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ABSTRACT

The metastable étate (2 2P3 /2 3 zSt /2)2 of neon was produced .

and aligned by electron impact. The diodesstructure electron gun was
operated at a high electron-ci_xrrent density under space-charge neutraliza-
tion cAonditions. Radiofrequency resonance of thera.ligned metastable state

(2 '2P3/2 3 251/2’2 was observed by monitoi'ing the change of absorption .

of the Ab6143-resonance rad{ation passing through the gap between the

cathode and anode. The' neoﬁ mgtastable-state resonance was comﬁared

with the mearcury metastable-state 6 3PZ radiofrequency resonance oBtained o
by using the same gun for both, and observed by monitoring the absorption

of the \5461-resonance radiation passing through the same excitation

region, The observed (gJ’)‘Ne/(gJ)Hg was 1.008 t'0.02'4. This method could -

be applied to other atoms having a metastable state with J> 0,
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1. INTRODUCTION

Although the lifetime of the metastable state of noble gases auch

as He, Ne, and Ar is known to be a few milliseconds under a gas preuure
| of about a millimeter of Hg, 4,2 no optical detection of rf resonance other
than that for helium has been reported up to the present.

One of the major difficulties in determiningthe rf resonance of thve
metastable-3tate 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 buffer-
gas pressure of about 4 rom Hg, even though tiw buffer gas is in the 1SQ
ground atate.,a This requires a very fast 6ptical-pumping spaed, “

We recently. reported t;he optical detection of xf resonance of the
‘neon metastable state (2 2P, /23 %, /22 by means of production and
alignment by electron impact.® The method of producing and aligning the
x;xetastable state by high curx:ent-density electrons in fact removes the |
difficulties associated with tixe requix:-ement for fast optical-pumping
speed and a Kigh buffer-ga,s ;ﬁreasure of about 4 mm Hg. .since thé neon
metastable state is aligne& 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 metastabls state from the . /,

150 ground state by electron impact. The augnmant due to the electroﬂ ;
impact may be interpreted approximately according tb the explamtion made

by Bethes and Oppenheimer.6 The probabmty/of the excitation of the atomic

. /
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level indicated by n is given by
F(g- E') - Y f u: “o § ‘i(g‘g')’ rjdr; .

where p and p' are the linear momentum of the electron before and after

"~

collision with the atom. "For electron energiea near the threshold of ex-

citation, p' is zero; therefore, p-~ B" {s in .the direction of p. This

corresponds to the case in which AMJ ‘= 0. In the case o{ neon, the ground

“

state is 1So'. Therefore, thae MJ

more preferantially, if one neglects the elaétron-exchan'go effect. Electron

<
£

1 ' ,
'I‘he alignment property of the metastable state can be detected by

exchange results in AM, = %{,

meang of absorption of resonance radiation corresponding to the transition ‘
from the metastable state to the higher state. Consideration of spectral

line separation. intenaity, and transition pmobabuitiéﬁ'leada us to éhoose

The polarization ratio is deﬂned as -+ -

C Al -AI
Pa=

| are the abéoibed intensity of the resonance radiation

whose electric vector ia respectively parallel to and perpendicular to the

direction of the electron beam. Thia ratio can be axpresaed in terms of

population of a magnetic sublevel as

(2N, + 5N, + 3N,) =8N, + ZNi) N '~6N2 + 3N, + 3N,

(ZN2 + 5N +3N,) + (BNz + ZNZ) : 10Nz + 7N + 3N

where NZ' Nio and N, are the POPulatione of M, = %2, &1, and 0-'; ;

= 0 of the metastable state will be produced

v
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Therefore. preferential population of the magnetic oublevelo of MJ = 0
and #1 causes P to exceed zerc. -An rf resonance with sufficiently high
Hrf equalizes the population distribution, which amounto to causing "
P to equal Zero. Figuro 1 uhowa the relative dlrcctions of the lights and
the electron beam. .

Since the transirion probability for AM, = 0 corresponding to 'rhe
electric vector of resonance radiation parallel to the direction of the
electron beam ig 4:1:0 for ‘MJ s %2 Vto #2, %1 to 1 and 0 to 0, ' the absorp-

tion of the resonance radiation at »f resonance increases (Fig.‘Z).

A. Production and Au&nmnnt of the Metastable State

To observe the xf resonance, one must obtain a reasonable amount
of the metastablo-ntate atoms, and the metastable state must be aligned.
The metastable atato density was estimated by first measuring the excitation )
cross section at a oreas\xra' of about 1 mm of Hg. | Since th? rate equation
for the metastable state N can be expressed by dN/dt ua"(.)‘/e)N° - (1/7)N,
where J/e isl the ratio of electron current deoﬁity to the electronic charge
corresponding to the ﬁox of the electron beam; 7 1is the relaxation time of
the metastable state, N_ is the ground-state dénaity, and ¢ is rhe to'tal

0
excitation cross section. The cross section can be obtaiood through the

" relation ¢ = (N/7)/(J/e)N, at equlibrium. The relaxation time 7 is

_measured from the slope of the absorption curve as we turn the electron

bea.rrx off and on.2 The density . N of the metastable state is meéoured .
from the ratio of the abaorbed-light intensity to the hcident-light'iotemity
through the relation . |

oy - 4fk Ay : 2
ar_ o 2By n(l)ﬂ’eN {

- j. - ro
I Ay -Av/ mge S
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where Av is the half-width of the lamp, £ is the absorption path length,
and fij is the oscillator strength. Therefore, the excitation cross section

is

TE Y

Using measured values of Av, AI/l,-and 7 and a value of

Y

o~ 10'19 cmz. Therefore, in order to get a metaetabie-state density of
-7

= 0.22 calculated by using a method of Bates and Dax'ng'aax-d.? we get

about 8X 107 atoms/cc corresponding to the pressure of about 10
- . 2

mm of
Hg at the gxoupdostate gas premsnré of about 10 mm of Hg, we need a
current d.ensitf J = Ne/N,ov of about 16 mA/cinz. |

For the 3/4-in. ~diam cathode we used, we need a current of at | ‘
least 30 mA to prodkce the metastable-state density corresponding to 10'7*mrri
of ng_, This pressure is uchosen because this operating density is typical
for alkali-atom optical-pumping experiments. o

Using the spaceachargeeiieutralization method,® we obtained at least |

—

30 mA of electron current over theiinteraction region about 2 cni along the
electron path at the elsctron énergy ‘near the threéhél& of excitation. In
order to operate the high-current electron beam near the 16.5-V threshold
of excitation. mercury ions weze chosen to apace»charge-neutra.lize the
electrons, since the ionization potential of mercury {s only 10. 4 V. Thue
-we could change the energy of the electron from 1‘5 to 30. \'2 withvelectrozi
currents up to 1 A for a 3/4-in. catixode,’ although normally we operated
at a rauch lower current. Under snch a circumastance, thé c_aftﬁode is

surrounded by a mercury-ion sheath, and the rest of the volume is filled-

by nearly field-free plasma. i"v’,‘.rhe voltage difference between the cathode
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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 pl#nma 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 plasma region. Depending on the deﬁign of the electron

gun, either convergence or divergence of the ‘electron beam is observed.

By tria.l-andQexror changing the cuthéda«-w-anode gap and placing different

aperture stops at various locations, we were able to make the beam trajectory
reasonably parallel. Figure 3 shows 2 crossé section of the electron-gun

~ The _parallelness of the electron beam was first tested by i’esonating
the 6 31’2 state of a mercury atom by monitoring the change of the ab-
sorption of the A5461-resonance radiation corresponding to a 6 -3P2 to .
7 35 1<tranaition.9 This resonance was aleo wsed to compare the resonance
of thé neon m_etaatablo state.‘ since with the heater current runniixg at 7A,

it 1s quite difficult to determine accurately the magnetic field at the

- metastable-s‘ate production region of the electron gun. After observing

2 mam of Hg was ad-

the mercury resonance, neon gas at about 1.2X10”
mitted into the tube. 'I‘hé neon metastable«state resonance is ohsexrved by

monitoring the change of the absorption of k6143oresoméa radiation

.passing through the aame'rogion as that of the me.x'cuxy regonance. A high-: :

vacuum systeni using all bakeable compcenents was used.

B. Detection System

' The signal-to~noise ratio (S/N) of the neon metastable-state resonance
was quite small, although that for mercury was quite large. This neceséi-

tated long-time averaging by assigning a field value to the channels of the
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. Other types of xadiolrequency discharge with power ixp to 500 W were

y

.

=be v f UCRL-11825
multi-channel pulse~-height analyzer and accumulating the signals, which‘
were converted to pulses of varying height correspondi'ng'g‘to the channel

number. Typically, an integration time of about 2-1/2 hours was required

for the neon metastable state. The S/N of mercury was high enough so

. that one could obaefve it directly from the photomultiplier output in the

cathode-ray oscinoscopo.' Héwcver. thie output was also fed into the
phlse-height analyzer in oxder to compare' the resonance points and to
calibrate the nﬁagnetic-ﬁeld sweep région. The block diaéram is shown -
in Fig. 4. ' |

The light source ueed is the usual electrodeless digcharge by - )

" means of ar}nicro,wave cavity operating at about 60 to 100 W at 2.45 kMe. * :

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 well.. The required H_, was about 100 to 250 mG. )
SOme éare was taken to reduca the reactance of the radiofrequency loop

in order to a.v‘oid the inﬂuenco of the electric field on the plasma.

RESULT
Figure 5 a‘ho'we the typical neén me:taefable-atate resonance when
the polarization is parallel to the direction of the electron beam at a data-
accumulation time of about 2-1/2 hours and a neon pressure of 1,2X 10°% mm
of Hg. | | _
' This resonance corresponds to An increase in absorp‘tic)n at the
rf resonance. In the case of the meréui'y resonance using the rééonance ’

absorption of A\5464, the absorption of the resonance radiation decreases

at the rf resonance when the lighti h polarized parauel to the electron

l' ~
i
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331. i.e., J changes

beam, since the absorption ie from 6 3Pz to 7
from 2 to 1. This effect is seen from the reversal of the slope in Fig. 6
The observed value for (3J)Nc/(gJ)Hg is 1.008*0._%024, We believe
that this technique demonstrates the posaibility of »f resonance of other
noble gas atoms. Further improvamant in electron trajectory at much.
lqwex; gas pressure a3 Qell as miniaturization of the electron-gun excitation
tube is in progress in order té observe the hyperﬂhe structure of Ar39 by

R}

using this techxﬁque.
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FIGURE LEGENDS |
Fvig. i. Relative directions of the lights and the electron beain,.ff_, KR
Fig. 2. Relevant energy levels used in the experiment. | |

. Fig. 3. Crosa-section@l view of electron-gun excitation tube.

A Ne gas preesure of a.bout $.2X 10 min is used for the °
< ’ o R ‘
exper:‘amnm:° " ‘ ' Sy

.

. - Fig. 4. Block’ diagram of the detection ayatem.

w0 - Fig. 5. Typical neon metaatahle-state resonance when the electxic /
R I
L vector of X6143 reeonance radiation is paraﬂel to the direction ['.L‘{

7 . N ¢ (-‘,y

of the electronobeam. B e B ‘ '; R e

/-
'/

i Fig. 6. Typical mercury metastablaoatate reaoxmnce when the electric §‘ S

Vector of XS461 resonanco xadiadon ia parauel to the direction of

the ele ctron beam.
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