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orientation so generated in the first system is communicated to the
second system by collisions, The rhagnetic 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 sysfems being oriented
by resonance radiation, the system is aligned by "electron pumping"
from the ground state to the metastable state (first system). The align-
ment of the metastable state is communicated to the ground state of
131Xe (second system) through fnetastability exchange collisions.

A "'strong® collision, in which one atom is in the ground state
and the other in the metastable state, results in an exchange of electron
angular momentum and excitation ene rgy, so that a nucleus which enters

3,4

the collision in a ground state may leave it in a metastable state. It

is assumed that angular momentum is conserved in the collisions,

Our paramagnetic resonance expefirnehts on Xe metastable-state
atoms, Xe(3P2), formed and aligned by electron impact, 1 showed that
the magnetic sublevels with MJ = 0 and 1 are more selecfivély excited
than those states witﬁ MJ = 2, as one would expect from the theory of
inelastic collisions for iow—_energy electronic impact.

Since the nuclear s.pin of 131Xe is 3/2, it is evident that, because
of conservation of angular momentum in collisions, the MI =1/2 and
-1/2 in the 1SO ground state are more populated in équilibriurn, > con-

sidering the hyperfine structure of 131X

e. 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. >
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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(3PZ).1 Full magnetic resonance bandwidth

| was 15 Hz. .We believe that this surprisingly wide bandwidth is due to
the inhomogeneous magnetic field due to the indi'rec.tly heated cathode
heater wire. | The observed nuclear magnetic moment is p =0.6874+0.0023
nucl_e_ar'magneton. It is in agreement wit-h‘,published values found by
means of conventional NMR methods. 6 Since the purpose of this experi—
~ment was not to measure the magnetic moment but instead. to:study the
phenomena, no attempts were made ‘to improve the accuracy. However,
. it is evident, even with Av = 15 Hz, that at higher value of maghetic field,
extremely precise nuclear magnetic moment dete rmina_tion is possible.
A .Figu.re 2 shows the experimental arrangement. It is identical to
that used in our previous experiment,_i except that.it has no resonance
lamp for observing the resonance absorption. Alt.hough it may seem
surprising, we found that it is possible to use the resonance radiation
emitted from the plasma as a light source to monitor the change in the
':esonance. absorption by the m‘etasta.b_le state. The‘ electror; tube was
operated undgr the space—ché.rge neutralization condition, with a gas
pressure of about O.55><.10-_3— torr and an electron current density of
70 mA/cmz, at slightly above ‘theAi_oniza‘_cion potential energy. -
| We believe that our observation of the NMR ‘signal of the 1SO
- ground state With I = 3/2 demonstrated the t:fansfer of alignment of the
X¢(3P2) metastable state to the nucleus in the 1SO ground state through

collisions. We believe that our NMR observation of the nucleus gives a

strong support for our observation of exchange collisions between the
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An alignment of a nucleus. in the '150 ground state .of 131Xe was
achieved through exchange collisions with the metastable state formed and
aligned by electron impact. The nuclear aligniﬁent in the ground state
was obser\}ed by monitoring the change of linearly polarized resonance
absorption by the Xe(3P2)vmetastable sté,t_e é.s we caused a nuclear
magnetic resonance.

In this letter, we .report on a new method of nuclear alignment in
the 1SO 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 orientéd' nucleus of 131_Xe with nuclear spin
I1=23/2 in the 1SO ground state, and (b) 3P2 metastable-state atoms
aligﬁed by "electron pumping' by electron impact; the collisions result
in nuclea.r alignment of 131Xe in the gfound state. There are two major
processes of metastable-state alignment by electron i1npa.ct; (a) by direct
electron-impact excitation from the ground state to the rrie tastable state,
resulting in the alignment, and (b) electfon—impact e.xcitation é.nd align-
ment of those energy levels lying higher than the metastable state, which
then cascade to the metastable state, resulting in transfer of alignments
to the metastable state. Although the second process (cascading) cor-

responds to "electron pumping,' similar to optical pumping, we shall
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for simplicity refer to processes (a)-and (b) together as electron pumping.

A method of alignment of the metastable-state atoms of Xe was
described in our previous letter, 1.dea,ling with exchaﬁge collisions be-
tween the Xe+(2P3/2) ionic ground state and the Xe(3P2) metastable state.
The mechanism of nuclear alignment we used is very similar to the ex-
change collisions between> the ionic ground state and metastable state of
Xe. 1

The rhain purposes of this experiment were: (a) to give additional.
expevrime‘ntal evidence to support the processes involved in our observa-
tion of exchange collisions between the ionic ground state Xe+(2P3/2) and
the metastable state Xe(3P2), bbth aligned by electron impact, since
consi_derabié controversy has arisen'invregard to the processes involved;
{(b) to offer a new method that may work with‘short—lived radioactive gases
that it is not possible to observe by conventional NMR technique; and (é)

""electron pumping' cycle.

to investigate an
Definite advantages of our method over the conventional NMR
and optical pumping method are (a) é. much smaller .sample required for
this experiment than for the cohventional NMR method, and (b) lfaster
alignment of the metastable state by '"electron pumping' than by optical
pumping, thus extending the nuclear magnetic resonance investigation
to a great variety of atoms.
The method of deteétion is based on the spin—excha.nge experifnent
first pérformed in the brilliant work by Dehmelt, 2 using an optical pump- -
ing method. In the Dehmelt experiment, a mixture of vapor'is illumi-

nated by circularly polarized resonance radiation of one of two species

of atoms, thus orienting the system of atoms in the ground state. The
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orientation so generated in the first system is communicated 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 systems being oriented

‘by resonance radiation, the system is aligned by '‘electron pumping"

from the grouhd state to the metastable state (first system). The align-
ment of the metastable state is cémmunitated to the ground state of
131Xe (second system) through metastability exchange collisionvs°

A Ystrong' collision, in which one atom is in the ground state
and the other in the meteistable state, rebsx.}lts in an exchange' of electron
angular momentum and excitation energy, so that a nucléus which enters

the collision in a ground state may leave it in a metastable state. 3,4

It
is assumed that angular momentum is conserved in the collisions.

.Our paramagnetic resonance experiments on Xe metastable-state

‘atoms, Xe(3P2), formed and aligned by electron impact, ! showed that

7 0 and £1 are more selectively excited

than those states with M, = £2, as one would expect {rom the theory of

J

inelastic collisions for low-energy electronic impact.

Since the nuclear spin of 131Xe is 3/2, it is evident that, because
of conservation of angular momentum in ‘col'lisions,' the I\/II = 1/2 and
-1/2 in the 1SO_ ground state are more populated in equilibrium, > (The
hyperfine interaction in the metastable state for odd isrlotopes of xenon
is neglected in the above discussion, for simplicity.) 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. 5
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Figure 1 'ShO\;\IS the experimentél results. The magnetic field
was calibrated by noting the paramagnetic resonance of even isotopes
of the metastable state of Xe(3132).1 Eu_ll magnetic resonance bandwidth
was 15 Hz. We believe 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‘p, =0.6874+£0.0023
nuclear magneton. It is in agreement with published values found by
means of conventional NMR methods. 6 Since the purpose of this experi-
ment was not to measure the rﬁagnetic moment but instead to study the
phenoxﬁena, no attempts were made to improve the accuraéy. However,
it is evident, even with Av = 15 Hz, that at higher vélue of magnetic field,
extremely precise nuclear magnetic moment determination is possible.

Figure 2 shows the experimental arrangement. It is identical to
that used in our previous experiment,1 except that it has no resénance
lamp for observing the resonance absorption. Although it may seem
surprising, we found that it is pos sible to use the resonance radiation
emitted from the plasma as a light source to monitor the change in the
resonance ‘absorption by the metastable state. The electron tube was
operated under the space-charge neutralization condition, with a gas
pressure of about 0.55X 10-3 torr and an electron current density of
70 mA/cmZ, at slightly above the ionization potential energy.

0

ground state with I = 3/2 demonstrated the transfer of alignment of the

We believe that our observation of the NMR signal of the 1S

3
Xe( P,) metastable state to the nucleus in the 150 ground state through
collisions. We believe that our NMR observation of the nucleus Vgives a

strong support for our observation of exchange collisions between the
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Xe+(ZP3/2) and Xe(3P2)_ states in the case of alignment (not orientation),
since the only»difference‘z in ‘th.i_s‘ expérirﬁent is that the angular momentum
involved in the 1SO ground state is bthe nuclear angular momentum with
I=3/2, while in our previous experiment the angular momentum in- |
volved is the electronic angular momentum with J = 3/2. The theory
describing how the alignment of the metastable state is expected to be
changed as one resonates the alignedground state is to be published

"electron

elsewhere. This experiment may perhaps be thought of as an
pumping' experiment, similar to an optical pumping of ground-state atoms
first demonstrated by Kastler and Brossel, although the processes in-
volved in this experiment are much more complex. Also, "electron
pumping" phehomena of the Xe(3P2) metastable state due to cascadihg_
transitions from the higher states, resulting in the alignment of the
metastable state, in additioﬁ to the alignment of the metastable state by
direct electron impact, was experimentally observed. This phenomenon
will be reported elsewhere.

Another interesting featﬁre of this experiment may .perhaps be
tha{:, bs/ means of an extremely simplé device (just a simple diode!), it
was possible to observe NMR of 131Xe.quite readily. It is soxnev;/hét
obvious that by use of this technique, radioactive samples such as.
133Xe, 135Xe, and many other noble gas atoms having I >1/2 should
readily be observed.. |

It is our great pleasure to express our appreciation to Dr. G. W.
Series of The Clarendon Laboratory .for stimulating conversation and
private communication. | The first author also appreciates the inter-
esting and stimulating comments of Professor H. G. Dehmelt of the

University of Washington during his visit to our Laboratory.
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FIGURE CAPTIONS

Fig. 1. The first trace (a) shows the paramagnetic resonance of

Xe(3P2) even isotopes. The secondtrace (b) shows the huclear

’magnetic resonance of 131Xe in the 1SO ground state with a linearly

oscilléting magnetic field at v = 2.5680 Hz. The third trace (c)
shows a ty'pi’ca.l NMR signal by a digitalized signal-averaging
system for four sweeps over the resonance at different HO and v

values from those of trace (a).

. 2. Block diagram of experimental setup. Electronic equipment

used throughout the experiment was all commercially available

except for a homemade electron tube.
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This report was prepared as .an account of Government
sponsored work. Neither the United States, nor the Com--

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed-or

‘ implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. '

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access .
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






