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An alignment of a nucleus in the ~0 ground state of 3 Xe was achieved through ex-
change collisions with atoms in the metastable state formed and aligned by electron im-
pact. It was observed by monitoring the change of linearly polarized resonance radia-
tion by the Xe( P2) metastable state as we caused a nuclear magnetic resonance.

In this Letter, we report on a new method
of nuclear alignment in the 'S, ground state of
a noble-gas atom. The nucleus was aligned by
means of a transfer of alignment due to "strong"
collisions between (a) the initially randomly
oriented nucleus of "'Xe with nuclear spin I
= 2 in the ~SO ground state and (b) ~P2 metasta-
ble-state atoms aligned by electron pumping
by electron impact; the collisions result in
nuclear alignment of "'Xe in the ground state.
There are two major processes of metastable-
state alignment by electron impact: (a) by di-
rect electron-impact excitation from the ground
state to the metastable state, resulting in the
alignment, and (b) electron-impact excitation
and alignment of those energy levels lying high-
er than the metastable state, which then cas-
cade to the metastable state, resulting in trans-
fer of alignments to the metastable state. Al-
though the second process (cascading) corre-
sponds to electron pumping, similar to optical
pumping, we shall for simplicity refer to pro-
cesses (a) and (b) together as electron pump-
ing.

A method of alignment of the metastable-state
atoms of Xe was described in our previous Let-
ter, ' dealing with exchange collisions between

the Xe ('P», ) ionic ground state and the Xe('P,)
metastable state. We used a mechanism of
nuclear alignment very similar to the exchange
collisions between the ionic ground state and
metastable state of Xe.'

The main purposes of this experiment were
(a) to give additional experimental evidence
to support the processes involved in our obser-
vation of exchange collisions between the ion-
ic ground state Xe (9'„,) and the metastable
state Xe('P, ), both aligned by electron impact,
since considerable controversy has arisen in
regard to the processes involved; (b) to offer
a new method that may work with short-lived
radioactive gases that it is not possible to ob-
serve by conventional nmr techniques; and

(c) to investigate an electron-pumping cycle.
Definite advantages of our method over the

conventional nmr and optical-pumping method
are (a) a much smaller sample required for
this experiment than for the conventional nmr
method and (b) faster alignment of the meta-
stable state by electron pumping than by op-
tical pumping, thus extending the nmr inves-
tigation to a great variety of atoms.

The method of detection is based on the spin-
exchange experiment first performed in the
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brilliant work by Dehmelt, using an optical-
pumping method. In the Dehmelt experiment,
a mixture of vapor is illuminated by circular-
ly polarized resonance radiation of one of two
species of atoms, thus orienting the system
of atoms in the ground state. The orientation
so generated in the first system is communi-
cated to the second system by collisions. The
magnetic resonance of the second system is
monitored by change in the transparency of
the first system to resonance radiation.

In our experiment, instead of one of the sys-
tems being oriented by resonance radiation,
the system is aligned by electron pumping from
the ground state to the metastable state (first
system). The alignment of the metastable state
js commUnicated to the ground state of Xe
(second system) through metastability exchange
collisions. ~

A "strong" collision, in which one atom is
in the ground state and the other in the meta-
stable state, results in an exchange of electron
angular momentum and excitation energy, so
that a nucleus which enters the collision in a
ground state may leave it in a metastable state. 3~4

It is assumed that angular momentum is con-
served in the collisions.

Our paramagnetic resonance experiment on
Xe metastable-state atoms Xe(sP2), formed
and aligned by electron impact, ' showed that
the magnetic sublevels with M~= 0 and +1 are
more selectively excited than those states with
M&=+2, as one would expect from the theory
of inelastic collisions for low-energy electron-
ic impact.

Since the nuclear spin of '3'Xe is —,', it is evi-
dent that because of conservation of angular
momentum in collisions, the Ml=& and -& in
the 'So ground state are more populated in equi-
librium, considering the hyperfine structure
of "'Xe. The magnetic resonance of the ground
state can be monitored by the change in the
transparency of the system of metastable-state
atoms to resonance radiation. '

Figure 1 shows the experimental results.
The magnetic field was calibrated by noting
the paramagnetic resonance of even isotopes
of the metastable state of Xe('P, ).' Full mag-
netic-resonance bandwidth was 15 Hz. We be-
lieve that this surprisingly wide bandwidth is
due to the inhomogeneous magnetic field due

to the indirectly heated cathode heater wire.
The observed nuclear magnetic moment is /L(,

= 0.6874+ 0.0023 p. B. It is in agreement with
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FIG. 1. The first trace (a) shows the paramagnetic
resonance of Xe( P2) even isotopes. The second trace
(b) shows the nuclear magnetic resonance of ~Xe in
the ~80 ground state with a linearly oscillating magnet-
ic field at v =2.5680 Hz. The third trace (c) shows a
typical nmr signal by a digitalized signal-averaging
system for four sweeps over the resonance at differ-
ent Ho and v values from those of trace (a).

published values found by means of convention-
al nmr methods. Since the purpose of this
experiment was not to measure the magnetic
moment but instead to study the phenomena,
no attempts were made to improve the accura-
cy. However, it is evident, even with 6 v= 15
Hz, that at higher value of magnetic field, ex-
tremely precise nuclear -magnetic-moment
determination is possible.

Figure 2 shows the experimental arrangement.
It is identical to that used in our previous ex-
periment, ' except that it has no resonance lamp
for observing the resonance absorption. Although
it may seem surprising, we found that it is
possible to use the resonance radiation emit-
ted from the plasma as a light source to moni-
tor the change in the resonance absorption by
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FIG. 2. Block diagram of experimental setup. Elec-
tronic equipment used throughout the experiment was
all commercially available except for a home-made
electron tube.

the metastable state. The electron tube was
operated under the space-charge neutralization
condition, with a gas pressure of about 0.55
& 10 ' Torr and an electron current density
of 70 mA jcm2, at slightly above the ionization
potential ener gy.

We believe that our observation of the nmr
signal of the 'So ground state with /= 2 demon-
strated the transfer of alignnment of the Xe('P, )

metastable state to the nucleus in the 'So ground
state through collisions. We believe that our
nmr observation of the nucleus gives a strong
support for our observation of exchange colli-
sions between the Xe+('P„,) and Xe(sP, ) states
in the case of alignment (not orientation), since
the only difference in this experiment is that
the angular momentum involved in the 'So ground
state is the nuclear angular momentum with
I= 2, while in our previous experiment the an-
gular momentum involved is the electronic an-
gular momentum with J= &. The theory describ-
ing how the alignment of the rnetastable state
is expected to be changed as one resonates the
aligned ground state is to be published elsewhere.
This experiment may perhaps be though of as
an "electron-pumping" experiment, similar
to an optical pumping of ground-state atoms

first demonstrated by Kastler, ' although the
processes involved in this experiment are much
more complex. Also, electron-pumping phe-
nomena of the XePP,) metastable state due to
cascading transitions from the higher states,
resulting in the alignment of the metastable
state, in addition to the alignment of the meta-
stable state by direct electron impact, was
experimentally observed. This phenomenon
will be reported elsewhere.

Another interesting feature of this experiment
may perhaps be that, by means of an extreme-
ly simple device (just a simple diode. ), it was
possible to observe nmr of '3'Xe quite readily.
It is somewhat obvious that by use of this tech-
nique, radioactive samples such as ' 'Xe, '3'Xe,
and many other noble gas atoms having I & 2

should readily be observed.
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