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(abstract)

An optically pumped polarized H™ source (OPPIS), which
is based on the charge exchange between H* ions and electron-
spin-polarized alkali atoms has been developed at KEK[1].
Just by applying this scheme to a deuteron beam, it is difficult
to obtain a highly vector polarized deuteron beam. To obtain
highly vector polarized D~ ions, we have developed a "dual
optical pumping type" of polarized D~ source. With this
scheme, a 100 % vector nuclear-spin polarization for D" ions
is possible in principle. In a preliminary experiment,a 60 %
of vector nuclear-spin polarized D™ ions was obtained.

L ODUCTION

Polarized protons have been successfully accelerated in
the KEK 12-GeV proton synchrotron (KEK-PS) since 1985.
Many experiments have been carried out with polarized proton
beams so far. Recently, several proposals for the physics
experiments with polarized deuteron beams in the KEK-PS are
under discussion.

An OPPIS has been used for acceleration of polarized
proton beams in the KEK-PS so far. The idea of this type of
polarized ion source was proposed by Anderson[2] and the first
operational ion source has been successfully developed at
KEK. [3] Afterwards, various institutes have developed an
optically pumped polarized ion source (OPPIS) for their
accelerators. [4][5]{6] )

It has been believed that this type of polarized ion
source is not useful to produce a highly nuclear-spin
polarized(vector and tensor) deuterium ions. In 1988, Schneider
and Clegg[7] proposed a new nuclear-spin state selection
scheme. In spite of this possibility of making a highly
polarized deuteron beam by optical pumping, they concluded
eventually in their paper that this dual optical pumping
scheme might be not practical because efficient optical
pumping of the thick target in the ionizer is difficult due to
radiation trapping. However, we have re-examined the dual-
pumped scheme in detail and found that radiation trapping was
not a serious problem and highly polarized deuterons could be
obtained with the dual-pumped scheme.[8]

In this paper, we report the preliminary experimental
results which showed that the highly vector polarized negative
deuterium ions could be produced by the OPPIS with dual-
optically-pumped technique.

IL. OPPIS FOR D RONS

A block diagram of the dual-optically-pumped polarized
ion source is shown in Fig.1 schematically. The idea of this
scheme is as follows: After picking up the polarized electrons
from optically pumped alkali atoms, for example, deuterium
atoms are electron-spin polarized in the state of mj =+1/2 as
shown in Fig.2.
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Fig. 1 Block diagram of the dual-optically-pumped polarized
ion source.

These electron-spin polarized deuterium atoms equally
populate three hyperfine sub-levels I;=+1, 0, and -1 in a high
magnetic field, which are labeled the states 1, 2, and 3,
respectively in Fig.2. Using the Sona transition, the state 1
(mj =+1/2, I;=+1) goes to the state 1' (mj =112, I;=-1), the
state 2 (mj =+1/2, I;=0) goes to the state 2' (mj =+1/2,I;=1),
and the state 3 goes to the state 3' (mj =+1/2, I;=0),
respectively as shown in Fig.2. Therefore, the deuterium
atoms with only the hyperfine level of I=-1 (state 1' in Fig.
2) has an opposite electron-spin state, mj =-1/2, of the other
two sub-levels (2' and 3") after Sona transition.
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Fig. 2 Hyperfine sub-levels of deuterium atom in Sona
transition.

When the alkali atoms in the ionizer are also optically pumped
and their electrons are to be spin polarized in the mj =+1/2
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state, only deuterium atoms with the electron-spin state of m;
=-1/2 (state 1' ) can form negative ions because of the Pauli
exclusion principle.  This process is shown in Fig.3
schematically. The nuclear-spin state of the negative
deuterium ions in this case is I=-1, the nuclear vector
polarization becomes -1. The nuclear tensor polarization is,
in this case, -1. Using a proper rf transition simultaneously, a
pure nuclear tensor polarization of -2 may become possible.

1. EXPERIMENT OF DUAL OPTICAL PUMPING

In order to check this dual-pumped scheme
experimentally, we have used a following simple method.
When the alkali atoms in the ionizer are electron-spin
polanzed by optical pumping, deuteron atoms which are stayed
in the state of mj=+1/2 can be permitted to form negative ions
in the charge-exchange reactions with alkali atoms of which
electron-spin state is m;=-1/2, from the Pauli exclusion
principle. Contribution of the each hyperfine sub-level of
deuterium atoms after the Sona transition to the intensity of
the negative deuterium ions can be expressed in the following
equation.

()= '; (I+Poy;) 0, 1,
1(2)=-§— (22 (1= Powe) 0,
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14) =2 122 (1-Bn)o, 1.
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and [(6)= 5 L2 (1+ Pie) O, .

Here, I(k') k=1,2...6 is the negative deuterium ion currents
contributed from the each hyperfine sub-level & ‘of deuterium
atoms which is shown in Fig. 2. And, Np the density of the

alkali atoms in the iomizer, Pjonz the electron-spin
polarization of the alkali atoms in the ionizer, 0 is the spin
independent electron pick-up cross section to form negative
deuterium ions and I the ionizer length, respectively.. In
eq.(1), i+ andi. are the intensities of the deuterium atoms
with the electron-spin states of mj=+1/2 and mj=-1/2, and
i,=Ip(1+Ps) and

these are written as

I
i= Do —=—(1 - P,y ), respectively. Here Ip0 is the intensity

of electron-spm polarized deuteron atoms in the neutralizer and
Ppo the electron-spin polarization of deuteron atoms in the
neutralizer. Therefore, the total beam intensity of negative
deuterium ions after the ionizer can be written in following

equation.
I.N,
I=-= 0(3 P Poyz) O 1. @

As can he clearly seen from this equation, the
intensity of electron polarized deuteron atoms ( Ip0 ) is

determined by both electron-spin polarization of the deuteron
atoms after the neutralizer and the alkali atoms in the ionizer.

Here, we define € as €= (loff- Ion ) / loff , where loff
and Iy, are the beam intensities when the pumping laser for
the ionizer is off and on, respectively. Thus, from eq.(2) € can
be expressed in the following form.

L.-I, 1

g=- °n='§ ByoBong - )

B Ioﬂ
It is clearly seen from this equation that € depends only on
Pp0 and Prgnz  When the electron-spin polarization
directions of the alkali atoms in both neutralizer and ionizer
are parallel, € becomes positive. On the other hand, when the
electron-spin polarization directions of the alkali atoms in each

cell are anti-parallel, £ becomes negative.
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Fig. 3 Principle of the dual-optically-pumped polarized
negative deuterium ion source.

Figure 4 shows the changes of the beam intensities of
pegative deuterium ions in each case that the electron-spin
polarization directions of the alkali atoms in the neutralizer
and the ionizer are parallel and anti-parallel, respectively. The
upper trace shows the beam intensity of negative deuterium
ions when the rubidium atoms in the ionizer are electron-spin
polarized whose polarization direction is parallel to the
polarization direction of the electron-spin polarized deuterium
atoms after the neutralizer. The lower one corresponds to that
when the polarization directions of rubidium atoms in the
ionizer and deuterium atoms after neutralizer are opposite. The
middle trace shows the beam intensity when the optical
pumping of the ionizer is off. Apparently seen from this
figure, the negative deuterium intensity is increased or
decreased according to the polarization of rubidium atoms in
the ionizer as expected from eq.(3). In this preliminary
experiment, the electron polarization of rubidium atoms in
ionizer ( Pronz) was 1, therefore, the polarization of deuteron

atoms ( Pp0) was estimated to be 0.42.
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Fig. 4 The changes of the beam intensities of negative
deuterium ions.

From these experimental results, it was confirmed that this
dual optical pumping scheme for generating a highly polarized
negative ion worked well.
Calculation of Py
From definition, the deuteron vector polarization ( Pp™) is
written as follows,
L -L
D' D — .
I +1,+ [

Here I+ is the beam fraction of the deuteron nuclear spin
component of m=+1, L the fraction of mj=-1 and Ip the
fraction of m=0, respectively. From eq.(1), numerator and
denominator of eq.(4) can be written as,

1
I.=1=3ly Ny Beo,l,

L. N,
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respectively. Then, eq.(4) can be rewnitten as,

)

and I, +1, +1_=
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From eq.(5) and eq.(3), Pp~ is given by the following
equation
-2¢
Py = . (6)
Ponz (1 - €)
The relationship between Pp™ , Pjonz and € are

shown in Fig. 5. With the measurements of Pjgnzand € ,
we can estimate the deuteron vector polarization of negative
deuterium ions ( Pp™ ) from eq. (6) .

The result of the preliminary experiment is also
shown in Fig. 5. The closed circle in the figure shows the
experimental result. The electron-spin polarization of alkali
atoms in the ionizer (Pjonz) was measured with a Faraday
rotation method. The errors shown in the figure present the
fluctuations of the data taken at different times. We obtained
P,. =-0.55t0.04 in the preliminary experiment. In the
present apparatus where the magnetic tield strength at the
neutralizer is 1.1 T, the theoretical maximum polarization is

limited to less than 80%. This is because the spin-orbit
coupling in neutral deuterium atoms, which are created by
picking up polarized electrons from the optically pumped
alkali atoms in the neutralizer, reduces the electron-spin
polarization at this magnetic field strength. Thus, the
obtained nuclear-spin polarization of negative deuterium ions
was almost 70% of the maximum limiting value. This is a
very encouraging result and it can be said that the dual-
optically pumped scheme for producing highly polarized
negative deuterium ions has worked in principle.
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Fig.5 Relation between Pp and €. The closed circle in
the figure shows the experimental result.

IV. CONCLUSION

A new dual-optically-pumped scheme to obtain a high
deuteron-spin polarization in an optically pumped polarized
ion source has been examined in detail. The results of the
preliminary experiment are very encouraging and it is shown
that the new scheme, in principle, has worked. Tt was
previously thought that the optically pumped polarized ion
source was mnot useful for producing highly polarized
deuterons. Our results may open up a new possibilities for
the optically pumped polarized ion sources.
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