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.» ABSTRACT

xf_ We bave observed normally forbidden two-quantum transitions in

'  3;the dptical spectrum of & helium plasma‘ We induced these transitions

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

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

length of the optical photons emitted in the two-quanfum transition
SlFO - 21Po in He I determined both the frequency and the strength of
the microwave field in the plasmsa. The field Strenéth was also

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

' meesurement of the microwave power input and the Q of the microwave

k  ,cavity. All measurements of the field strength are in satisfactory
"_agreemepx and indicate an rms microwave field strength in the piasma

- . 'of about 215 V/cm. The spectroscopic measurement of the freépbncy of
3; the microwave fleld 1s within 3% of the actual value, and the measured

' polarization of the radiation agrees with theory.
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'I.” 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,_j strength, and direction ‘ |
" of the electric field. If the radisting atoms are located in a plasma,

"these effects provide the important possibility of studying the elec-

tric fields in the plasma by spectroscopic teehniques. Two advantages

. of spectroscopic metheds are obvious: first, the plasma is not per-

‘ieturbed by the measurement, and second, the'frequency response is suf-

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

advantages are first, that it is diffieult to localize the measuremeht

v'}. unless the plasma'is cylindrically symmetric, so that one may use Abel

inversion,1 and second, fairly strong fields may be required to produce

- measurable effects.

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

‘-itric field has been discussed by Schr&dinger,2 aend by Blochinzew3 for
j the particular case of a sinusoidally varying electric field. The |

E ,effect on a spectral line which exhibits a linear Stark effect is a .
modification of'theiline profile which, if competingvline-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

applied microwave field in a pldsmah and to meesure the'strength of_

5

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

expefiments were in hydrogen, and in neither case was information
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: about,the]frequency'spectrum of the fields_derivedvfrcm the meaéurements._‘"

‘IhAnonhydrbgenié atoms, a sinuéoidaiiy‘varying'electric field‘cénjv
inducé nofmally férﬁidden twé-quantuﬁ transitions invplvihg emission
vor absorption of one quantum froﬁ the field plusvemissiqn of an optical.'x
| photon. This effect waé pfbpoéed by Barangervand Mozer as & means of‘.
observing longitudinal plasma oscillations,6 and has also been treated B
T

by Reinheimer as an absorption process. We have used these transitions
to measure both the frequency and the strength of a microwave field.
exterhally applied to a helium plasma. In addition, we measuxed the |
" strength of the micfowaye electric field in the plgSma by observing 
‘the shift of a spectral line résulting from an allowed transition--
analogous to the line-profile measuremenfs in hydrogen‘described in
Ref. 4 and 5. o |
iI. THEORY v

We £hall discuss briefly the perturbation treatment which leads |
to the theoretical expression for the intensity of the two qpantum .
“transitions. Suppose that we have an excited nonhydrogenic atom in'x-:”
some initial state i, and that the atom is situated in an oscillating
.electric field with amplitude E and angular frequency w. What is the
- probability per unit time that at some later time the atom has mede a
| transition to a specific final state k?v‘The following two-quantum “
Process can occur: thédatom elther absorbs Qne quantum of_energy h&
from the field or emits onequaﬁtum to the field. The atom exists
transiehtly in a virtual state séparated in'energy by + ﬁm frbm the

initial state, and then makes a transition'to the final state k by
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erhiﬁt‘t:lng' an-optical rhoton with ‘frequency wik 4+ w _Here o
'anguiar frequency of transifions between étateé i and k. Figure lv

is the

. shows the ehergy levels 1 and k, a representativé;intermediate state J;,
the virtusl states (shown by dashed lines), 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-érder 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 1 to k by émiésion of a single photon is forbidden in the electric~
dipole approximatioﬁ; the'effect of these twohquantumvtrénsitions on
~the optical spectrum is the appe'araiace of "satellites" separated in
- frequency bw'igyfrom AW the frequeﬁcy of the forbidden direct transi-'.
tion from 1 to k. The satellites are 1ndica£ed iﬁ Fig. 2, which shows
schematically the intehsity of the emitted radiation inAthe vieinity
of R L .

In our experiment the oscillating electric fileld which induces

the two-quantum transitibns is not random in direction, but is directed 
| perpendicular to the directionlof observation of the satellites. Asif
st;ted in Ref. 6, the satellites 1n_thisvcaée will be emitted aniso- |
.tropically and will also be polarized. We must therefore: look at the
expreésion‘for,the transition probabilities nggfé évéraging over ali

field directions, so that'we_can calculate the anisotropy and polariza-
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| tibn”of'the satellités;‘ The perturbation treatment outlined in Ref.

R 6 and T leads to the fbllowing expression for the differential transi-

"tion probability:

*dAik (wkiw)z leI lgfl«m @

where dAik is the differential probabilify per second for a‘two-quantum o

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

‘solid angle 4dQ; w&J

is the angular frequency of a trénsition from i to k;

is the angular frequency of a transition from 1

to J; w

1k 7 Ik
is the angular frequency of a transition from j to k. In Eq. (1),
viJ, the matrix element of the perturbation taken between states 1 and

3, is given in the dipole approkimatioh by
= [\1:3 e_El.Z\yidBJc, ' . R - ' (2)

~ and gdk is a matrix element between states j and k, defined by

Egk J[Wk a*JdBX’A o BRI
.where r is the position vectdr of the electron, ahd.g is.a unit vector
in the direction of polérization_(assumed'to be linear) of the emitted;
photon. , The plus sign is to be used in Eq. (1) if a quahtum'of ehergyv  v
from the fieldvis 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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!v Jl = 2787 lz JI AR TR AR (4

Information about the polarization and angular dependence of emission .
is contained in lg I Suppose the photon is emitted at an angle 6 ,:
with respect to the electric field. Then one can show8 9 that for

‘polarization parallel to the field,

2 2 2 ) - ,
1gJ| Iyl = el s 1yy" ) g cos®0 v f2 ¥ sun®e, (5)
andvfor polarization perpendicular to'the field,
i > 2 2 2 R
el = 1oyl =3 sl + > (®)

‘The matrix elements xJ ) ij’ and ka aré the matrixeelements of the
corresponding coordinates; expressions for them are given (in the
- Coulomb approximation) in Ref. 10. _

Now-weoreplace the 1, j, k designation invthe'mstrix elements withf»
sets of quantum numbers: 1 - (n, £, m); 3» (", 2", m"), and k - f.

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

evaluate the terms in the sum:

M= L1,

4= 41=gord+2,
. anQ ot m" = m. . o -
;vBecause of the resonant dencminator in EqQ. (1), the only intermediate
- states that can contribute significantly to the sum are those 1y1ng

very close in energy to the state 1; we tnerefore also assume

n" = n.
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(Thié assuﬁﬁtionfma&.not be true ln generﬁl;): From ﬁgﬁ oﬁ, we'conf
sider only transitions of the type L~ 20 +2. | o IR
~ To get an expression Por the differential transition probability v-l::’l.u:“
5fegardless of the polarization, we first sum Egq. (l) over both polari-,v |
. zations. Equation (1) is now a sum over m and m', But since the usual
definition of the transition prdbabilitj is the probability per m
: state, we must also divide the expression by the statistlcal weight
‘.. of the ith level, namely gy- After carryihg pﬁt these indicated.operaq
tions ahd changing the labeling of the states, ﬁe havé an expression.

- for the differential probability of transitions from the state (n, 2) -

' to the state (n', £'):

k 2
dAn"z'(e) ) -]-— e Ems ((Dik + w)wak -];_
nk har hBCj (mij + (1))2 gi(
tgimt n'e'mt Syl c
x Z BTN ’ it e B (0
m,m' : _ B

v'Forvsimplicity, we have retained the (1, Jj, k) notation in labeling
]‘a» 'We assume that none of the frequencies depend onm, m', or m";

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

" - quency of the transition between state (n, £) and state n', £').
The indicated sums can be worked out, using expressions given 1n cl v
Ref. 10 for the necessary matrix elements (Coulomb approximation) to

. glve in the case £ - £ - 2,
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. n4-lm n'£-2m' '225-1 2-1\2) n' g-2
Z'Z ,'nzlm, L] 2/&-1'R an- '
© m,m’ _
! X [sineev + 3 00526], 8)
-1 22w Lo 01,2 ar g2
Z |2 m m' ' % .8-1 mm ' =55 Br—1 Fus ' IRn -1 ' (9)_
m,m' . . . .

For £ -+ £ + 2,'we have

v’:Z: |2° £+l m) ‘%n' 242 m',a . gg (2 + 1)(2 + 2) an z+1' R z+2'2

n i+l m (28 +3) n £+l
m,m’ \
X [81n29 +,% cos29J, - (10)
‘and '
E: 2 n £+1 ml ' n' 4+2 m"e'_ 1 (s+1)(£+2 an z+1, IR n' z+2|
% 441 m 10 22 + 3 R, 4i1
m,m' : ‘ ‘ :
(11)
Here R ;z 1s an integral over the radial eigenfunctions, defined byl‘l‘

Rg;” = fR#,'ﬂ;(r)an(r)rjar; - " - (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 anisotfopy‘

of the radiation pattern and the polarizatidn of a satellite. -



".,’B.' Anisetropy of the Radiation Pattern of the Satellites

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

‘e‘z - Z + 2, we have
aa(e) « [einee + % (1 + coéee)]. o (13)

" Now we average the differential transition probability over all angles
of emission (or, equivalently, over all possible field directions, for

8 fixed direction of observation) to obfain
i = = [aa(e)d | | ()
dA = 3= faa(e)aq. - | (1
The relative anisotropy of emission is then given by

da(e)
| —————»= % [sin2

3 0 21 R o
6 +¢ (1 + cos8]. o (15)
& k ] . R

For 0 = W/E which was the case in our exﬁeriment; the>iptensity of a
‘ satellite exceeds the average intensity by 5%. - -

C. Polarization of the Satellites

The intensity of radiation is proportional to z: | | Ivl for
. polarization parallel to E, and to Y|z lcle for polarization per-
m,m'

Pendicular to E. We define the fractional polarization parallel to

Eby

P(o) = Taf%iel? - Siallel

6)
TPl + 3 |2 Plof? e

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

transitions



sin?e + K c0529 - E sin26

o *(6) - ()

sin26 +f cosee + E 6 + sin26

 The maximum polarization occurs for 6 = /2, the conditions of our

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

D. Ratio of the Intenéity of a Satellite

to the Intensity of an Allowed Line

It is convénient both to caleulate, from the theoretical point of |

3‘§view, and to measure, from the experimental point of view, not the

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

of a satellite 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 proportionsl 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 gi(e) is

k
(wik + m)NidAi

5,(6) = - _— - ae

‘“JkNJdAJ

<where N is the density of atoms in the state ;,N is the density of

1 J
atoms in the state J, and dAJ is the differential probability per
second of a spontanedus transition from state j to state k into §olid
angle dQ, summed over both polarizations. The expression for“dAJk_is'—.L2
3 , o
w , 2 ‘2 .
= = (I v oy an. W)

3 2rtic

-9- " f? - . UCRL-18440 ©
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As before , we work out the appropria.te sums over'm'a.nd m', and divide
by the statistical weight of the jth state, 82 to obtain,for

f-1-48-2

23 ‘ , o
l ew 1 o
nt -2 Jk ‘ '
aa = — (¢ - 1)|5* l an, | - (20)
n 4-1 34 hc3 gg n Z 1 |
~and for £ 4+ 1> £ 4+ 2
23 : _ .
1l ewl, 1 2 :
' - ,
o o S R L. e KT )

- Note that'these differential tfehsitipn probabiliﬁiee a?e indeéendent
of 9; the ra.diefion rattern of the allowed line remaine ieotfopic in -
the presence of the electric field. | | a

Assume the execited states to be in thermal equilibrium at tem- .

perature T, so that N, and N are related by a Boltzmann factor:

10y

N, g , o . . L

2= 2 exp [-(8, - 5,)/xr), (22) -
3 & - \ o

“where E, is the energy of state 1 and E, is the -energy of state J s

1 J
both measured from the ground state. We can now calculate. S ( 6) ,

which we express in the form

1 eQa 2 E2 ©,, +0 2
0 rms ik 2 3 2
.JEM'[sin 8 5 (1 + cos 6)] .

5,00) =

10 #° (wij_-tw)e @y

<o [, - ephal. @)
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Here we h§ve, for £ - £ -2,

¢ 1

- . |Rn .8-1'2 9 | .'8 ( ; ) (21‘.) :
'.'._"‘ " . — 1) n -
Rav =i oy i (2t - 1) ’
“and for £ - £ + 2,
£+1 . 2 9 £+1
R, = 5 IR n 241 .ne[na - (s + 1)2]’
(2z+3)a : u(22+3) |

(25)

where ao is the Bohrvradius,'and_ﬂl is the same dimensionless

28
quantity defined in Eq. (2) of Ref. 6, except that we have inter-
changed the definitions of £ and £'.

If the elecfric field is random in direction, we must average our
| Eq. (23) over ailkdirections, Just as we did in the case of the dif-
. ferential transition probab%}ity, to obtain the average intensity
ratio §;. If we assume that the upper stgtes are_éo close together
that [(wik i?'m)/mjk]a =1 and (Ei - EJ)/kT << l; we have

2 o
eay E R
)2’

(26) -
1 (wgyt0 .
which is the same as Eg. (1) of Ref. 6, A restriétion, due to thé a
‘»usg df perturbatioh theory, is that 3;(6) or gi‘mustwbe muchi smaller than
oné. | | | |
A_major difficulty inattempting to measure the 1ntensity.ra£107 
S arises from the fact that both the sateilites and the allowed 1ine._

exhibit broadening, which may be real or instrumental. The satellites
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|  are'super1ﬁp§éed 1ﬁ'the'w1hg of the alloved line, which tends to ob-
'scuie thém aﬁdvmake their detéction'more difficult. , |

The potential 6f these two-quantum transifidné in plasma spec-
troscopy is now obvious from Eq. (26) and Fig. 2.’ By measurement of
the wavelength separation of the satellités, it should be possibié tQFf
measgure the frequency of fluctuating electric fields in the plasma |
and, by relative intensity mesasurements, the electrostatic energy
density in the fluctuations. By suitable unfolding of the measured
spectrum, one could obtain the power spectrum of fiuctuating electric .

fields in a plasma by & technigue which does not perturb the plasma

‘"tband has arbitrarily high frequency response. The experiment described

| f> in the following section was designed tb‘test the feasibility of this}1 
method for studying electfic fields in plasmas. ‘ e
III. EXPERIMENT

A. Apparatus _
_ An experiment designed to study the production §f these sateliifes
should satisfy the following conditions: (1) the appaiatus should
‘produée a stable, steady-state helium‘piasma; (2) it should be’possib1é f-"
‘to produce wiﬁhin this plasma an electric fieldvthgt can be modulated
and which has.a known direction, intensify, and frequency; (3) the _
intensity of the field should be sufficieﬁtly large tﬂat the satellites -
‘ca; be détected in'the.presence of the superimposed wing of the allowed
line; (4) the frequency of the field should be high enéugh that the

wavelength separation 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 plasme properties (electron deneity,
'.temperature, and density of excited states. Figure 3 ghows a sche-
'f metic‘diagramvof'an experiment that satisfled these requirements.

A helium plasme was produced.by & dc discharge between tungsten
eiectrodes in a smell quertz 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 7.8 cm. Helium vas admitted at pres- B
‘e‘:sures-ranging from 20 to. 100 Torr atlone end of the tube; the other
. end of the tube wae connected throuéh a liquid-nitrogen-cooled trap
” “to a mechanical pump, SO that helium flowed continuously through the

tube. The electrode 1n the high-pressure end of the tube was connected

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

supply capable of putting out 3 mA at 15 kV

The discharge tube passed completely through & cylindrical micro-v
wave cavity, along the axis of symmetry of the cavity. The cavity,
machined in a split block of brass, was 0.662 cm diam and 0.929 cm

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

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

© to oxtdation by atomic oxygen or ozone produced by ultraviolet radia~;»f'~'
tion escaping through the thin gquartz walls of the discharge tube._‘The_f

final version was gold plated, and was also continuously flushed with

E dry\nitrogen during operation of the discharge tube, preventing furtherw ﬁe

trouble due to oxidation. The cavity was excited in the TMblo mode at:e
31.53 GHz by an OKI model-35V10 klystron, providing a high-frequency

electric field of known direction,;strength, and frequency in the
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' ing the ™

| Vvvplasma;' The mode identification was verified by calculating the reso-

:nant frequency, which vas within 1% of the observed value,and by locat-

11 mode at 35. 83 GHz, also Within about 1% of the calculated:

- frequency.-

We were able. to mohitbr the frequency of the microwaves, the

. power put out by the Klystron, and the voltege standing-wave ratio
~ (VswR) hear -the cavity, which was coupled to the end of the waveguide

’ by an.iris. Measurement of the attenuation in the waveguide allowed "

us to calculate the value of each quantity at the cavity, measurement E

of these quantities as the freqpency of the klystron was changed

.-enabled us to determine the resonant freqnency end the Q of the sys-
tem for various values of the discharge parametersf' These measuremenfs
3f indicated fhat for the.usual conditions of operetion of the discharge
" tube the eiectron;collision frequency for momentﬁm transfer, Voo and
. the plasme frequency w, are ie}ated to o by (vcﬁp) ~ (wb/m)e ~ 0.1,

“This indicates that the microweve field should bave very little effect

on the plasma other than stimulation of the desired two-quantum transi- =
tions in its eﬁission spectrum. Typlcal conditions in the discharge

at the location of the cavity (2.7 cm from the low-pressure end of

the tube) were 8-Torr pressure, 3-mA curreht) 3,h-A/cm2 current density;

about 175-V/cm dec electric field driving the current, 1.2 x 10]'2'cm"3

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

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

wall, was collected by a lens and was focused onto the entrance slit

of a JACO Model 82-000 0.5-m monochromator. The resolution of this



,finstrﬁment (full width at half maximum)fwith'the'lo-u-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 o.h &.

Detection was done photoelectrically with an uncooled EMI 6256-8

photomultiplier, the linearity of the photomultiplier was checked in

. & 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‘"continuunh in the vicinity

of the satellites which wasv5 to 10 times brighter than the satellites .
themselves. We were able to discriminate against this large unvanted
de signal by square-wave modulating ("chopping") the microwave power

at 1 ke (the discharge ran continuously and steadily) end using syn—

‘chronous detection

The signal from the photomultiplier wes fed into a PAR Model HR-8
1ock-inwamplifier, which used a signal from the klystron modulator as
a reference signal. 1In this way we could measure the component:ofv

the photomultiplier signal which was synchronous with and in phase '

. with the chopped microwave signal at avnumber of discrete wavelengthsi-'

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 wevelength of observation was changed in small and repro¥

ducible increments by tilting a quartz plate installed'for‘this purpose

“Just behind (i.e., on the grating side of) the exit slit of the mono-

chromator. At each anelength,-the output -of the lock-in amplifier
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' (time'conStant-lo ééc) vaé recordéd with é‘chait fecdrdér (t1me re-
' gponse O.llsec) fo; 5 tO-ld ﬁinj the.émplitude of the resulting trace
; was later measured at infervals‘corresponding'to 30 séc of recording
  ‘timé, and these meésurements averagéd to give 6ne data point. At each
>5';;wévelength we also switched the photamultipiier,sighai briefly to a |
_  | Keithley Model hlo‘micromicroammeter to meésure‘the de camponent of_
the signal. | | |

B. The Data and Data Reduction

.Figuré 4 shows the measurementé of the component Qf the photo-
»_multipliér signgl'which was synchronqus with and in phase with ﬁhe

: choﬁped microwave signal in,thé vieinity of the allowed 4387.93 R He I
*1ine (5'D - 2'F°) and the forbiaden 4387.36 £ He I line (5°F° » 2%%).
. The abscissa in Fig. 4 is A\, the separafion in R from the center of - .
_ the &llowed line. The date were taken on two different days. The

‘ sateliites are evident;:arrows.indicate their theoreticai positions,
aé calculated from the measured microwavé frequency and the term
values for He Iigiﬁen by Martin.lB' ' |

. There 1s also an additional, large, asymmetric signai"centered A
‘mear &\ = 0. This signal is caused by the Stark shift of the 4387.93 R
He I allowed line and provides an independent method of measuring the o
.rms electric field in the plasma. Suppdse we measure the apparent
profile (almost entirely instrumental in this case) of the 4387.93 £
line with no microwave powér in the cgvity. The sign of the Stark-

shift coefficient for the S;D level is negative; therefore if we

switch on an electric field, this line will shift toward the red.
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The émoﬁntrbftthe sﬂift'ie brcporﬁional'ﬁodthe stare'cf the aﬁplied
field, provided the field is not too 1arge. If the monochromator is
set on the red wing of this line, when the field is applied the photo-

‘multiplier‘signal.will increase, forvsettings on the blue wing of the

line the signal will decrease. Fcr alﬁernating electric fields with

frequencies high enough that %w ie'much lerger than the Stark shift

o and much smaller than the energy sejaration from the next level (these
“’conditions are satisfied.in our case), the Stark shift may be calcu-
’k-lated using the theory fcr static fields and the rms value of the

 alternating fie1d.2¥ Tt 1s clear the if ve chop- the microwave power |

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

'5‘ red wing of the line and & negative signal on the blue wing. We can '

calculate this signal; which ie 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, and expanding the line prcfile in a

~ Taylor series ebout‘ﬁhe line center. We have carried out this calcdf
. lation in the generﬁl case, allowing also‘for tﬁe existence of a dc

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

0
~ .observed by the lock-in emplifier, is

_ ~ 2 1| o 262 2
! i : |
+ o o0 i ’ ' (27)

vhere F is the instrument function, normaslized according to
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f Fla)a(an) =1, (28)
g Lo ," L ;_,'.:-!.=-' :
Xy and Bi are the linear and quadratic Stark coefficients of the ith

fcomponent of the lie, defined bv
O\ = 0uE + B,E", - o (29)
1s the intensity of the ith éompeheﬁt, normalized according to . '”f
L=t | E N € O

(e is a function of the angle'of'emission with respect to the electricv _

€y

field), and I, is the integrated intensity of the line. For helium,,"'

of course, o, 1s zero. In our case the fields are small enough that
only the first_tefm in the sym contributes significantly, and the
;observed signal due to the Stark shift of the allowed line is propor-
tional to the Pirst derivative of the instrument function. The
vintensity of the forbidden 1ine is so small reletive 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 partially overlaps the red
satellite. There is, in addition, a further complication. Even a
slight ﬁodulatien of the intensity of the very intense aliowed line
in phase with the microwave modulation canvproduce a measurable signal.
i This modulation could arise; for example, from a slight increase in

the electron tempereture during the miecrowave pulse, which in turn

increases the density of SlD states. 1In the analysis of the data in
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A'Fig. k, ve must allow for this possibility also.' Thie.signal also

'partially overlaps the red satellite

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

. components, we used & computer program developed by K. Halbach of this

15

laboratory™” to fit to the data, in a'least-sqﬁares sense, signsals

. 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 AN = 0, to accoﬁnto

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

to the first derivative of the measured 1nstrument 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 by 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 thev

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

identical to the instrument function. We may therefore calculate the |

desired intensity ratios si(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 0.8% of the dc value. (Note that

this in no way limits the capacity to measure the frequency of electric
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fields in the plaéma; as this measurement is based on évspectrOBCOPic'

measurement of the wavelength separation of the satellites.)  The-peak:“v

intensity of the satellites was remarkably constant inAtime, but the f

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

the course of & day's run, which typically lasted 6 or 7 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 20%, in calculating the intensity ratios, and’ L';f"'

have no explanation for the drift.

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

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

(1)
(2)

)

_'_(u) ”

(5)

The measured separation of the satellites is 0.h17 R.
The ratio of the intensity of the blue satellite to the
intensity of the allowed 1line, S 18 6.7 x 107*,
The ratio of the intensity of the red éatélliﬁe to the 
intensity of the alloved line ;. 8, 18 2.7 x 1077,

The rms shift ofvthe allowed 11ne-due to:the microwave

field is 0.0013 & to the red.

fThe.fractiohal modulation of the allowed 11ne.due to the ;

microwave field is 0.007.

IV. RESULTS

We present the results as & comparison of the spectroscopically

measured microwave fieqpency with the known frequency, a comparison

of the several spectroscopic measurements of the rms electric field

o e o s e
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. .strength in the plasma with the value derived from microwave measure-

'”.',ments, and évcomparison of the measured polarization of one satellite

"with the theoretical value.

YA. Frequency MEasurements

‘ Using the measured separation of the satellites of 0 a7 + 0 02 K-
(error estimated) and knowing the wavelength (4387.k4 R), we calculate
the frequency of the field in the plasma to be 32.5 % 1.6 GHz. The
. gverage of two direct meaéurements of the microwave frequency with two
 "different cavity wavemeters was 315565 éHz. The discrepancy is less |
than 3%, well within the estimated error.

B. Electric-Field Measurements

Using Eq. (23), evaluated for this transition and for 6 = n/2,
T = o, we obtain from the ratio of the 1ntensity of the blue satellite
- to that of the alloﬁed line an rms electric field in the plasma of
| 252 + 30 V/cm, and.from ﬁhe_ratio of the intensity bf the red satellite
~ to that of the allowed line, a value of 242 £ 30 V/ém. .The error esti-
mates result from the assumption of reésonable 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 the radial matrix element in & The assumption of infinite

72N
temperature, equivalent'tovthe assumption that the upper states of thé  f'
transitions are populated in proportion to theilr statistical~weights,v
~ will be discussed later.

The computer analysis of the data yielded directly the amount of
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signal in Fig;.h vhich vas proportional_to the first dérivative of the
1nstiument fuhcfion. We could therefore'obtain $n indépendent measure -
of the rms electric field in the plasma from Eq. (27), vhich relates
this signal to the Stark shift. As aiready mentioned, in this case
only the first térm in this equafion is'significant (this can be justi-
fied é posteriori). The intensity céefficients‘ei of the various

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

_ the angle of emission with respect to the electriC‘field.' Using cal-

culations similar. to those'pfesented in Section II Qith Stark-shift
coefficients from Bethe and Salpeter,l6 and evaluating the results for
6 = m/2, we obtain a vaiug of 228 + 35 V/em for thé rms electric field
in the plasma as measured by this method.

We can calculate a_finél.value of the electric fiéld'in the plasna
froﬁ the microw&&e data. The measured loaded Q of the system of cavity,
quartz tube, and plasma under the usual operating canditions was
1005 + 120. This is an average of medsurements by'twﬁ different
methods. In the first, we measured the VSWR in a7sectioﬂ of slétted
1ihe about 40 cm from the cavity as a function of ffequenéy around the

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

_ing waveguidé es a function of frequerncy. Uéing known méthodsl7 we

then calculated both the loaded Q of the cavity and the coupling coef- -
ficient, which was 1.50. The other method éf measuring the Q of the’
system was to measure, with a‘horn antenna and a crystal detector,

the sigﬁal radiated by the slit.in the side oflthe cavity through

vhich the light emerged. We measured this signal alsé as a function
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:of frequency:aréund'the:gésdnanf frequenCy; assumed thatvit was pro-  _
portional to the energy stored in the cavify,'and calculated & value

of Q from its halfwidth. The two métho@s‘gave results that are in
breasonable agreement.‘ The peak microwave pover at the cavity was
ﬁeasured indirecfly with & 35w1ett-Packard Model ﬁ}l C power meter'and
‘directly with a PRD Model 666 dry calorimeter. The results were in
excellent agremeht,_and indicated & pesak power:into the cavity'of 50.6‘J .
 uW (a small correction was made for the reflected power). This is o
sufficient to calculate the total stored egergy from the definition
of Q. It remains to relate this quantity toethe electricvfield in
thevplésma. This was done by solving'numerically the boundary-value

problém of plasma, quartz tube, and cavity for the TMOlo mode, neglecté'

ing the apertures at the ends of the cavity through which the discharge * =

tube passed. We feel that the effect of fhese apértures is not too

important, as the calcﬁlatéd regonant frequency was within 1% of the

observed value. The final result of these meaéurements and calculations - :

was 193 £ 17 V/cm for the rms electric field in_the plasma. All four
measurements of the electrid field are summarized in Table I.

The weighted mean value.of ﬁhe rms electric field from the spe§- 
troscopic measurements is about 25% higherAthan the value derived from
microwave measuremepﬁs. In view of the estimated errors, which range
from 9 to 15% and include only estimeted random errors, it is difficult
to say whether this disérerancy is real. There may'be a systematic
error in the electric-field-strehgth measurements ffom’the ratio of

‘the satellite intensities to the intensity of the allowed line. These



meésu;émenté depené on the assﬁmptionAthaf the.upper:stgtes 1nvolved,'

‘the SlD and Sle’sﬁates, are populated according to thelr statistical
weights. This may not be the case in helium discharges of this type,
"~ because different mechanismé 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 lonization 1n-our‘pla8ma at the point of Obsérvation ié only about
5x 10-6, which means that stom-atom collisions can play important
roles in governing fhé pdpulations of_the excited states. Because of
the high neutral density,‘one would expecf the lP states to be clqsely
: coupled to the gfouhd.state because of the trépping oflrésonanCe radi-
ation. The cross section for the transfer of excifatibn energy froﬁ"
lP states to L F states by atom-atom coliisions:is know to be very
,‘large.18 .This proéess may goverh the populatiqn of the lF states
(the upper state of the forbidden line and the'satellités), whereas

the population of the 1D states (the upper state of the allowed line)

- may be determined by other processes,'such as inelastic electrbn-atbm S

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 departprerf about 50%'from the—expected ratio
would be sufficieht to bring all-measureménts of the eleétric—field |
strength into excellent agreement.‘

| We measufed the relative densities%of the hls, hle, th, MSS,
13, sis, s, 57, 57D, and 6'D states to determine whether there

were significant departures of the excited state propulations from

Lo ke yoRp-a8Wko
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_équilibrium valugs.t These méasurements wére cariiéd 6ﬁtjny measuring
.the.rélative'intenéities_of spectral 11nes originating from these
states; after firét‘célibrating the relntite éensitivity of the
v,‘detecting instruments with a standard lamp. The relative intensity
I of a spectral line 1s proportional to (gA/x) exn (-E/kT), where g
o is the stntistical weight of the upper levei; E is the energy nf thiét':
level, A 1s the transition probability, and»x‘ié the wavelength of
the line. A plot of 1n (Ih/gA) versus E should, in the case of thermal '
equilibriun, yleld a straight line with a slope of -1/KT. .
Figure 5 shows the'measnred values of (I\/gA) for the states men-
tioned above on & semilogarithmic plottagainst the term values of the
. states. There are clearly large departures from thermal equilibrium..

. It appears, however, the the densitieé of all singletbstates 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 numberé, or to any of
~ the triplet states. The .figure shows two stfaight lines having the
same slope, one drawn through the points representing the singlet
.states with n = 4 and the other through thevpoints representing the
singlet stétes with n = 5. The slope of these lines‘représents a
temperature of 360'°K, which is very reasonable-fér the gas temperatuié 5
and indicates that atom-atom collisions play an important role in
determining the population of these states. Unfortunately, we could
'not§observe the iﬁfrared'allowed transitions from the SlFo‘state, and’b. ;
so could not directly measure the ratio of the densities of the two

states important in our experiment, The fact that the intensity of the



allowed line varied slowly with: time whereas the intensity of the

#3 satellites remained reesonably constant probably indicates a departure' a5

4from the equilibrium retio, as this drift was far too large to be o
i explained by variation in the gas temperature elone.

C. Polarizetion Measurements

The discherge tube was damaged before we were able ‘to make poleri- .

zation meesurements of the satellites of the S;Fo 2113'0 forbidden

' line. However, the theory predicts identical polarizetions for all

':f two-quantum transitions satisfying £+ £ + 2. We had measured the

polarization of the red satellite of theﬁtho 21P0 during some

. preliminary work on this transition, and found the satellite to be

slightly pOlarized'in the direction of the applied field. The T and_g:_”ii-'fi

components of the polarization were measured with the ald of a Polaroid = . . - -

© . Pilter adjacent to the lems. After correction for the dependence of

the sensitivity of the detecting instrﬁments on the polarization, the>
- measurements gave P(w/2) = 0.09Ai 0.09; in satisfactery agreement with-ﬁ
" the theoretical value of 0.143 obtained from Eq. (17) with 6 = m/2.

1 The estimeted‘uneertainty‘in this measurement was reletively large,‘
 chiefly because the intensity of the red satellitelfrdm the leO,"_
state was fainter than that from the 51F0 state by about a factor of

15, and was further reduced by the insertion of the Polaroid filter, RE

" which made the measurement of its intensity more difficult. Although -

ve did not do it, 1t 1is clear that more precise measurements of the
polarization of the light emitted in two or more directions would
permit spectroscopic determination of the direetion of‘the électric N

'field also.
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V. CONCLUSIONS
The experiment .shows that in certain cases spectroscopic measure-
.5ments of two-quentum transitions in a plasma can provide a nonperturb‘
_ ing means of measuring the frequency, the 1ntensity? and the direction -»‘:
of oscillating electric fields iﬁ a plesma If the flelds can be modu-.
lated, as in this experiment, to permit the use of phase -gsensitive
detectors, flelds of the order of 50 V/cm can be studied in this way. .
- - If the filelds result from natursl plasma phenomena such as instabilities,
| waves, or plasma oscillations, this edventage.is dsually absent, and
field.strengths of the order of 1000 V/cm mey be necessary before the
satellites become observable above thedwing of the allowed line. 1In
_either case, care in interpreting the results is necessary because of |
the necessity of knowing or measuring the relative populations of the
| Atwo'upper states of the transitions involved. Measurement of the |
shift of & spectral line is much.easier, but yields ihformation'enly
. about the strength of the electric field. | |
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‘Table I. - Smry of electric fleld measurements

 Method

.rms Electric Field in

the Plasma (V/cm)

- Microwave data -

193 + 17
Red satellite 242 4+ 30
Blue satellite 252 + 30 |
Shift of allowed line 228 4 35
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FIGURE LEGENDS

ijartial term diagram,showingan allowed transition and

. Fig, 1

B -;:f';_ f.vftv4.e5'g4°two-quantum transitions via virtual states The figure
48 drawn schematically for £ - £ - 2 transitions.
Fig. 2. The spectrum in the vicinity of the transitisns. . shown

.7in Fig. 1, drawn for wavelength increasing towafd the

- right. |
= .Fig;-j.feSchematic diagram of the experiment.

N ,;;L Figgﬁﬁ;;'The measu:ed 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*};e"
~discharge as a function of the excitation energy of the'e}ﬁf}f_ L

-~ state.
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