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X =4Vs/A s. (30)

Application of this formula to a few simple geometries
gives:
Sphere of radius R: X=4R/3.

Cylinder of radius P and length L: X= 2E/(1+8/2L) .
Cube of side I.: X=2L/3.

have I.=eh, where e is the mean number of collisions

an atom makes before escape, and ) is the mean
distance between collisions. It can be shown that
rt= (A &+A,)/A,~&/A, . Equating these two expres-
sions for I then yields

The use of a collimating tube at the bulb entrance
will increase the lifetime as described by Eq. (31) in
the text. It also modifies X, since the derivation above
assumes a constant density throughout the bulb. In the
neck, the density falls uniformly from the equilibrium
density to 0, so that the average density is one-half that
in the bulb. Since the rate of wall collision is propor-
tional to the density, the mean wall collision rate is
increased by a factor 1+ra (Vt/Vs), where Vt is equal to
the volume of the collimating tube and we have assumed
V&(&Vg. The distance between collisions is then given by

X=
As 1+-', (Vt/Vs)
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Radio-Frequency Resonance of the Metastable State (2'Ps&s 3'S,ts)s of Neon
Produced and Aligned by Electron Impact*

TETSUO HADEISHI, ORILLA A. MCHARRIS) AND WILLIAM A. NIERENBZRG

Lawrence Radiation Laboratory, University of Cakfornia, Berkeley, California
(Received 28 December 1964)

The metastable state (2'P3fz 3'S&f2)2 of neon was produced and aligned by electron impact. The diode-
structure electron gun was operated at a high electron-current density under space-charge neutralization
conditions. Radio-frequency resonance of the aligned metastable state (2'Paf&3'Sjf2)2 was observed by
monitoring the change of absorption of the X6143-resonance radiation passing through the gap between
the cathode and anode. The neon metastable-state resonance was compared with the mercury metastable-
state 6'P2 radio-frequency resonance obtained by using the same gun for both, and observed by monitoring
the absorption of the X5461-resonance radiation passing through the same excitation region. The observed
(gs)N, /(gs)ne was 1.008+0.024. This method could be applied to other atoms having a metastable state
with J&0.

I. INTRODUCTION

A LTHOUGH the lifetime of the metastable state
of noble gases such as He, Ne, and Ar is known

to be a few milliseconds under a gas pressure of about a
millimeter of Hg, ' ' no optical detection of rf resonance
other than that for helium has been reported up to the
present.

Qne of the major difBculties in determining the rf
resonance of the metastable state of the noble gases
other than helium by the optical-pumping method is
that their parent state has a P configuration. A state
having a P configuration has a very fast relaxation time
of the alignment at high bu6er-gas pressure of about
1 mm Hg, even though the buGer gas is in the 'So ground
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state. ' This requires a very fast optical-pumping speed.
%e recently reported the optical detection of rf

resonance of the neon metastable state (2'Pets 3'St/2)s
by means of production and alignment by electron
impact. 4 The method of producing and aligning the
metastable state by high current-density electrons in
fact removes the dif6culties associated with the require-
ment for fast optical-pumping speed and a high buffer-
gas pressure of about 1 mm Hg, since the neon metasta-
ble state is aligned during the electron transit time
corresponding to about the atomic diameter. This
report presents the details of the experiment.

II. METHOD AND APPARATUS

The neon atoms were excited to the metastable state
from the 'So ground state by electron impact. The align-
ment due to the electron impact may be interpreted
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approximately according to the explanation made by
Bethe' and Oppenheimer. ' The probability of the
excitation of the atomic level indicated by e is given by

F(P—y') = — I *Np P e&'~@~& &'&'~dr—
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H. Bethe, Bumkdr, h der I'hysik, edited by S. I'liigge (Springer-
Perlag, Berlin, 1933)& Pol. 24/1, p. 508.' J.R. Oppenheimer, Z. Physik 43, 27 (1927).

where y and y' are the linear momentum of the electron
before and after collision with the atom. For electron
energies near the threshold of excitation, y' is zero;
therefore, y—y is in the direction of y. This corresponds
to the case in which hM;=0. In the case of neon, the
ground state is '50. Therefore, the M~ ——0 of the met-
astable state will be produced more preferentially if
one neglects the electron-exchange effect. Electron
exchange results in AM J- ——~1.

The alignriient property of the metastable state can
be detected by means of absorption of resonance
radiation corresponding to the transition from the
metastable state to the higher state. Consideration of
spectral line separation, intensity, and transition
probabilities leads us to choose the X6143 line.

The polarization ratio is de6ned as

&= (~g—~»)/(~»+~~),
where AI«and dZ& are the absorbed intensity of the
resonance radiation whose electric vector is, respec-
tively, parallel to and perpendicular to the direction

of the electron beam. This ratio can be expressed in
terms of population of a magnetic sublevel as

(2N p+5/Vg+3Np) (S—Np+2Ng) 6N—p+3Ng+3N p

(2Np+5Ng+3Np)+ (SNp+2Np) 10Np+7Ng+3. Vp

where X2, S~, and Xo are the populations of MJ=&2,
&'1, and 0. Therefore, preferential population of the
magnetic sublevels of M J=0 and +1 causes I' to exceed
zero. An rf resonance with suKciently high H, f equalizes
the population distribution which amounts to causing
I' to equal zero. Figure 1 shows the relative directions
of the lights and the electron beam.

Since the transition probability for dMJ ——0 corre-
sponding to the electric vector of resonance radiation
parallel to the direction of the electron beam is 4:1:0
for M~= &2 to &2, &1 to %1 and 0 to 0, the absorp-
tion of the resonance radiation at rf resonance increases
(Fig. 2).

A. Production and AHgnment of the
Metastable State

To observe the rf resonance, one must obtain a
reasonable amount of the metastable-state atoms, and
the metastable state must be aligned. The metastable
state density was estimated by 6rst measuring the
excitation cross section at a pressure of about 1 mm of
Hg. Since the rate equation for the metastable state S
can be expressed by dN/d/= p (J/e)Np (1/r)N, wh—ere
J/e is the ratio of electron current density to the
electronic charge corresponding to the Qux of the
electron beam, 7 is the relaxation time of the metastable
state, Ão is the ground-state density, and cr is the total
excitation cross section. The cross section can be
obtained through the relation g= (N/r)/(J/e)Np at
equilibrium. The relaxation time v is measured from the
slope of the absorption curve as we turn the electron
beam off and on.' The density X of the metastable state
is measured from the ratio of the absorbed-light
intensity to the incident-light intensity through the
relation

where h~ is the haU-width of the lamp, I, is the absorp-
tion path length, and f,; is the oscillator strength. There-
fore, the excite, tion cross section is

AI
-X X—X

(J/e)Np I r (l/2 v) (~e'/mpc) f,;
Using measured values of hv, LU/I, and p. and a'

value of f;;=0.22 calculated by using a method of
Bates and Damgaard, ~ we get 0- 10 " cm.'. Therefore,

~ D. R. Bates and A. Damgaard, Phil. Trans. Roy. Soc. A242,
101 (1949).
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in order to get a metastable-state density of about
8&&10g atoms/cc corresponding to the pressure of about
10 ~ mm of Hg at the ground-state gas pressure of
about 10 ' mm of Hg, we need a current density
J=Xe/Xgor of about 16 mA/cm'.

For the ~-in. -diam cathode we used, we needed a
current of at least 30 mA to produce the metastable-
state density corresponding to 10 7 mm of Hg. This
pressure was chosen because this operating density is
typical for alkali-atom optical-pumping experiments.

Using the space-charge-neutralization method, we
obtained at least 30 mA of electron current over the
interaction region about 2 cm along the electron path
at the electron energy near the threshold of excitation.
In order to operate the high-current electron beam near
the 16.5-V threshold of excitation, mercury ions were
chosen to space-charge-neutralize the electrons, since
the ionization potential of mercury is only 10.4 V.
Thus we could change the energy of the electron from
15 to 30 V with electron currents up to 1 A for a 43-in.

cathode, although normally we operated at a much
lower current. Under such a circumstance, the cathode
is surrounded by a mercury-ion sheath, and the rest
of the volume is filled by nearly field-free plasma. The
voltage difference between the cathode and anode is
concentrated between the cathode and ion sheath, so
that the electrons receive most of their acceleration
between the cathode and sheath, and enter the nearly
field-free plasma perpendicular to the cathode surface,
except at the edge of the cathode. The edge effect is
minimized by an aperture stop. The electron path can
be seen from the mercury radiation emitted from the
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FIG. 3. Cross-sectional view of electron-gun excitation tube. A Ne
gas pressure of about 1.2&10 ' mm is used for the experiment.

plasma region. Depending on the design of the electron
gun, either convergence or divergence of the electron
beam is observed. By trial-and-error changing the
cathode-to-anode gap and placing different aperture
stops at various locations, we were able to make the
beam trajectory reasonably parallel. Figure 3 shows a
cross section of the electron-gun excitation tube.

The parallelness of the electron beam was first tested
by resonating the O'E2 state of a mercury atom by
monitoring the change of the absorption of the )5461-
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FIG. 4. Block diagram of the detection system.

8 I. Langmuir, Phys. Rev. 33, 954 (1929).



A 986 HADEISHI, McHARRIS, AND NIERENBERG

I 1 I I I I I 1 I I I I I I I I

I 3500-
a 13000-o

I 2500—

I2000—

'~ f ~ ~~ y

I5000- ' '
~

I 4500 — '0

14000 -'
«A ~o ~ Oa ~ ~ ~

~ ~
~ ~ ~ IA

4PC Ql0p
CJ

I 200 -
~

I I 50- ~

l050-,
IOOO-

950-
900 -.

0

~ ~

Mercury resononce

v* 7-0004 Mc/sec

I I 500—

I IOOO-
I . l

20

I gauss
I I I ' I I I I I I I

40 60 80 IOP l20
'Chonnel number

( Field )

I I I . I I I

140 I60 I 80 200

850-
t

80P-
20 40 60

I gouss

80 I 00 I20 I 40 I60 IBO 200
Chonnel number

( Field)

FIG. 5. Typical neon metastable-state resonance when the
electric vector of X6143 resonance radiation is parallel to the
direction of the electron beam.

FIG. 6. Typical mercury metastable-state resonance when the
electric vector of X5461 resonance radiation is parallel to the
direction of the electron beam.

resonance radiation corresponding to a 6'P2 to 7'5~
transition. ' This resonance was also used to compare
the resonance of the neon metastable state, since with
the heater current running at 7 A, it is quite difEcult
to determine accurately the magnetic field at the
metastable-state production region of the electron gun.
After observing the mercury resonance, neon gas at
about 1.2)(10—' mm of Hg was admitted into the tube.
The neon metastable-state resonance was observed by
monitoring the change of the absorption of )6143-
resonance radiation passing though the same region as
that of the mercury resonance. A high-vacuum system
using all bakeable components was employed.

B. Detection System

The signal-to-noise ratio (5/S) of the neon metasta-
ble-state resonance was quite small, although that for
mercury was quite large. This necessitated long-time
averaging by assigning a field value to the channels of
the multichannel pulse-height analyzer and accumulat-

ing the signals, which were converted to pulses of vary-
ing height corresponding to the channel number.
Typically, an integration time of about 2~~ h was

required for the neon metastable state. The S/X of
mercury was high enough so that one could observe it
directly from the photomultiplier output in the cathode-

ray oscilloscope. However, this output was also fed into
the pulse-height analyzer in order to compare the
resonance points and to calibrate the magnetic-6eld
sweep region. The block diagram is shown in Fig. 4.

The light source used is the usual electrodeless

discharge by means of a microwave cavity operating
at about 60 to 100% at 2.45 kMc. Other types of
radio-frequency discharge with power up to 500%were
used. However, the microwave discharge turned. out to
be most convenient because of compactness of the
cavity, although any other means of discharge would

probably work as we11. The required B,& was about 100

' H. G. Dehmelt, Phys. Rev. 103, 1125 (1956).

to 250 mG. Some care was taken to reduce the reactance
of the radio-frequency loop in order to avoid the inQu-

ence of the electric field on the plasma.

IIL RESULT

Figure 5 shows the typical neon metastable-state
resonance when the polarization is parallel to the
direction of the electron beam at a data-accumulation
time of about 22 h and a neon pressure of 1.2&10 ~

mm of Hg.
This resonance corresponds to an increase in absorp-

tion at the rf resonance. In the case of the mercury
resonance using the resonance absorption of X5461,
the absorption of the resonance radiation decreases at
the rf resonance when the light is polarized paral1el to
the electron beam, since the absorption is from 6'P2 to
7'S~, i.e., J changes from 2 to 1, This effect is seen from
the reversal of the slope in Fig. 6.

The observed value for (gq) N,/(gq) H, is 1.008&0.024.
We believe that this technique demonstrates the
possibility of rf resonance of other noble-gas atoms.
Further improvement in electron trajectory at much
lower gas pressure as well as miniaturization of the
electron-gun excitation tube is in progress in order to
observe the hyperfine structure of Ar" by using this
technique.
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