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ABSTRACT 

I 
/ 

I 
i 

2 2 ' 
The metastable state (2 P 312 3 s11~)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 neutraliza· 

t!on conditions. Radiofrequency resonance of the aligned metastable state 
2 2 . 

(2 P 3; 2 3 s 1; 2>2 was observed by monitoring the change of absorption 

of the X-6143-resonance radiation passing through the gap between the 

cathode and anode. The neon metastable-state resonance was compared 
3 . 

with the m~rcury metastable-state 6 P 2 rac:lio!requency resonance obtained 
i . . 

by using the same gun for both, and .observed by monitoring the absorp,tion 

of the A5461-resonance radiation pasaing through the same excitation 

region. The observed (gJ)Ne/(gJ)Hg was t.008 • 0.024. This method could 

be applied to other atoms having a. metastable state with J> 0 • 
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I. INTRODUCTION 

Although the lifetime of the metaetable •tate of no9le ·gases such 
J 

as He, Ne, and Aria known to be a few mUlbeconda under a gas preasure 

of about a millimeter of Hg, 1• ~no optical detection of rf resonance other . . 

than that for helium baa been reported up to the present. 

One of the major dif!icultles in determining the d resonance of the 

metastable--·Jtate of the noble gase• o~her than helium by the optical-pumping 
. . 

method is that their parent state has a P configuration. A atate having a P 

configuration. has a very fast relaxation time of the alignment at high buffer• 

gas pressure of about 1 mm Hg, even though the buffer gas ia in the is0 

ground state. 3 This requires· a very fast optical•pumping speed. 

We recently reported the optical detection of r! resonance of the 
. z 2 

neon metastable state (2. P 3/'l 3 Si/2.)2. by mean• of production and 

alignment by electron impact. 4 The method of producing and aligning the 
. 4 

metastable state by high current-density electrons in fact removes the 

difficulties associated with the requirement £or fast optical-pumping 

speed and a ~igh buffer-gas preasur~ of about 1 m~ Hg, .since the neon 

metastable state is aligned during the electron transit time corresponding 
. 

to about the atomic diameter. This report presents the details of the 

experiment. 

n. METHOD AND APPARATUS 

The neon atoms were excited to the metastable state from the 

i 
~.· s0 ground state by electron impact. The alignment due to the electron . 

impact may be interpreted approximately according tb the explanation made 
. 5 . • 6· i • 

by Bethe and Oppenheimer. The probability of the excitation of the atomic 
I . 
I 

r 
/ 
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level indicated by n la given by 

where e and e· are the linear momentum of the electron before and alter 

eollisiop with the atom. Fc:>r electron energies near the threshold of ex• 

citation, p' is zero; therefore, p • o•. ie in.the direction o£ p. This -- .., :. ,., 
corresponds to the case in which A MJ ·.• 0. In the case o~ neon, the ground 

a~te is 1s0• Therefore, the MJ ·~~~ o'" of the metastable state will be produced 

more pr.eferentially, if one neglects the eleetron•exc:hange effect. Electron 

exchange results in A M1 = =1:1. 

The alignment proper~y.of the mc+tastable state can be detected by 

means o£ absorption of resonanc.e radiation corresponding to the transitio~, · 

£rom the metastable state to the higher state. Consideration of spectral 
. I 

line separation, intensity, ·and t·ransition p~obabUitS.es leads us to choose .. 
. the A6143 line. 

The polarization ratioi is defined as 

AI 11 -.6.I 1 
~. .. 

AI11 + AI1 

where AI1j.__ and: AI J. are the ab~orbed intensity o£ the resonance radiation 

whose electric vector is respectively parallel tO and perpendic~r to the 

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

population of a magnetic ·sublevel aa 

(2N2 + SN1 + 3N0 ) • (SN2 + 2N1) ·6N2 + 3N1 + 3N0 
=· --~~----------

(ZNz + SN1 + 3N0 ) + (8Nz + 2Nz) · iONz + 7N1 + 3N
0 

.. 

. .I. 

where N2, N1, and N
0 

are the population•, ol MJ • :1:2, •t, and O. · · 

I 

• 

.. 
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Therefore, preferential population of tho maanetlc: eublevela of MJ = 0 

and :l: 1 causes P to exceed zero. An rl resonance with au.Uiciently high 

H f equalizes the population distribution, which amount•. to causing · 
r . 

P to equal zero. JI'iguro t show• tho relative dlrectlonil of the lights and 

the electron beamo 

Since the transition probability for AMJ • 0 corresponding to the 

electric vector of resonance radiation parallel to the. direction of the 

electron beam is 4: 1:0 for · MJ = ··z to rA:Z., d:i to 111:1 and 0 to 0, _the absorp .. 

tion o_f the resonance radiation at r£ resonance increases (Fig. 2). 

~· Producqon and AUsnment o£ the Metastable State 

To observe the rl resonance, one must obtain a reasonable amount 

of the metastable-state atoms, and the metastable state must be aligned. · 

The metas_table state density was estimated by first measuring the excitation 
' . 

cross section at a pressure· of about i mm of Hg. Since the rate equation 

for the metastable state N can be expressed by dN/dt ca(J/e)N
0

-·(1/T)N, 

where J/ e is the ratio of electron current density to the electronic charge 

corresponding to the flux o£ the elec_tron beam. ,.. is the relaxation time o£. 

the metastable state, N
0 

is the ground•atate denaity, a:nd a i• the total 

excitation cross section. ·The erose section can be o·btabied through the 

relation a = (N/T)/ (J/ e)N0 at equllbrlum. · The relaxation time. 'r is· 

. measured from the slope of the absorption curve as we turn the electron 
2 . 

beam of£ and on. The density .. N of the metastable state ia measured 

from the ratio o£ the abaorbed•light intensity t(,) the incident•light intenaity 
. . 

•' . 

;. 
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where A." is the hall-width of the_lamp, I. ia the abaorption path length, 

a.ncl fij ia the oacWator strength. Therefore, the excitation croaa aec~ion 

is 

a. (1..)
1 

N x(4Jx 
• 0 . 

- i • 

Using measured values of A. "• 41/I, ,and .,. and a. value of 
. . 7 

~ij =. 0.22 calculated by using a meth~d of Bat.ea and Daingaard, we get 

u .-..10•19 cm2• Therefore, in order to get a metaatable•ata.te density of 

about SX 10 9 atoms/ cc correaponcUng to the pressure of about to•7 mm .of 
. .z : 

Hg at ·the ground•state gaa presaure of about tO mm of Hg, we need a 

current density .J = Ne/N
0
aT of about 16 mA/cm2 •. 

For the 3/ 4•in. ·diam cathode we used, we need a current of at 

I! 

. . -7 . 

' 

least 30 mA to produce the metastable-state density corresponding to tO mm 
t :~ J 

of Hg. This pressure is uchosen because this operating density is typical 
... 

!or alkali-atom optical ... pumping experiments. 

Using the spac:e•charge .. zieutrallzation method, a we obtained at least 

30 mA of elec:;tron current o.ver theHnteractiori region about 2 em along the 

electron path at the electron energy near the threehold of excitation. I~ 

order to operate .the high-current electron beam near· the 16.5!"'V threshold 

of excitation, mercury ions were chosen~ apace .. charge•neutralize the 

electrons, since the ionization potential o£ mercury iS only 10.4 v. Thus 

we could change the energy of the electron from 1.5 to 30 v with electron 

curre~ts up to 1 A for a 3/ 4•in. cathode, although normally we operated 

at a much lower current. 'Under auch a circumsta.nce, the cathode is 

surrounded by a mercury-ion sheath, and the. rest of the volume is fUled · 

by nearly field-free plasma. ',:'::t'he voltage difference between the catho~e 

I' 

.·. 
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and anode ie concentrated between the cathode and ion •heath, so that the 

electrons receive moat oi their acceleration between the cathode and sheath, 

and enter the nearly field•iree plaama perpendicular to tqe cathode surface, 

G except at the edge oi the cathode. The edge effect is minimized by an 

,. 
I • 

• 

\_. 

aperture stop. The elec.tron path can be teen from the mercury radiation 

emitted from the plasma region. Depending on the design of the electron 

gun, either convergence or. divergence of the 'electron beam b observed. 

By trial-and-error cha.nglna tho cath9de•to•anode gap and placing di!ferent 

aperture stops at various locatlona, we were able to make the beam trajectory 

reasonably parallel. Figure 3 ehows a croas section o£ the electron-gun 

excitation tube. 

The paralletness of tb'e electron beam wao !h·at teated by resonating 

the 6 3P 2 state o£ a mercury atom by monitoring the change of the ab· 
. . 3 

sorption of the >..5461•reaonance radiation corresponding to a. 6 · P 2 to 

3 9 . 
7 s1 transition. Thia resonance was also uaed to compaz:,e the resonance 

of the neon metastable state, since with the heater current running at 7 A, 

it is quite di!ficult to determine accurately the magnetic field at the 

metastable-state production region of the electron gun. After observing 
. . . ...;! 

the mercury resonance; neon ga1 at about i.2X 10 mm of Hg was ad-

mitted into the .tube. The neon metaatable•sta.to resonance is observed by 

monitoring the change of tho absorption of >..6143•reaonance radiation· 

.passing through the same· region ae that o£ the mercury reaonanc:e. A high· 

vacuum system using all bakeable c~mponenta wao used • 

B.. Detection Sz•.!.!m 
· The signal•to .. noise ratio (S/N) of the neon metastable•state resonance 

was quite small, althou'b tha~ for mercury wae quite large. This ne:cessi• 

tated long-time averaging 'by assigning a field va.iue to the channels o£ tho 

'• 
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multi-channel pulse•height analyzer and accumulating the' aignale, which 

~ere converted to pulses of varyina helaht corresponding \~o the channel 

number. Typically, an integration time ol about Z·i/Z hours waa required 

!or the neon metastable atate. The S/N o£ mercury waa high enough so 

that one could observe it directly from the photomultiplier output in the · 

cathode-ray oscilloscope. However. thle output was aleo fed into the 
. ' 

pulse-height analyzer in order to compare the reaonance points and to 

calibrate the magnetic-field. aweep region. 'fhe block diagram is ahown 

in Fig. 4. 

The light source used 1a the usual electrodeleas discharge by 

means of a:--micro-.vave cavity operating at about 6o to tOO W at 2.45 kMc. •· .. 
I • 

Other types of radiolrequency dlacharge with power up to ·SOO W were 

used.· However. the microwave discharge turned out to be most convenient 
. ' 

because of compactness of the cavity, although any other means o£ discharge 

would probably work as well.. The required. Hrf was about 100 to ZSO mG. 

Some care was taken to reduce the reactance of the radiofrequency loop 

in order to avoid the in£luence of the electric field on the plasma.. 
l 

RESULT 

Figure 5 sho.ws the typical neon metastable-state resonance when 

the polarization is ~arallel to ~e direction of the electron beam at a data•. 
. . . . . ..z 

accumulation Ume of about Z·i/Z hours anc:l a neon pressure of i._ZX 10 mm 

of Hg. 

This resonance correaponc:la to an increase in absorption at the 

rf resonance. In the caae of the mercury reaonance uaing the resonance . i 

absorption o£ 'A546i, ,the absorption of the resonance radiation decreases · 
II 

at the r£ resonance when the liahti ie polarized parallel to the electron~~ 
. , ! 

" ,. 

J 
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beam, since the absorption ia £rom 6 3P2. to 7 3s1, i.e., J changes 

!rom 2 to 1. This e!!ect ie seen from the reversal of the elope in Fig. 6. 

;fbo observed value for (gJ)Ne/h~J)Hg is t.OOS • o.p24. We believe 

that this technique demonstrates the possibility o£ rf resonance o£ other 

'\ noble gas atoms •. Furth.er improvement in electron trajectory at much. 

\..• 

•·. 

lower gas pressure as well aa miniaturization of the electron-gun excitation 
. . 39 

tube is in progrese in order to obeervo the hyperl'ine structure ol Ar by 

using this technique. 
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FIGURE LEGENDS 

Fig. 1. Relative directions ol the lights and the electron beam •. 

Fig. z. .Relevant energy levelo used in the experiment. 

. Fig. 3. Crosa-aectiona~ view of electron•gun excitation tube. 
.z . . 

A Ne gas pressure- o£ about 1.2X tO mm ia used for the 

' experiment. 

Fig. 4. Block diagram of the detection system. 

Fig. 5. Typical neon metastable-state resonance when the electric 

vector of )\.6143 resonance x:adiation is parallel to the direction 
' \ '·· 

of the electron•beame . ' . 

:~ . ,. 

.. 
Fig. 6. · Typical mercury metastable .. state resonance when the electric •. ll -

·., I 

vector of >-.5461 resonance. radiation is pa.rallelto the direction of .. ' 
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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 contr'actor, 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. 
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