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Abstract

We have constructed a polarized *He ion source based on a new method, “electron pumping
method” at the Research Center for Nuclear Physics, Osaka University. The 3He* ions do mul-
tiple electron capture and stripping collision with the polarized Rb atom in a 2-T magnetic field
and atomically polarizes. Half of the polarization is transferred from the electron of He™ to the
nucleus by the hyperfine interaction. The 3He* ions are produced by a duoplasmatron ion source.
An electron of Rb atom is polarized by means of optical pumping using a circularly polarized laser
light. The nuclear polarization is measured by the polarimeter based on beam-foil spectroscopy.

To verify the principle of electron pumping, the nuclear polarization dependence on the Rb va-
por thickness was measured. It was observed that the >He polarization increased with the increase
of the vapor thickness in the range of 2~6x 10'* atoms/cm?, which is a characteristic feature of
the electron pumping. The obtained maximum nuclear polarization was 5.5 %. This nuclear po-
larization was obtained under the following conditions: The 3He* current was about 200A at
19 keV. The Rb vapor polarization was 16% and the thickness was 5.5x10™ atoms/cm? where
one cycle of electron capture and stripping process is occurred. The photon counting rate at the
polarimeter was 5 kcps at S/N ratio of 50. From the theoretical calculation of the spin-exchange
cross section, it was found that a contribution of this process to the polarization growth of *He is
small compared to the multiple charge exchange process, i.e., the electron pumping.

In the electron pumping method, it is necessary to polarized Rb vapor at high density to achieve
multiple charge exchange collision between 3He ions/atoms and Rb atoms. However it is difficult
to obtain highly polarized Rb vapor due to various depolarization effects. In order to improve
Rb polarization at high density, the relaxation rates of the polarized Rb vapor were measured by
using a chopped pumping laser varying the magnetic field, Rb cell temperature, and frequency of
the pumping laser. The experimental results showed that two components, i.e., a fast component
with the relaxation rate of ~ 65 ms™! and a slow component with the relaxation rate of ~ 1 ms~!
contribute. It was found that the slow component was well explained by the wall relaxation and
the effusion effect. On the other hand, the fast component is due to a formation of the localized Rb
polarization around the pumping laser by a radiation trapping effect and a subsequent relaxation
process due to an effusion.
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Chapter 1

Introduction

The polarization phenomena in nuclear physics have been one of the important probes to inves-
tigate nuclear reaction mechanisms and nuclear structures since the first double scattering mea-
surement performed in the beginning of 50°’s. To efficiently measure spin observables, nuclear
polarized beams are indispensable. For this purpose, enormous efforts have been paid for de-
veloping polarized ion sources since the pioneering work on the polarized proton ion source by
Clauschnitzer, Fleischmann, and Schopper [1].

Although intense beams of polarized protons, deuterons and possibly heavy ions, such as %7Li
and 2Na, are available today, this is not the case for 3He. The polarized *He beams wer so far
practically used for nuclear physics only at the University of Birmingham and at Rice University
in 70th. However, their kinetic energies were limited at low energy region less than 50 MeV and
both devices have been already terminated.

Recently, nuclear physics with polarized 3He beams has received much attention in particular
at an intermediate and high energy region [2]. In the former energy region, importance of the
polarized 3He beam is suggested for studying the spin-isospin excitation modes in nuclei by the
(®He,t) reaction, the few body problems, and the time reversal invariance. In the latter energy
region, the experiments on the deep inelastic scattering of a polarized 3He target by leptons, such
as an electron and a muon have been performed as a counter part of a polarized proton/deuteron
for studying the contribution of quarks and gluons in nucleon since, so called, the spin crisis in
1988 [3].

On the basis of the above circumstances, we decided to construct a polarized 3He ion source
which could provide a polarized He ion beam with a high intensity and a high polarization.
Among the various types of polarization methods, we chose a method so called, OPPIS ( Optical
Pumping Polarized Ton Source ), which employs an electron capture process between a fast >He?*
ion and an alkali-metal vapor (Rb) polarized by means of the laser optical pumping, as one of the
promising methods since the OPPIS showed great advantage in producing a polarized proton beam
with a high intensity and a high polarization. However, after an elaborate effort in developing this
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8 Chapter 1. Introduction

type of the polarized >He ion source, it was found that a serious drawback, i.e., a reduction of the
polarization and a growth of the beam emittance of the >He ions were unavoidable.

In order to solve this problem, a breakthrough was eagerly anticipated. After an earnest con-
sideration to the next step, we had finally reached a novel idea to produce a polarized *He beam
without sacrificing both the polarization and the beam intensity of 3He ions. We named this method
an “electron pumping”.

This idea is based on an extended concept of the OPPIS; the OPPIS uses a single process of
the electron capture, while the electron pumping uses the multiple cycles of the electron capture
and stripping. An advantage of the electron pumping is that the depolarization and the beam
emittance growth would be reduced. The fundamental importance of the electron pumping is that
the polarized electrons in the electron pumping play a role similar to the polarized photons in the
OPPIS. This strongly indicates that the electron pumping is an extended concept of the optical
pumping discovered by Kastler [4].

However, it is more difficult to realize the conditions necessary for the electron pumping than
for the OPPIS. The electron pumping requires much higher alkali-metal vapor thickness than the
OPPIS. As a result, we may meet serious problems which never occurred in the OPPIS. In fact,
we encountered an unexpected reduction of the polarization for the alkali-metal vapor, an emit-
tance growth, and an polarization spatial distribution due to multiple collisions. Besides the above
problems, one must pay attention to the spin-exchange collision between an incident 3He* ion and
a polarized alkali-metal vapor since this term also contributes to generate the 3He polarization.
However, no discussion on this term has been done on the He plus Rb system so far. Therefore,
the investigation of this term is necessary to experimentally verify the principle of the electron
pumping.

Although the present work is primarily concerned with an experimental verification of the
electron pumping, a detailed study on the relaxation mechanism of the polarized Rb vapor was
also investigated to understand phenomena occurring at an extremely high Rb vapor density by
introducing simple models. The experimental value of the spin-exchange cross section which
contributes to the electron pumping was compared with the theoretical calculations assuming for-
mation of quasimolecules consisting of a Rb atom and a *He™ ion.

This article consists of three major subjects, i.e., verification of the electron pumping, the
relaxation mechanism of the Rb vapor, and spin-exchang cross section for *He*-Rb system. In
chapter 2, a historical review of the polarized ion sources is given. In chapter 3, the basic de-
scriptions are given on the concepts of the electron pumping, the relaxation mechanism of the Rb
vapor, and the spin- exchange processes. In chapter 4, an experimental apparatus is described. In
chapter 5, experimental results and discussion are mentioned. In chapter 6, future prospects are
described, where the improvements of the polarized *He ion source and an idea of polarized SHe
ion source based on the spin-exchange process are presented. Conclusion is given in chapter 7,
closing chapter.



Chapter 2

Brief history of polarized ion sources

In this chapter, a brief history of polarized ion sources is presented individually for hydrogen/deuterium
and 3He ions.

2.1 History of polarized hydrogen/deuterium ion source

As commented in the preceding chapter, the first measurement on the production of the nuclear
polarized beams, so called, the double scattering experiment, were done to investigate the non-
central n-p interaction at high energy by the 184-inch synchro-cyclotron at Berkeley[5].

On the other hand, a construction of a polarized proton ion source based on the Stern-Gerlach’s
experiment with a quadrupole magnet was designed and constructed in the middle 1950’s [1]. This
is a beginning of the atomic beam polarized ion source. Though they succeeded in separating four
hyperfine states of a hydrogen atom, they could not produce a polarized proton beam because of a
large background. It was 1960 that Huber et. al. succeeded in producing a polarized ion beam by
using a deuteron gas instead of a hydrogen gas, thus eliminating the background. The ABS type
polarized ion source is working nowadays at many laboratories including RCNP [6], IUCF [7],
COSY [8], etc.

A modern type ABS developed for practical use has a composition as follows: A H atom beam
with a temperature of 30~80 K dissociated by a radio frequency is led to a sextupole or quadrupole
magnet. This magnet has a function to focus a H atom with a component, mj=+1/2 and to defocus
a H atom with a component, mj=-1/2. The focused component of the atomic polarized H atom
is then introduced to the transition regions (either weak transition, or strong transition), where
the atomic polarization is transfered to the proton polarization by using the weak field transition
between the hyperfine states. The nuclear polarized H atoms are ionized positively or negatively
by an ECR (electron cyclotron resonance) ion source, electron beam impact, or resonant charge
exchange collisions.

On the other hand, possibility to polarize a proton beam by using a Lamb-shift was pointed
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10 Chapter 2. Brief history of polarized ion sources

out by Lamb and Retherford in 1950. They suggested that hydrogen atoms in the 2s (metastable)
state can be polarized by passage through a magnetic field of 575 G crossed by a weak electric
field [9]. Since then, there has been interest in using this technique to produce a beam of polarized
nuclei for injection into accelerators, and experiments along this line were carried out by Madan-
sky and Owen [10]. However, in these experiments the ion beams arising from metastable atoms
was masked by a larger beam of ions arising from the ground-state atoms. But in 1965, Don-
nally and Sawyer solved this problem and succeeded in producing the polarized hydrogen by this
method [11]. They produced a beam by charge exchange in a Cs vapor and converted it to negative
ions in an Ar gas cell [12]. This type of polarized ion source is called a Lamb-shift ion source and
now are working at many laboratories; such as Tsukuba University etc. The Lamb-shift type ion
source is suitable particularly for injection into a tandem Van de Graaff accelerator because this
device can produce predominantly high intensity negative ions.

In 1979, Anderson (Wisconsin University) had suggested a new type polarized proton ion
source [13]. The original idea of this method is due to Zavoiskii [14]. He suggested production
of polarization by passing a fast proton beam through a thin ferromagnetic foil. A more practical
idea was proposed by Haeberli [15], and later by Anderson. He proposed to use an alkali-metal
vapor optically pumped as a source of polarized electrons. This ion source was later named an
OPPIS (Optically Pumped Polarized Ion Source). A first polarized proton beam from the OPPIS
was successfully extracted by Y. Mori ( KEK ) in 1983 [16]. Nowadays, the OPPIS is working for
practical use at several laboratories such as; KEK [17], TRIUMF [18, 19, 20, 21, 22], LAMPF [23],
and INR [24]. It is noteworthy to mention that the OPPIS to be used at TRIUMF is working with
a satisfactory performance for the nuclear physics research. The OPPIS at RHIC and HERA are
almost ready for use for high energy physics by Zelenski [25].

A modern OPPIS has a composition shown below: Protons produced by an ECR ion source
are injected into a polarized alkali-metal vapor and they capture polarized electrons forming an
atomically polarized hydrogen. The polarized hydrogen atoms are, then, introduced to a spin-
reversal region, so called, the Sona transition [26] to transfer the atomic polarization to nuclear
one. The nuclear polarized H atoms, then, enter a Na-vapor ionizer cell where they pick up another
electron forming negative H ions and finally injected into the accelerator.

2.2 Brief history of polarized 3He ion sources

Finally in this section, a short history of the polarized *He ion sources is presented. A first trial
to produce a polarized *He beam was made by S. Baker et. al. [27] in 60th. They produced a
polarized >He beam by extracting polarized >He" ions from a discharge of a metastability spin
exchange pumped cell. The 3He* polarization and beam current realized by this method was 0.11
and 8 uA, respectively [27].

The second method for production of a polarized *He?* beam was based on a sophisticated
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technique using the Lamb shift method [28]. The polarization and the beam current achieved
by this method was almost 0.7 and 4 yA. Though this ion source was working at Birmingham
University for research of nuclear physics in the 70th and 80th, it was terminated in the mid 80th
because of the budgetary reason. Application of the ABS to *He had been done by Slobodrian et.
al. in 1984 [29]. They used a 2°S, state of *He which is metastable with a long life time. But,
since the produced beam current was very small due to difficulty in production of large amount of
the metastable >He atoms, this experiment was interrupted.

M. Tanaka et. al. tried to produce a polarized He ion beam based on the OPPIS from 1987.
But, due to problem on the LS decoupling field the polarization obtainable in principle should be
reduced to 0.3 [30].

Belov proposes an ion source with a resonant charge-exchange plasma ionizer. Polarized 3He
atoms in this scheme are produced by the optical pumping with metastability exchange and then
the polarized atoms are stored in a storage cell. Unpolarized “He?* ions are formed in a separate
unpolarized plasma source and are injected into the charge-exchange region in which the polarized
3He?* ions are produced by the resonant charge-exchange of the polarized 3He atoms with the
unpolarized He?* ions [31].



Chapter 3

Basic descriptions

This chapter describes the physical background of the electron pumping and related subjects, i.e.,
the relaxation mechanism of the polarized Rb vapor, the spin-exchange processes between a He*
ion and a Rb atom, and the spatial distribution of the 3He polarization, i.e., a polarization hole.

3.1 Electron pumping

Discussion of this section is placed mainly upon a principle of the electron pumping. As was
mentioned already, the electron pumping was invented to overcome difficulties in polarizing >He*
ions by means of the OPPIS. Therefore, we will start with description of the difficulties in the
OPPIS when the OPPIS is applied to polarize 3He nucleus.

3.1.1 Difficulties in polarizing *He by the OPPIS

Historically, the OPPIS greatly succeeded in polarizing protons. This suggested possibility to
polarized composite particles such as >He, 67Li, et al. However, if one apples this method to
the 3He polarization, serious difficulties never experienced with the proton polarization should be
overcome as shown below.,

The first problem is much larger depolarization than for the proton OPPIS due to an insufficient
LS decoupling field. When a polarized electron of Rb atom is captured by an incident 3He* ion,
the captured electron is usually in an excited state. The electron in the excited state, then, deexcites
to the lower states by emitting photons, and finally reaches the ground state or metastable state.
During the photon emission process, a certain amount of the electron spin polarization would be
carried away by the emitted photons if the LS decoupling is insufficient. A magnetic field to fully
decouple the LS coupling scheme is expressed for a hydrogen like atom as

B, 7%, 3.1
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14 Chapter 3. Basic descriptions

Here, Z is a nuclear charge. In case of a hydrogen, this magnetic field is practically 1~2 T. On
the other hand, for a singly charged helium, >He*, this is estimated to be 16~32 T by scaling the
proton result. The realization of this huge magnetic field is impractical. As a matter of fact, we are
currently using a few tesla generated by a superconducting solenoidal magnet as an LS decoupling
field. Of course, this strength is far weaker than that required for the 3He* LS decoupling. This is
a major reason why large depolarization is caused for the OPPIS applied to the 3He polarization.

The second serious problem of the 3He OPPIS is a large beam emittance growth due to the
fringing field of the LS decoupling field. In the 3He OPPIS, a *He?* is incident on a Rb vapor
cell where a strong LS decoupling field is applied and emerges from it after an electron capture.
As Ohlsen pointed out, a beam emittance growth due to the fringing magnetic field would be
unavoidable when a net charge changes in the magnetic field [32].

The above problems in the 3He OPPIS would make it difficult to realize a practical polarized
3He ion source with a high intensity and high polarization. As aresult, a novel method to overcome
these difficulties are sincerely anticipated.

The electron pumping method, then, came on stage to eliminate the above difficulties. A basic
principle of the electron pumping was,, proposed by Tanaka et al. [33] a few years ago.

3.1.2 Principle of electron pumping

The electron pumping method was invented to solve the problems listed in the preceding subsec-
tion, i.e., large depolarization, and a large beam emittance growth. In what follows, an intuitive
picture of a novel principle, the electron pumping is described, through which one can understand
how successfully the above problems could be solved by the novel method.

The electron pumping method uses repeated cycles of the electron capture and stripping pro-
cesses for an incident fast 3He* ion (not *He?* but *He™ ion!) on a polarized thick Rb vapor under
presence of a strong magnetic field (~ 2 T). The cycle is expressed as follows:

3He* + Rb% — 3He + Rb* ( electron capture )
3He® + Rb? — 3He* + Rb™ ( electron stripping )

(3.2)

When an incident 3He* ion has a kinetic energy of about a few keV/amu, major processes are
electron capture for >He* ions and electron stripping for *He atoms, while an electron stripping
of a 3He* ion to form a 3He?* ion, or an electron capture of a >He atom to form a 3He™ ion is
negligible small.

In the capture process, a valence electron of the Rb atom is transfered to a 3He* ion and a
neutral >He atom is formed usually in the excited states. If the formed *He atom is in a magnetic
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(a) Electron Pumping

Populated state
m; =-1/2

3He+ (1 281/2)

“3He! (21sp)
3He® (27S))
~3He? (1'8y)

(b) Optical Pumping

mj =-1/2 mj =+1/2

P1/2

S1/2
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Figure 3.2: Comparison of the optical pumping and the electron pumping. (a) : In the electron
pumping multiple cycles of capture and stripping of polarized electrons polarize 3He* ions. (b) :
In the optical pumping multiple cycles of absorption and emission of polarized photons polarize
alkali-metal atoms.

An incident 3He" ion first captures a polarized electron from an Rb atom and forms a >He atom in
an excited state. It then deexcites to the ground or metastable state of the >He atom by a radiative
decay. The radiative decay keeps the spin multiplet unchanged. Fig. 3.2 shows the energy levels
of the 3He* ion, including the two metastable levels and the ground level of the He atom. Other
levels are not shown for simplicity. In the capture process, a *He* ion with an m, = +% magnetic
substate captures a polarized electron to form only a *He(T) atom with m; = +1, while a SHe*
ion with m; = —1 captures a polarized electron and forms either a *He(T) or *He(S) state with
m, =0. When an electron stripping process takes place, a 3He" ion is formed again. An electron
stripping process for the 3He(T) atom with m, = 41 forms only a He* ion with m; = +-21- , while
an electron stripping for the >He(T or S) atom with m, =0 forms a >He* ion with m, = either
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+% or —% with the equal probability. Most of the 3He singlet atoms are in the ground level. The
electron stripping process from this level is negligible small at our incident energy. After many
repetitions of the capture and stripping processes, the 3He* ions with m, = +% predominate, that
is, the electron of the *He™ ion is polarized. The above scenario is almost identical to the principle
of optical pumping if one replaces a polarized electron with a circularly polarized photon. This is
a reason why we name our method “electron pumping”. It should be further mentioned that the
electron pumping requires large collisions cross sections for both capture and stripping processes.
In fact, this condition is satisfied for a fast 3He ion incident on a Rb target as discussed later.

3.1.3 Quantitative treatment of electron pumping

In what follows, a more quantitative discussion on the electron pumping is done by solving rate
equations expressing the electron pumping process.

For this purpose the prescription given in the preceding work [33] has been modified. The rate
equations were expressed in terms of matrices as shown below.
d
EEF =(e,R,+€_R_)F, (3.3)

where, 7 is a Rb vapor thickness and €, and €_ are

£, T & 7 34
where F, is the Rb polarization. Here F and R, are given below.
( S o
H{?z \ (—0'10 Ose Ou Tﬂ 0 TSI \
o, o
H o 0 -0, (o7 0 0
F= tl ,R+ _ 10 . tl sea (3.5)
Hto O "il_Q O —O'tl - Gsea o-sea 0
o
(m) o B 0 0 oy
010000
100000
Ro=TR, T, T=933949 (3.6)
001000
000001

H;f is the population of a *He* ion in the m,=; states. H,, is the population of a triplet 3He atom
in the m;=J states. and H, is a population of a singlet 3He atom. 0;; is a cross section from i to
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Figure 3.3: The polarization of the outgoing *He* ions calculated by the Runge-Kutta method
using the rate Egs. (3.3) as a function of the alkali-metal vapor thickness.

j state where i=1 is for a *He* ion, i=t(s) is for a triplet(singlet) *He atom, j=0 is for a *He atom
and j=1 is for a 3He* ion. o, is spin-exchange cross section for a 3He* ion and O, is that for a
3He atom.

The rate equations can be solved by the Runge-Kutta method. The calculation results with
a few sets of the reasonable collision cross sections are shown in Fig. 3.3. The values of cross
sections used here will be described at a later chapter. You can see that the *He polarization
increases with the increase of the alkali-metal vapor thickness. This is a characteristic feature of
the electron pumping. At a vapor thickness of 5x 10 atoms/cm?, a certain amount of *He* ions
begin to experience the one cycle of the electron capture and stripping processes and over the
thickness of 1x 10'3 atoms/cm?2, most amount of He* ions experience one ciycle of the charge
exchange and some ions do the multiple cycles.

3.1.4 Effective nuclear charge and LS decoupling field

As discussed already, we used an LS decoupling field of about 2 T. This value was determined
by assuming that an effective nuclear charge, Z, felt by an electron captured by a SHe* ion was
approximately 1. In this subsection, we will examine the validity of this assumption.
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In case of a hydrogen like atom the spin-orbit energy, i.e., LS coupling energy is given by

a*z?

=22 i
E=smary ™ 3D

where n, [, Z and o are, respectively, a principal quantum number, an orbital angular momentum,
a nuclear effective charge, and a fine-structure constant. Assuming that this energy is equal to a
potential energy of an electron with a magnetic dipole moment in a magnetic field, i.e., UpB;,
B, ¢ is expressed in terms of n, I, Z and «, as well.

Now, we assume that an electron orbital of a *He* ion is a 1s and captured orbitals are 1s,
2s, 2p, 3s, 3p, 3d, etc. Among these captured orbitals, the 1s, 2s, and 3s orbitals of the *He* ion
do not induce the spin depolarization because the deexcitation processes from these orbitals do
not accompany with the spin depolarization due to L=0. On the other hand, the deexcitation from
other states in the He atom, more or less, accompanies with the spin depolarization.

Among these excited states, the most serious state which influences the spin depolarization is
the 2p orbital because it has the largest LS interaction as shown in Eq. (3.7). In other words, if the
external magnetic field is large enough to decouple the LS coupling scheme of the 2p state, then,
the spin polarization would be completely conserved. Therefore it is of importance to estimate the
LS decoupling field for the 2p orbital. For this purpose, it is necessary to know an effective nuclear
charge, Z, for the 2p orbital of the 3He. Z. has been precisely calculable by using a variational
method. The results are Z, =1.09 for the 23P (triplet) state, and Z, =0.97 for the (singlet) 2!P
state [34]. The transition from the (singlet) 2! P state to the ground 118 state does not contribute to
the electron pumping processes because the stripping cross section of the singlet state is negligible
small. So further consideration on this component is omitted.

By using Z. =1.09 for the 2P (triplet) state, we can obtain a decoupling field B, ¢ as given by

B;g=110 T. (3.8)
Let me compare this value with that for the hydrogen 2p state as given by
B,;=0.7823 T. 3.9

It is only ~1.4 times larger than that of the hydrogen. Practically, 1~2 T is applied for the hy-
drogen OPPIS. Scaling this value to the >He electron pumping, we would be required to use a
decoupling field given by,

B =14~28 T. (3.10)

This is one of the greatest advantages for the *He electron pumping since the He OPPIS required
a decoupling field more than 16 T.
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3.2 Relaxation of optically pumped Rb vapor

3.2.1 General view

As mentioned in the previous section, the electron pumping method uses repeated cycles of elec-
tron capture and stripping collisions under a strong magnetic field 2~ 3 T. To realize this method,
it is necessary to create a highly polarized Rb vapor with much higher thickness (at least an order
of magnitude) than that used in the OPPIS. In addition, it is also necessary to create a homoge-
neous distribution of the Rb polarization along the *He beam trajectory in the collision region (a
region of a Rb cell). However, behavior of the polarized alkali-metal vapor has not been thor-
oughly investigated for such an extremely thick Rb vapor under a strong magnetic field so far. To
realize the polarized Rb vapor required for the electron pumping, we have initiated investigation
of the fundamental behavior of the polarized Rb vapor in such an extreme condition. This inves-
tigation concerns with observation and theoretical understanding of the relaxation mechanism of
the polarized Rb vapor.

In this subsection, we will give a general view of the relaxation mechanism of the polarized
Rb vapor. The experimental procedures, experimental results and discussion will be presented in
the later chapter.

The investigations of relaxation mechanisms of optically pumped alkali-metal vapors are of
interest for fundamental quantum mechanics [35, 36, 37, 38, 39], and also for practical purposes
such as the production of polarized ions [40, 41, 42] and gases [43, 44, 45]. In general, for the
vapor in a closed cell, one expects that the Rb atom collisions with walls of the cell (wall relax-
ation) and with other atoms in the vapor (spin-disorientation) contribute to the depolarization. At
low densities, the spin-disorientation effects are expected to be less important. For Rb atoms with
collision cross section of ~ 10~1¢ atoms/cm?, one expects that spin-disorientations are negligi-
ble for densities less than 10'# atoms/cm? [43]. In polarized ion sources, where one employs an
open aperture on the wall, another depolarization mechanism becomes important. It is the phe-
nomenon where the polarized atoms escape from the optical pumping cell and they are replaced
by unpolarized atoms. This process, known as effusion, has not so far been examined in detail.

Motivation to study these phenomena has been stimulated by the recent developments of a
new type of polarized >He ion source based on electron pumping [46, 47, 33]. Here, one would
like to produce a high density alkali-metal vapor of high degree of polarization in the environment
of strong magnetic fields. Under these conditions, the commonly known wall relaxation and spin-
disorientation processes may not cause much depolarization, but the effusion may result in depo-
larization of the vapor. Radiation trapping is another effect which might cause over-all decrease
in the polarization. It might also render the polarization inhomogeneous around the pumping laser
light. The present work was undertaken to investigate these processes in detail. We studied the re-
laxation rates of the Rb polarization from the time dependence of the Rb polarization for different
magnetic fields (B =1 - 5 T), for temperature settings of the Rb cells (T, = 90 - 130 °C), and as
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the polarization distribution along the axis of the Rb cell is varied.

3.2.2 Relaxation models
Wall relaxation

The wall relaxation is simply understood qualitatively as follows [38, 39, 40, 42, 48]: When a
polarized Rb atom sticks on a wall surface, the atom feels a local magnetic field, b, produced by
the wall during a sticking time, 7;, in addition to a magnetic field, B. The local field, & is randomly
oriented with a correlation time, 7,. Since the electron spin of the Rb atom precesses around the
time dependent effective field composed of b and B, the depolarization of electron spin is induced.
Assuming that a mean flight time of the Rb atom between wall collisions is 7,, the fraction of time
that the local field acts on the Rb atom is 7;/(7; + 7,). Quantitatively, the wall relaxation rate is
given by

T :C;Z, 3.11)
e1.B
1+ ( )
m
2 17 b1
3.12
3%+%f (3.12)

where eB/m is the electron cyclotron frequency, and ¥; is gyromagnetic ratio of the electron. The
sticking time, 7; is given as

T, = Toexp(E,/kT ), 3.13)

where E, is an adsorption energy, T, is a constant with a typical value, 7, ~ 1012 5 [49].

Relaxation due to effusion

The relaxation due to an effusion effect is qualitatively understood as follows: The effusion process
is due to a combination of migration of Rb atoms between the pumping and the outside regions.
Fig. 3.4 is a pictorial depiction of the diffusion processes, resulting in a change of polarized Rb
atom density by effusion. A polarized Rb atom can migrate away from the pumping region to the
side without significant collisions with the cell walls (Process A in Fig. 3.4), or it might escape
into the outer tube through one of the four slots (Process B). It is also possible that the pumping
region is enriched by unpolarized Rb atoms migrating from the outer tube via the slots (Process
C). The net effect is an apparent increase in the relaxation rate. Below is a quantitative description
of the effusion process.

We assume that a Rb atom is an elastic ball moving back and forth with a velocity, v, in a
cylindrical cell whose length, radius, and cross section are L, R and S, respectively. Each end of
the cylindrical cell has a small hole with an area, S’. Then, the loss rate of the polarized Rb atom
on the cell end per one collision is §'/S. On the other hand, the number of collisions with the cell
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€@ : Polarized Rb atom
Inner tube Outer tube .
1 : Unpolarized Rb atom

Figure 3.4: A schematic picture showing an effusion process. “A” and “B” are polarized Rb atoms
escaping into the outer region. “C” is an unpolarized Rb atoms migrating into the outer region.
“D” is deflection by bouncing against cell walls.

end per one second is v/L. Therefore, the number of the Rb atoms surviving after ¢ second is given
by

f VI/L
(1—5) . (3.14)

A similar equation holds for the radial direction. If we approximate the cylindrical cell to a rect-
angular parallelepiped with dimensions L x 2R x 2R, the Rb polarization after ¢ seconds is given

by,

S[ Vt/L C[ 2Vf/2R
P(t) ~P, (1 - §) X (1 - E) = Pye!/Te. (3.15)

We approximate v by a mean velocity along a direction in Maxwellian distribution, v= \/2kT,,, /M,
where k is the Boltzmann constant, M is Rb mass. Consequently, the relaxation rate, Te;1 is given
by,

o [Z (m(-5§/s) In(1-C/C) |
Tes - RM( L + R ) VI;:ell‘ (3'16)

The significance of this formula is that the relaxation due to the effusion is simply determined by
the cell temperature and a geometry of the Rb cell, i.e., §'/S, C'/C, L, and R. Though obvious, it
is worth mentioning that the effusion process does not depend on B. This simple model does not
include the scattering angular distribution of the Rb atom by the walls for an oblique entry [41].
To better account for the data, we carried out a Monte Carlo simulation allowing for the angular
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distribution of the scattered particle. The distribution is taken to be proportional to cos 6, where 0
is the scattering angle with respect to the normal to the wall surface [41].

The above two processes are enough to describe the slow component of the relaxation rates.
As to be discussed below, the fast component necessitates another physics phenomenon, viz. lo-
calized sheath formation. It should be remarked that a fast component was observed in the earlier
works [50, 51], which used high density Rb vapor as is the case in the present work. It is very
conceivable that the fast component has its origins in localized microscopic processes such as ra-
diation scattering and absorption. To further examine this aspect, we carried out a Monte Carlo
simulation, the details of which are presented in the Appendix A. A brief discussion of the physics
of the simulation follows.

We assume that there exists, along the path of the pumping laser beam, a localized sheath of
Rb vapor with a high degree of polarization. When the pumping laser is switched off, this sheath
of radius, r, begins to expand with a velocity v due to the thermal motion of the Rb atom. The
sheath radius at a time, ¢, is expressed by

ry=ry+vt. (3.17)
Assuming that the Rb polarization £, is uniform inside the sheath, P, is given by
Br} =Py, (3.18)

where F, and r, are the Rb polarization and radius for the sheath, when the laser is switched off.
Inserting Eq. (3.17) into Eq. (3.18), P, is expressed as a function of time as

5

(ro—l——vt)2 3.19)

F =F

Assuming that the relaxation time, T is defined by the time that P, /P, = 1/e the relaxation rate,
Tf“1 for the fast component is given by

T-lz____v_zﬂf_z_li__l__\/Tce“. (3.20)

This equation suggests that the relaxation by this process is determined only by the Rb cell tem-

perature, T, and the initial radius of the sheath, r,,.

3.3 Problems on the beam profiles created by the electron pumping

In this section, we discuss important subjects which are related to quality of the polarized 3He
beam produced by the electron pumping method.

The electron pumping method uses repeated cycles of electron capture and stripping collision
of a >He ion/atom in a strong magnetic field. If a >He* ion incident on a Rb vapor with an oblique
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entry relative to the z-axis, i.e., the direction of the magnetic field, the beam trajectory shows a
screw motion by the presence of a Lorentz force. In our previous work, we developed a Monte
Carlo simulation program to evaluate this effect particularly from the view point of the beam
emittance growth [52]. One of the important features found through the above analysis was that
the beam emittance growth was suppressed. This is favorable for designing a practical polarized
3He ion source based on the electron pumping method.

Another important subject to be examined is a spatial distribution of the 3He polarization
produced by the electron pumping method. It has been, for a long time, suggested that there is
an inhomogeneity of the polarization caused by repeated multiple electron capture and stripping
collisions in a strong magnetic field. However, no one has ever investigated this problem. In the
present work, we have done a Monte Carlo simulation to evaluate this effect.

3.3.1 Creation of a polarization hole

An essence of this effect is that a number of repeated cycles of the electron capture and stripping
process in a strong magnetic field is practically not infinite but only a few times. Of course, a
spatial distribution of the 3He* polarization as a result of the electron pumping should be homoge-
neous if all *He™* ions are incident on a Rb vapor cell parallel to the z-axis, i.e. the direction of the
magnetic field because they are not influenced by a Lorentz force. On the other hand, if incident
3He* ions have oblique entries with respect to the z direction, their beam trajectories become dis-
persive because they are influenced by a magnetic field in case they are 3He* ions and they are not
influenced by a magnetic field in case they are neutral atoms. As a result, this effect is expected to
induce a spatial inhomogeneity of the 3He polarization, i.e., “polarization hole”, which was named
by us. The generation mechanism of this hole is schematically shown in Fig. 3.5.

The formation of the polarization hole may depend strongly on the Rb vapor thickness and
less on a strength of the magnetic field: When an alkali-metal vapor thickness is not so thick as to
be equilibrated, in other words, the process is expressed by a small number of the electron capture
and stripping processes, a parallel component has a large fraction of the collisionless *He* ions
having no polarization, while an oblique component will deviate from their straight trajectories and
disperses by a Lorentz force when the electron capture processes are induced, which results in the
expectation that the central region of the output *He* beam has no polarization and the surrounding
region has a large polarization. If the Rb vapor thickness is increased, i.e., the multiple electron
capture and stripping collisions are equilibrated, such a polarization hole is expected to disappear.

On the other hand, the magnetic field dependence of the polarization hole is less pronounced.
In this case a point is a cyclotron radius determined by the 3He* ion velocity and the magnetic
field. Accordingly, the total radius of the polarization hole will hopefully determined by a radius
of the parallel component plus a cyclotron radius. Since the parallel radius is usually much larger
than the cyclotron radius, its dependence on the magnetic field is less important.

To treat this phenomenon more quantitatively, we have carried out a Monte Carlo simulation
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Figure 3.5: Schematic view of generation mechanism of the polarization hole.

as shown in the next subsection. Before going into the detail, we define following parameters to
describe the property of the polarization hole.

1. dy, : Depth of the hole, defined by (Pey, — Bygie) /Pext-

1
2. e - Radius of the hole, where P(ry..) = > (Poxt — Poote)-

3.3.2 Monte Carlo simulation

To discuss the phenomenon simply, we assume an ideal condition as shown Fig. 3.6. A magnetic
field is uniformly 2 T with a sharp edge. A Rb vapor cell has a bore diameter of 1 cm and a
length of 30 cm. A Rb vapor is uniformly distributed throughout the interior of the cell and no Rb
vapor is present outside of the cell. A Rb vapor is uniformly polarized inside the cell with a full
polarization.

Unpolarized >*He* ions are incident on the Rb vapor cell. We assume that through the multiple
collisions 3He* ionic states consist of three components, i.e., a singly charged 3He* ion, a singlet
and a triplet >He atom, where formation of components such as a doubly charged *He?* ion or a
negative >He™ ion are ignored because of small cross sections for formation of these components.
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Figure 3.6: An idealized geometry assumed in the present Monte Carlo simulation. An alkali-
metal vapor with a length of 300 mm is distributed at the center of the solenoidal coil. The vapor
density and polarization uniformly distributes throughout the region where the vapor is distributed.
The 2-T magnetic field is provided by a solenoidal coil and the magnetic field is also uniformly
distributed throughout the interior of the solenoidal magnet.

In the Monte Carlo simulation we assume that the >He* ions are incident on a Rb vapor with
a kinematic energy of 19 keV because we have done the measurement of the electron pumping at
this energy. In addition, the cross sections of electron capture and stripping between >*He* ions and
the Rb vapor are well known as shown below. A cross section of the electron capture for singly
charged ion is 0;, =0.418 x 10~ 14 em? and the electron striping cross section for the triplet atom
is 0, =0.108 x 10~1* cm? and for the singlet one is o,; = 0.0012 x 10~14 cm?.

We do not take the effect of the scattering angle due the electron stripping and capture pro-

cesses into account because of their smallness (< 0.1°).

3.3.3 Various facet of the polarization hole derived from the Monte Carlo simula-
tion

Typical simulation results are shown in Fig. 3.7 and 3.8 using the parameters tabulated in Table 3.1.

It is found that a polarization is small at the center of beam axis. This is “polarization hole” as

suggested before.
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To study properties of this polarization hole in more detail, the dependences of r, |, and 4,
on the external magnetic field, on the initial beamn emittance, and on the alkali-metal vapor thick-
ness are investigated.

The parameters, r, ;. and 4, ;. are evaluated by the least square fittings of the results obtained
from the Monte Carlo simulation, where a fitting function is assumed by

P
P(r\=P., — hole 21
(r) ext 1 + exp{ (r _ rhOIe)/a} 3 (3 )

where a is a diffuseness parameter and Py, B .

this section. where r is a radial distance from the center of beam axis.

and d, . are those defined in the beginning of

Magnetic field dependence

Fig. 3.11 shows diffuseness, Puy(, B jes Thole» aNd dy e Plotted as a function of B;. Interestingly,
T'hole Shows a damped oscillation with respect to B;. This is explained qualitatively as follows. A
phase of the cyclotron motion for a He* ion changes at the exit of the Rb vapor cell since the
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Figure 3.8: Beam intensity pro-
files (x — y, and x — x') at the en-
trance of the cell (a, e), at the exit
of the cell individually for spin-
up and spin-down states (b, f, c,
g), and beam polarization pro-
files (d, h)
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T'max 1 mm

Tthax 50 mrad

B, 2T
Alkali-metal vapor thickness 5.0 x 10'* atoms/cm?
Projectile energy 19 keV

Table 3.1: Typical parameters used on the Monte Carlo simulation for the polarization hole

cyclotron frequency linearly changes as B; and a cyclotron radius reduces inversely proportional
to B;.

Beam emittance (Angulavr spreading) dependence

T'hole 18 Proportional to the beam spreading angle. This is because a cyclotron radius is a linear
function of a beam angle with respect to the direction of the magnetic field.

Spot size dependence

T'hole directly depends on an initial spot size. This is found in Fig. 3.3.4. On the other hand, it
is found that 4

hole
owing to an increase of the beam radius.

decreases as r decreases. This is simply because the beam density decreases

Rb vapor thickness dependence

In Fig. 3.12, it is found that 4,

ole
of ions which experience no charge exchange collisions and experiences the collisions more than

decreases as the Rb vapor thickness increases. Since a fraction

twice depends on an alkali-metal vapor thickness, 4, ;. depends on an alkali-metal vapor thickness
as well.

Spot size dependence under constant emittance

The simulated results under the constant emittance, 507 mm-mrad are shown in Fig. 3.13. It is
found that £, |, asymptotically close to the result from the rate equation (3.3) with increase of the
spot size. This mean that to eliminate the hole effect, it is preferable that the beam spreading angle
is small under the constant emittance. The decrease of r, ;. at small r is due to a decrease of 7.

3.3.4 Analytical formalism for r,, and 4,

In this section, we will discuss how to express the results of the Monte Carlo simulation in terms
of analytical functions for r, ;. and dj .. This is important to understand physics underlying this
phenomenon.
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Firstly, we try to formulate 7, ;.. From the results of the simulation, r, . is found to depend on
r, r' and B;. r' and B, change the cyclotron radius of the projectile. Consequently, r, ;. is written
as a function of r and the cyclotron radius, r; as formulated below.

Thole = To+7i, | (3.22)
r

ro = {14 cos(8 — m)} (3.23)
gB;

0 = wz/vs, (3.24)

W, =gB;/m. (3.25)

where v, and ¢ are the projectile velocity and charge, respectively.

Next, d, . is mentioned. To express this parameter, the spreading radius caused during the one
period of the electron capture and electron stripping process is considered. This is approximated
by

re~ro+r 4 ree, (3.26)

where 7 is the spreading radius when an incident *He* ion experiences only one period of the
electron capture and stripping in an infinite magnetic field as expressed by ( see appendix D ).

4
Fee = §R()9maxa (3.27)
where
CL -2+ (C,L+2)e L
R, = =% 2 .28
C, = 6,,0, & “* (3.29)

It is expected that d, ;. depends on the ratio of the *He* ions which experience the charge
exchange collisions and no collisions, respectively. These densities are given by

Py = Fy (3.31)
0 ’ B
nrlzlole
2
— . 32
P, = nlr% (3.32)

Here, p;, and p, are the density of ions which experience no charge exchange collisions and expe-
riences the collisions more than twice, respectively. F, and F, are an ion fraction at the exit of the
Rb vapor cell and meanings of the subscript are the same as used for p. From the above equations,
B, is given by

~ P , (3.33)
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and d ;. is
1

=1 3.34
oo = 1= 5 (3349

(%3

1
=] - —. 3.35
Forl (3.35)

14 A
2 hole

With the above equations, dy ;. and r, ;. can be expressed by analytical forms as shown below;

In Fig. 3.3.4- 3.12 the results of Monte Carlo simulation and the numerical results of the
analytical estimations are compared as functions of r, 7, B; and the alkali-metal vapor thickness,
where analytical results are plotted by the solid curves.

From this comparison, it can be seen that our analytical formalisms are roughly reproducing
the results of the Monte Carlo simulation. This, in turn, suggests that the polarization hole is
produced as a result of the beam size growth due to the charge exchange process.

A sizable deviation of the analytical calculations from the Monte Carlo simulation may suggest
that in this analytical calculation, the total polarization radius is a superposition of an initial beam
radius, a cyclotron radius, and a spreading radius caused by charge exchange processes.

From the above analytical equations and the simulation it is found that if a spreading of 9 is
small at the entrance of the Rb vapor cell, the depth of the polarization hole becomes small, while
if an incident beam spot size has a small radius, the radius of the polarization hole become small
too, but its depth becomes deep. In conclusion, it is desirable for a practical polarized >He* ion
source that an incident 3He* beam is as possible as coaxial at the region of the vapor cell.
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Experimental Apparatus

4.1 Layout of the electron pumping polarized >He ion source

A schematic view of the electron pumping polarized 3He ion source is shown in Fig. 4.1. This
ion source consists of many parts; a duoplasmatron ion source for production of an unpolarized
3He* ion, a high intensity laser system for optical pumping of a Rb vapor, a Rb vapor cell where
multiple electron capture and stripping collisions occur, an optical system to measure Faraday
rotation angles for determining a Rb polarization and thickness, a superconducting magnet to
produce an axial magnetic field strong enough to decouple the LS coupling, a pair of Helmholtz
coils used for preventing depolarization by an external disturbing field, a beam-foil polarimeter
system used for measuring the 3He polarization, and a beam transport system. Each system will
be described in the following subsections in more detail.

4.1.1 Beam transport system

3He* ions produced by the duoplasmatron ion source is extracted at 19 kV and momentumly
analyzed by a sector magnet. These ions are transported to the Rb cell located in the center of
the superconducting solenoidal magnet so that they might be focused on the center of the Rb cell,
where repeated cycles of electron capture and stripping collisions occur. The 3He* ions emerging
out of the Rb vapor cell are, then, energetically analyzed by an electrostatic deflector with a 90°
bending angle and finally introduced to the beam-foil polarimeter.

To enable the above beam transportation, we used three focusing elements, two electrostatic
quadrapole doublet lenses, and an electrostatic quadrapole triplet lens.

To determine an optimized arrangement of the elements of the beam optics, a calculation of the
ion beam optics was carried out by using the computer programs for a beam transport, GIOS [53]
and COSY [54]. The GIOS program was used from the duoplasmatron ion source to an exit of the
superconducting solenoidal magnet. The more handy program, COSY was used for a calculation
of the region after the exit of the solenoidal magnet. The beam optics was designed so that the >He

35
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Figure 4.1: A set up of the electron pumping polarized 3He ion source

beam focused on the center of the Rb cell. To avoid depolarization by the optical elements, the
focusing elements lower stream of the Rb cell consisted of only electrostatic focusing elements
instead of the magnetic ones. In Fig. 4.1.1, a designed ion beam optics is shown.

An initial condition of the ion beam was assumed that a beam spot size was & 1 mm and a
spreading angle was + 1°. Tons extracted from the duoplasmatron were defocused by the doublet
Q. lens and after passing the analyzing magnet, they were focused on a slit 1. Then, they were
focused on the Rb cell center by the doublet Q. lenses and the superconducting magnet, inside of
which the Rb cell was located. Leaving the Rb vapor cell, the ions were focused by the triplet Q.
lenses on a slit 2 and finally they were focused on a target of a polarimeter.

4.1.2 Duoplasmatron ion source

3He* ions are produced by a duoplasmatron ion source. This type of ion source can produce
dominantly singly charged 3He* ions.

A layout of this ion source is shown in Fig. 4.3. Thermal electrons are emitted from a cathode
heated by a tungsten filament. The cathode is coated with a Barium Carbonate to enhance emission
of the thermal electrons. The thermal electrons and a *He gas introduced from a gas feeder ignite
an arc-discharge between the cathode and an intermediate electrode and also between an anode
and the intermediate electrode. These ionized gases are extracted by a second extraction electrode
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Figure 4.2: Calculated ion beam optics. D.Q. and T.Q. are an electrostatic doublet and triplet
quadrapole lenses, respectively. A.M., E.D., and Coil are an analyzing magnet, an electrostatic
deflector, and a superconducting solenoidal magnet, respectively.

applied a voltage of 19 kV. To focus the ion beam, 16.5 kV is applied at a first extraction electrode.
The equivalent electric circuit is shown in Fig. 4.1.2. Typical operation parameters are tabulated
in Table 4.1.

Extracted ions are momentum analyzed by a sector magnet, and a typical mass spectrum is
shown in Fig. 4.1.2. It is noted that 3He* ions have the highest peak among other ions. A typical
3He* ion current is 200 u A.

A photograph of this ion source is also shown in Fig. 4.1.2.

4.1.3 Optical pumping

A RbD vapor is polarized by the optical pumping method. Our system consists of a pumping laser,
a Rb vapor cell and a Faraday rotation monitor system. A schematic view of the apparatus is
shown in Fig. 4.7. The pumping laser is introduced to the Rb vapor cell located at the center of a
superconducting magnet which can produce a magnetic field up to 6 T. The Rb polarization thus
obtained is measured by the Faraday rotation method.

Pumping laser system

A 25 watt Ar ion laser ( Coherent : SBRC-DBW 25/7 Ar ion laser ) pumps a Ti:Sapphire ring
laser ( Coherent : 899-01 Ti:Sapphire Ring laser ) in order to produce a 4-W pumping laser with
a wavelength of 785 nm. The laser system is mounted on a vibration insulated table. With this
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Figure 4.3: A cross section of the duoplasmatron ion source used in the present work.

pumping laser one can induce a transition between the 5S,, and the 5P,,, states in a Rb atom.
Tuning of the laser wavelength is accomplished by manually rotating a birefringent filter of the
Ti:Sapphire laser cavity. The bandwidth of this light is 20 GHz by using an etalon. This is broad
enough to fully cover the Doppler broadened bandwidth of the Rb atoms and the isotope shift
between #Rb and 8’Rb atoms.

A beam transport system of the pumping laser is shown in Fig. 4.7. The laser beam out of a
front output coupler of the Ti:Sapphire laser is introduced to a beam expander (BE) for enabling
tuning the beam size at the Rb vapor cell position downstream. The beam is, then, lifted up to the
height equal to the ion beam axis by a set of reflecting mirrors and is transported to a focusing lens
(FL). This beam is converted to circularly polarized light from linearly polarized light by using a
A/4 plate (QP). This circularly polarized light is injected into the Rb cell. The helicity of the light
is reversed by rotating the A/4 plate. A focusing length of the pumping laser is adjusted by the
beam expander so that the focusing point should be the center of the Rb vapor cell.

When we measure the Rb relaxation time by a time differential method, a switching system
consisting of a Pockels cell (PC) and a polarizer (P) is inserted between the Ti:Sapphire laser and
the beam expander, with which we could provide a pulsed pumping laser with a 10 ms duration.
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Figure 4.4: An equivalent electric circuit for producing the arc discharge and extraction system
of the duoplasmatron. Vg, V,, and V, are an arc DC-power-supply and the first and second
extraction DC-power-supply, respectively.

Rb vapor cell

A cross section of the Rb vapor cell is shown in Fig. 4.8.. A Rb cell is positioned in the center
of a 5 T superconducting solenoidal coil. The cell consists of two 30-cm long coaxial copper
tubes with a 1 cm and 3 cm diameters, respectively. A heater and water-cooling coils are wound
around the outer tube to maintain a constant temperature of the inner tube (90 - 130 °C), whose
values are monitored by a type-K thermocouple sensor. Liquid Rb is injected into the outer tube
with the aid of a piston, from outside of the vacuum chamber. This arrangement facilitates in
replacing a liquid Rb without breaking the vacuum, thus we can keep the vacuum at ~ 10~¢ Torr.
Due to the high temperature of the outer tube (90 - 130 °C), the Rb in the vapor cell diffuses into
the pumping region through four straight slots in the inner tube, where the Rb vapor experiences
the pumping laser exposures. The two layer structure of the Rb vapor cell provides a uniformly
distributed Rb vapor throughout inside of the cell. The cell temperature is maintained constant
with a fluctuation less than 0.5 °C, which enables us to keep the vapor thickness constant during
the measurement. The vapor thickness is monitored during the measurement by the Faraday effect
as discussed below.

At a distance of 35 mm from both edges of the Rb cell, a pair of water-cooled baffles are
attached to confine the Rb vapor as much as possible.

Faraday rotation measurement system

(a) Principle of Faraday rotation A Rb vapor thickness and Rb polarization are measured by
the Faraday rotation method. The Faraday rotation is induced by difference between the reflective
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Arc voltage S0V
current 2A
Filament voltage 20V
current 20 A
Coil voltage 60V
current 2A
First extraction voltage 19 kv
current 1 mA
Second extraction voltage 17 kv
Flow rate of 3He gas 1 sccm
Degree of vacuum 5% 10~° Torr

Table 4.1: Typical operation parameter in the Duoplasmatron ion source

indices for left and right circular polarized lights as expressed by,

ml
6:7(n+—n_), “4.1)

where n and n_ are the reflective indices for the left and right circular polarized light respectively,
A is a wavelength and [ is a target length. n,, n_ depends on a Rb vapor density, an external
magnetic field and a Rb polarization. When a Rb vapor density and a magnetic field are uniform,
an amount of the Faraday rotation angle is given as,

ep
a= 6(;’ 4.4

where P and v is the Rb polarization and the Verdet constant, respectively. v and o is function of
a magnetic field and a frequency of a probe laser. These values are computed by a program soft
“Faraday” [55].

0,
Nyl=-2 4.6
ol=-, (4.6)
and the Rb polarization is obtained by following equation
9 -6
P= 0, 4.7
a0, @7

Fig. 4.9 shows the Verdet constants in a magnetic field of 2 T as a function of a frequency of the
probe laser computed by the “Faraday”. As a result, Rb vapor thickness, N,/ is obtained by 4.6
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Figure 4.5: Mass spectrum for ions extracted from the Duoplasmatron ion source

(b) Experimental set up Our system developed for the measurement of the Faraday rotation
angle is shown in Fig. 4.7. A monitor laser light from a diode laser penetrates the Rb vapor cell.
The emerging laser light is, then, split into two components by a polarizing beam splitter, i.e.,
one is a perpendicularly polarized light with respect to the plane of incidence, I, and the other
one is a parallel polarized one, I”, after passing through a 1/2 A plate. Finally, each of these split
lights is incident on two photo diodes (Hamamatsu : $2386-8K) by which each light intensities are
measured. The electric currents from the photo diodes are converted into voltage with a current to
voltage conversion circuit using a fast operational amplifier (TLO81) as shown in Fig. 4.10. The
converted voltage is measured by an ADC (Internix : PVME303). To reduce a fluctuation of the
direction of a polarization plane of the monitor laser light, a Gran-Thomson prism (P) is inserted at
the lower stream of a mirror (see Fig. 4.7). As a result, the fluctuation is reduced to less than 0.008
°. The rotation angle of the polarization plane is analyzed by rotating the A/2 plate and measuring
light intensities of these two components.

A tunable diode laser (Micro laser systems SRT7851 diode laser) of 50 mW power set at 789
nm wavelength is used for a probe laser to measure the Rb vapor thickness and Rb polarization
by means of the Faraday effect. The choice of the wavelength (789 nm) is due to the fact that the
Rb Verdet constant is rather insensitive to the variation of wavelength in the pumping region and
it, thus, enables us a precise determination of the vapor thickness and polarization. The FWHM
of the wavelength of this laser is 0.5 nm ( Fig. 4.11 ). The Faraday rotation angle depends on
the wavelength of the light. The wavelength broadening of the probe laser, then, induces the
broadening of the Faraday rotation angle. This is estimated to be only 1 % of the rotation angle at
2 T. In conclusion, this broadening has almost no influence on the present measurement of the Rb
polarization and Rb vapor thickness which will be described below.
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Figure 4.7: A schematic view of the experimental setup. PC, P, BE, QP, BS, F, PD, and HQ are,
respectively, a Pockels cell, a polarizer, a beam expander, a A/4 plate, a polarizing beam splitter
cube, a wavelength filter, a photo diode, and a A/2 plate.

between the cell center and cell edge is approximately Av, = 30 GHz as shown in Fig. 4.14-(b).
On the other hand, the width of the pumping laser frequency extracted from the Ti:Sapphire laser
is 20 GHz. This indicates that the pumping laser cannot cover the whole resonance frequency
for the Rb atoms with a magnetic field of 3 T at the cell center. This means that if one wants to
cover the whole range of the cell, the magnetic field should be reduced to 2 T. Otherwise, one
may induce a formation of the polarized Rb vapor partially localized in the cell. However, as
later discussed extensively, this is not a demerit. We succeeded in investigating the relaxation
mechanism of the Rb vapor optically pumped by forming a polarized Rb vapor localized in the
cell. This will be described in the later section. A similar technique was used for the measurement
at a low magnetic field [57].
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Figure 4.8: A cross section of the Rb vapor cell.
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Figure 4.9: The Verdet constant, v associated with the vapor thickness (left) and the o associated
with the Rb polarization (right) plotted as a function of the probe laser frequency in a magnetic
fieldof 2 T.

4.1.4 Superconducting solenoidal magnet

A superconducting solenoidal magnet (Mitsubishi Electric Corporation : MD-190-60) was intro-
duced to produce the LS decoupling field for 3He atom. The magnet consists of a conduction
cooled NbTi solenoid, a high T, superconductor current leads, and Gifford-McMahon ( GM ) re-
frigerator [58]. The GM refrigerator can cool down the solenoid from the room temperature to
below 4 K in a few days. Then, the GM refrigerator [59] allows us to operate the system without
supplying any cryogen such as liquid helium or nitrogen. The geometry of this magnet is described
as follows; the inner diameter is 160 mm, the outer diameter is 600, and overall axial size is 560.
The magnet produces a maximum central field of about 6 T at the operation current of 38 A. The
measured and calculated values of the magnetic flux density is plotted as a function of the z axis
in Fig. 4.15. The measured value was provided from the Mitsubishi Electric corporation. The
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Figure 4.10: A photo diode, amplifier, and ADC for the measurement of the Faraday rotation
angle.

calculation of the field strength was done by using the program, “POISSON” in order to examine
the performance of the magnet. A reasonable agreement between the calculation and observation
is found, which suggests the magnet works reasonably. It is also noted that magnetic field de-
creases to 70% at the position, z = 15 ¢cm corresponding to the Rb cell edge. The magnet is usually
operated at 2 T, since this value is enough strong to decouple the LS coupling (see section 3.1.4).
In addition, the pumping laser system sufficiently covers the line broadening of the Rb resonance
due to inhomogeneity of the magnetic field.

Helmbholtz coil

To avoid depolarization due to the perturbing fields from the terrestrial magnetism, the stray field
of the cyclotron, etc., a uniform magnetic field with 10 G was applied to a region where the nuclear
polarized *He* ion was formed, i.e., a region downstream of the superconducting magnet.

For this purpose, a Helmholtz coil was designed and installed. A basic design was carried
out with the program “POISSON”. We determined the dimension of the Helmholtz coil so that
the direction of the produced magnetic field might be less than ~ 10° with respect to the z-axis
over the covered range. The parameters thus obtained are tabulated in Table 4.1.4. Each coil has
a diameter of 136cm and a distance between two coil was 32 cm. Each coil was composed of a
copper wire with 200 turns. The field strength at the center of the Helmholtz coil was about 10 G
with a driving current of 3.6 A,

The magnetic flux densities as a function of z and r are shown in Fig. 4.1.4. A solid line is a
calculated result with the “POISSON” and open circles are measured data with a hole probe at the
coil-current of 3.5 A.
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Figure 4.11: A line shape of the diode laser used for the measurement of the Faraday rotation
angle.

Magnetic flux density at coil center 10G
Distance between two coils 64 cm
Coil diameter 136 cm
Electric current of coil 37A
Voltage for two coils 43 Volt
Wire material Enameled copper
Diameter of wire 2 mm
Turn numbers of wire/coil 200 turn

Table 4.2: Designed parameters for Helmholtz coil.

The Helmholtz coil covers a region downstream of the superconducting magnet. The direction
of the symmetry axis of this magnetic field is the same as that of the superconducting solenoidal
magnet.

4.1.5 Beam-foil polarimeter
Principle

A principle of the polarimeter is based on the the beam-foil spectroscopy firstly succeeded by
Andrd [60]. A nuclear polarized 3He* ion penetrating a thin carbon foil multiply captures and
strips electrons of the carbon atoms in the foil and finally a charge state of the incident 3He* ion
is equilibrated, i.e., the incident *He* ions becomes almost a 3He atom for an incident energy of a
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few keV/amu. Since the hyperfine periods for the 3He atoms are much longer than the penetrating
time through the foil, the nuclear polarization is hold during collision process.

Most of the >He atoms in the equilibrated charge state emerging out of the foil are in the excited
state. They deexcite to the ground or metastable state by emitting photons in flight. During these
photon emission process, a certain amount of the nuclear polarization is periodically transferred to
the atomic electron by the hyperfine interactions. This eventually generates a circular polarization
for the emitted photons. If one, in turn, observes the degree of the circular polarization, one can
determined the degree of the nuclear polarization. This is an intuitive explanation of the beam foil
spectroscopy.

Photons with a wavelength of 388.9 nm corresponding to the transition between the 33PJ (J=
0,10r2)and 2381 states were used in the present measurement of the 3He nuclear polarization.
They were analyzed with an optics device consisting of a A /4 plate, an interference filter, a linear
polarizer, and finally a photomultiplier [61]. As a result, the polarization of the >He* ion was
obtained from the measured He nuclear polarization.

The circular polarization is defined in terms of the Stokes parameter as,

S _N(c*)-N(o7) @8)

I N{ot)+N(o")

N(o*) = C(c*)/B(c%*) 4.9)

where C(0*) and B(c*) are, respectively, counts of the analyzer and the beam monitor detector
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Figure 4.14: (a) Magnetic field distribution of the solenoidal coil plotted plotted as a function of
the position along the z axis in case of B = 3 T at the cell center. (b) A resonance shift of D, line
due to inhomogeneity of the magnetic field strength (solid curve). The resonance shapes “A”and
“B” show localized resonances at both ends and the center of the cell, respectively.

for o* photons. Then, nuclear polarization of 3He, P, is given by

P= }S-A-l, (4.10)
A=0.207, (4.11)

where A is an analyzing power.

Apparatus of the beam foil spectroscopy

A whole assembly of the polarimeter is located in a uniform magnetic field ( 10 Gauss ) produced
by the Helmholtz coil which was described in the preceding subsection. A chamber of the po-
larimeter is evacuated by a 500 ¢/s turbo molecular pump. A liquid N, trap is attached to the
vacuum chamber to improve the vacuum condition enabling to reduce collisions of a polarized
3He with the residual gas in the chamber. A typical value of the vacuum degree was about 1~3
x 1077 Torr. The photograph of the polarimeter is shown in Fig. 4.17. The experiments were
carried out, at first, with a polarimeter 1 which allowed a detection of the circular polarization
for the photons emitted only to one direction as shown in Fig. 4.18. We, then, improved the po-
larimeter 1 so that the detection for both directions might be possible (a polarimeter 2) as shown in
Fig. 4.19. In addition, we installed a beam monitor in this polarimeter so that we could accumulate
more stable data. A detailed description on the optical device of the polarimeter is as follows: The


























































































































































































