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Method for production of a *He beam with high polarization and high intensity
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We describe a concept in the production of a highly polarized *He ™ beam using multiple-electron cap-
ture and stripping collisions between a fast incident *He?* ion and a polarized alkali-metal atom at a
strong magnetic field of 1-2 T. The yield and polarization of the outgoing *He* ion are calculated by
solving the rate equations. The yield shows a characteristic pattern as a function of the alkali-metal-
atom vapor thickness as a result of the multiple-electron capture and stripping collisions. The polariza-
tion shows a gradual decrease at low vapor thicknesses and a steep increase up to unity at about 2 X 10"
atoms/cm’. By using 30-keV/amu 3He™ as a primary beam, a fully polarized *He " beam of about 0.5
mA may be possible. It is also suggested that not only polarized *He ions but a polarized fast atomic *He
beam can be produced by the present method, where the expected polarization and beam intensity are
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~0.8 and ~ 6X 10" atoms/sec, respectively.

PACS number(s): 34.70.+e, 34.80.Nz, 03.65.Sq, 34.10.+x

I. INTRODUCTION

Since the suggestion [1] of a polarized proton ion
source based on polarized electron captures in an alkali-
metal-atom vapor, much effort has been devoted to the
realization of the optical pumping polarized ion source
(OPPIS). As a result, polarized proton beams with a po-
larization higher than 0.8 and a beam intensity current
higher than 0.4 mA have become available in a pulsed
mode [2-5] and greater than 0.1 mA in a cw mode [6].

The prospect for producing polarized heavy ions by
means of the OPPIS technique has been discussed [7]. A
success in polarizing heavy ions by this method was ac-
complished for production of *He™ [8] and N** [9].
However, through the above studies it has been found
that heavy-ion nuclear polarizations obtained by the use
of OPPIS are restricted to lower values than the proton
polarization. For example, the maximum >He polariza-
tion obtainable by this method is only about 0.3 [10].

The origin of this polarization reduction for heavier
ions is explained as follows: A polarized electron is
transferred from an alkali-metal atom to an incident
highly stripped heavy ion by an electron-capture col-
lision. Since the captured electron is usually in an excited
level of the ion, the ion disintegrates to the ground or
metastable levels by photon emission. A considerable
amount of the electron polarization is carried away by
the photons because the LS coupling allows a spin-flip
transition.

An external magnetic field to decouple L and S, the
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so-called “‘decoupling field,” is usually applied to avoid
the spin-flip transition. The required decoupling field
B, s for a hydrogenlike atom with a nuclear charge Z [11]
is proportional to

Z4

—_, 1
n3(+1) M

Byg =

where n(#1) and /(50) are, respectively, the principal
and the orbital angular-momentum quantum numbers for
the electron orbital formed by the polarized electron cap-
ture. This result shows that the necessary B;g is a max-
imum, when the excited level with n =2 and /=1 is pop-
ulated after photon emissions from the higher excited lev-
els. The maximum B¢ required for a proton is only 1-2
T, whereas a huge B, is needed for heavier ions due to a
term proportional to Z* in Eq. (1); a field of about 30 T is
necessary even for the lightest heavy ion such as *He.
The depolarization due to an insufficient LS decoupling
field is unavoidable for heavier ions.

This high decoupling field is a serious drawback for the
OPPIS method when it is applied to polarize heavier nu-
clei. Therefore a method to avoid the electron depolari-
zation due to an insufficient LS decoupling field is re-
quired. Recently, evidence for a sequential double
electron-capture process was suggested from the analysis
of the experimental data of the >He™ yield versus sodium
vapor thicknesses for 3He?" incident on Na [10]. This in-
teresting phenomenon motivated us to examine an idea
for polarizing 3He nuclei beyond the polarization limit
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due to an insufficient LS decoupling field. As is discussed
in the following section, our idea is to obtain electron po-
larization by sequential electron capture and stripping be-
tween incident *He' ions and polarized alkali-metal
atoms. Through the multiple collision processes, the
relevant charge states of the *He ions are mainly neutral
and singly ionized if the incident energy of the 3He ions is
a few keV/amu. This means that the strength of the LS
decoupling field required for these processes is compara-
ble to the decoupling field required for protons (1-2 T).
Our idea is in striking contrast to the OPPIS for which a
single electron-capture process dominates and which re-
quires a decoupling field more than 30 T.

A concept of the polarization deposition by successive
collisions was previously examined by Anderson et al.
[12] to provide highly polarized intense hydrogen or deu-
terium beams for the fusion research. They called the
method collisional pumping. An advantage of this idea is
that no strong decoupling field is necessary. In recent
years, the use of multiple spin-exchange collisions has
been experimentally examined by Zelenski and
Kokhanovksi [13] at Institute of Nuclear Research, Mos-
cow, and TRI University Meson Facility, Vancouver, in
pursuit of an alternative type of a polarized proton ion
source. We call an ion source based on our method a
multiple-electron capture and stripping ion source
(MECSIS).

Application of the MECSIS method is not restricted to
technology used in the polarized ion sources. Since the
effect of multiple collisions in an ion-atom system has not
been well studied, our method may shed light on plasma
physics and astrophysics as well as atomic physics.

II. OUTLINE OF MULTIPLE-ELECTRON CAPTURE
AND STRIPPING COLLISIONS

A. Intuitive explanation of the principle

In our previous work [10], we found that with *He?*
incident as the sodium vapor thickness increases, the
3He™ yield increases in proportion to the vapor thickness
for low values of the target thickness. Beyond a vapor

TABLE 1. Charge distribution of outgoing *He ions at 6.7
and 30 keV/amu impact energies referred from Ref. [14].

Yield ratio (%)
at 5 keV/amu

Yield ratio (%)

Outgoing ion at 30 keV/amu

SHe?* 0 2
*He* 11 47
‘He 89 51

thickness of ~3X 10'> atoms/cm? the yield shows a de-
crease. The initial increase of the *He™ yield is a conse-
quence of the electron-capture process, while decrease of
the yield of *He™ ions is due to predominance of sequen-
tial double electron-capture processes expressed by

3He2+—->3He+—>3He°, (2)

at higher vapor thickness. It is expected that as the
alkali-metal-atom vapor thickness increases, the charge
state distribution for an incident *He?" ion is equilibrat-
ed. The equilibrated charge distribution is mainly deter-
mined by the incident *He?* energy. When the incident
SHe?" energy is 5—6 keV/amu, the percentage yield ratio
of the outgoing ion is given [14] in Table I. Though the
yield ratio for higher charged states becomes significant
at higher incident energy, the yield ratio for the *He?"
ion is still less than 2% as long as the incident energy is
less than ~30 keV/amu. In the equilibrated condition,
the following electron pickup and stripping collisions re-
peatedly occur in the alkali-metal-atom vapor:

SHe’—3Het (electron stripping) ,

SHet —3He® (electron capture) . (3)

Here, the electron stripping of a *He" ion to form a

3He?" ion can be neglected at these incident energies.

An intuitive scenario of the polarization deposition is
shown in Fig. 1. An incident *He?" captures a fully po-
larized electron from an alkali-metal atom and the elec-
tron polarization is reduced to about 0.3 (a short arrow in

Alkali atom
—

Polarization=1.0

Incident
3He2+

=& Polarization=0.3
el Polarization=1.0

ﬁBex
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T

3Het+
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3Het 3He

3Het 3He

FIG. 1. Illustration showing a principle of the polarization deposition assuming that an alkali-metal atom is completely polarized
and an external magnetic field (1-2 T) necessary to decouple L and S for Z =1 is applied. A *He?" ion incident on an alkali-metal
vapor cell captures a completely polarized electron. The captured electron polarization reduces to 0.3 (a short arrow) due to the
insufficient decoupling field. An additional electron capture occurs keeping the polarization of the captured electron 1.0 (a long ar-
row). An electron stripping, then, occurs, where the stripping probability for a completely polarized electron is approximately equal
to that for an electron with the polarization of 0.3. A repeated sequence of the capture and stripping collisions makes the electron

polarization for the *He™ ion increase.
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Fig. 1) due to the emission of photons in a magnetic field
less than B;¢ as was discussed in the preceding section.
The *He™ formed by the capture process, then, captures
another fully polarized electron (a long arrow in Fig. 1).
The second electron capture results in a fast neutral
atom. The necessary decoupling field is similar to the
value for the proton OPPIS. As a result, the polarization
of the second electron can be kept 1.0 during the cascade
decay to the 23S metastable level. Following this cap-
ture, the stripping collision occurs. The averaged elec-
tron polarization for the *He™ ion thus formed is

0.3+1.0 _
2

assuming stripping of a completely polarized electron is
approximately equal to that of an electron with a polar-
ization of 0.3. Further additional electron-capture and
stripping collisions are repeated before a *He* ion comes
out of the alkali-metal-atom vapor cell. Every capture
and stripping collision makes the average electron polar-
ization increase. After many capture and stripping col-
lisions, the electron polarization for the *He™ ion outgo-
ing from the alkali-metal vapor cell tends to 1.0. In this
simple model, the polarization deposition due to repeated
spin-exchange collisions [12] between *He ™ ions or atoms
and polarized alkali-metal atoms is not considered al-
though it may be important [13].

0.65, 4)

B. Quantitative evaluation of the polarization

In this section, we make a quantitative calculation of
yields and electron polarizations of 3He* ions produced
by the MECSIS method by solving the appropriate rate
equations. The *He?" incident energy is chosen as 5
keV/amu. Our calculation includes formation of both
triplet (23S) and singlet (2'S) levels of *He® by the
electron-capture process. We also consider the effect of
spin-exchange collisions between a *He™ ion or *He’
atom and an alkali-metal atom.

The rate equations are given by

dH2+

4 =—0,H*", (5a)
T
dH{, 1+P,
dr 5 oyH* —0 Hip+o,  (Hy+3Hy)
+USEIHil/2 > (5b)
dH?*,, 1—P,
ir T3 onH =40y, +o HT ),
+%01+H10+USEIHf1/2 ) (5¢)
dH, _ N
dir =0,,H{)—0, H +0ogeaHy , (5d)
dH . N
dn =q04H  p—0, Hyo—0osgaHy (5e)
dHt*l
dm =0, (5f)
dH
d; =30 HY ), (5g)

where 7 is an alkali-metal-atom vapor thickness in
atoms/cm?, P, is the 3He" polarization produced
through a capture of a fully polarized electron from an
alkali-metal atom by an incident *He?* ion (P ~0.3 [10)),
H??" is the *He?* intensity in ions/s, H{, and H*, , are
*He" intensities for the m,=1 and —1 levels, H, H,
H,_, are *He 23S intensities for the m,=1, 0, and —1
levels, H,, is the *He 2 'S intensity, o,, is the capture
cross section from the doubly to singly charged state,
0,4, 0,4 are the capture cross sections from the singly
ionized to the 23S level and the reverse process, o is
the capture cross section from the singly ionized to the
21S level, and o gy and o, are the spin-exchange cross
sections for an ion and atom, respectively. In the deriva-
tion of the equations, we assume the following.

(1) Alkali-metal polarization is unity.

(2) The 2'S level is mostly quenched to the 1S level
and therefore stripping from any singlet level of the *He°
atom to the 3He™ ion is neglected.

(3) Direct double electron capture from the *He?" ion
to the 3He® atom is small enough to neglect.

(4) Stripping from the *He™ ion to the *He®"
small enough to neglect.

(5) Electron capture from the *He’ atom to negative
ions is small enough to neglect.

(6) Electron capture from the 3He?" ion to the 22§
metastable level of the He™ ion is neglected.

The rate equations (5a)—~(5g) are numerically solved by
means of the Runge-Kutta method under the initial con-
dition that H>"=1.0, H{,=H*,,=H,,=H,=H,_,
=H,,=0.0 at 7=0 with appropriate values of the cap-
ture, stripping, and spin-exchange cross sections: The
capture cross sections, 0,; and o, (=0 ,,+o0,5) are
measured in an incident energy range from 0.025 to 0.38
keV/amu for Na, K, Rb, and Cs [15] and in an incident
energy range from 0.5 to 50 keV/amu for lithium and
sodium [16]. We employ o0, =1.41X107", and
01o=1.15X107!* cm? which are the observed results for
the sodium target at the incident energy of 5 keV/amu.
Assuming that o, =30, and o, =10, we obtain
0.,=0.863X107" and o0,,=0.288X10"* cm? re-
spectively. Since the information on the spin-exchange
cross sections for an ion and atom, ogg, and oggy, are
lacking, we assume that ogga =0 ge;=0.1X 107 cm? us-
ing a value similar to that for the hydrogen atom [17].
The data on the stripping cross sections, o, at the in-
cident energy of present interest, are also not well known.
Therefore we determine o, , so that the calculated *He ™"
yield ratio at the large alkali-metal vapor thickness,
where the charge distribution is equilibrated for the *He*
ions passing through the alkali-metal-atom vapor, may
reproduce the values in Table I. The result thus obtained
iso,,=0.123X10"" cm?2

ion is

II1. DISCUSSION AND FUTURE DIRECTIONS

A. 3He™ yield ratio

According to the procedure in Sec. II, we calculate the
outgoing 3He™ yield ratio, Y;He+ , which is defined as
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y _ H{,+HY,,
Het H*"(7=0)

assuming the 5-keV/amu 3He?" ions with an intensity of
1 are incident on the alkali-metal-atom vapor. The calcu-
lated result is plotted in Fig. 2(a) as a function of the
alkali-metal-atom vapor thickness.

We mentioned in Sec. II that the peak of the Y;, +

yield ratio [10] is a consequence of the sequential double
electron capture. As shown in the solid curve in Fig.
2(a), the calculated result reproduces this behavior. At
the vapor thicknesses above 10'® atoms/cm?, the yield ra-
tio is close to the saturated value of ~11%. This indi-
cates that the equilibrium is achieved due to the
multiple-electron capture and stripping collisions.

) (6)

B. 3He™ polarization

The calculated *He™ polarization (solid curve), P;He+,
defined by
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FIG. 2. The yield ratio and electronic polarization of the out-
going *He™ ions calculated by the Runge-Kutta method as a
function of the alkali-metal-atom vapor thickness. (a) The solid
(dotted) curve is the calculated result for the He?™" incident en-
ergy of 5 keV (30 keV/amu). (b) The curves denoted by “with
spin exchange” (solid curve) and “without spin exchange”
(dashed curve) are the calculated results with the appropriate
spin-exchange cross section and with the spin-exchange cross
section set exactly to zero, respectively, where the incident
3He?* energy is 5 keV/amu. The dotted curve is obtained for
the *He?* incident energy of 30 keV/amu.
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is plotted in Fig. 2(b) as a function of the alkali-metal-
atom vapor thickness. The polarization gradually de-
creases from 0.3 to less than 0.2, and then begins to in-
crease. As the alkali-metal vapor thickness increases fur-
ther, the *He™ polarization rises to unity at the vapor
thickness of ~ 10! atoms/cm?. The unexpected falloff of
P;He+ at low vapor thicknesses is commonly seen for

both calculated results with and without the spin-
exchange collisions.

The above overall behavior is simply understood in
terms of sequential double electron-capture and stripping
processes. After the polarized *He™ ions are formed,
they are converted into fast neutral atoms by successive
electron capture. Since the capture cross section o, is
larger than o, the loss of *He,,, is larger than the
loss of *Het, o by electron capture. This results in a de-
crease in the *He* polarization at low alkali-metal target
thickness. The increase in the *He™ polarization begins
at the vapor thickness corresponding to 1/0,, ~10'
atoms/cm?, where the stripping process becomes
significant.

To see the effect of the spin-exchange collisions we
have plotted the calculated result without the spin-
exchange cross sections oggy, and oggs. There is only a
minor polarization difference between the calculated re-
sults with and without the spin-exchange collisions, from
which the spin-exchange collisions are less important in
our method. This result is in striking contrast to the col-
lisional pumping method of Ref. [12] in which the spin-
exchange collisions are the primary driving force to pro-
duce the polarization.

Another important difference between the MECSIS
and the collisional pumping method of Ref. [12] is the
difference of the required vapor thickness; the vapor
thicknesses required for obtaining the polarization larger
than 0.9 are estimated to be 1.8 X 10'° for the MECSIS,
and 50X 10'° atoms/cm? for the collisional pumping, re-
spectively. This clearly indicates that the MECSIS needs
less vapor thickness than the collisional pumping of Ref.
[12] by more than an order of magnitude. This is a great
advantage because realization of completely polarized
alkali-metal vapor is difficult for large vapor thickness

[13].

C. Increase of *He™ polarized beam intensity

So far, we have restricted our discussion to the yield
ratio and polarization of *He™ for a *He?* incident ener-
gy of 5 keV/amu. The achievable SHe' beam intensity is
determined by the *He™ yield ratio at saturation thick-
ness. One way of increasing the outcoming *He™’ beam
intensity is to increase the *He™ yield ratio by increasing
the incident energy since the charge distribution is ex-
pected to shift toward higher charged states. As a matter
of fact, the yield ratio will increase up to almost 50% at
the incident energy of 30 keV/amu as shown in Table I.
To see the behavior of the polarization at such a higher
incident energy, we solved Egs. (5a)-(5g) by changing
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capture and stripping cross sections to fit those at the
higher incident energy. Referring to the observed values
for the electron-capture cross sections of the sodium tar-
get [16], we employ the following values: o,
=0.052X10"", ¢,,=0.032X107 !4, and o,,=0.011
X101, The unknown stripping cross section o, is
determined so that the calculated He™ yield ratio at the
large vapor thickness may reproduce the value given in
Table I. The obtained result is o, , =0.032X 1014,

The results of the calculation are shown by the dotted
curves in Figs. 2(a) and 2(b). As shown in Fig. 2(a), the
peak yield shifts to higher vapor thickness. The saturat-
ed value of the *He ™ yield ratio is 47%. The polarization
shows a characteristic behavior in a similar way to the
low incident energy case. However, there seems to be a
big difference regarding the saturation vapor thickness at
which the polarization exceeds 0.9. The saturation vapor
thickness for 5 keV/amu incidence is 2 X 10! atom/cm?,
while that for 30 keV/amu is 10X 10" atoms/cm?. The
increase of the saturation thickness at the higher incident
energy is simply a consequence of the reduction of the
electron-capture and stripping cross sections. The in-
crease of the saturation vapor thickness is disadvanta-
geous. However, it is very significant that the He* beam
intensity can be increased by increasing the incident
SHe?" energy keeping the polarization at 1.0.

However, one should remind oneself that our calcula-
tions assume that the formation of *He?* ions by strip-
ping is neglected. If the stripping to He?" is included,
the expected polarization will be reduced because the
electronic polarization formed through the electron cap-
ture by the *He?™" ions is 0.3 again. As shown in Table I,
the 3He?* yield at 30 keV/amu is only 2%, which indi-
cates that even at this incident energy our calculations
are appropriate.

D. *He™ ion as an incident beam

We discuss here the possibility of using 30-keV/amu
3He™ ions instead of 3He?' ions as the incident beam.
For this purpose, we solved the rate equations (5a)—(5g)
using the initial condition of H* ,, ,=H™* _, ,=1. The
calculated results are shown in Fig. 3. The 3He™ yield
(the solid curve) smoothly decreases and reaches the satu-
ration value, 0.46. In a similar way, the ‘Het polariza-
tion (the dashed curve) shows a gentle increase toward
the full polarization. The saturation vapor thickness is
not so different from the case for incidence of the 3He?*
ions. This result indicates that the *He™ ions can be used
for a primary beam instead of the *He?" ions. In addi-
tion, the use of *He™ ions is more advantageous because
of the following crucial reasons.

(1) The *He* ion current is much higher than the
3He?" ion current for available ion sources.

(2) A serious emittance growth induced by the charge
changing collisions in the strong solenoidal magnetic field
[1.] can be completely eliminated.

E. Expected polarized *He?>" beam current

We evaluate here the expected He?’' beam current
based on the MECSIS in which *He* ijons with 30

E (*He*) = 30 keV/amu

0.8 0.8
s )/
2 Yield rati ]
= 6 eld ratio ——> ) 0.6 “é
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= , -
o / -
= / <
§ 0.4 // 0.4 =
+a / +~
nE: 0.2 Polarizationw-jv ’ 10.2 E
0 e R . 0
1 014 1 015 1 016

Vapor Thickness (atoms/cm?)

FIG. 3. The yield ratio (the solid curve) and electronic polar-
ization (the dashed curve) of the outgoing *He™ ion calculated
by the Runge-Kutta method are plotted as a function of the
alkali-metal-atom vapor thickness. Here, >He™ ions are used as
an incident beam.

keV/amu are used as an incident beam. As mentioned in
Ref. [10], we are constructing a polarized *He ion source
based on the OPPIS in combination with the electron cy-
clotron resonance ion source, Neomafios—10 GHz. This
setup can also be used for our polarized ion source if one
improves the assembly of the solenoidal coil and the sodi-
um vapor cell.

According to the recent record on the performance of
the Neomafios—10 GHz, more than 1-mA 3He' beam
can be successfully extracted [19]. Using this value and
the *He™ yield ratio tabulated in Table I, the outgoing
polarized *He ' beam is estimated to be 0.47 mA. Before
the injection into the cyclotron, the polarized *He™ beam
should be stripped to the 3He?" beam and simultaneously
the electron polarization should be converted to nuclear
polarization by means of the Sona transition [20]. For
this purpose, a stripping gas or foil is inserted between
the Sona field. Since the stripping efficiency to make the
3He?t ions is 2% at 30 keV/amu as shown in Table I, the
expected polarized *He?" beam is estimated to be 19 pA.
To improve the stripping efficiency stripping after ac-
celeration of the polarized *He' beam seems to be prefer-
able. For example, if the polarized ion source assembly is
mounted on a 300-kV high-voltage platform, one can ex-
pect *He? ' beam current of approximately 0.3 mA. This
expectation value is more than orders of magnitude
larger than our previous estimation based on the OPPIS
[10].

F. Production of polarized fast *He atoms

By using the MECSIS one can expect not only polar-
ized *He™ ions but polarized fast *He atoms. Because the
charge states of these fast atoms are neutral, these com-
ponents might be used as a polarized target as well. At
the *He™" incident energy of 5 keV/amu, 89% of the out-
going 3He ions are neutral as shown in Table I. We solve
the rate equations (5a)—(5g) assuming *He* ions are in-
cident on the alkali-metal-atom vapor. In Fig. 4 the *He
atomic polarization defined by

(8)
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FIG. 4. The polarization of the *He atoms calculated by the
Runge-Kutta method, where the incident *He™® energy is 5
keV/amu.

is plotted as a function of the alkali-metal vapor thick-
ness. As the vapor thickness is increased, P3He decreases

at first and then rises to the saturation value of ~0.8.
This behavior is similar to that for the *He™ ions. The
reduction of the saturation value from unity is due to the
coexistence of the unpolarized 2 'S component. The ex-
pected beam intensity is 5.6 X 10'° atoms/sec.

IV. SUMMARY AND CONCLUSION

We present in this paper an outline of our method
called MECSIS to increase both the nuclear polarization
and beam current. The principle of the MECSIS is based
on multiple-electron capture and stripping collisions be-
tween incident ions and polarized alkali-metal atoms.
The MECSIS wil provide a completely polarized 3He™
with a strong beam intensity. In particular, the use of the
SHe™ ions with 30 keV/amu as a primary beam will en-
able us to produce almost a half mA polarized *He™
beam without an emittance growth due to the solenoidal
magnetic field. This expected performance ranks with
the polarized proton ion sources based on the OPPIS.
One of the promising applications of the MECSIS is the
polarized 3He target. This may be used for atomic phys-
ics, plasma physics, and high-energy physics as well as
nuclear physics. Feasibility of the MECSIS will be exper-
imentally examined by using optical pumping of alkali-
metal-atom vapor with high power lasers.
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FIG. 1. Illustration showing a principle of the polarization deposition assuming that an alkali-metal atom is completely polarized
and an external magnetic field (1-2 T) necessary to decouple L and S for Z =1 is applied. A *He?" ion incident on an alkali-metal
vapor cell captures a completely polarized electron. The captured electron polarization reduces to 0.3 (a short arrow) due to the
insufficient decoupling field. An additional electron capture occurs keeping the polarization of the captured electron 1.0 (a long ar-
row). An electron stripping, then, occurs, where the stripping probability for a completely polarized electron is approximately equal
to that for an electron with the polarization of 0.3. A repeated sequence of the capture and stripping collisions makes the electron
polarization for the *He™* ion increase.



