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A 3He' beam with nuclear polarization was produced by passing afdst-ion beam through a thick
polarized Rb vapor target in a strong magnetic field. Observed polarization transfer coefficients as a function
of the Rb vapor thickness are qualitatively explained by an electron pumping model based on multiple pro-
cesses of electron capture and stripping. The experimentally obtained polarization and beam current for the
3He' beam were, respectively, 0.07 anck2 for a Rb polarization of 0.2[S1050-294799)51111-6

PACS numbd(s): 34.80.Nz, 13.88t¢e

In recent years, nuclear polarizetHe gases and ions Figure Xa) illustrates an intuitive explanation of the
have received growing attention in a variety of scientificmethod. An unpolarizedHe" ion beam with an energy of a
fields from quark physics to life scien¢é]. Historically, a  few keV/A is incident on a polarized alkali-metal vapor tar-
number of methods have been attempted for the productiogiet from the left. Major processes at this energy are electron
of polarized®He ions and atoms. PolarizéHe atoms have capture for®He" ions and electron stripping fotHe atoms,
been successfully produced by both metastability exchange
optical pumping[2] and spin exchange optical pumping a)
[3,4].

On the other hand, the production of polarizéide ions
has not been as thoroughly developed as is the production of
polarized *He atoms. The first method used to produce po-
larized *He" ions was realized by extracting polarizéde*
ions from a discharge in a metastability exchange pumped
cell[5]. According as the ions are extracted, resonant charge-
exchange collisions may enhance the polarization. JHe"
polarization and beam current realized by this method were
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0.11 and 8uA, respectively[6]. The second method for b)
producing the polarizedHe?* ions was based on the Lamb- .
shift method [7,8]. The polarization and beam current S < Capture

achieved by this method were almost 0.7 andA4

For polarized H ions, significant advantages are ob-
tained for both the beam current and beam emittance by us-
ing charge changing collisions between fast incident ions and
polarized alkali-metal atoms to produce the polarized ions
[9,10]. This method, called OPPI®ptically pumped polar-
ized ion sourcg uses an optically pumped polarized alkali-
metal vapor for the charge-exchange medium. Taredkal.
[11] have studied the application of this technique to the
production of nuclear polarizedHe ions. An outgrowth of
this study was an idea for producing polarizee by mul-
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tiple capture and stripping collisions between optically g, 1. principle of electron pumpingg) An unpolarized®He™*
pumped polarized Rb atoms and a fﬁb{_e beam[12]. We  on incident on a polarized Rb atom captures a polarized electron
called this method “electron pumping” in analogy with the followed by the stripping of one of the two electrons in thide
principle of optical pumping13,14. In this paper, we first atom. By repeating this cycle a number of times, the degree of
discuss the physics of electron pumping and then present tiigie* polarization increases. Arrow lengths qualitatively give
experimental results and interpretation in terms of a modemean-free paths for aHe" ion and *He atom.(b) Schematic ex-
based on the electron pumping. planation of electron pumping in analogy with optical pumping.
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N - ‘on a FIG. 2. Experimental setup. A
[]<—T1:SapphlreLaser 3He"-ion beam produced by a
==0<—Mechanical Helmholtz coil duoplasmatron is incident on a Rb

Shutter Faraday vapor cell located along the axis
Duoplasmatron Cup-3 .
Ion Source Electrostatic of a 2-T superconducting magnet.
Electrostatic Quadrupole Lens [{ ¥ Circutar Polari. The emerging®He" is transported
Farada Quadrupole Lens zation Detector to a polarimeter after passing
aras .
Capl Relisosamosas- through a 90° electrostatic ana-
ncting magnet —>- Carbon | intain th lari
2 290 nm filter yzer. To_mamtgm t e polariza-
mmpS ) faaiaiaiy i rNZplate tion, a guiding field is applied to
N = . e "= the region of the polarimeter and
) the electrostatic analyzer. The
Gran-Thomson X X T principle of the polarimeter is
1S .
M4 plate FElectrostatic Polarizing Beam based on a beam-foil spectroscopy
Quadrupole Lens Splitter Cube as described in the text.

Superconducting Electrostatic
Solenoid Magnet Analyzer

while an electron stripping of dHe" ion to form a*He?t  a 3He" ion with m,=+3% or —3 with equal probability.
ion, an electron capture of He atom to form a®He™ ion, Most of the ®He singlet atoms are in the ground level. The
or a two-electron capture of #He* ion to form a®He™ ion  electron stripping process from this level is negligibly small
is negligibly small. As a result, only successive processes Gt our incident energy. After many repetitions of the capture
electron capture foPHe" ions and stripping foPHe atoms  and stripping processes, thiéle’ ions with m,=+3 pre-
are significant. An incidenfHe" ion first captures a polar- dominate; that is, the electron of thigle™ ion is polarized.
ized electron from an alkali-metal atom forming an excitedThe above scenario is almost identical to the principle of
3He atom, followed by deexcitation either to the ground oroptical pumping if one replaces a polarized electron with a
metastable state by radiative decay. A 2-T decoupling fieldgircularly polarized photon. This is the reason why we name
B s is applied to the collision region to avoid the depolariza-our method electron pumping. It should be further mentioned
tion of the captured electron during radiative decay. Duringthat the electron pumping requires large-collision cross sec-
further passage of théHe atom through the polarized alkali- tions for both capture and stripping processes. In fact, this
metal vapor, the*He atom is converted into dHe* ion  condition is satisfied for a fastHe ion incident on a Rb
again by an electron stripping process. Since either of thearget, as will be discussed later.
two electrons of theHe atom can be stripped with approxi-  Figure 2 shows the apparatus constructed at RCNP, Osaka
mately the same probability, thiHe™ ion is polarized by  University. A 19-keV 3He™ ion beam is extracted from a
this process. If the alkali-metal vapor thickness is largeduoplasmatron ion source and is incident on a 32-cm-long
enough to allow repeated capture and stripping cycles, thRb vapor cell. The Rb vapor cell is located in a 2-T axial
polarization of the®He" ion increases and finally reaches a magnetic field supplied by a superconducting solenoidal coil.
maximum value determined by the polarization of the alkali-The Rb cell temperature is varied from 100 to 120 °C with a
metal vapor. precision better than 0.1 °C to change the Rb vapor thickness
The multiple-collision processes mentioned above can bé&om 1x 10* to 6x 10'* atoms/cri. The Rb vapor is polar-
discussed in another way. An energy-level diagram for &dzed using theD; transition of the Rb atoni795 nnm with a
3He" ion and a*He atom is shown in Fig.(b), where the  4-W Ti:sapphire laser pumped by a 25-W Ar-ion laser. The
levels of the®He atom withS=0 (singlet levelsS) and with  linewidth of the pumping laser is-20 GHz, which is suf-
S=1 (triplet levels, T) are indicated. An incidentHe* ion  ficient to fully cover the linewidth caused by the Doppler
first captures a polarized electron from an alkali-metal atonbroadening and inhomogeneity of the solenoidal magnetic
and forms a®He atom in an excited state. It then deexcites tofield. We use the Faraday effect to monitor the thickness and
the ground or metastable state of tfide atom by radiative polarization of the Rb vapdPgy, by using linearly polarized
decay. The radiative decay keeps the spin multiplet un790-nm light provided from a diode probe laser. It is found
changed. Figure (b) shows the energy levels of thiHe" that Pg,, decreases from 0.6 to 0.2 with an increase of the Rb
ion, including the two metastable levels and the ground levethickness from X 10 to 10x 10** atoms/cmi. To under-
of the 3He atom. Other levels are not shown for simplicity. stand this behavior in more detail, a direct observation of the
In the capture process, ¥He" ion with anm,=+3% mag- Rb depolarization was done using a chopped pumping laser
netic substate captures a polarized electron to form only f15].
3He(T) atom with m,=+1, while a *He" ion with m, The ®He" ions emerging from the Rb vapor cell become
=—3 captures a polarized electron and forms either gartially nuclear polarized by the hyperfine interaction when
3He(T) or a 2He(S) state withm,=0. When an electron they reach a region where the external magnetic field is
stripping process takes place,®dle’ ion is formed again. small. The ®*He nuclear polarizatiof®y is half of the elec-
An electron stripping process for thiHe(T) atom withm,  tron polarizationP, of the He™ ion in the strong magnetic
=+1 forms only a®He" ion with m,=+ %, while an elec- field [16]. The nuclear polarizedHe" ions are then sepa-
tron stripping for the’He (T or S) atom withm,=0 forms  rated from the fastHe atoms by a 90° electrostatic analyzer
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TABLE I. Cross sections for capture, stripping, atomic transi-
tions between a triplet and singlet state, and spin exchange used for

o
N’

the calculations oP as a function of the Rb thickness. The cross
g 0015¢ o o' sections are in units of 13 cn?.
2 oo} 3
5 0.005 | Curve O+t O4s Oty Os+ Ots Ost  Oex
's 0 Solid 0.230 0.092 0.108 0.0012 0.038 0.0022 0.1
§ Dashed 0.230 0.092 0.059 0.0012 0.038 0.0022 0.1
s 0005y 5 Dot-dashed 0.230 0.092 0.108 0.0012 0.038 0.0022 0.0
=~ 001}
works becausé&/l changes its sign when circular polariza-
b) tion of the pumping laser is changeldy is extracted from
1 - the observed/| andA.
0.8 ] Figure 3b) shows the observed polarization transfer co-
+ 7 s efficient P taken at different Rb vapor thicknesses. Here,
06 RV P+ is defined byP./Pry, WhereP, is evaluated by doubling
af 0.4} A Py determined from Eq(l). The P+ error bars indicated are
02 A7 W mainly due to uncertainty in the measurement of the Faraday
,,,,—/ ,,,,, - rotation angle and counting statistics. The obserRetd in
0 ;_# + Fig. 3(b) clearly demonstrate an increase with the increase of
02 the Rb vapor thickness.
10" 10" The experimental results are compared with the theoreti-
Rb Thickness [ atoms/cm” ] cal calculations for the electron pumping. The rate equations

K for th rescribed in Ref[12] are improved and solved with a few
__FIG. 3. (8) Observed Stokes paramfter§ corrected for the basese g of the reasonable collision cross sections. Since adequate
line shift due to the system asymmetoy (o) indicates the right data are not available for the REFHe system, we use data

(left) circular polarization for the pumping laser, respectively. o404 from the charge-exchange collisions between ce-
Experimental and theoretical values of the polarization transfer co-. dfHe i tE(*He)= 25 keV/[19 i
efficient P plotted as a function of the Rb vapor thickneBs. is sium vapor and"He ions atE("He)= eV[19], expect-

defined as &sy./PRrp, WherePsy, is an electron polarization of ing that the cross sections fpr the RBHe system are Simi_'
the ®He* ion after emerging from the polarized Rb vapor. lar to the ones abovE21]. Since the presence of the spin-
exchange interactions between a Rb atom ariHl@atom or

3t ian ;
and enter a polarimeter for the measurement of thie a “He™ ion is expected to enhance the electron pumping, we

nuclear polarization by means of a beam-foil spectroscop)z_mplg{c the fspinr;egchang_e c_:joss sectionb_tg_eoretically pre-
[17]. To preserve the direction of théHe polarization, a N'ICte ol_r ?)I ast hy rogenflnrcll enton arr]u idium atf#f].
weak magnetic field B~10 G) from a Helmholtz coil is More reliable estimates of the spin-exchange cross sections

5 :
applied to the region of the electrostatic analyzer and thé'® _needed for _théHe .+Rb system. For_ this purpose, the-
polarimeter. We observe a circular polarization of theoretlcal calculations of it are done and will be presented else-

389-nm photons corresponding to the transitions between th\ghere[zz]: . .
33p,(J=0,1,2) and S, states in the’He | atom set in The solid curve is the result of the full calculation, and the

flight by the polarimeter. The 389-nm photons predominat%it'dasr‘ed and dashed curves are, respectively, the calcu-

among the observed ones and were successfully used for o#cd rezulthwnh thle splrr]l-eg(char_]ge_ cross section set equal to
previous measuremenfis1, 18, zero and the result with the stripping cross sectiqn re-

Figure 3a) shows the observed normalized Stokes paramg:iuced to a half of the first case. The need for the third cal-

eter,S/| taken for the 389-nm photons at the Rb vapor thick_culations(dashed curveis due to the fact that the measure-

ness of 5.% 104 atoms/crA. Here. S/1 is defined asS/| ment of the stripping cross section of*ble atom in either a
:[l(U+)_'|(07)]/[|(U+)+|'(07)]' with 1(c*) and triplet or singlet state has an uncertainty larger than that of

(o7 )=intensity for the right- and left-hand circularly po- the il:ellp;]ljr_?hcross se_ctulnn ?ecau?(tahof the |nd|r?ct mfea;t:re-
larized photon in the optical convention, respectiv&l. is men - 'he humerical vailues of the cross sections for the

; N above three cases are shown in Table I. Herg,,o ., ¢ are
also expressed in terms of théle nuclear polarizationy the capture cross sections for3se* ion formﬁg BT_'Se i

by triplet and singlet metastable levels, respectivety, and
SII=APy, (1) os. are, respectively, the stripping cross section fotHe
atom in the triplet and the singlet levels forminglde® ion.
whereA is a time-averaged analyzing power for the 389-nmg4, 0, are the cross sections for atomic transitions from a
photons and is evaluated to Be=0.207[11]. " (¢~) in triplet to singlet state and vice versa,, is a spin exchange
Fig. 3(a) indicates right(left) circular polarization for the cross section between a Rb atom arHe&atom or alHe"
pumping laser, respectively. To correct the instrumentalon. The calculated results in Fig(tl8 demonstrate that the
asymmetry,S/I taken without the pumping laser is sub- increase ofP;, as the Rb vapor thickness increases, is not
tracted fromS/l with the pumping laser. The experimental extremely sensitive to the absolute values of the stripping
result clearly demonstrates that the polarimeter satisfactorilgross sections, and that the effect of the electron pumping is,
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in fact, enhanced by the presence of the spin-exchange coltA [24]. These values could be greatly improved by further
lisions. Though more precise experimental data are needgdstrumental development; for example, use of an E€lBc-
for a further detailed comparison with the theory of electrontron cyclotron resonangeon source instead of the duoplas-
pumping, one can conclude that the basic principle is qualimatron, a SONA field16], and a longer geometry of the Rb
tatively verified in the present measurement. It is of particu-C€ll region.

lar importance to note that the stripping cross sections for a Thjs work has been performed with the support of the
*He atom are exceptionally large as compared with the hyresearch Center for Nuclear Phys{&CNP Cyclotron Fa-
drogen casg23], which leads to the success of electron cility at Osaka University and a Grant-in-Aid from the Min-
pumping for3He . istry of Education of Japan. The authors wish to express their

The maximum values ofHe" nuclear polarization and sincere appreciation to Professor H. Ejiri for his encourage-
beam intensity obtained here are, respectively, 0.07 and 2ient throughout this work.
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