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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 lIelectron 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 syste'rn) through metastability exchange collisions. 3 

A "s trong it collis ion, in which one a tom is in the ground s ta te 

and the other in the metastable 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 Dletastable state. 3,4 It 

is assumed that angular momentum is conserved in the collisions. 

Our paramagnetic resonance experirnents on Xe metastable-state 

atoms, Xe(3pz), formed and aligned by electron impact, 1 showed that 

the magnetic sublevels with M
J 

= 0 and ± 1 are more selectively excited 

than those states with M
J 

= ± 2, as one would expect from the theory of 

inelastic collisions for low-energy electronic impact. 

S · th . 1 . f 131X . 3/2 " 'd h b 1nce e nucear sp1n 0 e 1S ,1t 1S eV1 ent t .at, ecause 

of conservation of angular momentum in collisions, the NS: = 1/2 and 

1/2' th L d 1 d' . "1" 5 - 1n e ':>0 groun state are more popu ate 1n equ1 IbrlUHl., con-

sidering the hyperfine structure of 131Xe . 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 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 indirectly heated cathode 

heater wire. The observed nuclear magnetic moment is fJ. =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 ~ 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 6.v = 15 Hz, that at higher value of magnetic field, 

extremely pre cis e nuclear magnetic moment dete rmination is possible. 

Figure Z shows the experimental arrangement. It is identical to 

that used in our previous experiment,.1 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 

emitted from the plasm.a as a light source to monitor the change in the 

resonance a-b-sorption by the metastable state. The electron tube was 

operated under the space-charge neutralization condition, with a gas 

pressure of about O. 55X 10 -3 torr and an electron current density of 

70 mAl cm
2

, at slightly aboye the ionization potential energy. 

We believe that our observation of the NMRsignal of the 1S0 

ground sta,te ~vith I = 3/2 demonstrated the transfer of alignment of the 

Xe(3 pZ} metastable state to the nucleus in the 1S0 ground state through 

collisions. We believe that our NMR observation: of the nucleus aives a , ' , , 0 

strong support for our observation of exchange collisions between the 
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1 131 
An alignrn.ent of a nucleus in the· So ground state of Xe was 

achieved through exchange collisions with the llletastable state forllled and 

aligned by electron illlpact. The nuclear alignlllent in the ground state 

was observed by lllonitoring the change of linearly polarized resonance 

absorption by the Xe(3 p2) llletastable state as we caused a nuclear 

lllagnetic resonance. 

In this letter, we report on a new lllethod of nuclear alignlllent in 

1 
the So ground state of a noble gas atolll. The nucleus was aligned by 

llleans of a transfer of alignnlent due to "strong" collisions between 

(a) the initially randolllly oriented nucleus of 131Xe with nuclear spin 

I = 3/2 in the 1S0 ground state, and (b) 3 P2 llletastable-state atoms 

aligned by "electron pUlllping" by electron in1.pact; the collisions result 

in nuclear alignment of 131Xe in the ground state. There are two major 

processes of llletastable-state alignlllent by electron hnpact; (a) by direct 

electron-illlpact excitation frolll the ground state to the rneLastable state, 

resulting in the alignlllent. and (b) electron-illlpact excitation and align-

ment of those energy levels lying higher than the llletastable state, which 

then cascade to the metastable state, resulting in transfer of alignn1.ents 

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 pUlnping. 

A method of alignment of the metastable -state atoms of Xe was 

described in our previous letter, i'dealing with exchange 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 

1 
Xe. 

The main purposes of this experhnent were: (a) to give additional. 

experimental evidence to support the processes involved in our observa

tion of exchange coliisions between the ionic ground state Xe + (2p 3/2) and 

the metastable state Xe(3 p2), both aligned by electron impact, since 

considerable controversy has arisen in regard to the processes involved; 

(b) to offer a new method that Inay work with short-lived radioactive gases 

that it is not possible to observe by conventional NMR technique; 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 metastable state by "electron pumping" than by optical 

pumping, thus extending the nuclear magnetic resonance investigation 

to a great variety of atoms. 

The Inethod of detection is based on the spin-exchange experiment 

first performed in the brilliant work by Dehmelt, 2 using an optical pump-

ing method. In the Dehmelt experiment, a mixture of vapor is illmni-

nated by circularly polarized resonance radiation of one of tw'o 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 

secondsysterrl 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 systern is aligned by "electron pumpingtl 

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 metastability exchange collisions. 3 

A "strongtt 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 energy, so that a nucleus which enters 

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

IS assumed that angular momentUlu is conserved in the collisions. 

Our paramagnetic resonance experiments on Xe metastable-state 

atoms, Xe(3 p2 ), formed and aligned by electron impact, 1 showed that 

the magnetic sublevels with M
J 

0:: 0 and ± 1 are more selectively excited 

than those- states with M
J 

:: ± 2, as one would expect fronl the theory of 

inelastic collisions for low-energy electronic impact. 

S ' th I 'f 131X ' 3/2 " 'd h b Ince e nuc ear spIn 0 e IS ,It IS eVl ent tat, ecause 

of conservation of angular momentum in collisions, the lvl1 :: 1/2 and 

-1/2 in the 1S0 ground state are more populated in equilibrium. 5 (The 

hyperfine interaction in the metastable state for odd isotopes of xenon 

is neglected in the above discussion, for simplicity.) The luagnetic 

resonance of the ground state can be monitored by the change in the 

transparency of the system of metastable-state atoms to re'sonance 

radia tion. 5 
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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 indirectly heated cathode 

heater wire. The observed nuclear magnetic moment is f-L =0.6874 ± 0.00Z3 

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 ~ 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 6v == 15 Hz. that at higher value 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 resonance 

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 

-3 
pressure of about 0.55X 10 torr and an electron current density of 

70 mA/cm
2

, at slightly above the ionization potential energy. 

We believe that our observation of the NMR signal of the 1S o 
ground state with I = 3/2 demonstrated the transfer of alignment of the 

Xe(3p 2) metastable state to the nucleus in the 1S0 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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Xe +(ZP3/Z) and Xe(3 pZ ) states in the case of aligmnent (not orientation). 

since the only difference in this experiment is that the angular lTlOn1.entum 

involved in the 1S0 ground state is the nuclear angular TI1.Olnentum with 

I = 3/Z. while in our previous experiTI1.ent the angular TI1.01nentun1. in

volved is the electronic angular TI1.OTI1.entuD1. with J = 3/Z. The t.heory 

describing how the alignnlent of the D1.etastable state is expected to be 

changed as one resonates the aligned ground state is to be published 

elsewhere. This experiD1.ent TI1.ay perhaps be thought of as an trelectron 

pUD1.ping" experiment, siD1.ilar to an optical pllTI1.ping of ground-state atOlns 

first den1.onstrated by Kastler and Brossel. although the processes in-

volved in this experilnent are much lTIore cOlTIplex. Also, "electron 

pUlTIping" phenolTIena of the Xe(3 pZ ) lTIetastable state due to cascading 

transitions from the higher states. resulting in the alignlTIent of the 

lTIetastable state, in addition to the alignlTIent of the lTIetastable state by 

direct electron iInpact, was expe rilTIentally obs erved. This phenolTIenon 

will be reported elsewhere. 

Another interesting feature of this experilTIent lTIay perhaps be 

that, by lTIeans of an extrelTIely siD1.ple device (just a silTIple diode I), it 

was possible to observe NMR of 131Xe.quite readily. It is sOlnewhat 

obvious that by use of this technique. radioactive san1.ples such as. 

133Xe • 135Xe , and lTIany other noble gas atOlTIS having I> 1/Z should 

readily be observed. 

It is our great pleasure to express our appreciation to Dr. G. W. 

Series of The Clarendon Laboratory for stilTIulating conversation and 

private cOlnlTIunication. The first author also appreciates the inter-

esting and stiD1.ulating COnllTIents 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 

3 
Xe( P

2
) even isotopes. The second trace (b) shows the nuclear 

" ' f 131X ' h is d "h l' 1 magnetlc resonance 0 e ln teo groun state Wlt a lnear y 

oscillating magnetic field at v = 2.5680 Hz. The third trace (c) 

shows a typical NMR signal by a digitalize,d signal-averaging 

system for four sweeps over the resonance at different HO and v 

values from those of trace (a). 

Fig. 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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