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Direct Production of 3He+(2S) Ions with an rf Ion Source and Nuclear Polarization
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The measurement of photons from the quenching of 3He+(2S) state ions produced under
special conditions by an rf ion source permit one to deduce a polarizable current of 260
nA, close to 5' of the total 3He+ current. Zeeman splitting and quenching of unwanted
components can be effected at the ion source yielding directIy a 3He+ beam with nuclear
polarization.

A polarized 'He ion source ba,sed on the Lamb
shift method has become operational' yielding on
target, after cyclotron acceleration, 0.5 nA with
70% polarization. The interest of continued de-
velopment and improvement of such a source in
general, "' and, in particular, for use at single-
ended Van de Graaff accelerators, has been dis-
cussed abundantly and need not be commented
upon.

The scheme used at the University of Birming-
ham' is based on the production of a 'He" beam
in a primary ion source and subsequent capture
of electrons in a gas canal in order to produce
'He'(2S) ions. Considerable simplification of the
polarized ion source could be achieved if it were
possible to produce the 'He'(2S) ions directly
from a primary ion source. The basic idea pur-
sued here follows directly from the equilibrium
equation of ions in the plasma of the ion source:

'He ='He'= 'He".

Clearly the 'He' population in the ion source
will consist of ions in the ground state and excit-
ed states. The 2S state is metastable, with a life-
time of 2x10 ' s, and thus there will be a stable
population of 'He' ions in that state, from the
electron capture by the 'He" ions and from the
decay of higher excited states of 'He' to the 2$
state, or from inelastic collisions of electrons
and ions. Figure 1 shows the level scheme of
'He' relevant to the ion source. Axial symmetry
is usual in rf ion sources with a magnetic field in
the range of 0.05 to 0.1 T, which produces a Zee-
man splitting of states as shown in Fig. 1.' Tak-
ing into account the dependence of the lifetime of
the He'(2S) states on the electric field gradient'
and Zeeman splitting, it is possible to foresee
that, using low extraction voltages, in the range
of 10-100 V cm ', a significant fraction of the
'He' ions can be obtained in the 2S state, and
hence that it should be possible to produce a beam
having nuclear polarization. We have performed
a series of experiments in order to determine
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FIG. 1. Scheme of 3He+ states showing the fine and
hyperfine structure and Zeeman splitting.

and optimize the current of 'He'(2S) ions pro-
duced and its fraction with respect to the total
'He current.

Preliminary measurements were carried out
following the method of the preferential ioniza-
tion of the 'He'(2$) ions used by Karban, Oh, and
Powell' and encouraging results were obtained. '
However, it was felt that a direct measurement
of photons of 304 A, corresponding to the quench-
ing of the metastable 2$ state, was preferable.
Figure 2 shows a schematic of the experimental
setup in its final form. The McPherson mono-
chromator is used to measure the frequency spec-
trum of photons emitted in the quenching region,
by automatic rotation of the diffraction grating.
Photons are detected with a Bendix Channeltron.
The photon pulses are accumulated on a multi-
channel analyzer which sweeps the storage chan-
nel, while the monochromator sweeps the fre-
quency at a constant speed. Thus, the analyzer
records a photon-spectrum histogram. Firstly,
a calibration of the system was performed by pro-
ducing 'He+(2S) ions via the electron capture by a
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FIG. 2. Schematic of the experimental setup.

'He" beam; the selection of the beam is effected
by a 30' analyzing magnet in a plane perpendicu-
lar to the horizontal projection shown in Fig. 2.
The 'He+' beam was accelerated to 30 keV and
focused by a gap-einzel lens. Electron capture
takes place in the gas canal using H, . Stark-
quenching electrodes producing a 4-kV-cm '
gradient suffice to produce over 95% quenching
at the corresponding ion velocities. We have ver-
ified that the photon spectrum peaks at 304 A, as
it should, from quenching of the 2S state. The
background was small, less than ~. The flow of
H, was varied and an optimum yield was obtained,
which corresponds to -30 m Torr cm, as estab-
lished by Shah and Gilbody, for the maximum
electron-capture yield. With the use of their cal-
ibration it is possible to convert the photon yield
into absolute 'He'(2S) current. In view of the
small background, measurements can be carried
out placing the diffraction grating at a total re-
flection angle, and the integral of the photon spec-
trum is obtained simply by counting Channeltron
pulses. The background can be measured after
turning off the quenching field.

Given the Stark-effect quenching and the depen-
dence of the lifetime of metastable atoms on the
electric field gradient and Zeeman splitting, ' it
is evident that an optimum production of 'He'(2S)
ions should be found for rather modest extraction
voltages and gap-einzel lens gradients. For the
measurements of ion-source-produced 'He'(2S)
ions, the analyzing magnet was set to select them
and a photon spectrum was obtained, peaking at
304 A. Subsequently, measurements were car-
ried out in the total reflection condition, yielding

the integral of the photon spectrum, with and
without quenching field in order to subtract back-
ground. The optimum conditions were obtained
with an extraction voltage of 0.5 kV. A lower ex-
traction voltage of 0.25 kV also produces a satis-
factory yield. The gas flow was higher as com-
pared to the 'He" operation. Figure 3 shows a
plot of the current of 'He'(2$) together with the
percentage of total 'He' current as a function of
gap-einzel lens voltage. The ion-source emit-
tance at 4 keV of 'He' is close to 50 mm mrad.
A maximum current of 'He'(2S) ions of 260 nA
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FIG. 3. Optimum ~He+(2S) current and fraction to
total 3He+ current as a function of the gap-einzel lens
voltage, at an extraction voltage of 0.5 kV. These mea-
surements are precise to 5'.
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was measured. These ions can be polarized in
electron spin by quenching of unwanted Zeeman
components. At a field of 0.7 T there is degener-
acy of the two lower S states with the upper P
states (see Fig. 1). It appears that a modest su-
perconducting coil can achieve such a field at the
ion source. Quenching of the lower S states can
then be effected simply with a static electric
field, thus producing a beam with electronic po-
larization and, after restoration of the hyperfine
coupling, nuclear polarization (theoretically 50%).
Alternatively, C-shaped iron-core coils disposed
like orange sections around the source could also
reach such fields on the axis, at room tempera-
ture. Another quenching scheme that seems fea-
sible can be based on the field emission of elec-
trons in the ion source plasma. At a field of 0.30
T the cyclotron resonance frequency of electrons
is 8.4 GHz and the magnetron-type radiation is
adequate to induce the transition 2S,i,(m; = —&)
—2P„,(m,. = —', ) (see Fig. 1). The subsequent stag-
es of the polarized ion source would consist of a
spin-reversal coil followed by a Sona adiabatic
transition' with a strong axial magnetic field. Ion-
ization of the 'He' ions to 'He" would take place
in this strong field with a stripping gas canal.
Preferential ionization privileges the 'He'(2S)
ions with respect to 'He'(1S) ions in a proportion
of approximately 100 to 1 at the energies investi-
gated by Karban, Oh, and Powell. ' It should be
higher at our ion energies. ' The ion separation
is simple after acceleration at the analyzing mag-
net. In view of the experience of Allenby and co-
workers, ' the yield curves of Shah and Gilbody, '
and the simplicity of acceleration in a Van de
Graaff accelerator without injection and extrac-
tion difficulties, it is estimated that the polar-
ized 'He" beam intensity on target should be
about 20% of the 'He'(2S) ion flux with a polariza-
tion of V0%, that is, close to 100 nA.

We acknowledge the invaluable assistance of
our colleagues, Professor R. Drouin and Profes-
sor E. Knystautas, atomic physicists, who lent
their equipment for the 304-A photon spectrom-
etry and taught us how to use it; of Mrs. R. I ab-
rie, the Van de Graaf accelerator engineer,
R. I apointe, R. Bertrand, and H. Pouliot for

their keen involvement with electromechanical
and electronic aspects of the setup.

Note added. The field emission of electrons in
the ion source plasma in the presence of a mag-
netic field, at the fretiuency &u, =eB/mc, can be
estimated from the well-known expression' I
= 2e4B'v'/3m'c'(1 —J3') (all the symbols have the
usual meaning) and the electron density. This
radiation takes place to first order in the plasma
parameter e = I/nxn', where n is the number den-
sity of particles and XD is the Debye shielding dis-
tance. " The lines are not sharp because of Dop-
pler effects in the spiraling motion of electrons,
but this is advantageous in the present case. On
the assumption of an average electron energy of
200 eV the emission is close to 10 eV sec '. The
total radiation produced would be close to 1 m%
cm '. The frequency of this radiation is well be-
low the critical plasma frequency to~ = (4wne'/
m)'i', where n is the electron density, and hence
it is absorbed. The method of quenching based
on transitions induced by this radiation is as yet
untested, but it seems worthwhile investigating.
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