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ABSTRACT 

Webave observed normally forbidden two-quantum tranSitions in 

. the optical spectrmn of a helium plasma. We induced these transitions 

by applying a microwave field to a separately generated steady-state 

, helium discharge. Measurements of the relative intensity and wave-

length of the optical photons emitted in the two-quantum transition 

51FO ~ 2lpO in He I determined both the frequency and the strength of 

the microwave field in the plasma. The field strength was also 

measured by observation of the Stark shift of a spectral line and by 

measurement of the microwave power input and theQ of the microwave 

. cavity. All measurements of the field strength are in satisfactory 

.' agreement and indicate an rms microwave field strength in the plasma 

'of about 215 V/cm. The spectroscopic measurement of the frequency of 

the microwave field is within 3% of the actual value, and the measured 

polarization of the radiation agrees with theory. 
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:t.' INTRODUCTION 

An oscillating electric field has certain observable effects on 

the spectrum of radiation emitted by excited atoms. These effects can 

in principle be used to measure the frequency I. strength, and direction 

. of the electric field. If the radiating atoms are located in a plasma, 

these effects provide the important possibility of studying the elec-

tric fields in the plasma by spectroscopic techniques. Two advantages 

of spectroscopic methods are obviOUS: first" the plasma is not per

turbed by the measurement, and second" the frequency response is sut-

ficient to observe even the most rapid plasma phenomena. The dis-

advantages are first, that it is difficult to localize the measurement 

unless the plasma is cylindrically symmetric" so that one may use Abel 

inversion"l and second, fairly strong fields may be required to produce 

. measurable effects . 

The theory of the linear Stark effect in a rapidly varying elec

tric field has been discussed b.y SChr8dinger,2 and by Blochinze~ for 

. the ~rticular case of a sinusoidally varying electric field. The 

,effect on a spectral line which exhibits a linear Stark effect is a 

modification of the line profile which, if competing line-broadening 

mechanisms are not too large, may be used to measure the strength 

and, in .some cases, the frequency of the perturbing electric field. 

This technique has been used to measure the strength of an externally 

4 . 
applied microwave field in a plasma and to measure the strength of 

stochastic fields in a beam-plasma interaction experiment. 5 Both 

experiments were in hydrogen, and in neither case was information 
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about thefrequ.ency spectrum of the fields derived from the measurements. 

In nonhydrogen1c atoms, a sinusoidally varying electric field can 

induce normally forbidden two-quantum transitions involving emission 

or absorption of one quantum from the field plus emission of an optical 

photon. This effect was proposed by Baranger and Mozer as a means of 

6 observing longitudinal plasma oscillations, and has also been treated 

by Reinheimer as an absorption process. 7 We have used these transitions 

to measure both the frequency and thestrengtb of a microwave field 

externally applied to a helium plasma. In addition, we measured the 

strength of the microwave electric field in the plaSma b,y observing 

the shift of a spectral line resulting from an allowed transition--

analogous to the line-profile measurements in hydrogen described in 

Ref. 4 and 5. 

II. THEORY 

We shall discuss briefly the perturbation treatment which leads 

to the theoretical expression for the intensity of the two-quantum 

transitions. Suppose that we have an excited nonhydrogenic atom in 

some initial state i, and that the atom is situated in an oscillating 

·electric field with amplitude E and angular frequency ru. What is the 

probability per unit time that at some later time the atom has made a 

transitipn to a specific final state k? The follOWing two-quantum 

process can occur: the atom either absorbs one quantum of energy tiro 

from the field or emits one quantum to the field. The atom exists 

transiently in' a virtual state separated in energy by .± fJro from the 

initial state, and then makes a transition to the final state k by 

. .' 

'. 



· , 

'". '; 

," 

"w3-, UCRL-18440 ' 
, " 

emitting an' optical photon with frequency a)1k :± (1). Bere (1)1k is the 

angular frequency of transitions between states i and k. Figure 1 

shows the energy levels i and k, a representativeinter.mediate state J, 

the virtual state s( shown by dashed line s), and the transitions between 

them, 

A.Probability of Two-Quantum Transitions 

The probability per unit time that such a transition will occur 

can be calculated by second-order time-dependent perturbation theory. 

The final result of such a calculation averaged over all possible 

field directions is given in Ref. 6, and a sketch of the derivation 

is given in Ref. 7. The selection rules are such that the transition 

from i to k by emission of a single photon is forbidden in the electric

dipole approximation; the effect of these two;..quantum transitions on 

, ,the optical spectrum is the appearance of "satellites" separated in 

frequency by .iW from (}.)ik' the frequency of the forbidden direct transi

tion from i to k. The satellites are indicated in Fig. 2, which shows 

schematically the intensity of the emitted radiation in the vicinity 

of (}.)ik' 

In our experiment the oscillating electric field which induces 

the two-quantum transitions is not random in direction, but is directed' 

perpendicular to the direction of observation of the satellites. As 

stated in Ref. 6, the satellites in this case will be emitted aniso

tropically and will also be polarized, We must therefore'look at the 

expression for the transition probabilities before averaging over all 

field directions, so that we can calculate the anisotropy and polariza-
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tion Of the satellites •. The perturbation treatment outlined in Ref. 

6 and 7 leads to the following expreesion for the differential trans i-

tion probability: 

2 
k 1 e 

dAi = -::3'3 
. 87r~c 

(1) 

where dAi k is the differential probability per second for a two-quantum 
, 

transition from i to k, resulting in the emission of a photon into 

solid angle <In; (l}ij is the angular frequency of a transition from i 

to j; (l}ik is the angular frequency of a transition from i to k; (l}jk 

is the angular frequency of a transition from j to k. In Eq. (1), 

Vi j, -the matrix element of the perturbation taken between states i and 

j, is given in the dipole approximation b.Y 

(2) 

and ~ j k is a matrix element between states j and k, defined b.Y 

,where! is the position vector of the electron, and ~ is a unit vector 

in the direction of polarization (assumed to be linear) of the emitted 

photon. . The plus sign is to be used in Eq. (1) if a quantum of energy 

from the field is absorbed; the minus sign if a quantum of energy is 

emitted to the field. The sum is over all intermediate states. We 

assume the electric field to be only in the z direction; then 

," 
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Information about the polarization and angular 4ependence of emission 
k 2 . 

is contained in h
j 

I . Suppose the photon is emitted at an angle e 

with respect to the electric field. Then one can Show8,9 that for 

polarization parallel to the field, 

and for polarization perpendicular to the field; 

(6) 

k k k The matrix elements Xj , Y j , and z j are the matrix elements of the 

corresponding coordinates; expressions for them are given (in the 

Coulomb approximation) in Ref. 10. 

Now we replace the i, j, k designation in the matrix elements with 

sets of quantum numbers: i ~ (n, £, m); j~ (nil, £11, mil)" and k ~ 

(n', £', m'). We find the following set of selection rules after we 

evaluate the terms in the sum: 

£" = £ j; 1, 

£' = £" .±l= £ or £ .± 2, 

and mil = m. 
" 

Because of the resonant denominator in Eq. (1)" the only intermediate 

states that can contribute significantly to the sum are those lying 

wiry close in energy to the state ijwe th,erefore also assume 

nil = n. 
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(This assumption may not be true in general.) From now on, w~ con-

sider only transitions of the tY]e ~ ~ ~ ± 2. 

To get an expression for the differential transition probability 

. regardless of the polarization, we first sum Eq. (1) over both polari

zations. Equation (1) is now a sum over m and m', but since the usual 

definition of the transition probability is the probability per m 

state, we must also divide the expression by the statistical weight 

of the ,!th level, namely gi' After carrying out these indicated opera

tions and changing the labeling of the states, we have an expression 

for the differential probability of transitions from the state (n, ~) 
I 

to the state (n', ~,): 

m,m' 

Forflimpl1city, we have retained the (i, J, k) notation in labeling 

(D. We assume that none of the frequencies depend on m, m', or m"; 

. that is, we neglect Stark shifts. For example, illik denotes the fre

quency of the transition between state (n, t) and state n'; ~'). 

The indicated sums can be worked out, using expressions given in 

Ref. 10 for the necessary matrix elements (Coulomb approxima.tion) to 

give in the case ~ ~ t - 2, 

"', 
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. . ..... . 2 .' " 2" ' ... , . 2' 2 
\ / n .t-l m./ ./ n' .t-2 ml/ = g., .t(.e - 1~ '/Rn .t ... 1/ /Rn' .t-2/ 
L- zn.tm 11"n .t-1 m . 15 (2.e ., 1 n.t n .t-l 
mjm' 

(8) 

and 

L 
,2" 2 ~ 2 2 

Izn .e .... 1 m/ lan'.t-2.m'/ :;:: ~.t .e ... 1 In .e-l/ / nr .e .. 2, 
n.tm n £-1 m 10 2.e - 1 Rn.e Rn .t-l • 

m,m' 

For.t~.t + 2, we have 

m,m' 

2 3 2 J' X [Sin 9 + ~ cos 9 , (10) 

and 

2 2 ( .) 2 2" \" I n £+1 m/ / n' £+2 m' I _ 1.. (.e + 1)£ + 2 /Rn .e+1/ /Rn ! .e+2/ • ' 
L zn.tm an .t+1 m - 10 (2.t + 3) n.t 'n .t+1 

m,m' 
(11) 

Here R~~.t' is an integral over the radial eigenfunctions, defined b,yll' 

(12) 

Equations (8) through (11) can be used to calculate the differential 

transition probability for a given transition. Before We continue 

with this calculation, however, let uS first calculate the anisotrop,y 

of the radiation~ttern and the polarization of a satellite. 
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B. AnisotroP,y of the Radiation Pattern of the satellites 

Note from Eqs. (7) through (11) that for both £ ~ £ - 2 and 

£ ~ £ + 2, we have 

(13) 

Now we average the differential transition probability over all angles 

of emission (or, equivalently, over all possible field directions; for 

a fixed direction of observation) to obtain 

(14) 

The relative anisotropy of emission is then given by 

dAce) 3 [ 2 3 2 ] __ = 5 sin e + 4 (1 + cos e • 
dA 

(15) 1 

For e = v/2, which was the case in our experiment, the iptensity of a 

satellite exceeds the average intensity by 5% . 
C. Polarization of the Satellites 

The intensity of radiation is proport ional to Liz 121v 12 for 
I 2 2 m,m 

.. polarization parallel to E, and to L Iz I 101 for polarization per-
- m m' , 

pendicular to~. We define the fractional polarization pil.ra11e1 to 

pee) (16) 

Using Eqs. (8) through (11) we find for either £ ~ £ - 2 or £ ~ £ +2 
I 

transitions 
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. 2 32' 3 2 . 
'. sin B + 'Ii' cos B - 'Ii' sin B 

PCB) = 2 3 2 3 = 2' 
sin B + q cos B + q . 6 + sin e 

The max~um po1ariz~tion occurs for B = ~/2, the conditions of our 

experiment, and in this case the polarization is 1/7. 

D. Ratio of the Intensity of a Satellite 

to the Intensity of an Allowed Line 

It is convenient both to calculate, from the theoretical point of 

,view, and to measure, from the experimental point of view, not the 

absolute intensity of a satellite but rather the ratio of the intensity 

of a satel+ite to the intensity of the nearby allowed line resulting 

from the transition j ... k. The intensity of either the satellite or 

the allowed line is propo!tiona1 to the frequency of the transition 

and to the density of atoms in the upper state of the transition. This 

intensity ratio, which we call S±(B) is 

S(B) = 
.± 

(18) 

,where Ni is the density. of atoms in the state>j.,N
j 

1s the density of 
k . 

atoms in the state j, and dA
j 

is the differential probability per 

second 0-; a spontaneous transition from state j to state k into ,SOlid 

angle du, summed over both polarizations. k 12 The expression fordA
j 

is 

(19) 

\ . 
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As before, we work out the appropriate sums over m and m', and divide, 

by the statistical weight of the ,.J,th state, gj" to obtain ,for 

£-l-to£-2 

23' 
I n 2 1 e illjk 1 I n 2 2 

dAn ~- =.,..-. - (£ ... 1) JRn ~- I <ill 
n £-1 311- i'ic3 g .n £-1 ' 

j 

and for £ + 1 -to £ + 2 

2 3 
10 2 1 e ill k' 1 ,n 2 . 

dAn ~+ = _ ~ _ (£ 2) /Rn ~+21.em 0. 

n £+1 ~ +, n £+1 ! 
}w tic gj .' 

Note that'these differential transition probabilities are inde~ndent 

of 9; the radiation pattern of the allowed line remains isotropic in 

the presence of the electric field., 

Assume the excited states to be in thermal equilibrium at tem-

perature T, so that Ni and N
j 

are related b,y a Boltzmann factor: 

"where Ei is the energy of state i and E
J 

is the energy of state J, 

both measured from the ground state. We can now calculate,. S (~)" 
± 

which w~ express in the form 

2 2 1 e aO 
s,±(e) = - 2 

10 i'i 
E~S (illik .±ill)2 [2 3 2 ] ---~2 . Of.. ££1 sin e + 4' (1 + cos e) 

(ill1j ± ill) illjk . 

X exp [-(Ei - Ej}/kTJ. 

(22) 

(23) 

, l" 



" 

• 

,-ll- UCRL-18440 . 

Here we have, for l~ l - 2, 

,and for l ~ l + 2, 

l + 1 l'D 1 2 9 I, + 1 2[ 2 
= I Rn 

.r.+ I = - . n n -
(21, + 3) ao

2 nl, 4 (21, + 3) 

where a
O 

is the Bohr radiUS, and 0{ l/,' is the same dimensionless 

quantity defined in Eq. (2) of Ref. 6, except that we have inter

changed the definitions of I, and £1. 

(24) 

If the electric field is random in direction, we must average our 

Eq. (23) over all 'directions, just as we did in the case of the dif-

, ferential transition probability, to obtain the average intensity 
~ 

ratio S. If we assmne that the upper states are so close together 
± 

that [(OOik ~'m)/OOjk]2 ~ 1 and (Ei - Ej)/kT «1, we have 

2 2 2 
_ 1 e aO Erms~1,1, I 
S+ = - 2 2 ' 
- 6 i'i (OOij .± 00) 

(26) . 

which is the same as Eq. (1) of Ref. 6. 'A restriction, due to the 

use of :gerturbation theory, is that S (6) or S muS'ti·\'be muchtsmaller than 
.:1; .± 

one. 

A major difficulty inattempt"1ng to measure the intensity ratio 

S arises from the fact that both the satellites and the allowed line· 

exhibit broadening, which may be real ,or instrumental. The satellites 
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are superimposed in the wing of the allowed line, which tends to ob

scure them and make their detection more difficult. 

The potential of the se 'two-quantum transitions in plasma spec

troscoP,y is now obvious from Eq. (26) and Fig. 2. ~ measurement o£ 

the wavelength ~ep:l.ration of the satellites, it should be possible to, 

measure the frequency of fluctuating electric fields in the plasma 

and, by relative intensity measurements, the electrostatic energy 

denSity in the fluctuations. ~ suitable unfolding of the measured 

spectrum, one could obtain the power spectrum of fluctuating electrtc 

fields in a plasma by a technique which does not perturb the plasma 

and has arbitrarily high frequency response. The experiment described 

in the following section was designed to test the feasibility of this, 

method for studying electric fields in plasmas. 

III. EXPERD1ENT 

A. Apparatus 

An experiment designed to study the production of these satellites 

should satist.y the following conditions: (l) the apparatus should 

produce a stable, steady-state helium plasma; (2) it should be possible 

,to produce within this plasma an electric field that can be modulated 

and which has a known direction, intensity, and frequency; (3) the 

intensity of the field should be suffiCiently large that the satellites 

can be detected in the presence of the superimposed wing of the allowed 

linej (4) the frequency of the field should be high enough that the 

wavelength sep:l.ration of the satellites is larger than the resolution 

of the spectrometer to be used; and (5) the electric field should 
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have a negligible effect on the plasma properties (electron density, 

temperature, and density of excited states. Figure 3 shows a ache-

matic diagram of an experiment that satisfied these requirements. 

A helium plasma was produced by a dC discharge between tungsten 

electrodes in a small quartz discharge tube • The outer diameter of 

the discharge tube was 1 mm, the inner diameter about 1/3 mm, and the 

length of the capillary section 1.8 em. Helium was admitted at pres-

sures ranging from 20 to 100 Torr at one end of the tube; the other 

end of the tube was connected through a liquid-nitrogen-cooled trap 

to a mechanical pump, so that helium flowed continuously through the 

tube. The electrode in the high-pressure end of the tube was connected 

through a 3-MQ resistor to the negative terminal of a high-voltage power 

supply cap:!.ble of putting out 3 mA at 15 kV. 

The discharge tube p:!.ssed completely through a cylindrical micro-

wave cavity, along the axis of symmetry of the cavity. The cavity, 

machined in a split block of brass, was 0.662 em diamand 0.929 em 

long. The first version was silver-plated, but the silver plating was 

quickly destroyed when :the discharge tube was turned on, presumably due 

to oxidation b,y atomic oxygen or ozone produced by ultraviolet radia- , 

tion escaping through the thin quartz walls of the discharge tube. The 

final ve:r;'sion was gold plated, and was also continuously flushed with 

dry nitrogen during operation of the' discharge tube, preventing further 

trouble due to oxidation. The cavity was excited in the TM010 mode at 

31.53 GHz b.Y an OKI model-35V10 klystron, providing a high-frequenCy 

electric field of known direction, strength, and frequency in the 

( 
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l>1Asma. 'The mode :f,.dent1t1cat1on·was ver1fied by calculat1ng the reso

,nant frequency I which was w1tb,1n l~ ot the observed valueland by locat-

1ng the TMOll mode at 35.83 GHz l also w+th1n about l~ ot the calculated 

frequency .. 

We were able to monitor the frequency of the microwaves, the 

power put out by the klystz:onl and the voltage stand1ng-wave ratio 

(VSWR) near·the cavity, which was coupled to the end of the waveguide 

by an iris. ~asurement of the attenuation in the waveguide allowed '. 

us to calculate the value ot e~ch quantity at the cavity; measurement 

of these quantities as the frequency of the klystron was changed 

enabled us to determine the resonant frequency a~d the Q of the s,ys-

tem for various values of the discharge parameters. These measurements 

indicated that for the usual conditions of operation of the discharge 

tube the electron-collision frequency for momentum transfer, vc' and 
. . . 2 

", the plasma frequency mp are related to .; ;(1)',:1, by (v c/m) 1'1::1 (mJm) 1'1::1 0.1. • 

This indicates that the microwave field should have very little effect 

on the plasma other than stimulation ot the desired two-quantum transi- •. '. 

tions in its emission spectrum. Typical conditions in the discharge. 

at the location of the cavity (2.7 em from the low-pressure end of 
. 2 

the tube) were 8-Torr pressure, ' .. InA current, 3~4-A/cm current density, 

about l75-V/cm dc electric field driving the current, 1.2 x 1012 cm-' 

electron denSity, and an average electron energy of about 10eV. 

Light from within the cavity passed through a narrow slit in the 

wall, was collectedby' a lens and was focused onto the entrance slit 

of a JACO Model 82-000 0.5-m monochromator. The resolution of this 
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instrument (f'\lll width at half maximum.) with the 10-~-wide slits used 

was about 0.2 R, ample to resolve the two satellites, whose expected 

.. separation in the visible region of the spectrum was about 0.4 .R. 
Detection was done photoelectricl:l,liy with an uncooled EM! 6256-8 

photomultiplier; the linearity of the photomultiplier was checked in 

a separate experiment. 

The instrument function of the monochromator has rather broad 

wings. This fact, together with the contribution from collision 
) 

broadening of the allowed line, produced a "continuumll in the vicinity 

of the satellites which was 5 to 10 times brighter than the satellites 

themselves. We were able to discriminate against this large unwanted 

dc signal by square-wave modulating ("chopping") the microwave power 

at 1 kc (the discharge ran continuously and steadily) and using syn-

,chronous detection. 

The signal from the photomultiplier was fed into a PAR Model HR-8 

lock-in· amplifier, which used a signal from the klystron modulator as 

a reference signal. In this way we could measure the component of 

the photomultiplier signal which was synchronous with and in phase 

with the chopped microwave signal at a number of discrete wavelengths 

in the spectral region near the allowed lines, and ignore,features in 

the spectrum which were not produced by the microwave field in the 

. plasma. The wavelength of observation was changed in small and repro-

ducible increments by tilting a quartz plate installed for this purpose 

just behind (1.e., on the grating side of) the exit slit of the mono

chromator. At each wavelength, the output of the lock..;in amplifier 
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(time constant 10 sec) was recorded with a chart record~r '(time re-
; 

sponse 0.1 'sec) fO~ 5 to 10 min; the amplitude of the resulting trace 

was later measured at intervals corresponding to 30 sec of recording 

, time, and these measurements averaged to give one data point. At each 

'wavelength we also switched the photomultiplier signal briefly to a 

Keithley Model 410 micromicroammeter to measure the dc component of 

the signal. 

B. The Data and Data Reduction 

Figure 4 shows the measurements of the component of the photo-

multiplier signal which was synchronous with and in phase with the 

chopped microwave signal in the vicinity of the allowed 4387.93 R He I 

line (5~ ~ 21pO) and the forbidden 4387.36 R He 'I line (50 FO ~ 2~0). 

The abscissa in Fig. 4 is i::YI., the separation in R from the center of ' 

the a.llowed line. The data Were taken' on two different days. The 

satellites are evident; ,arrows indicate their theoretical positions, 

as calculated from the measured microwave frequency and the ter.m 
, 13 

values for He I ,given by Martin. 

There is also an additional, large, asymmetriC signal centered 

near /::YI. = O. This signal is caused by the Sta;rk shift of the 4387.93 R 
He I allowed line and provides an independent method of measuring the 

r.ms electric field in the plasma. Suppose we measure the apparent 

profile (almost entirely instrumental in this case) of the 4387.93 .R 

line with no microwave power in the cavity. The sign of the Stark

shift coefficient for the 5~ level is negative; therefore if we 

switch on an electric field, this line:will shift toward the red. 
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The amount pf' theSh1ftis, proportional to the square of the applied 

field, provided the field is not too large. If the monochromator is 

set on the red wing of this line, when the field is applied the photo-

multiplier signal will increase; for settings on the blue wing of the 

line the signal will decrease. For alternating electric fields with 

frequencies high enough that tm is' much larger than the Stark shift 

and much smaller than the energy sep:l.ration from the next level (these 

conditions are satisfied in our case), the Stark shift may be calcu-

lated using the theor,y for static fields and the rms value of the 
~. , ' 

alternating field." It is clear the if we chop,· the microwave power 

in the cavity, the lock-in amplifier will see a positive signal on the 

red wing of the line and a negative signal on the blue wing. We can 

calculate this signal, which is the rms value of the Fourier component 

of the difference Signal, by assuming that the shift is much less than 

the apparent width of the line, andexp:l.ndingthe line profile in a 

Taylor series about the line center. We have carried out this calcu-

lation in the general case, allowing also for the existence of a dc 

,electric field EO and a linear Stark shift. The result, the rms signal 

-observed by the lock-in amplifier, is 

where F is the instrument function, normalized according to 
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«I . " .J F(&..)d(4\)' '= 1, 
-co 

(28) 

a i and~i are the linear and quad~tiC Stark coefficients of the ith 

component of the line, defined b,y 

(29) 

Ei is the intensity of the !th component, normalized according to 

(30) 

(E i is a function of the angle of emission with respect to the electric 

field), and 10 is the integrated intensity of the line. For helium, 

of course, ai is zero. tn our case the fields are small enough that 

only the first term in the sum contributes significantly, and the 

observed signal due to the Stark shift of the allowed line is propor-

tional to the first derivative of the instrument function. The 

intensity of the forbidden line is so small relat.ive to the allowed 

line that the signal due to its Stark shift is negligible. 

The signal given by Eq. (27) complicates the measurement of the' 

intensities of the satellites, because it J;8rtially overlaps the red 

satellite. There is, in addition, a further complication. Even a 

slight modulation of the intensity of the very intense allowed line 

in phase with the microwave modulation can produce a measurable signal. 

This modulation could arise, for example, from a slight increase in 

the electron temperature during the microwave pulse, which in turn 

increases the density of 5~ states. In the analysis of the data in 

,"I; 
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Fig. 4, we must allov for thispossib1lityalso. This signal also 

PartIally overlaps the red satellite. 
--

To unfold the observed signal shown in Fig. 4 into its various 

. components, we used a computer program devel.oped by K. Halbach of this 

15 . laboratory to fit to the data, in a least-squares sense, signals 

having the shape of the instrument function or its first derivative. 

Four signals were ,specified: (1) a signal with the shape of the 

intrument function located near the blue satellite; (2) the same, but 

located near the red satellite; (3) the same, near & = 0, to account 

for the modulation of the allowed line; and (4) a signal proportional 

to the first derivative of the measured instrument function, located 

at the same wavelength as (3). The signals were varied in both ampli-

tude and wavelength until a best fit to the data was obtained; the sum 

,of all four signals is shown b.Y the solid curve in Fig. 4. The fit, 

especially to the satellites, is quite good. The positions and rela

tive intensities of the satellites are indicated by the short dark 

lines. 

Within the accuracy of measurement, the measured profiles of the 

,satellites and of the allowed line were identical, and were very nearly 

identical to the instrument function. We may therefore calculate the 

desired ~ntensity ratios s~(e) by comparing the peak intensities of 

the various lines, as determined by the computer fitting procedure, 

after correcting for the fact that the measured frequency response of 

the detecting system at 1 kHz was 0.84 of the dc value. (Note that 

this in no way limits the capacity to measure the frequency of electric 
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fields ~n tbe plasma, as' this measurement is based on a spectroscopic 

measurement of the wavelength separation of the satellites.) The peak 

intensity of the satellites was remarkably const~nt in time, but the 

peak intensity of the allowed line drifted upward by about 40% during 

the course of a day's run, which typically lasted 6 or7 hours. The 

. parameters of the discharge tube remained constant to a few percent 

during this time, and subsequent experiments showed that the gain of 

the detecting system also remained constant. We used the mean value, 

with an uncertainty of 2ey{r." in calculating the intensity ratios, and· 

have no explanation for the drift. 

The analysis of the data contained in Fig. 4 and in the de measure-

ments of the allowed line intensity may be summarized as follows:' 

(1) The measured separation of the satellites is 0.417 ~. 

(2) The ratio of the intensity of the blue satellite to the 

6 -4 intensity of the allowed line, S+,is .7 x 10 . 

(3) The ratio of the intensity of the red satellite to ~he 

intensity of the allowed line, S , is 2.7 x 10-3• 
, -

(4) The rms shift of the allowed line due to the microwave 

"'. field is 0.0013 ~ to the red. 

(5) . The fractional modulation of the allowed line due to the 

microwave field is 0.007. 

IV. RESULTS 

We present the results as a comparison of the spectroscopical1Y 

measured microwave frequency with the known frequency, a comparison 

of the several spectroscopic measurements of the rms electric field 

I 
! 

I 
f 
I 
I 
! 
) 
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strength in the plasma with the value derived fram microwave measure-

. ,ments, and a comparison of the measured polarization of one satellite 

with the theoretical value. 

A. Frequency MeasUrements 

Using the measured separation of the satellites of 0.411 ± 0.02 R 
(error estimated) and knowing the wavelength (4387.4 R), we calculate 

the frequency of the field in the plasma to be 32.5 ± 1.6 GHz. The 

average of two direct measurements of the microwave frequency with two 

different cavity wavemeters was 31.565 GHz. The discrepancy is less 

than 3%, well within the estimated error. 

B. Electric-Field Measurements 

Using Eq. (23), evaluated for this transition and for a = ~/2, 

T = ~, we obtain from the ratio of the intensity of the blue satellite 

to that of the allowed line an rIDS electric field in the plasma of 

252 ± 30 V/cm, and from the ratio of the intensity of the red satellite 

to that of the allowed line, a value of 242 ± 30 V/cm. The error esti-

mates result from the assumption of reasonable errors (assumed to be 

independent) in measuring the intensities of the satellites and of the 

. allowed line, the frequency response of the system at 1 kHz relative 

to the dc response, and the use of the Coulomb approximation in evalu

ating t~e radial matrix element in ~ttl' The assumption of infinite 

" temperature, equivalent to the assumption that the upper states of the 

transitions are populated in proportion to their statistical· weights, 

will be discussed l~ter. 

The computer analysis of the data yielded directly the amount of 
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signal in Fig. 4 which was proportional to the first derivative of the 

instrument function. We could therefore obtain an independent measure 

of the rms electric field in the plasma. from Eq •. (27), "'hlch relates 

this signal to the stark shift. As already mentioned, in this case 

only the first term in this equation is 'significant (this can be justi-

fied ~ posteriori). The intensity' coefficients €. of the various . 1 

components of the line (different magnetic quantum numbers) depend on 

the angle of emission "'ith respect to the electric ,field. Usil'..g cal-

culations similar, to those presented in Section II with Stark-shift 

16 coefficients from Bethe and Salpcter, and evaluating the results for 

e = ~/2, we obtain a value of 228 ± 35 V/cm for the rms electric field 

in the plasma as measur~d by this method. 

We can calculate a flnal value of the electric field 'in the plasma 

from the micrm/ave data. The measured loaded Q of the system of cavity, 

quartz tube, and plasma under the uSU:'l.l operating conditions was 

1005 ± 120. This is an average of measurements by t,,,o different 

methods. In the first, ,.,Ie measured the VS~lR in a section of slotted 

line about 40 cm from the cavity as a function of frequency around the 

resonant frequency. We also measured the attenuation of the connect-

ing "laveguide as a function of frequency. 
. . 17 

Using knmm methods \ole 

then calculated both the loaded Q of the cavity and the coupling coef-

ficient, which was 1.50. The other method of measuring' the Q of the 

system ,,,as to measure, ';lith a horn antenna and a crystal detector, 

the signa.l radiated by the slit in the side of the cavity through 

which the light emerged. vie measured this sigrial also as a function 
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of frequency: .around· the· resonant frequency, assumed that it was pro-
) 

portional to the energy stored in the cavity, and calculated a value 

of Q from its hal:f\lidth. The two methods gave results that are in 

reasonable agreement. The peak microwave power at the cavity was 

measured indirectly with a Hewlett-Packard Model 431 C power meter and 

directly with a PHD Model 666 dry calorimeter. The results were in 

excellent agrement, and indicated a peak power into the cavity of 50.6 . 

mW (a small correction was made for the reflected power). This is 

sufficient to calculate the total stored energy frdm the definition 

of Q. It remains to relate this quantity to the electric field in 

the plasma. This was done by solving numerically the boundary-value 

problem of plasma, quartz tube, and cavity for the TMOlO mode, neglect

ing the apertures at the ends of the cavity through which the discharge. 

tube p3.ssed. 
\ 

We feel that the effect of these apertures is not too 

important, as the calculated resonant frequency was within 1% of the 

observed value. The final result of these measurements and calculations 

was 193 ± 17 V / em for the nns electric field in the plasma. All four 

measurements of the electric field are summarized in Table I. 

The weighted mean value of the nns electric field from the spec

troscopic measurements is about 25% higher than the value derived from 

microwave measurements. In view of the estimated errors, which range 
I 

from 9 to 15% and include only estimated random errors, it is difficult 

to say whether this discrep3.ncy is real. There may be asystematic 

error in the electric-field-strength measurements from the ratio of 

the satellite intensities to the intensity of the allowed line. These 
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measurements depend on tbe assumption that tbE! upper states involved, 

tbe 5~ and 51FOs~ates, are populated according to tbeir statistical 

weigbts. This may not betbe case in beliumdischarges of this type, 

because different mechanisms may populate (or depopUlate) the states, 

causing a lack of detailed balancing and a departure of the population 

densities from the value expected for thermal equilibrium. The degree 

of ionization in our plasma at the point.of observation is only about 
-6· . . 

5 x 10 ,which means that atom-atom collisions can play important 

roles in governing the populations of the excited states. Beca.use of 

the high neutral denSity, one would expect the lp states to be closely 

coupled to the ground state because of the trapping of resonance ,radi~ 

ation. The cross section for the transfer of excitation energy from 

lp states to 1,3F states b,y atom-atom collisions is know to be very 
~. L 

, large. This process may govern the population of the? states 

(the upper state of the forbidden line and the' satellites), whereas 

the population of the ~ states (the upper state of the allowed line) 

may be determinedb,y other processes, such as inelastic electron-atom 

collisions and radiative transitions. The possibility clearly exists 

for the failure of Eq. (22) to predict the ratio of the densities of 

the excited states. A departure of about 50% from the expected ratio 

would b~ sufficient to bring all measurements of the electric-field 

strength into excellent agreement. 

41 41 0 L 43 We measured the relative densities of the S, P, 4-0, S, 

43n, 1 L 3 3 ' 6L 
5 S, 5D, 5 s,5 D, and -0. states to determine whether there 

were significant departures of the excited state populations from 
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equilibrium values. These measurements were earried out. by measuring 

the relative intensities of spectral lilies originating from these 

states, after first calibrating the relative sensitivity of the 

detecting instruments with a standard lamp. The relative intensity 

I of a spectral line is proportional to (gA/)..) exp (-E/kT), where g 

is the statistical weight of the upper level, E is the energy of this . 

level,A is the transition probability, and.).. is the wavelength of 

the line. A plot of ln (Th/gA) versus E should, in the case of thermal.' 

equilibrium, yield a straight line with a slope of -l/kT. 

Figure 5 shows the measured values of (Th/gA) for the states men-

tioned above on a semilogarithmic plot against the term values of the 

states. There are clearly large departures from thermal equilibrium. 

It appears, however, the the densities of all singlet states for a 

given principal quantum number can be described'by a temperature, 

although there is no obvious relationship between the densities of 

singlet states with different prinCipal quantum numbers, or to any of 

the triplet states. The.figure shows two straight lines having the 

same slope, one drawn through the points representing the singlet 

.states with n = 4 and the other through the points representing the 

singlet states with n = 5. The slope of these lines represents a 

temperat}lre of 360 OK, which is very reasonable for the gas temperature 

and indicates that atom-atom collisions play an important role in 

determining the population of these states. Unt"ort'lUlately, we could 

1 0 not ,observe the irifrared allowed transitions froin the 5 F state, and 

so could not directly measure the ratio of the densities of the two 

states important in our experimen't. The fact that the intenSity of the 

.\ 
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1 " 
, i 

allowed line varied slqwly w1th::tf1me whereas the' intensity of the 

satellites remained reasonably constant probably indicates a depa.~Ure ' 
, , 

from the equilibrium ratio, as this drift was far too large to be 

explained by variation in the gas temPerature alone. 

C. Polarization Measurements 

The discharge tube was damaged before we were able to make polari

zationmeasurements of the satellites of the 5~0 "'2lpO forbidden 

line. However, the theory predicts identical polarizations for all 

two ... quantum transitions satisfying .e .... .e .± 2. We had measured the 

, - 4LO 1 0 polarization of the red satellite of the: ~ ... 2 P during some 

preliminary work on this tranSition, and found the satellite to be 

slightly pOlarized in thedlrection of the applied field. The 7r and a 

components of the polarization were measured with the aid of a Polaroid 

, filter adjacent to the lens. After correction for the depehdence of 

the sensitivity of the detecting instruments on the polarization, the 

measurements gave P(7r/2} = 0.09:!: 0.09, in satisfactory agreement with 

the theoretical value of 0.143 obtained fromEq. (11) with e = 7r/2. , 

The estimated uncertainty in this measurement was relatively large, 

,chiefly because the intensity of the red satellite frOm the 4~0 " 

state was fainter than that from the 51r° state b,y about a factor of 

15,'- and 1'las ~her reduced by the insertion of the Polaroid filter, 
, 

which made the nieasureinentof its intensity mored1fficult. Although 

we did not do it, it is clear that m~re precise measurements of the 

polarization of the light emitted in two or more directions would 

permit spectroscopic determination of the direction of the electriC 

field also. 
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V. CONCLUSIONS 

. The experiment . shows that in certain cases spectroscopic measure-

ments of two~quantum transitions in a plasma can provide a nonpertU!b

ing means of measuring the frequency, the intensity, and the direction 

of oscillating electric fields in a plasma If the fields can be modu

lated, as in this experiment, to permit the use of phase-sensitive 

detectors, fields of the order of 50 V/cm can be studied in this way. 

If the fields result from natural plasma phenomena such as instabilities, 

waves, or plasma oscillations, this advantage is usually absent, and 

field strengths of the order of 1000 V/cm may be necessary before the 

satellites become observable above the wing of the allowed line. In 

either case, care in interpreting.the results is necessary because of 

the necessity of knowing or measuring the relative populations of the 

. two upper states of the transitions involved. Measurement of the 

shift of a spectral line is much eaSier, but yields information only 

about the strength of the electric field . 
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Table Io,' Summary of .electric field measurements 

Method .rms Electric Field in 
the Plasma (V/cm) i 

. I 
t 

. Microwave data . 193 ± 17 
. 

Red satellite 242 ± ,30 

Blue satel11te 252 ± 30 

Shift of allowed line 228 .± .35 
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FIGURE LEGENDS , .. .':~ ': '. ' 
-".';. 

Fig .l;;."~ Parti~i termdia.g~am, sliowing an allowed trans:l tion and 

'two-quantum transitions via virtual states. The figure 

. is drawn schematically for J- -+ J- .. 2 transitions. 

Fig.2~- The spectrum in the vicinity of the transitibils . shown 

in Fig. 1, drawn for wavelength increasing toward the 

right. 

Fig. ,. Schematic diagram of the experiment. 

Fig. 4 ~. The measured signal as a function of the wavelength 

separation from the center of the allowed line. 

Fig. 5 .. Relative population density of He I excited states in the 

discharge as a function of the excita.tion energy of the 

sta.te. 
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