the photon emission.

We define the efficiency €5 as,

(3.3.1)

where P.(g.s.) 1s the electron spm polarization of the ground state Het 1on. P(0) is the

16

electron spin polarization just after the electron capture, which corresponds to the sodium
polarization Py,.

Firstly we shall examine lifetimes and fine interaction intervals of hydrogen like ions.
For hydrogen like ions with nuclear charge Z, the lifetime r of the state (n,!) is expressed as

[OMS3],

where n,! are principal and angular quantum numbers and C,; is a constant whose value is
around 2 ~ 1 x107'9 The fine structure interval 27 /wps of a state (n,!) has a relation of

[BR83],
; EESE 7
Wwrs = —— —
o drega 2n? nl(l + 1)
where a is Bohr radius, a is the fine structure constant and ¢y is the dielectric constant in
vacuum. These relations show that the ratio of is approximately 100, i.e., the lifetime
of each excited state in cascade decay is much longer than its fine structure period.
The next step is to estimate the strength of magnetic field By;,. to decouple the fine
interaction. If a strong magnetic field is applied, the coupling of a spin angular momentum

and an orbital angular momentum is reduced, thus the value of €15 is nearly 1.0. The value

of Byine for hydrogen like ion with a state (n,!) is calculated as,

(3.3.2)
e 4T €ga 2n? nl(l + 1)

A calculated partial cross section of an electron capture from a sodium atom by a He?* ion
[SH87] is shown in Table 3-3-1. The formed He' is mainly in the 3d state at an incident
energy of 20keV. The dominant de-excitation process of the 3d state is like 3d-2p-1s. In table
3-3-2 the calculated values of Bjn. for Het ion are shown. The fine interaction intervals of
the 3d and 2p states are 18 and 180G Hz, the life times are 0.97nsec and 0.10nsec, respectively
as shown in Table 3-3-2. On the other hand we applied the magnetic field strength of only
3kGauss in our present experimental system. The corresponding Zeeman splitting is only
4.2GHz which is not enough to decouple fine interactions. The depolarization due to fine

L7



Energy

(keV) ls 29 2p 3s 3p 3d 4s 4p 4d 4r Total
10.0 00018 10!29 0.78 7.47 26.25 70.32 151 5.02 10.0 6.13 129.02
2188 0.0018 0.56 1.14 3.61 14.37 66.84 2 6.34 13.43 16.22 126.45
26.67 0.0018 0.42 0.92 3.36 10.83 S8R 4.33 10.03 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 0.84 093 393 18.81 2.04 6.13 9.33 391 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 SE7 0.59 2.07 1.08 .23.66

106.67 0.038 0.31 0.34 0.17 0.29 1.88 (W) 0.72 1.72 0.35 11825

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 0.031 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 section for the reaction He?* + Na(3s) —

He*(nl) + Nat in units of 10='%c¢m? by Shingal et al [SH87].

state fine structure interval B E
(GHz) (T)
2p 180 6.4
3p 53 1.9
3d 18 0.65
4p 2 0.80
4d 7.3 0.26
4f 3.7 0.13

Table 3-3-2 The magnetic field By;,. to decouple fine interactions of He* ion.
interactions emerges in this case.
In a weak magnetic field limit, the value of ¢,s is calculated as follows [LI91]. For
ions with zero nuclear spin (or the applied magnetic field is strong enough to decouple the
hyperfine interactions), the state multipole 7 p of the excited state in the (LS).J representation

after the electron capture is given as follows,

nn

(8289
N
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Here £p(0) and Sp(0) indicate the state multipoles of the orbital part and of the spin part
immediately after the excitation, respectively. The anisotropy of the ground state (LoSo)Jo
develops from many sequences of orientation and alignment transfers in the transitions from
Jit1 to J;. We consider the anisotropy transfer from a state Jiy; with a coupling scheme
(Jit1,Jit+1)k' to a state J; with a coupling scheme (J;, J;)k. The electric dipole transition (E1)
matrix is represented by the coupling scheme (J;,J;4+1)1. The two states are coupled by the
radiative transitions characterized by the dipole transition operator (¢*-r)(¢-r’) averaged

over directions and polarizations of the photon

Since this operator is a scalar, the average squared dipole matrix element is characterized
by the coupling scheme (Ji,Ji+1)1(Ji, Ji+1)1(®. The anisotropy transfer is presented in a
recoupling of (JiJiz1)1(JiJix1)1©@ to the coupling (JiJi)k(Jiz1Jis+1)k®@. Then this gives a

following relation;

: CHJixr|Irl| )| , ,
o il (e U Tes )OI e Jey O
s e 1
=g . (3.3.4)
: Wk 1 :
= [Clls =y e e

because the recoupling scheme can be expressed as,

N/ 5 ]z+1 -]z I
:[(2k’+1)(‘2k+1)(‘2x1+1)(‘2x1+1)]1/2</(;, 3 8) {.],+1 iy 1}
k

Ve +J 14k ) .
=(2k+1)x3x (=) {']’“ J: /{ }5kk'5qq’

(2x1+ D)+ D]V/2 1 S Jiqa
The E1 operator acts on the L. component only. From this fact the reduced dipole element
can be written in the following

Cil(Lirr $)inllrll(L:i8)Ti) =(=) -+ 5+ (20:40 + 1)(24: + ]2

Li+1 Jig S n
X { Ji Li i <L,+1||I'

(3.3.5)

L)
Inserting (3.3.5) to (3.3.4), the anisotropy transfer is give by

ok = Bk lmlbh 1" of
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where

C; :ICf(Lz‘+1||r||Li>|2
B(k, Ji, Jis1) =(2Jig1 + 1)(2]i + 1)(=) 0414
. {Li+1 S . A e 1
Ji JB 1 Js T
The state multipoles with a rank k for the state (LoSp)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 multipoles with ¢#0 vanish. The electron spin is also along the beam prop-

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

using SpS as,
Po
Since the value of L in the ground state is 0, the electron spin polarization of the ground

state ion P.(g.s.) is given by
Pe(g-s.) = *pa(g-5.)/°p3(g-s.)
=7po(g-5:)/? polg-s.)

e D(1, o, In )T ph(0)
ZJN D(Ov Jo, JN)JNpg(O)

where p(g.s.) is the state multipole of the ground state, and p(0) 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,

Tpb = Croi"pg Spb + Ci21%08 °né

798 = Cooo™P3 ° 1}

where C’s are constants. Thus the polarization of the ground state He* ion is expressed as,
e D1, Jo, IN)[CrorEp§ Spb + Crai”pd pp)

> s D(0, Jo, Jn)[Coool p5 0§
€15 Pe(0),

Pe(g.s.) =

20

where

Then we can write €,s as the following form

L2
ers = Const + Const’ | (3.3.6)
Po
The electron spin polarization P.(g.s.) 1s proportional to the electron spin polarization just
after the electron capture P.(0).

The value of ., relates to the alignment parameter A defined by Fano [FA73] and this

value corresponds to
SL(L + 1) col
(2L +3)2L - 1)"° "

where
Y m[3m? — L(L + 1)]o(m)
L(L+1)Y,,0(m)

and o(m) is the capture cross section of the magnetic substate (L,m). For the case of L=2

col _
A=

the value of A5 can take

1< AP ST (L=2)

For example if the excited states are equally populated o(my) = o, the value of A% is

2041
0. If the excited states are formed in m; = 0 state only o(mp) = ém,0 o, the value of A is
—1. An example of a calculation of €15 is given in Appendix. The result of the calculation
of €5 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 20keV. The value of €5 is calculated to be 0.301 at A5°! = 0 for the cascading

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

b)
The second process is a transfer of an electron polarization to a nuclear polarization
by the hyperfine interactions. We define the efficiency for the polarization transfer of this

process as ¢;r 1n the following,
Py
Biyss.)’
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i ELS

Acol max Acol =0 Acol=-1
1 0.556 0.407 0.111
2 0.502 0.301 0.099
3 0.486 0.257 0.074
4 0.479 0.234 0.059
5 0.475 0.219 0.048
6 0.473 0.209 0.041
7 0.472 0.202 0.036
8 0.471 0.196 0.031
9 0.470 0.192 0.028
10 0.470 0.188 0.025
11 0.469 0.185 0.023
12 0.469 0.183 0.021
13 0.469 0.181 0.020
14 0.469 0.179 0.018
15 0.468 0.178 0.017
16 0.468 0.176 0.016

Table 3-3-3 The calculated values of €;,5. The value of L is
an orbital quantum number, and Acol 1s an alignment factor

of an initially formed excited state.

where Py is the nuclear spin polarization and P.(g.s.) is the electron spin polarization of the
ground state Het ion. In the magnetic field strong enough, the electron spin 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 interaction. The Hamiltonian is expressed as,
A"="al W3l g7d "B =g 1B,

where a 1s a hyperfine constant, g, is the Bohr magneton, py is a nuclear magnetic moment,
gs 1s a gyromagnetic ratio of the electron, g, is a gyromagnetic ratio of the nucleus. If the

external magnetic field B is applied to z direction as (0,0,B;), the Hamiltonian is expressed

as,

where
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Using a first order perturbation theory the energy of the hyperfine state E(F,mp) is calcu-

lated for ground state *Het ion [BE65],

a a 2mp
, F = —-—— = ASgrty 5 $2
E(F, mg) 3 giuNmpB, 4(2[+ 1) 1+ . 1/21 + 2
B,
A
th([+ 1/2)
By =2 - (3.3.8)

GIUN = GJhe
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,

1 Z°
J(J+1)(2L + 1) a3 n¥’

Ko
a=4gipeptN
4

where @, is a reduced Bohr radius of the ion. For the case of ground state *He* ion, the
value of a is 8.666GHz and corresponding By, is 3.1kGauss, g7 is -4.25512 and gy is 2.0.
We labeled the wave functions as shown in Table 3-3-4. The nuclear polarization, i.e., the
expectation value of }(i|I.|¢) for each state |i) [OH69] is shown in Fig.3-3-4. We assume that
initially the system is in a strong magnetic field, the nuclear polarization is zero and the
electron polarization is P.(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 is reduced. If the
reduction of magnetic field is adiabatic, each state follows the corresponding energy line.

The nuclear polarization of this system (Py) is given by

==

= eyrPe(g.5.)

P.(g.s.)

epr = 0m( =" (3.3.9)
+ .

In a strong magnetic field (z=00), €j75 1s zero, 1.e., there is no hyperfine interactions and no

polarization transfer from the electron to the nucleus occurs. If the field strength is reduced
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Table 3-3-5 The population of each state at t=0 with electron polarization of P.(0).

to zero adiabatically (2=0), we have eyr = 0.5, i.e., half of the electron spin polarization is
transferred to the nucleus.

The adiabaticity is fulfilled under the following condition [ME60],

1
T> g (3.3.10)
Bh/ Bhf
i dB — v, B’
dt Zdz

where T is the time needed to change the magnetic field strength from By to zero, a is the
hyperfine interval, and v, is the velocity of the ion beam. For the 20keV *He* beam, the

velocity v, of the ion is 10 cm/s, and the adiabaticity is fulfilled when 28 < 10° Gauss/cm.

In conclusion, the obtained helium nuclear polarization Py is expressed by the product

of three parameters as,

(3.3.11)

where Py, is the sodium polarization defined in equation (3.2.4), €5 15 the efficiency de-
fined in equation (3.3.1) and (3.3.6), and eyr is the efficiency to transfer the electron spin

polarization to the nuclear polarization defined in equation (3.3.7) and (3.3.9).
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3-4 Beam Foil Spectroscopy

To improve the performance of the polarized ion source, it is essential to monitor the
nuclear polarization of the 3He beam. We developed a beam foil spectroscopic technique
for this purpose [OH92]. The principle is as follows: The polarized 3He* ion is selected by
an energy analyzer and is deflected by 90 degree without changing the spin direction. The
analyzed beam passes through a thin carbon foil. The electron capture and loss cross sections
are of the order of 1071 ~ 107cm?. While a 5ug/cm? carbon foil has 2.5x10'7atoms/cm?.
Thus the electron polarization of the incoming *He* ion is lost during the passage of the foil.
At the exit of the foil, the ion captures an electron to its excited state from the last layer of
the foil [ANTII1]. Though the electron polarization is lost during these collisions, the nuclear
polarization is kept because the cross section for spin exchange between an electron and a
nucleus is of the order of 1072'cm?. And the depolarization due to hyperfine interactions is
not significant, because the period passing through the foil is of the order of 10~'sec, which
is shorter than hyperfine periods. After the passage, most of the incident *He* is neutralized
but in its excited state. As the excited atoms move away from the foil into vacuum, an angular
momentum transfer occurs by a hyperfine interaction from the 3He nucleus to the electron
orbit, then photons emitted from the excited states become circularly polarized. This circular
polarization degree is proportional to the initial *He nuclear polarization. Thus the nuclear
polarization degree is extracted from the circular polarization of the emitted photon from
He atom. Fig.3-4-1 is a schematic drawing of this process.

In this method, different from the polarization measurement by nuclear reactions, we do
not need to accelerate the ions up to the leV energy region, and we can monitor the nuclear
polarization at the site of the ion source.

The Stokes parameter which expresses the circular polarization degree of light is defined

as,

where [(o4) is the intensity of right handed circularly polarized light, and /(o) is the inten-

sity of left handed circularly polarized light. As for a convenience we label (o} ) as I(e4)
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Upper level
unobserved
Lower level
photon
unobserved photon

Fig.3-4-1 The process of polarized photon emission from initially nuclear polarized atom.

and I(o_) as I(e_;). For a particular transition from the state (LS)J to (LoS)Jo, the Stokes
parameter is calculated under the following assumptions; (1) the photon measurement is
done along the initial spin quantization axis, (2) the time intervals of fine and hyperfine
interactions are short compared with the life time of the excited state, (3) we cannot distin-
guish the fine structure lines, (4) the excitation cross section is proportional to a statistical

weight (2J+41), and (5) there is no cascade contributions to the (LS)J state.

The state multipole of the upper state under the hyperfine interaction is characterized
by the total angular momentum F (=J+I). The multipole p in the I’ representation is
constructed from the production of the state multipoles of the nuclear spin part /p and of
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the electron spin part /p as,

I J F
Fpé": Z[2k1+1)(2kj+1)(2F+1)(2F+1]1/2{ I J F}
K

ki ks k;y  ky
k; Kk ) ;
x (- w184 ) =02k e=0)
) o AR g
= Ser s nErR 8 B = e
/A

because just after the excitation the electrons are unpolarized i.e.,Jpé"(t == R an (=T

The state multipole concerning to the E1 transition is Jpg". The state multipole Jp;" is

obtained from Fpé‘ as,

. ) (B FS K .
1®JP(IJ :ZF:(ZF+1)(_)F+J+I+/ {] ] 1\ }Fp(l)\
The intensity of the emitted light I} (ey) with a helicity A is then expressed as [BLS1],

- I
15 (ey) = 1) ()

1
A
e
= + 1(_)J+Jo+/\ (_1/\ /1\ O\ > {

. F F K\[F F Klix
XXF:@F“)?{J J }}{1 I }}%“:0)

N N

where B(K,J) is
BUK,J) =IC I+ {
XXF:('ZF+1)2{§ 1] 1}}{}; f 1]‘}
Then the photon intensity is expressed as,
Fle= =2 (2
The stokes parameter S/I is expressed as,

St T s

= + 1)B(K =1,J)"p}(0) .
2y ,2J ¥ )B(K = 0,7) 1p3(0) 3.4.

= + 1)B(K =1,J) .

= 3y ¥ Bk =0,7) MO
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where Py (0) is the nuclear polarization at t=0. Thus the Stokes parameter for photons emit-
ted in the direction of the quantized axis is linearly proportional to the nuclear polarization.

We can denote it as

where
7 0 + 1)B(K = 1,J)
T2 ES e B = 00

If we observe the photon intensity with a good time resolution and with the energy
resolution not enough to distinguish each hyperfine level, the Stokes parameter is expressed

as [ANTT],
(3.4.2)

where

1=l 1
BAF, By, J) =|CI =Y { S

B

% (_)F1+F2+'2J+21(.2F1 + 1)(2F’2 L 1){ J

and wr, F, is the frequency corresponding to the energy difference of the state (JFy) and the
state (JF,). We can see an intensity modulation as a function of time. This comes from
an interference of photons corresponding to transitions from different hyperfine levels. This
effect is called Quantum Beat. If the time interval for the measurement is long enough,
the oscillating terms are averaged out and we can use equation (3.4.1) instead of equation

(3.4.2).
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4. Experimental Apparatus

To realize the principle described in the previous chapter, we constructed a bench test
device of the polarized ion source. The top view of the polarized ion source is shown in
Fig.4-0-1. The polarized ion source consists of a 2.45GHz ECR ion source, a sodium oven in
a solenoidal coil, a laser system to polarize sodium atoms, and a polarimeter to measure the
nuclear polarization of the 3Het beam.

The ion beam is extracted from the ECR ion source, then the He?* ion is analyzed by
a magnetic analyzer. The sodium vapor is produced in the oven and is polarized by the
optical pumping using a circularly polarized laser light. The analyzed He?* ion is focused
to the sodium oven where a polarized electron capture of the He?* ion occurs. This electron
capture is done in a 3kGauss solenoidal coil. After the magnetic field reduction, the electron
spin polarization is transferred to the nucleus. A guiding magnetic field is applied downward
the solenoidal coil to avoid the effect of perturbing magnetic field. The fraction of the beam
which captures the polarized electron from the sodium atoms is analyzed by an electrostatic

analyzer. The nuclear polarization degree is measured by the polarimeter based on the beam

foil spectroscopic method.
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4-1 ECR Ion Source

As described in section 3-1 the ECR ion source is based on a heating of electrons by
a cyclotron resonance. Our ion source is operated with a 2.45GHz micro-wave. The top
view and side view of our ECR ion source are shown in Fig.4-1-1. We use a mirror magnet
and a hexapole magnet to confine energetic electrons axially and radially. A mirror magnet
consists of two coils with an inner diameter of 25 cm and an outer diameter of 66.5 cm.
FEach coil is constructed by winding a hollow conductor. Typical values of the maximum
and minimum field strengths along the magnetic axis are about 1 kGauss and 0.7 kGauss,
respectively. A mirror ratio defined by Bmaz/Bmin is thus about 1.4. This ratio can be
changed slightly by changing the distance between the two coils. The cyclotron resonance
occurs at the magnetic field Bgcr = t‘f" The value of Bgcpr is 875Gauss for a 2.45GHz
microwave. The value of Baz/Bgcr is 1.1. It is reported [GE91] that for a good plasma
confinement one needs Bmaz/Bmin ~ 2 and Bz /Becr > 1.5. Our magnet does not fulfill
these conditions. But we think that our ion source is enough to produce He?* ion for a test
experiment. The hexapole field is produced by a permanent magnet. The inner diameter
of the hexapole is 10 cm. The field strength at the pole surface is about 800 Gauss. Each
pole is composed of an array of rectangular pieces of a ferrite core magnet. The arrays are
inserted in the vacuum sealed containers made of stainless steel. The permanent magnet is

cooled by water to avoid an excessive heating from the plasma.

The 2.45 GHz micro-wave is generated by a magnetron. The maximum power output
of the magnetron i1s 5kW. The micro-wave is guided to the plasma chamber through a
rectangular wave guide. Four devices are installed between the magnetron and the plasma
chamber. (1) An isolator which isolates the magnetron from the reflected wave at the plasma
chamber. Two power meters are equipped on the isolator to monitor an input power and a
reflected power. (2) An E-H tuner which adjusts the phase of the micro-wave to match the
cavity. (3) A chalk flange which serves as a DC insulation between the plasma chamber and
the magnetron. The ECR chamber is electrically isolated from the ground potential, and a
high voltage up to 20kV can be applied to the chamber to extract the ions. (4) A vacuum
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seal between the plasma chamber and the wave guide. For this purpose a fused quartz plate
is used. Typical input power is around 700W and reflected power is less than 100W.

The gas flow rate needed is typically 0.2cc/min in our ion source. We use a conventional
mass flow controller to control the gas flow rate. The plasma chamber is evacuated by
a turbo molecular pump with a pumping speed of 160//s. The ion extraction region is
evacuated by a 1200!/s oil diffusion pump with a liquid nitrogen trap. The vacuum pressure
of the ECR chamber is 5x10~¢Torr without operation. The pressure in operation is typically
2x1073Torr. A gate valve is equipped to keep the chamber in vacuum when the sodium metal

is loaded to the oven.
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«— turbo molecular pump

2.45GHz Micro-Wave
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Analyser Magnet

Mirror Coil
Einzel Lens (E1)
Einzel Lens (E2)

Fig.4-1-1 The side view and the top view of the 2.45GHz ISCR ion sourc

4-2 Sodium Oven

The sodium vapor is produced by a heated oven. In the initial stage of our measurement
we used a sodium oven shown in Fig.4-2-1. The oven is made of copper and is wound by a
heater. The temperature of the oven is measured by a Platinum 100 Q thermo resistance.
The length of the sodium cell is 6cm. The outer diameter is 3cm. An inner sleeve with a
diameter of 1.2cm is inserted into the cell. Various coatings were tested on the surface of
this sleeve to examine the depolarization effect. The oven is inserted into a water cooled

copper tube. Some fractions of effused sodium vapor are trapped by this tube.

A magnetic field is applied to the collisional region where electron captures occur. This
magnetic field is produced by a solenoidal coil. The length of the coil is 36cm and the
diameter is 6cm. The maximum field strength produced by this coil is 3 kGauss. A 500 {/s
oil diffusion pump with a liquid nitrogen trap is installed upstream from the solenoid, and
a 1200 {/s oil diffusion pump with a liquid nitrogen trap is installed downstream from the

solenoidal coil for evacuation.

Most of the measurements of the sodium polarization were done with this oven but there
is a problem for this oven. During the loading process of the sodium metal into the crucible,
the surface of the sodium metal is oxidized. So it is needed to increase the temperature
of the crucible up to nearly 300°C to break the surface skin of the sodium oxide. After
this procedure, the surface of the inner sleeve is deteriorated by high temperature sodium
atoms with a high density. Therefore we constructed a new oven which can control the
temperature of the inner sleeve and that of the sodium crucible independently, thus reducing

the deterioration of the sleeve surface.

A new oven is shown in I"ig.4-2-2. A sodium metal is vaporized in a temperature con-
trolled crucible. The sodium vapor flows through a heated pipe to the collisional region
where an electron capture of a He?* ion from a sodium atom takes place. The diameter of
the coliisional region is 2.0cm, and its length is 12cm. Both ends have a hole with a diameter
of 0.6cm. A thin inner sleeve coated with dry film is inserted in the collisional region, and
its diameter is 1.9cm. At both the sides of the collisional region, water cooled pipes with a

35



diameter of 2cm are placed to trap the sodium vapor effused. To measure the temperature

of the crucible, we use Platinum 1009 thermo-resistor. For the temperature measurement of Inner Sleeve Solenoidal Coll

: : . ' m
the heated pipe and the inner sleeve, we use thermo-couples. Three power supplies are used Sodium Cell Thermosensor

for heater wires to control the temperatures independently.

Laser Light

Sodium Pellet Heater Cooling Water
0 5 10 cm Copper
Fig.4-2-1 The old version of the sodi jion
lg. sS4 1e old version ot the sodium oven. H.”“H” Stalnless stegl

Water Cooled Pipe Thermo-Cou‘pIe
Wire Heater

Pt 100Q resistor

Sodium

Pellet

Wire Heater  'Mner Sleeve

Wire Heater Thermo-Couple

[Fig.4-2-2 The new version of the sodium oven.
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4-3 Laser System

We use two sets of dye lasers. A ring dye laser (380A, Spectra Physics) is used for the
optical pumping of the sodium atom. A broad band dye laser (375B, SP) is used for the
FFaraday rotation angle measurement to monitor the polarization and the thickness of the
sodium vapor on line. Each of the dye lasers is pumped by a 5W argon laser (168B, SP).
The frequency of the pumping light is set to the D1 line (589.6nm). Its typical intensity is
about 300 mW. The intensity of the probe light offered from the broad band dye laser is
set to be less than 0.1mW to avoid perturbing the sodium polarization. The line width of
the probe light is about 10 GHz. These laser lights are transmitted to the sodium cell using
mirrors and focusing lenses.

The Faraday rotation angle at a sodium thickness of 5x10!® atoms/cm? with 3kGauss
magnetic field is only 0.8°. To detect the rotation angle of the probe light precisely, we use a
system composed by a polarizing beam splitter (05FC16PB.3 Newport) and two photodiodes
(S2386 Hamamatsu). A schematic diagram of the measurement of the rotation angle is shown
in Fig.4-3-1. The specification of each part is tabulated in Table 4-3-1. A typical input light
intensity was 10pW. The output of the photodiode was terminated by a 10kQ resistance,
so the output voltage of the photodiode was of the order of 100mV. The output of the
photodiode 1 (/) is sensitive to the light polarized along the polarizing axis of the splitter.
The output of the photodiode 2 (I3) is sensitive to the light polarized perpendicular to the

polarizing axis of the splitter. Then the light intensity is expressed as,

where 6 is the angle between the axis of the polarizing beam splitter and linear polarization

plane. The rotation angle is obtained by,

Iy —
L+ I

6, = %.s*m-'( (4.3.1)

The output voltages of I} and [} — I, are measured by two digital multi-meters (R6450,
Advantest and 9300MI', Sanwa) and recorded through a GP-IB interface to the personal

computer (PC9801VX, NEC) for on-line calculation of 8. The angle 6 is set to =/4 at
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polarizing beam splitter
extinction ratio & 1p=3
transmission > 0.9

400-700nm

available region

photodiode
sensitivity 0.4A/W at 589nm
dark current 50pA

temperature dependence
of dark current 1.12 times/°C

output linearity 1pW-1mW

Table 4-3-1 The specification of the polarizing beam splitter and the photodiode.

a condition that there is no sodium atom, because the sensitivity for the rotation of the
polarization plane of the probe light is the largest at this angle setting.

Fig.4-3-2 shows the calculated angle 6, from the output voltage using the equation (4.3.1)
versus the rotation angle of the polarization plane of the incoming light §. The angle 6 is
changed by rotating the detector system. One can see a good proportionality of 6, to 6.

We measured the Faraday rotation angles as a function of the wavelength of the probe

laser. The angle NL 6y was obtained by using the equation (3.2.6) described in chapter 3-2,
NL 5= 8(8 = By, P =—0) = 8(B'=10,P = 0).
Similarly the angle N¥L P 6, was obtained by,
NL Png 6, =8(B = Bo,P = Pna) = 0(B = Bo, P = 0).

I'ig.4-3-3 (a) and (b) show the NL 6y and NL P 6,, respectively. The solid curve is the
fitted curve of the calculation (see Appendix). The free parameters are NL and Pn,. In
this case N L=3.8x10'"3 atoms/cm? and Pn,=0.32 are obtained. The experimental results

reasonably agree with the calculation, which indicates this monitor is a reliable one. In a
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usual operation, the wavelength of the probe laser is set to 589.3nm, because the wavelength
dependence of Faraday rotation angles is minimum at this point. The frequency of the probe
light is monitored by a spectrum analyzer (M410, SP). During an experiment, a fine tuning
of the pumping laser frequency is done to maximize the Faraday rotation angle of the probe

light, i.e., to maximize the sodium polarization.

Probe Laser Light

Sodium Oven

Io
Polarizing

Beam
Splitter

I
] Photodiodes

I'ig.4-3-1 The detection system of a Faraday rotation angle.

40 41 42 43 44 45 46 47
6 (degree)

Fig.4-3-2 The calculated angle 6. from the output voltages of the photodiodes plotted
as a function of the angle  which is the angle between the axis of polarizing beam

splitter and the polarization plane of the probe laser light
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Fig.4-3-3 The measured Faraday rotation angles ~ a) NL#p and b)) NL Pnq 8, plotted
as a function of the wavelength of the probe laser. The solid curve is the fitted curve of

the calculation (see Appendix) with N1=3.8x10'3 atoms/cm? and Pn,=0.32.
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4-4 Guiding Field System

In the system of the electron and the nucleus of the 3He* ion, the electron spin and
nuclear spin strongly couple at a magnetic field with nearly zero. The direction of the electron
spin changes easily if there exists a perturbing magnetic field, such as a terrestrial magnetic
field and a residual magnetic field produced by electric power lines. Thus the direction of
the nuclear spin also changes in the presence of the perturbing magnetic field through the
electron spin. To eliminate this effect, a weak magnetic field of a few Gauss is applied parallel
to the axial direction of the 3 kGauss solenoidal coil downward the coil. This magnetic field is
produced by a small solenoidal coil (C1) and large rectangular Helmholtz coils (R1) covering
the whole region of the polarimeter, where the produced nuclear polarization 1s measured
(see Fig.4-0-1). We choose the z axis is parallel to the axis of the solenoidal coil, the x axis
is in a horizontal plane. The 3kGauss solenoidal coil is located at z=0mm. The C1 coil
is located at z=500mm. The R1 coils are located at z=780mm and z=1200mm. Fig.4-4-1
shows the magnetic field distribution along the 3kGauss solenoidal coil. The ion beam feels
a magnetic field reduction from 3kGauss as the ion beam moves away from the solenoidal
coil, and the field strength is reduced to 5Gauss at z=400mm. The maximum gradient of the
magnetic field is 500Gauss/cm, which satisfies the adiabatic condition of equation (3.3.10).
The ratio of B, ,/B, is less than 0.1 for this region, and this corresponds to the angle between
z axis and the magnetic axis is less than 5.7°. The maximum reduction of the expectation

T

value 1s c0s5.7° = 0.995.
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Fig.4-4-1 The measured magnetic field distribution along the axis of the solenoidal
coil (the z axis). The x and the y axes are normal to the z axis. C1 coil

is located at z=500mm and R1 coils are located at z=780, 1200mm.

4-5 Polarimeter

An outlook of the polarimeter is shown in Fig.4-5-1. The polarized *He* ion beam is
bent by 90 degree by an electrostatic analyzer. A weak magnetic field is applied the whole
region of the polarimeter using rectangular Helmholtz coil to avoid the depolarization caused
perturbing magnetic field as described in section 4-3. This section is evacuated by a 5001/s
turbo molecular pump and by two liquid nitrogen traps. The analyzed *Het beam bombards
a carbon foil. The thickness of the carbon foil is about 5 pug/cm?. The foil surface is set
to be perpendicular to the beam axis to avoid an additional polarization production by a
tilted foil effect. The position of the foil can be changed upward and downward along the
beam axis. The foil is designed to be removed during the tuning of the transportation of the
Het ion beam. The ion beam passing through the foil is collected by a Faraday cup (F3).
A precise measurement of the current is important because we use the current integration
for the normalization of the photon counting. For this purpose, we insert two electrodes in
front of the cup; one is kept in the ground potential and the other is applied to a potential

of about 1 kV. These electrodes play a role of electron repellers which suppress secondary

electrons emitted from the Faraday cup.

The photons emitted from the foil-excited He atoms are detected by usmg a photon
detector system. These photons are focused on the head of the photomultiplier by two
lenses. The circularly polarized photons are converted to the linearly polarized photons by a
1/4 wave length plate. Then the linearly polarized photons are analyzed by a polarizer filter.
The photons that pass through a wavelength filter are finally counted by a photomultiplier.
The specification of each component of the photon detector system is tabulated in Table
4-5-1.

The photomultiplier is operated in a photon counting condition. An output of the anode
is terminated by 110kQ resistor. The output signals of the photomultiplier are amplified and
converted to logic signals by a single channel analyzer. The number of the logic signals is
recorded in a scaler. The photon counts are accumulated alternatively under the condition
that the sodium atoms are polarized (N,y) or that the sodium atoms are not polarized
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lens (Sigma Optics)

focal length T0mm

diameter 50mm

material BK7
transmission 91.8% at 389nm

1/4 wavelength plate (Sigma Optics)
aimed wavelength 389.0nm
transmission 99%
polarizer (Polaroid H22)
extinction ratio

transmission 6.12% at 389nm

wavelength filter (Vacuum Corporation of Japan MIF-W)

centroid of transmission 391.5nm
Full Width at Half Maximum 20nm
transmission 41.5%

photomultiplier (Hamamatsu R464)

quantum efliciency 23% at 389nm
effective area Smmx8mm
typical bias voltage -700V

Table 4-5-1 The specification of components of the polarimeter.

(Nunpot)- The degree of the circular polarization AP is calculated as follows,

AP =1 -1,

]Vpol

= = .
N unpol

where is the photon number counted by the detector. The condition of the sodium
polarization is changed by each 10sec to reduce a systematic error. The electronic circuit
diagram for the data taking system is shown in Figd-5-2.
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I'ig.4-5-2 The electric circuit diagram for data taking.
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The pulse height spectrum of the photomultiplier is shown in Fig.4-5-3. The lower

discrimination of the single channel analyzer was set at the dip of the spectrum (indicated
by the arrow in the figure).

The detection efficiency of the polarimeter along the beam axis was measured as a
function of the position of the light source (photodiode was used) which was moved on the
beam axis. The result is shown in Fig.4-5-4. The FWHM of this detector system is about
dmm.

The dark current of the photomultiplier without the Het ion beam was 0.3cps. But the
counting rate was increased when the Het ion beam was introduced even at a condition
that the carbon foil was removed, . The background counting rate with the Het ion beam
was measured as a function of the vacuum pressure of the Polarimeter chamber. Fig.4-5-5
shows the result. This background component comes from the neutral He atom produced
by the collisions of He* ions and the residual gas atoms. The background counting rate was
0.1counts/nC at the pressure less than 10-8Torr. A typical counting rate with the carbon foil

(true events) is 50counts/nC. This shows the signal to noise ratio of 2x 1073 at the pressure

of the polarimeter section less than 107%Torr.
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Fig.4-5-4 The detection efficiency of photons plotted as a function of the position of
the light source along the beam line.
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4-6 Ion Beam Focusing Elements

The ion beam extracted from the ECR ion source is focused by einzel lenses(E1,E2).
Then the He?* ion is analyzed by a magnetic analyzer (D1). The analyzed beam is focused
by an electric quadrupole lens (Q2) to the sodium oven where a polarized electron capture of
the He?* ion occurs. The polarized beam is focused by an electric quadrupole lens (Q3) and
analyzed by an electrostatic analyzer (D2). Here we describe in details on each component
of 1on focusing element.

The extraction electrode of the ECR ion source has a hole of § mm diameter and is kept
in a ground potential, while a high voltage up to 20kV can be applied to the ECR chamber
to extract an ion beam. The gap width is 10mm.

Two einzel lenses are equipped to focus the ion beam. The einzel lens El is located just

after the extraction electrode, and the other one (E2) is located 300mm downstream. The

diameters of E1 and E2 lenses are 7T0mm and 120mm, respectively. Typical voltages applied.

to these lenses are around 2kV and -500V, respectively for 10keV *He?* beam.

The ion beam is deflected by a magnet (D1). The deflection angle of D1 is 60 degree,
and a radius of the ion trajectory is 135mm. The analyzed ion curmrent is measured by a
Faraday cup (F'2) after a slit (S2). The slit width is usually set to 10mm. The Faraday cup
can be removed form the beam path using an air cylinder unit.

The electric quadrupole doublet lenses (Q2,Q3) are used to focus the beam. The aperture
of the lens is 30mm and length of the lens unit is 120mm. The electrode is made of a brass
pipe with a length of 45mm and a diameter of 30mm. Typical voltage applied to Q2 is
around 500V for a 20keV He?* ion, and the voltage applied to Q3 is around 1kV for a 20keV
Het ion.

This analyzer (D2) consists of two spherical electrodes made of stainless steal. The radius
of the ion trajectory is 250mm. The gap width is 20mm. The applied potentials for these
electrodes are set as follows, V, = —1.17V_ because the centroid of the trajectory is set to be
zero potential. Typical applied potentials are +2.25kV and -2.63kV for the 20keV 3He* ion
beam. This analyzer has a double focusing property and focal length is 7T00mm. Outer side
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of the electrodes has a hole through which the laser light and neutral He atoms pass.



5. Experimental Results and Discussion

5-1 Performance of the ECR Ion Source

The performance of the 2.45GHz ECR ion source was checked using a 3He gas. Fig.5-1-1
shows the extracted ion current as a function of the excitation current of the D1 magnet.
Ions such as H*, HI, carbon, nitrogen, and oxygen ions with low charge states were extracted
in addition to the He?* and Het ions. These components other than He ions are expected
to come from a small leakage of an air and a back diffused oil vapor from vacuum pumps.
The largest peak in Fig.5-1-1 corresponds to the Het ion. The ion current of He?* is about
1~2% of Het ion current. We think the low current of He?* come from a low frequency
of the electron cyclotron resonance, and from imperfect confinement of energetic electrons
because of a low value of Bmaz/BEgch-

In Fig.5-1-2, the 3He?* and 3He™ ion currents are plotted as a function of the *He gas
flow rate. The extraction voltage was 10kV. When a current peak is obtained for the He?*
ion, the gas flow rate was less than that of Het. This may be because the recombination
probability between He?* ions and He atoms is considerably large when the vacuum pressure
1s high.

We measured the 3He?* ion current by varying the extraction voltage, and we could

extract more than a few epA of the 3He?* ion with the energy range of 16 to 28keV.
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Fig.5-1-1 The mass spectrum of the extracted ion beam from the 2.45GHz

ECR ion source. The extraction voltage was TkV.
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5-2 Polarization of the Sodium Atom

The sodium polarization was measured by varying the pumping light intensity, the
strength of the external magnetic field, and the sodium thickness. To enhance the sodium
polarization, we tested 4 materials for the wall of the collisional region [TA90]. The materials
are copper, pyrex glass, copper with dry-film coating and pyrex glass with dry-film coating.
The dry-film is a kind of silicon polymer [SW88] and is known to have a low relaxation rate
for polarized alkali atom. As mentioned already this measurement was carried out mainly
with the old type sodium oven.

As it is shown in the equation (3.2.4) the obtained polarization is determined by a com-
petition between the pumping rate and relaxation rate. The sodium polarization observed
as a function of the pumping light intensity is shown in Fig.5-2-1. The polarization increases
as the pumping light intensity increases. This corresponds to the increase of the value of o in
equation (3.2.4). The sodium polarization is shown in Fig.5-2-2 as a function of the external
magnetic field. The polarization increases as the strength of the external magnetic field
increases. In both case the polarization is enhanced with dry-film coating. The polarization
enhancement by a dry-film coating and by a strong external magnetic field correspond to
the increase of the relaxation time T in equation (3.2.4). The relaxation time T is mainly
determined by the following three mechanisms: depolarization due to the effusion of the
polarized atoms through entrance and exit holes of the sodium cell (T¢); depolarization due
to collisions of polarized atoms with neighboring atoms (7.); and depolarization induced by
the local magnetic field on the wall surface during the adsorption of the polarized atom (T,).

Thus the relaxation time T i1s expressed as,

T. is estimated to be about 300usec for the geometry of the oven. T, is negligible at a
vapor density less than 5x10'?atoms/cm?® because the Na-Na spin exchange cross section is
reported to be 1.6+£0.5x 107 cm? [SWSS].

The depolarization on the wall surface is caused by the following processes. When an

alkali atom strikes the wall, the atom is adsorbed on the wall surface by the Van der Waals
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attraction force for a brief time. The interaction potential for adsorption on the surface is
not homogeneous. This results that the atom feels time dependent magnetic field as the
atom moves on the surface. This modulated magnetic field acts on the valence electron of
the alkali atom and causes the depolarization. The relaxation by the wall surface is expressed

as [LESS),

I il T
Tu(B) 37+ 7,1+ w?r2’
Ghe eB
da—
h Me

where 7, 1s the average time that an atom remains on the surface at each collision, 7, is
the average flight time between wall collisions, g is the gyromagnetic ratio of the electron
spin, s 1s the Bohr magneton, b is the strength of the surface magnetic field producing
the relaxation, 7. is the correlation time of the modulated magnetic field, w is the Larmor
precession frequency of the electron spin, and B is the external magnetic field. The data
are fitted by treating the value b as a free parameter under the approximation 7, ~ 7. and
using the values 7. = 0.84x107'0 sec for a pyrex glass and 0.19x107%ec for a copper wall
[BO66, SWS88]. We obtained the modulated magnetic field strength b of 1.5kGauss for pyrex
wall, 2.0kGauss for copper wall, and 0.4kGauss for the dry-film-coated walls both on pyrex
and copper. The solid curves in Fig.5-2-1 and 5-2-2 show the calculated value. These values
agree with the results of Levy et al [LESS].

Fig. 5-2-3 shows the sodium polarization plotted as a function of the sodium thickness.
As the thickness increases, the polarization decreases. It is because the pumping light is
absorbed and the intensity decreases as the light passes through the sodium vapor, and
because the effect of the radiation trapping gets large.

The sodium polarization was enhanced by using the dry-film coating because of its low
relaxation rate. But the coating was gradually destroyed when the ion beam was introduced
to the sodium cell. This may be due to the bombardment of the wall by electrons or ions. The
degradation of the coating was improved by a new type sodium oven. The main differences
between the old oven and the new one are the temperature of the inner sleeve and the radius

of the inner sleeve. The temperature is reduced from 240°C to 180°C in operation. The
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diameter is enlarged from 16mm to 19mm. With this new oven the sodium polarization was
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Fig.5-2-1 The sodium polarization plotted as a function of the pumping light intensity with
a) a copper wall and a dry-film coated copper wall, and b) a pyrex wall and a dry-film
coated pyrex wall. The external magnetic field was 3kGauss and the sodium thickness was

3x10"atoms/cm?. Solid curves are results of theoretical calculations.

a) b)

G 0.6 Dry—film coating
(] =
o ; _ o
5 0.4 Dry-film coating b 0.4 + }
S S
& = +
g =
S o N ti
ati
o 0.2 No coating 0.2 0 coatlng
t
1 2 1 2
Magnetic field (kG) Magnetic field (kG)

I'1ig.5-2-2 The sodium polarization plotted as a function of the external magnetic field with
a) a copper wall and a dry-film coated copper wall, and b) a pyrex wall and a dry-film
coated pyrex wall. The pumping light intensity was 180mW and the sodium thickness was
3x10Matoms/cm?. Solid curves are results of theoretical calculations.
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Fig.5-2-3 The sodium polarization plotted as a function of the sodium thickness with dry-
film coated wall. The external magnetic field was 3kGauss and the pumping light intensity
was 180mW. A solid curve is a result of theoretical calculations.
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5-3 Beam Foil Spectroscopy

To search for a photon candidate adequate for the beam foil spectroscopy, we measured
a spectrum of photons emitted from the excited helium atom using a monochrometer. The
result is shown in Fig.5-3-1. This measurement was done with an incident beam of 20keV
3He?* | and with the ion current of about 100nA. At this energy nearly 90% of He?* ions are
neutralized after passing through the carbon foil with a thickness of 5ug/cm?2. The slit width
of the monochrometer was 0.5mm. The corresponding resolution of the monochrometer
was about 0.5nm. The counting rate of the photomultiplier was recorded by changing the
wavelength of the monochrometer by a 1nm step. The peaks in the spectrum are assigned
to transitions from 53D, 43D 33P states and so on of the neutral *He atom. Fig.5-3-2 shows
the Grotorian diagram [BA75] of a neutral He atom (He I). The most intense peak is found
at 389nm, which corresponds to the transition from the 33P;_¢ ., state to the 235, state
of the neutral helium atom. The life time of the 33P state is 100ns.

The analyzing power A for the transition from the 33 P state to the 235 state is calculated

using the equation (2.4.2) as,

where w; and w, is the hyperfine intervals of the 33P state. The hyperfine interval w, /27
between the state (J=1,F=3/2) and the state (J=1,F=1/2) is 2.85GHz, and the interval
wy/2m between the state (J=2,F=5/2) and the state (J=2,F=3/2) is 539MHz [TI73]. This
analyzing power is shown in Fig.5-3-3. Here the z axis is chosen as the beam axis and the
beam velocity is assumed to be 10°m/s which corresponds to the 20keV 3He beam. Because
the FWHM of the detection efficiency of the polarimeter is about 5mm, the oscillation of
A is much faster than the time resolution of the detection system. Thus the time averaged
value can be used 1n this case,

A =0.207.

Because of its large yield and rather large analyzing power A, we decided to use 389nm

photon for the detection of the nuclear polarization of 3He*t beam.
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Fig.5-3-2 The Grotorian diagram of a neutral He atom [BA75].
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The velocity of the He beam is assumed to be 10°m/s (20keV)

and the position of the foil is taken as z=0.

6-1

5-4 Production of Nuclear Polarized *Het Beam

From the result shown in the previous section, we carried out the measurement of the circular
polarization degree of 389nm light with a 20keV *He* beam produced by a spin polarized
electron capture [OH92]. As shown in chapter 2, the relation between the circular polariza-
tion degree of the 389nm light APy and the 3He nuclear polarization Py is expressed by the

following equation,

where N,, is the photon counting rate for a *He* beam formed by an electron capture
from a polarized sodium atom, and Nynpe is the counting rate for a *He* beam formed by
an electron capture from a unpolarized sodium atom. For the optical pumping of sodium
atoms, a o4 circularly polarized light was used.

In Fig.5-4-1 the observed values of APy using a 3He beam are plotted (closed circles) for
two cases; the left one is obtained with o4 photon detection and the right one is obtained
with o_ photon detection. The left and right data deviates from each other in the opposite
direction with respect to zero. This demonstrates that the 389nm photon has a o4 circular
polarization. Using the calculated value of A=0.207 the degree of nuclear polarization is
deduced to be Py=0.01S £ 0.005.

To ensure that the circular polarization of 389nm photon did not come from the electron
polarization but came from the nuclear polarization, the measurement in the same experi-
mental arrangement was carried out for a *He* beam formed by a polarized electron capture.
An expected value of APy is zero because the *Het ion has no nuclear spin thus no nuclear
polarization. The energy of *He™ ions was chosen to 26.6keV. The corresponding velocity of
the ‘et ions is approximately equal to that of the 3He* ions with an energy of 20keV. In
Fig.5-4-1, the results for *He* case are plotted (open circles). The measured APy values are
zero within a statistical uncertainties for both the o, and o_ photon measurements. From
this result, we are definitely convinced that the nuclear polarized *He* heam can be obtained
by the polarized electron capture method.

The next step is to find the condition for obtaining the maximum nuclear polarization
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Fig.5-4-1 The observed asymmetry APy of the 389nm photon with a) a 20keV 3He beam
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Fig.5-4-2 The observed value of APy with a 20keV 3Het beam plotted as a function of the
sodium polarization Py,. The new sodium oven with dry-film coating was used.
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attainable by this method. The nuclear polarization Py is expressed as shown in equation

(3.3.11),

and the value of APy/Pn, is

Fig.5-4-2 shows the value of APy plotted as a function of the sodium polarization Py,. The
value of APy increases as the sodium polarization Py, increases, which shows the sodium po-
larization is transferred to the 3He nucleus. The largest asymmetry APy was 0.0086£0.0013
at the sodium polarization of 0.3040.03 with dry-film coating, and this corresponded to the
nuclear polarization of

Py = 0.0415 £ 0.0061.

The nuclear polarization should be proportional to the sodium polarization and the
coefficient APy /Py, should be constant for all data at same incident energy. In Fig.5-4-2
the value of APy/Pn, are rather scattered. So we re-analyze the value of APy/Pn, as a
function of the vacuum pressure of the chamber downstream from the sodium cell. Fig.5-4-3
shows the result. One can see an increase of APy/Pn, as the vacuum pressure decreases.
This indicates that there is a depolarization process induced by the collisions between 3He
ions and residual gases. The collisions between the He?t ion and the unpolarized residual
gas result in an unpolarized He* ion, and collisions between the polarized He* ion and the
residual gas atom may induce an excitation of the polarized *He* ion or a spin exchange
collision with the residual gas and reduce the polarization. The density of residual gas at a
pressure of 10~Torr corresponds to 3x10%atoms/cm®. The path length between the sodium
oven and the foil of the polarimeter is about 1.5m. Thus if the cross section for depolarization
process is of the order of 107**cm?, the 10% polarization reduction may occur at a pressure
of 3x10=%Torr. The value of APx/Py, at the best vacuum pressure was obtained to be

0.0268 + 0.0086. Using A=0.207 and ¢y r=0.5, the value of ¢, is calculated to be

ers = 0.259 £ 0.083.
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If we assume that the electron capture to the 3d state of the He* ion is dominant at
the incident energy of 20keV as shown in Table 3-3-1, the €5 is expressed in terms of the
alignment factor A5 as, ers = 0.301 4+ 0.202A45°. Using this relation the alignment of the

Het(3d) state A5 formed by an electron capture from a sodium atom is calculated to be

Ak == 2L 0040

0.04

0.03

APN/PNa
o
o
[4S)

0.01

0.00
0 1 2 3

Vacuum Pressure (x107%Torr)

Fig.5-4-3 The value of APy/Py, plotted as a function of the vacuum

pressure of the chamber downstream from the sodium oven.
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5-5 Energy Dependence of the Polarization Transfer

The polarization transfer efficiency ers depends on the alignments of the excited states
of the Het produced by the reaction He?* + Na — He'(nlm) + Na't, and the alignments may
have a dependence on the incident energy of the He?* ion. To know in what energy is the
optimum to obtain larger nuclear polarization, we measured the energy dependence of the
value of the APy/Py,. The measurement was done at the 3He?* incident energy of 20, 24,
and 28keV. The lower limit of this energy comes from a worse beam quality from the ECR
ion source, and from a low current after the foil which was used to the normalization of the
photon countings. The upper limit of the incident energy comes from the discharge problem
of the ECR ion source, and from a small cross section of an electron capture as shown in
Fig.3-3-1. The result is shown in Fig.5-5-1. The analyzing power A may also vary when the
incident beam energy changes. To cancel the energy dependence of A, we applied a high
voltage to the target foil in order to keep the incidence energy of the He* ion to the carbon
foil constant to be 20keV. The results are shown in Fig.5-5-2. Here the values of e¢;s(F)
devided by that value with 20keV 3Het incidence are shown instead of APy/Pn,. There

appears no drastic change of €75 in an energy region of 20-28keV.
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Fig.5-5-1 The value of A(E)Pn(E)/Pn, plotted as a function of the incident energy of the

3He?* ion in a reaction of He?* + Na — Het + Nat.
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Fig.5-5-2 The values of ¢, s(E)/cs(20) plotted as a function of the incident *He* ion energy.
The incident energy to the carbon foil is kept to be 20keV (i.e., A(20keV)).
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6. Future Prospects

6-1 Improvement of the Polarized He Ion Source

The quality factor for a polarized ion source Q) is characterized by
L= Pﬁ, x I,

where Py 1s the produced nuclear polarization, and I is the beam intensity. For maximum
Q the acquisition time of a polarization sensitive measurement within a given statistical
accuracy 1s minimized. In the following, we consider how to increase the polarization and
the beam intensity.

a) Nuclear Polarization

Concerning the nuclear polarization Py, the expected nuclear polarization of 3He is
expressed in the equation (3.3.11), which means that the factors Py,, €15 and ey g should
be increased to obtain larger nuclear polarization,.
1) Pno: Electron Polarization of Target Alkali Atom

Large sodium polarization can be expected if a strong light source for the optical pumping
is employed. It is reported that a more efficient way is to use potassium or rubidium instead
of sodium [YO90]. This is expected from following reasons. (1) At the same vapor density,
the velocities of the atoms are slower than that of sodium atoms because the temperatures
required to produce the same vapor pressure is lower, and because the masses are larger than
sodium. This results in a longer relaxation time. Fig.6-1-1 shows the vapor pressures for
alkali atoms plotted as a function of the temperature [WES0]. (2) The photon number of a
pumping light in a same wattage is larger than that of the sodium case. (3) A powerful solid
laser to pump rubidium and potassium is available, such as Ti Sapphire laser. On the other
hand in dye lasers, the power and lasing frequency are influenced by the condition of the dye
jet. Using the polarized potassium vapor, the polarization of the electron is expected to be
nearly 1.0 at a thickness of a few 10"3atoms/cm?. (4) The cross sections of electron capture
process are comparable to that for a sodium atom.

Swenson et al. [SW90] reported that they could obtain a polarized potassium vapor
with the polarization of 0.8 at a thickness of 3.2x10*atoms/cm? at LAMPF. They used a
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TiSaf laser which produced a power of 3.5W at 770nm in an 0.SGHz bandwidth. This band-
width nearly matched the 1 GHz line width of potassium (Hyperfine intervals vy p=0.46GHz,
Doppler width vp=0.9GHz at 120°C). The TRIUMF group (Levy et al.) reported that
they could obtain a polarized rubidium vapor with the polarization of 1.0 at a thickness of
3.5x10"%atoms/cm?. They used two TiSaf lasers; one had an output of 3.4W in a 2GHz
(FWHM) bandwidth, the other produced 5.8W in a 4GHz bandwidth. This light nearly
covered the absorption width of rubidium (vyp=3GHz, vp=0.4GHz at 80°C).

2) ers: depolarization due to fine interactions

[f we apply a magnetic field strong enough to decouple the fine interaction, e, s may
reach to be near 1.0. As shown in Table 3-3-2, the limitation of the nuclear polarization
comes from the strength of the fine interaction of the 2P state of the 3He*t ion, where the
required magnetic field is more than 6.4T which is not easily produced. For this reason we
tried to optimize the value of €;s by selecting a proper reaction energy. However as shown

in previous chapter there was no drastic change in e s for the incident energy of 20-28keV.

Another way to increase the efficiency of €15 is to use a He™ (25) meta-stable ion. As
discussed above, the polarization attainable by this method is limited by the fine interaction
of the 2P state of the Het ion. If we use the 2S state the efficiency ¢;s may be increased,
because the 2S state is populated directly or cascading from excited states without passing
through the 2P state. The magnetic field strength to decouple the fine interactions for the
3P, 4D states is about 1.9T, which is not difficult to produce at a laboratory. If we ionize
these metastable components, almost all the electron polarization may be transferred to the
nucleus by the Sona method. The production rate of the 2S state at an incident of a 20keV

3He ion is estimated by using the partial cross sections (Table 3-3-1), and the result is shown

in Table 6-1-1.

initial state cross section:o branching to 2s:r or
(AT Bcm?)
25 0.42 1 0.42
72

3P 10.83 0.12 1.30
4P 10.03 0.12 1.23
4D 13.30 0.03 0.40
total 3.39

Table 6-1-1 The production rate of the 2S state

for 20keV 3He?t incident on sodium atom.

The cross section passing through the 2P state is obtained by subtracting the cross section
for producing 2S state (3.35x1071%cm?) from the total cross section (112.14x10~cm?) and
it i1s 108.795x107'%cm?. For the fraction passing the 2P state, the value of ey s is 0.407
(depolarization factor for the transition of 2P to 1S). According to Burcham et al (BU74]
the ionization cross section of He* to He** for He*t (25) is 100 times larger than Het (1S)
case. The ionization cross section of Het (1S) to He** is 10~1®cm? [MAG69]. Then the overall

nuclear polarization of the 3He?* ion is

_3.35x 100 x 1.0 + 108.79 x 1 x 0.407

= 0.85.
3.35 x 100 + 108.79 x 1 %

€Ls

3) eyr: Hyperfine Interaction

The polarization transfer efficiency from the electron to the nucleus of the 3He is 0.5
for the weak field transition. This efficiency can be twiced by employing the Sona method
[SO67]. In the Sona method, the ion passes a reversal point of the magnetic field and reaches
negative high magnetic field, i.e., the value of 2 is changed to —oo in equation (3.3.9) thus
the value eyp reaches to be near 1.0.

In Fig.6-1-2 the energy diagram of Zeeman levels is shown for ®He* 1on. We assume
that the He?* ions capture the electrons polarized parallel to z axis in a high magnetic
field i.e., the produced beam is in the state 1 or 2. Suppose that the particle moves in a
region where the magnetic field decreases from a high positive value, changes its direction
and reaches a negative high value. We call conventionally "low field” and "high field” as the
value of B is much smaller and much larger, respectively, than a critical value By defined

in equation (3.3.8). If the passage of the magnetic field is adiabatic, then the two states 1,
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2 go into the two states 1’, 2" at the high negative field. lonization in this region gives a
full polarization transfer from the electron to the nucleus. The necessary condition for this

method is described in Appendix. The condition required is possible to be obtained in a

reasonable experimental geometry.

b) Beam Intensity

The beam intensity is a second important property of the polarized ion source. We used
a 2.45GHz ECR ion source and obtained only a few pA of the 3He?* ion beam. In addition
the ion beam transport was not optimized in our present test bench system. But if we employ
a new powerful ion source, and improve the beam transportation system, we will be able
to obtain more intense currents. Recently a new ECR ion source called Neomafios-10G Hz
was introduced at the RCNP. The performance was tested at the RCNP and results are
tabulated in Table 6-1-2. We could obtain the current of 200 pA for the 3He?* ions. If the
cross section of the polarized electron capture is 10~'*cm? and the thickness of the polarized
atomic target is 3x10'3atoms/cm?, the efficiency for polarized electron capture reaches 0.3,

thus 60uA of the polarized *He* ion will be able to be obtained.

c) Beam Quality
1) Stripping of the electron

After the polarization of the electron is transferred to the nucleus, the added electron
becomes a burden when the polarized beam is transported and is accelerated [OH85]. Since
the magnetic moment of the electron is much larger than that of the nucleus, the nuclear
polarization 1s reduced through the hyperfine interaction if the electron spin feels perturbed
magnetic field. A high charge state is also desired for the acceleration of *He in the cyclotron

to obtain an energetic beam.

To remove the electron much efficiently, the ion should be once accelerated by a static
electric field and then the electron should be removed by a stripper foil or a stripper gas.
The equilibrium charge state of He is shown in Fig.6-1-3 [MA6G8]. The fraction of He?* is
0.3 at the energy of 300keV. In the stripping region a magnetic field should be applied to
use the Sona method. A schematic drawing of a stripping process and an injection line to
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Fig.6-1-1 The vapor pressures for alkali atoms plotted as a function of the temperature

[WES0].
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I'ig.6-1-2 The energy diagram of Zeeman levels for a *He* ion.
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Isotope e an 1+ 2+ 3+ 4+ 5+ 6+ T 8+ 9+ LOFS = Ik | 12w w35
gas

He He 332 250

0O o2 43 22 1.4

Ne 02 62 50 34 17 5 1.3 .035

Ar o2 34 40 33 37 31 26 34 17 2.2

il o2 7 12 11 6.4 4.5 0.7

Table 6-1-2 The performance of the eomafios-10GHz ECR ion source at the RCNP.

MeV/A
(CXC/¢ B e 0} M $ 1K ©fl= OIS, Ol 0.3 04 05
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VELOCITY (10" cm/sec)

Fig.6-1-3 The equilibrium charge state of He [MAGS].
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the cyclotron is shown in Fig.6-1-4.
2) Emittance growth

One should mention to the problem of an emittance growth of the beam caused by
a charge change in a magnetic field. This emittance growth is caused by an insufficient
cancellation of the angular momentum produced by a radial magnetic field. This emittance
growth increases as the strength of the magnetic field increases. The evaluation of the
emittance growth is given in Appendix.

d) Polarimeter

To monitor the value of the nuclear polarization, various types of a polarimeter are
offered in addition to the beam foil spectroscopy. FFor example a polarimeter based on the
left-right asymmetry of recoil deuterons in the d->He scattering in the 3He energy range from
16.7 to 32.4MeV is reported [IKA77]. The analyzing power reaches up to -0.5 at 130° with
an incidence of 32.9MeV 3He. This type of experiment will be easily made using the AVF
cyclotron facility at the RCNP after an injection and acceleration of a polarized 3He ion
beam. The polarimeter based on a nuclear double scattering may be used to confirm the the
absolute value of the nuclear polarization determined by the polarimeter based on a Beam
Foil Spectroscopy.

To summarize, apparatus required to attain polarized beams with high quality are listed
below.

[. 3He* ion with a polarization of 0.15 and with a current of 60, A

(1) An ECR ion source which produces 200 A of 3He?" ions.

(2) Two 3W TiSaf lasers pumped by 20W argon ion lasers to polarize rubidium vapor
with nearly 100% polarization at a thickness of 3x103atoms/cm?.

(3) A solenoidal coil with a magnetic field nearly 1T which should be applied to the

region where an electron capture occurs.
Additional apparatus are needed to obtain
II. 3He?* ion with a polarization of 0.30 and with a current of 18 ;A

(4) A foil or gas stripper

=
=l



(5) A solenoidal coil with a strength greater than 0.3 in an opposite direction to the
first solenoidal coil. The stripper is equipped in this coil.

(6) Two high voltage suppliers which provide +150kV to the ECR ion source and the first
solenoidal coil, and -150kV to the stripper. A very high precision of the order of 107°

is required to the high voltage supplier, because the fluctuation of the accelerating
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voltage results in a energy spread of the beam.

If the *Het (2s) meta-stable state can be utilized,

1. 3112+ jon with a polarization of 0.85 and with a current of 0.6pA

In this case high voltage suppliers (6) are not necessary.

The quality factors for polarized *He ion sources are tabulated in Table 6-1-3.

. Polarization Current Energy P2 .
Institute Method p 1(nA) E (keV) @A) Species Comments
Acc. 33.3MeV
Birmingham ~ Lamb Shift 0.60 50 29 18 HeZ* operated till
1985
Laval Atomic Beam 0.95 100 12 90 He*
Acc. 18.4-
Rice / Direct 49.0MeV
Optical 0.11 8000 16 97 He* operated
Texas A&M . . .
Pumping during the mid
1970s
0.04 40 20 0.06 He* Present Status
Polarized 24 . ”.
RCNP o . 0.30 18000 20 1600 He Ionization at
Capture 300keV
111
0.85 600 20 430 He2* Ionization of
28
Fig. 6-1-3 1 quality factors P21 for different types of polarized *He ion sources.
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6-2 Feasibility for polarizing other ions

The polarized electron capture method can be generally applied to other fully stripped
jons. The maximum nuclear polarization is limited by an insufficient decoupling of the fine
interactions by a magnetic field. The magnetic field to decouple the fine intera tions of

hydrogenic ion is expressed by
Z-I

Bfine ~ Cﬁ,

where Z i1s the charge of the ion, n is the principal quantum number of the excited state,
and the value of C is approximately 3.2T. Thus the strongest field is needed to decouple the
hyperfine interaction of the n=2 state. The value of By, reaches up to 6.4l tor the *Het
case. As the charge 7 increases the larger strength of the magnetic field is required, which
is not practically produced.

Here we estimate the nuclear polarization obtainable by the polarized electron capture
method in a limit of a weak magnetic field. The most probable state formed by the electron
capture is estimated from the matching condition of the ionization potentials of alkali atoms
with the energy levels of the hydrogenic ion. I'ig.6-2-1 shows the ionization potentials of alkali
atoms and energy levels of hydrogenic ions. FFor example, in case that a proton captures an
electron from a sodium atom, the dominant state of the formed hydrogen atom is estimated
to be mainly the 2p state, and in case of a capture by He?*t jon, the dominant state is
estimated to be the 3d state of the et ion, which agrees with more elaborated theoretical
calculations. Thus we assume that (1) the hydrogen like ion is formed mainly in the state
with a principal number n whose energy level is near the ionization potential of the alkali
atom, (2) the dominant orbital state [ is n — 1 because of its statistical weight, and (3) the
magnetic field is weak. Under this assumption, the values of €5 is evaluated using the
3-3-3. The evaluation of the attainable nuclear polarizations for light lieavy ions are given
in Table 6-2-1 in case of A§'=0, i.e., the electron capture cross sections for each magnetic
sublevels (I m) are equal.

Here we consider an electron capture from alkali atoms by fully stripped ions. In this

case the energy difference is increased as the Z number of the ion is increased, whicli results
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i a polarization loss. But if we can use not fully stripped but rare gas like ion (closed
electron shell), the situation may be improved. Because the value Z is replaced by the
effective charge Zx which is smaller than Z by the screening effect of electrons, the energy
difference is reduced and the field strength to decouple fine interactions may reduced. This

topic is one of future subjects.
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Fig.6-2-1 The ionization potentials of alkali atoms, and energy levels of hydrogenic ions. The
small number written on the right side of the energy levels indicates the principal quantum

number of the level.

g, abundance captured channel € s P,

oF n L weak field Sona
1/2 +5.58554 99.85 2 1 0.407 0.204 0.407
1 +0.85741  0.015 2 1 0.407 0.136 0.267
1/2 -4.25512 8X104 3 2 0.301 0.151 0.301
1 +0.82201 7.5 5 4 0.234 0.078 0.156
3/2 +2.17086 92.5 S 4 0.234 0.059 0.118
3/2 -0.78496 100 6 5 0.219 0.055 0.110
3 +0.6002  19.9 8 v 0.202 0.029 0.058
3/2 +1.79243 80.1 8 7 0.202 0.051 0.102
1/2  +1.40478 1.1 10 9 0.192 0.096 0.192
1 0.40356  99.63 11 10 0.188 0.063 0.126
1/2 -0.5662 0.37 11 10 0.188 0.094 0.188
5/2 -0.75748 0.038 13 T 0.183 0.0083 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 1s formed mainly in the state with
a principal number n whose energy level is near the ionization potential of the alkali atom,
the dominant orbital state [ is n — 1, A" =0, an electron capture occurs in a low magnetic

field.

(T)
0.05

0.01

0.30
0.20
0.53
0.46

0.68
2.03
2.76
1.26

1.76
352



6-3 Possible Experiments with Polarized 3He Ion Beams at Intermediate Energy

The construction of polarized ®lle ion source at RCNP is desired from following reasous.
a) No polarized *He beam is now being accelerated in the world. It was only at the Uni-
versity of Birmingham that data had been accumulated with 33.4MeV [HA81], while at the
University of Laval [SL85] and Texas A&M / Rice University [MAB5] polarized 2He heams
were produced but not used at present. b) At RCNP the available beam energies range from
40 to 540MeV, where experiments have not been done with polarized *He heam, and have
seldom been done even with unpolarized 3He one. c) Data for 3lle is indispensable to develop
nuclear physics associated with projectile dependence, since data for projectiles of p, n, d,

and ®7Li is being accumulated with high precision at many laboratories in the world.

At the intermediate energy above 100MeV /nucleon, one can distinctly clarify a role
of spin i interactions through a folding procedure and a sudden approximation.
each term of effective interactions for 3He-p or 3He-n — spin and isospin terms in central
interaction, and spin-orbit, tensor and momentum-dependent terms in noncentral interaction
— could be separately obtained in adequate spin observables of *He induced reactions. Then
detailed comparison of effective interactions phenomenologically obtained with interactions
for 3He-p or 3He-n folded from effective N-N interaction will provide information on formation
of a nucleus. Secondly a sudden approximation well holds, so that polarization observables
for nucleon are directly connected to those for 3He. These simple relations will be greatly

useful to deduce spin-dependent scattering amplitudes for 3He from those for nucleon.

In elastic scattering, one of a puzzle which has not yet been solved is smallness of a
diffuseness parameter (~ 0.2fm) for the spin-orbit interaction in *He-nucleus elastic scattering
at 33.4MeV. It is different from that in 3H-nucleus at 17MeV. Folding potentials predict the
diffuseness parameter of 0.65fm as nucleon and triton. To give a correct answer which leads
to the universal potential, fitting procedure at one incident energy is not good enough, and
potential search with wider incident energies will be needed. Optical parameters for real aud
imaginary potentials still have ambiguities in strength as well as in geometry. Measurerents
and consistent analyses with a wider energy range are essential to untangle ambiguities and
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to demonstrate umqueness and continuity from p, d, to ®7Li through 3He. Comparisons
of phenomenologically obtained potential parameters with parameters obtained by double

folding procedure from effective N-N interactions are attractive.

The new combination of polarized 3Ile beams with high precision magnetic spectrographs
RAIDEN and GRAND RAIDEN installed at RCNP will shed light on nuclear structure in

nuclear particle spectroscopy as described below.

As for one nucleon transfer, (*He, a) is unique in a sense of I,=0. One neutron hole
state distribution in the residual nucleus can be investigated with less ambiguity coimpared
to that of (p, d) reaction. Since j-dependence by vector polarized 3He beam is established at
forward angles [RO85], a hole state distribution with definite spin and parity can be obtained.
Fnergy spectra m (3139, a) is much cleaner and a continuous part is better understood than

those n (p, d).

Another uniqueness is (*He, d) in terms of one proton transfer, i.e. a distribution of
proton particle state. The j-dependence of (3I-fe, d) helps to obtain a separate distribution
for j=I41/2 states [RO85]. Two nucleon transfer (*He, n) and (*lle, p) are also unique to
investigate 2 proton states and deuteron states. The (3Iie, 2p) channel is useful to identify
the states from which sequentially decays with emitting proton after the deuteron transfer.
For the (3He, 2He) reaction, determination of p-p final state interaction under the influence
of a nuclear field at various incident energy is interesting. Alpha cluster transfer of (:’lie,
"Be) is an another field to be opened for exploring a distribution of states with 4-hole or

n-particle 4-hole configuration.

Charge exchange reaction of (3I~{e, t) is the most expecting one because this reaction
plays an important role in selective excitation of Giant Resonances with spin-isospin modes.
Problem on quenching of GT-strength for sum rule appeared in (p, n) reaction up to 200MeV
has not been solved. One of the reason for quenching is due to Delta excitation. In fact,
measurements of (3He, t) above 1.5GeV at Saturne show that Delta excitation is clearly
found in the energy spectra for various targets [GAS84]. At intermediate encrgies above
70MeV /nucleon, reaction mechanisms become simple enough to allow one step analysis in
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DWBA. Thus, to elucidate the properties of the excitation energy region between normal
GT resonances and Delta excitation, systematic studies of energy dependence and consistent
analyses from 200MeV to 600MeV are desired with identification of spins for states in residual
nucleus by using polarized 3IHe beam.

Symmetry test experiments are feasible with polarized 3le beam. One of them is on
time reversal invariance based on the polarization and analyzing power of inverse reactions.
Possible reactions are *He(3He, p)®Li and SLi(5, 3He)*He [PO84]. The other symmetry test is
on parity violation. For this test the spin direction should be rotated parallel and antiparallel
to the beam direction.

If one can regard that two protons in 3He nucleus is unified to make a pair with a spin
0%, polarized *He nucleus behaves as a polarized neutron. Scattering between polarized
3He and polarized neutron with various energies can give information on n-n interactions.
Any problem related to three bodies will be tackled. For example 3He +3 He — « + p + p,
3e +° Be —» a + a + a, or 2[1(31-1‘0, 311)2He will be considered. Even if 3lle nudeus is an open
system for nucleons, spin dynamics of 3 nucleons may simulate spin dynamics of 3 quarks in

a nucleon.
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7. Conclusion

In the present work we explored the feasibility of producing a nuclear polarized ion
beam by an electron capture from a sodium atom polarized by the optical pumping. We
succeeded in production of a nuclear polarized *He* ion beam. The nuclear polarization of
0.0415+0.0061 and the ion current of 40nA were obtained under the following conditions;
1) the polarization of sodium atoms was 0.30£0.05, 2) the sodium thickness was 3x10'®

atoms/cm?, and 3) the incident energy of *He?* to the sodium atom was 20keV.

The quality factor of the polarized ion source is expressed by the square of the nuclear

polarization times the ion current. To enlarge this value, efforts has been devoted.

A maximum beam current of 6exA of He?t jons was extracted from the 2.45GHz ECR
ion source. The measurement of nuclear polarization of 3Het beam was carried out using a

3He?*t ion beam of ~ 2epA in the energy range from 16 to 28keV.

To increase the sodium polarization, optical pumping of the sodium atom has been
investigated from various points of view; such as a pumping light intensity, an external
magnetic field strength, and the thickness of the sodium atoms. In order to minimize the
depolarization, various wall materials of the sodium oven, such as copper, pyrex glass and
dry-film coated wall were tested. We could obtain the sodium polarization of 0.4 at the

sodium thickness of 3x10'® atoms/cm? with a laser power of 300m\V.

To measure the nuclear polarization, a Beam Foil Spectroscopic method was used. A
prominent peak with its wavelength of 389nm was observed in the photon spectrum when a
polarized 3He passed through a thin carbon foil. This photon peak corresponds to the tran-
sition from the 33P; state to the 229, state of a neutral He atom. The circular polarization
degrec of the 389nm photon emitted from a excited 3lle atom is measured. It is proportional

to the nuclear polarization of 3He, and its coefficient A is calculated to be 0.207.

The relation between the nuclear polarization Py and the sodium polarization Py, is
expressed as Py = cpscyrPne. Py was observed by the Beam I'oil Spectroscopic method,
and Py, was observed separately by the l'araday Rotation method. Comparing Py with
Pnq, a reduction was observed. The value of ey is 0.5 for a weak magnetic field transition,
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which is our case. This factor can be increased to nearly 1.0 by using the Sona method. The
value of e s was obtained to be 0.259 + 0.083 at an 3He?* incident energy of 20keV. We
searched for the maximum value of €;s by varying an incident energy of the 3He?* ion. The
value of €5 did not drastically change in an incident energy range of 20-28keV.

The polarization degree will be increased up to nearly 0.3 by employing highly polarized
rubidium atoms and the Sona method. The beam current can be increased by three orders of
magnitude (60xA) when we extract 200uA 3He?* ion from a more powerful ECR ion source
with an improved ion transport system. The polarized ion should be stripped for minimizing
the depolarization during the beam transportation and for obtaining the maximum energy
available in the cyclotron.

If a polarized 3Het beam mentioned above will be attained in the intermediate energy
region, a new possibility of developing nuclear physics will be opened. The feasibility for
applying this method to polarizing other ions is promising.  uclear polarization of more

than 18% will be expected for '¥C and ' with the Sona method.
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Appendix

A-1 Description of Polarization

The wave function of the particle with a spin I is expressed in terms of one of the (2I+1)
magnetic substates M (-I < M < I) with a certain probability Ny;. If differs from the
average value . the beam is called to have a polarization. The state of a polarized beam
can be expressed by a density matrix,

p=> Ny|IM)IM|.
Nt

The density matrix is usually normalized as
i o =plo
This density matrix can be expressed using the irreducible tensor representation,
p=> troT(Kq-
KNQ

Here T(I)r g i1s called the spherical tensor operator with a rank of KX. tjyg 1s called the state
multipole and the latter represents the nature of the polarized beam as will be described
below.

A general description of an ensemble of particles with a spin I requires tensors up to

a rank 2I. There are (21 + 1)? parameters. The definition of the spherical tensor operator

T(Irg (K< 21) is given as follows,

TNk = Y (=)' Y@K+ 1)/ (11[1'

B Yy
=g
NN

And the definition of the state multipole is expressed as,

I'or example, we show the tensors with K=0] ,2. The polarized beam produced by a polarized
ion source has an axial symmetry with respect to the beam axis. So we consider the case
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with Q=0. The operator with a rank X=0 is a scalar operator and is proportional to the

(2I41) dimensional unit matrix 1.

1
T(I)oo = (21 4 112 \Z/ [TM)(IM|

1
il
(21 + 1)1/?

The state multipole with a rank KKX=0 is expressed as,

1
+1

too = tr pToo =

State multipoles with a rank K=1 are called a vector polarization. The three vector
components 7'(/);o are related to the component of the angular momentum vector I in a

spherical description.

Using the definition of the spherical tensor we obtain the following relations,
3
(21 + 1)(I + 1)I

(IF M) &M+ 11753

2y\1/26 A
@I T 13 3) O

(IM'|T(DyolI M) = | 12 M éppar

(AT (I [IM) = F

Thus we obtain

B 3 1/2
Tha =l 1yr4 e

Similarly the second rank tensors T(1)ag (IX=2) are related to the quadratic combinations

of the angular momentum operator,

C 2 2
T(Iho = 5, (02 - 1)
e C
1(1)2:}:1 ::FE[([L[:+[:]J.):t +I:[y)]
o Ciz 124
T(I)az = (12 = 12 £ illply +1,0.)
) 30 5
C= 7

(21 + 3)(21 + 1)I(2] = 1) + 1)

Sometimes another expression is used to describe the polarization of the beam. In the

Cartesian representation, we get



Here P- is a polarization expression in a Cartesian coordinate and this value corresponds to

the expectation value of the spin,

1 oo
P::: [(21_1)(31: -1 )

P.. is concerned to the quadratic combination of angular momentum operator.

The relation between the spherical tensor representation and the Cartesian polarization

representation is as follows,

3] too f

([ 1)(2] + 5) t20 i
3](2] = 1) too gt

For the case of [=1/2, quantum mechanics teaches us that measurements of the com-
ponent of spin projections of a spin 1/2 particle along a given direction will yield only two
answers, my = £1/2. The polarization t;g is defined in terms of the number of particles N,

and N_. which have spin projections m;y=+1/2 and m;=-1/2. respectively:

~
o

1

PR

—~
o

0

Particles with [=1/2 such as p, n, t, 3He, 13C, >N, 19F, ... correspond to this case.

For the case of I=1. there is an additional second type of polarization, called a tensor

polarization, or an alignment t,:

_ho _p k. _\/§<tﬂ<\/§
3 too - 2 T tgg ~ V2

tag 120 1
\/:-:P::: = —\/§<_'<—
too = too T V2
Particles with =1 such as d, °Li, "'N, --- corresponds to this casc.

[t should be noted that the state multipole Jpé' used in section 3-3 and 3-4 1s identical

in definition to the state multipole ¢(.J)x,.

A-2 Faraday Rotation

Faraday rotation effect [MOS84] is a rotation of the polarization plane of the linearly
polarized light when the light passes through an optical active medium such as a thick

sodium vapor. The calculation of the rotation angle is shown below.

In a sodium atom, we consider two levels : the ground state (3.5) and the first excited
state (3P). The 3P state of a sodium atom splits into two fine structure levels (J=1/2 and
J=3/2). A light corresponding to the transition from the 35/, to the 3/, (3F3)2) state is
called Dy (D,) line and its wavelength i1s 589.593nm (588.996nm). The life time of the 3P
state is 16ns. In a magnetic field sufficiently strong to obtain good Zeeman splitting, each

state i1s split into fine structure sublevels which is specified by a quantum number m; as

shown in Fig.A-2-1.

level m; (State number)
m; : ‘% 8
ms 4 % 7
m s - % 6
mj = - % 5

Dz; = 588996(\"\

-
E < :

3
+
o R
D

D, : » :589.593nm

& ml : 4+ % 2

3Si2 < |
e

)72

MAGNETIC FIELD

lig.A-2-1  he Zeeman levels of sodium 35 and 31 states.

FFaraday rotation comes from the difference between the refractive indices for lelt and
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right circular polarized light.

0 = wi\t
LTl
B ey (A2.1)
27 L

= —n_)
where ny and n_ are the refractive indices for left and light circular polarized light respec-
tively, A 1s the wave-length and L is the length of the media. Refractive indices near a

resonance line can be written as follows [ST66],

n—1= Z : f(.l'l-j,a)/m' K(v)dv (A2.2)

T 472y
Here v;; 1s the transition frequency between the two levels 1 and j, and v is one half of the

natural line width;
A 1
1= 9 T 45e’

f(2:j,a) 1s a function representing a Doppler effect in the absorption of light and given as

f(zij.a) = — /\ s exp(=[{zs — y}/al)dy

TaJ_ oY=+ 1
e [T Y et Y Py
; ) ' 2 CAPNT 5
2k TV T Jeoo (vij — V') 472 21 v
where
Vij — v
Ti; =
iy
a= -
vp =
me-

and k(v) 1s an absorption coefficient defined below. &(r) is connected with ISin. tein’s coeffi-

cient A by the following equation,

Here, is the atomic density of the i state, g; is the statistical weight of 7 state and \;j is
the wavelength of the transition between level @ and j. Ior non-polarized light, luinstein’s
coefficient A is related to matrix elements of the clectric dipole transition (iler|)

i\ Gamte? o2
A= Llerli)P.

Under the condition that the state i has an angular momentum J’ and the state j has an

angular momentum J. the dipole moment is expressed using Wigner-Eckart theorem as,

Yo Wi m)er|j(Jm)? = (/' llexc|| N> S (—>J'"ml<_{7’z’ 3 J)

JJ'mm' JJ'mm' Ca
= [(llexllN)* > B
STy
This results in

o0 /\2 (019 1 ,

/ R(v)dy = 22 5,2 BT
—o0 S8TY; T
X L JJ'mm'

If the polarization of the state 1 is P. the population of m (P,,) is expressed as.

| —

])n1:—1/2 = (1 _]))

NS

Then

So equation (A2.2) can be written as

The next step 1s an evaluation of f(z;j,a). This function can be expressed by a series

expansion as,

3 —w? 35— 102} + o}

Tij 2 i ¥ J
TP o (@) = ol = ap (G = P A
flwiy.a) l-l-l'fj{ ' 2(1 4 ay;)? 4 41+ zy)? J
If the wavelength of the light is {ar from the resonance line, that is + 27, > «, neglecting

the above second order term,

So we get

amm’

l)m JJIJ



For the D; and D; resonance of a sodium atom in a high magnetic field (strong enough
to decouple the hyperfine interactions, >1kG), we can get n* for left circular light and n~

_ at the sodium thickness of 3x10™3atoms/cm? and the magnetic field of 3kGauss. The calcu-
for right circular light:

lated 6y and 6, is shown in Fig.3-2-3 as a function of the wavelength of the light.

where R R
6, = IC ,\;4.1-14? 1 '\531'23.) 11
SaAllvia(l+274)23  vaz(l4233)23
/\¥7I17 L /\36.1 26 11
viz(1 + 23.) 26 vas(1 + 23s) 26
Msrgs 11 Mszys 11
1/78(1 + 7“.228) 25 1 1/15(1 + l‘l)'s) EE
Fes g3pC /\'124.114' 11 n /\331'23‘ 11
STA Lvg(14 23,) 23 vo3(1 +22,)23
Mozpz 11 Aszas 11
viz(1+ 22)26  vag(1 +22)26
o Asas 11 Mszis 11

I/gs(l + "L%S) 25 - 1/15(1 -+ ”L{'—)) 2 E
Then the polarization P can be obtained from the rotation angle 6,

The calculation, for example, shows that
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A-3 Calculation of ¢/ 5

We show the calculation of €75 for the case that the polarized electron is captured in an
L=1 state and the state decays to an L=0 state. We choose the quantization axis as the
ion beam propagation axis. Because of the axial symmetry, the multipoles with 0 vanish.
The electron spin is also along the beam propagation axis in our case. ®p} is expressed by

using the Cartesian polarization P, of the electron as,

5,
SPOOI Pe.
Po
There are two state multipoles of initial state, J=L+1/2 and J=L-1/2. Here we have J=1/2

and J=3/2. The state multipoles J of initial state are constructed by the state multipole L

and the stat multipole S as,

1 1

_ 112 1/2

) —1 25=1/9
+35(2 L WV a1y V= pEs=i

00 0)), 7

WL 12 ;

== )
LYy I RSS2l
0

; VRN 72

=3/2 5 = S= %

pg=4¢1 1/2 3/2 ) E=1p33=1 205
0 0 0

Then the state multipoles of the ground state /p(g.s.) are given by
2pa(g-s.) = C[B(1,1/2,1/2)"='2pj(0) + B(1,1/2,3/2)"=*/pj(0)]
T=208(g.5.) = CUB(0,1/2,1/2)"=72p3(0) + 13(0,1/2,3/2)"="2pi(0)).

The electron spin polarization of the ground state ion P.(g.s.) 1s given by
Pe(g-s.) = 5pi(g-5)/°p3(g-5.) = " polg-5.)1" po(g-.)

Lpd(0), 2 pb(0)

= (0.107 4+ 0.210 =
Epo(0)72pg(0)

= (0.407 4 0.296.15")
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Thus,

where €5 is defined by

s = Felgs) _ 0.407 4 0.296 A" (L=1)
£e(0)

For the case of L=1 the value of A can take

1< ‘460l <

NG =

If the excited states are equally populated o(myp) = o, there is no alignment A§" =0
and the value of €5 1s 0.407. If the excited states are formed in my = 0 state only, the

alignment factor A5 = —1 and the value of ;s is 0.111.
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A-4 Sona method

As described in section 6-1, the electron polarization can be transferred to the 3He
nucleus by using the Sona method [SO67]. Here we show details of the Sona method and a
required condition to apply it to the polarized *He ion beam with 20keV energy.

In Fig.6-1-2 the energy diagram of the Zeeman levels of a *He* ion is shown. \We assume
that the produced beam is in the state 1 or 2 in a high magnetic field. It enters then a region
where the strength of the magnetic field B is decreasing with keeping the direction parallel
to the beam direction. Suppose that the particle moves in a region where the magnetic field
decreases from a high positive value, changes its direction and finally reaches a negative high
value. If the passage in the magnetic field is adiabatic, the particle wave function is sticking
on the energy line of Fig.6-1-2, and the two states 1, 2 go into the two states 17, 27 at the high
negative field. lonization in this region gives a full polarization tran. fer from the electron to

the nucleus. The adiabaticity is fulfilled under the following condition as shown in section

1

i

a
o Bh _ Buy
=dB T, dB"
dt < ds

a

BhfI

GIEN — GJlte
where T is the time needed to change the magnetic field strength from By to zero, a is the
hyperfine interval, and v. is the velocity of the ion beam.

We have to take into account the finite beam cross section, and therefore the presence
of the transverse component 13, of the field B near B=0. The value of 13, is related to the
gradient of the parallel component of I3 via the Maxwell equations divB=0, rotB=0. At low
fields the He* ion behaves lik > a particle having the magnetic moment of the spin I'=1. And
the coupled electron and nuclear spin  rotates around the magnetic field direction with
the Larmor [requency. A particle traveling off-axis never sces a field going exactly to zero,
but feels the field which changes continuously its direction of 180°. If the [requency ol the
field reversal wg is much smaller than the Larmor frequency wy, ol the lowest lield, the spin
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direction is kept during the field reversal ("sudden™ crossing) and high nuclear polarization

is expected. The value of B, at a distance r from the axis is given

divB =0,

1 d dB.
-—(rB, =10,
r d'l'(TB ) dz )
B rdB. B
e, .

The corresponding angular velocity of the precession is,

The angular velocity of the rotation of the B direction as seen by a particle traveling with

the velocity v and at a distance r from the axis is,

v
wp = D=
r

Here the factor of 2 comes from that the direction of the magnetic field changes twice during

the rotation of 2. The requirement for sudden crossing is

We can rewrite this requirement as

dhv

Jite

B.r? <

Another constraint comes from the residual magnetic ficld in the region of the zero crossing
point, which comes from a slight misalignment and from an external magnetic ficlds like a
terrestrial one. This magnetic field s equivalent to a lateral displacement ol zero crossing

point at a distance rpe5 = %& This in turn requires

dhv

Jite

j}:z'z

D)

4132 dhv
JB3- Jlte
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For 20keV 3He* ion, using the values of v = 10m/s, =927 x 10724J /T, g = 2. A=1.05 x 10734 Js.

we finally obtain

These conditions are satisfied for r<0.5cm,

-=2Gauss/cm, B, < 0.5Gauss, which are

available with a reasonable geometry. The condition of the adiabaticity < 10° Gauss/cm

is also fulfilled by the above values.
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A-5 Emittance Degradation Effects associated with
Charge Transfer in a Magnetic Field
The effect on beam emittance which results from charge transfer collisions within a
magnetic field is discussed. Consider a particle with a charge ¢ which travels with velocity
v. parallel to the axis of a solenoidal coil at radius R. And the particle captures an electron
when the particle reaches the point z = Z in the solenoid. For simplicity, we assume v. is
large compared to any additional velocity components which are acquired as the particle
leaves the field region. Therefore we consider the orbit in the solenoid to be straight line for
the purpose of estimating the velocity change. Fig.A-5-1 shows a schematic diagram of this

process. The force on the particle is given by the Lorentz force:
F =mv = ¢v x B,

where m is the particle mass, B is the magnetic field vector, and v i1s the particle velocity.

The motion of the particle in a 8 direction in a cylindrical fram is expressed as,

d do dr dz
—{(/f ch i = — Vs = — 37‘—
U (e ) qeR(B: - I .

).

This indicates the change of an angular momentum of the particle is expressed as
When the particle changes its position by dz and dr, the particle crosses a magnetic flux d®
Then the particle gains an angular momentum

When the particle captures an electron at a position z = Z, the gained angular momentum

L is obtained by integrating the above equation,

A o0 B 3
L= —/ 9€ 4o —/ (e
e 205 7 27

_%81%13:(2).

Il
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This shows a rotational velocity vy is added to the particle

L e
L RB.(2).

:E[_ﬂ: 2m -

The important measure of the beam quality is the transverse beam emittance. This is
commonly defined as the 2 — 2’ or the y — y’ phase space area which the beam occupies with
its velocity v,, where 2’ = 2= and y' = 32.

The effect of this rotational velocity on the beam emittance is evaluated as follows. IFor
a perfectly parallel cvlindrical beam with radius R, the 2 — 2/ coordinates all lie on a heavy
line shown in I"ig.A-5-2(b). If a rotational velocity is added, we may represent the velocity
field schematically as in I"ig.A-5-2(c). If we consider the particles in the beam which lie
at radius R, the corresponding x — 2’ coordinates fall on the ellipse shown in IFig.A-5-2(d).
Particles which lie at smaller radii have @ — 2’ coordinates which lie on smaller hence,
the ellipse shown is the boundary of the emittance diagram. Arguments for the y — y' phase
space are identical.

The quantity of interest is therefore the effective transverse emittance n;

n = mvp(maz)R(maz)/v. = meB.R(maz)’/(2mv.),

where R(maz) is the radius of the beam envelope at the axial position z = Z. In the case for
a electron capture of a 20keV He?* ion, the value of 7 is obtained to be n = 39 # mm mrad
assuming R(maz)=3mm, and B.=0.3T. Since this value is smaller than the acceptance of
a cyclotron whose value is around 200 # mm mrad. But if the field is increased 10 times

higher, the emittance growth exceeds the acceptance, which results in a intensity reduction.
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I'ig.A-5-1 Schematic diagram showing charge transfer in a solenoidal magnetic field. The

charge state of the particle changes from ¢ to (¢ — 1) at a position of z=7.

a) c)
4 y
° )
X X
[ [ )
b) " d) .
Vt/Vz
X — X
Rmax

IFig.A-5-2 (a) Distribution of particles for a parallel beam; (b) IZmittance diagram for a
parallel beam with radius R(maz); (¢) Schematic diagram of the transverse velocity field
characterizing a beam ol radius R(max) after angular momentum has been acquired; (d)
IEmittance diagram for a beam of radius R(maz) alter angular momentum has been acquired.
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