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We have observed normally forbidden two-quantum transitions in the optical spectrum 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 5 F 2 P in He I deter-
mined 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 measure-
ment of the microwave power input and the Q 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 radi-
ation agrees with theory.

I. INTRODUCTION

An oscillating electric field has certain observa-
ble effects on the spectrum of radiation emitted by
excited atoms. These effects can, in principle,
be used to measure the frequency, strength, and
direction of the electric field. If the radiating
atoms are located in a plasma, these effects pro-
vide the important possibility of studying the elec-
tric fields in the plasma by spectroscopic tech-
niques. Two advantages of spectroscopic methods
are obvious: first, the plasma is not perturbed by
the measurement, and second, the frequency re-
sponse is sufficient to observe even the most rapid
plasma phenomena. The disadvantages are first,
that it is difficult to localize the measurement un-
less the plasma is cylindrically symmetric, so
that one may use Abel inversion, ' and second,
fairly strong fields may be required to produce
measurable effects.

The theory of the linear Stark effect in a rapidly

varying electric field has been discussed by
Schrodinger, ' and by Blochinzew' for the particu-
lar 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 mech-
anisms 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 plasma4 and to mea-
sure the strength of stochastic fields in a beam-
plasma interaction experiment. ' Both experiments
were in hydrogen, and in neither case was informa-
tion about the frequency spectrum of the fields de-
rived from the measurements.

In nonhydrogenic atoms, a sinusoidally varying
electric field can induce normally forbidden two-
quantum transitions involving emission or absorp-
tion of one quantum from the field plus emission
of an optical photon. This effect was proposed by
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Baranger and Mozer as a means of observing
longitudinal plasma oscillations, ' and has also been
treated by Reinheimer as an absorption process. '
We have used these transitions to measure both
the frequency and the strength of a microwave
field externally applied to a helium plasma. In
addition, we measured the strength of the micro-
wave electric field in the plasma by observing the
shift of a spectral line resulting from an allowed
transition —analogous to the line-profile mea-
surements in hydrogen described in Ref. 4 and 5.

Virtua I states

Allowed transitu'

i (n, ), m)

Two- quantum I ran sections

( n, l', m')

II. THEORY

We shall discuss briefly the perturbation treat-
ment 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 arnpli-
tude E and angular frequency ~. What is the
probability per unit time that at some later time
the atom has made a transition to a specific final
state k? The following two-quantum process can
occur: the atom either absorbs one quantum of
energy Iv from the field or emits one quantum to
the field. The atom exists transiently in a virtual
state separated in energy by +Red from the initial
state, and then makes a transition to the final state
k by emitting an optical photon with frequency

~ik ~ ~ er erik is the angular frequency of
transitions between states i and k. Figure 1
shows the energy levels i and k, a representative
intermediate state j, the virtual states (shown by
dashed lines}, and the transitions between them.

A. Probability of Two-Quantum Transitions

The probability per unit time that such a transi-
tion will occur can be calculated by second-order
time-dependent perturbation theory. The final re-
sult of such a calculation averaged over all pos-
sible 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" sepa-
rated in frequency by + c from ~@„, the frequency
of the forbidden direct transition from i to k. The
satellites are indicated in Fig. 2, which shows
schematically the intensity of the emitted radiation
in the vicinity of

In our experiment the oscillating electric field
which induces the two-quantum transitions is not
random in direction, but is directed perpendicu-
lar to the direction of observation of the satel-
lites. As stated in Ref. 6, the satellites in this
case mill be emitted anisotropically and will also

FIG. 1. Partial term diagram, showing an allowed
transition and two-quantum transitions via virtual states.
The figure is drawn schematically for l -l —2 transitions.

where dA~ 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 d~; ~" is the angular frequency of a transi-
tion from i to j; ~@, is the angular frequency of a
transition from i to k; ~ k is the angular frequen-
cy of a transition from j to k. In Eq. (l), V;&, the
matrix element of the perturbation taken between
states i and j, is given in the dipole approxima-
tion by
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FIG. 2. The spectrum in the vicinity of the transitions
shown in Fig. 1, drawn for wavelength increasing toward
the right.

be polarized. We must therefore look at the ex-
pression for the transition probabilities before
averaging over all field directions, so that we can
calculate the anisotropy and polarization of the
satellites. The perturbation treatment outlined
in Ref. 6 and 7 leads to the following expression
for the differential transition probability:

dA. = (e /Sv c )(&o.
k

+ &o)
k 2 3 3

zk
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V. =Jg. *eh ~ Ff.d x,3
(2)i

and (j is a matrix element between states j andk .

k, defined by

= f g *P' ~ Xg. d x,

where F is the position vector of the electron, and
K 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 f direction;
then

type l - l + 2.
To get an expression for the differential transi-

tion probability regardless of the polarization, we
first sum Eq. (1) over both polarizations. Equa-
tion (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 ith
level, namely g;. After carrying out these in-
dicated operations and changing the labeling of
the states, we have an expression for the differen-
tial probability of transitions from the state (n, l)
to the state (n', l'):

e4E 2
&'l '(8} 1 rms

nl' 4w

(4)

Information about the polarization and angular de-
pendence of emission is contained in le I . Sup-
pose the photon is emitted at an angle 8 with re-
spect to the electric field, Then one can show'~'
that for polarization parallel to the field,

I(. I
=-

I &.

k2 k2, 2 k2 . 2=(b;. i + }y. } }-,' cos 8+ iz. i sin 8,
(5)

and for polarization perpendicular to the field,

n'/'m '~'"' "n/ "m nl "m

For simplicity, we have retained the (i,j,k} nota-
tion in labeling ~. VVe assume that none of the
frequencies depend on m, m', or m"; that is, we
neglect Stark shifts. For example, co k denotes
the frequency of the transition between state (n, /)
and state (n', l').

The indicated sums can be worked out, using ex-
pressions given in Ref. 10 for the necessary ma-
trix elements (Coulomb approximation) to give in
the case l - l —2,

The matrix elements xj, yj, and zj are the.k .k

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, l, m); j- (n ",l ",m "), and k - (n ', l ', m ').
%'e find the following set of selection rules after
we evaluate the terms in the sum:

l"=l~1,
l'= l "+1 = l or l +2,

and m"=m.

and

nl —1mI'
i

n'/ —2m'j'
nlm nl —1m

m m

2 /(l —1) i n l —1 r" n'/ —2~'[A I IR15 (2/ —1) n/ nl —1

x (sin'8+ —,
' cos'8),

n/ lml
I

n/ 2-

nlm nl-1m
m j m

1 l(/ —1)
I

l —1i [
'/-2(

10 (2l —1) n/

Because of the resonant denominator in Eq. (1),
the only intermediate states that can contribute
significantly to the sum are those lying very close
in energy to the state i; we therefore also assume

For l -l+2, we have

"/+
i i

"/+2~'/'
I nl+1m

n"=n. 2 (l+1)(l+2)
(// nl+1( i~ n'/y2(

15 (2l+ 2) n/ n l+ 1
(This assumption may not be true in general ).
From now on, we consider only transitions of the x(sin'8+ fcos'8), (10)



HIGH-FREQUENCY ELECTRIC FIELDS IN PLASMA 229

and

nl+lm '
)z I l~ I

n'i+2m' '
nlm nl+1m

m m

I, (l+1)(l+2) nl+1 z n'l+2 '
10 (2l+3) nl nl+1

Here Anl is an integral over the radial eigen-
n'l'

functions, defined by"
n'l'

R = J R, , (r)R (r)r'dr. (12)

Equations (8) through (11)can be used to calculate
the differential transition probability for a given
transition. Before we continue with this calcula-
tion, however, let us first calculate the anisotropy
of the radiation pattern and the polarization of a
satellite.

B. Anisotropy of the Radiation Pattern of the Satellites

Note from Eqs. (7) through (11) that for both
l-l —2 and l-l+2, we have

dA(8) ~ [sin'8+ —,'(1+cos'8)] . (13)

Now we average the differential transition prob-
ability over all angles of emission (or, equivalent-

ly, over all possible field directions, for a fixed
direction of observation) to obtain

dA = (1/4w) J dA(8)dQ. (14)

The relative anisotropy of emission is then given
by

dA(8)/dA = 5 [sin'8+ —,
' (1+cosz 8)] . (15)

For 8 = w/2, which was the case in our experiment,
the intensity of a satellite exceeds the average in-
tensity by 5%.

Using Eqs. (8) through (11)we find for either l- l —2 or l - l + 2 transitions

sin'8+ ,' co—s'8—4 sin'8
sin'8 + 4 cos'8 + 4 6+ sin'8

The maximum polarization occurs for 8 = w/2, the
conditions of our experiment, and in this case the
polarization is +.

D. Ratio of the Intensity of a Satellite to the Intensity
of an Allowed Line

S (8) =((u.
~

+&u)¹dA. /(u. ¹dA.k k

ik i i jk j j (18)

where Ni is the density of atoms in the state i, Nj
is the density of atoms in the state j, and dA k is
the differential probability per second of a spon-
taneous transition from state j to state k into
solid angle dA, summed over both polarizations.
The expression for dA k is"

k 3 3 k' km
dA. =(m. /2wmc )(Iw. I + Io. I )dQ. (19)

As before, we work out the appropriate sums over
m and m ', and divide by the statistical weight of
the jth stateg to obtain for l —1-l —2

Il
dA =(e ~. /3wkc )(I/g. )nl —1 gk

It is convenient both to calculate from the theo-
retical point of view and to measure from the ex-
perimental point of view, not the absolute intensity
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 in-
tensity of either the satellite or the allowed line is
proportional 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+(8) is

C. Polarization of the Satellites

The intensity of radiation is proportional to

x(l-I)tR
I I dQ,

and for l+1-l+2

(20)

m j m

for polarization parallel to E, and to

Iz I'Io I'
m, m'

Z Iz I'
I w I' - Q I z I

'
I o I'

2 lzl'Iwl'+ Z Izl'Iol'
(18)

for polarization perpendicular to E. Vfe define
the fractional polarization parallel to K by

dA
I

-(e (o.
~

/3wkc )(I/g. )
n'l+2 2 3 3

nl+1 jk
'l 2'

x(1+2)IR
I I dQ. (21)

Note that these differential transition probabili-
ties are independent of 8; the radiation pattern
of the allowed line remains isotropic in the pres-
ence of the electric field.

Assume the excited states to be in thermal equi-
librium at temperature T, so that Ni and Nj are
related by a Boltzmann factor
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)V. /)V. = (g. /g. ) exp[- (E. - E. )/&T],i 2 f J1 z
(22)

E (gp. +co
rms ik

( . .+ )* .
~

)
U gk

x (R &, [sin'8+ —,
' (1+cos'8)]

x exp[- (E.—E )/kT] .. (23)

Here we have, for l-l —2,

where E; is the energy of state i and E is the
energy of state j, both measured from (he ground
state. We can now calculate S~(8), which we ex-
press in the form

2 2

1 0S.(8)=10 a.

possible to measure the frequency of fluctuating
electric fields in the plasma and, by relative in-
tensity measurements, the electrostatic energy
density in the fluctuations. By suitable unfolding
of the measured spectrum, one could obtain the
power spectrum of fluctuating electric fields in a
plasma by a technique which does not perturb the
plasma and has arbitrarily high frequency re-
sponse. The experiment described in the follow-
ing section was designed to test the feasibility of
this method for studying electric fields in plas-
mas.

III. EXPERIMENT

A. Apparatus

61„,=[1/(21 -1)a '] [ff,

=a [1/(2/ —1)]n'(n' —P ) (24}

and for l-l+2,
'l 1'

61,=[(1+1)/(21+3)e '] IR
&

'
I

=4a [(l + 1)/(2l + 3)]n2[n' —(l + 1P],

[(~ + &u)/(o ] ':- 1, and (E.—E )/lr T «1, .
ik jk z j

we have

where a, is the Bohr radius, and Sll I is the same
dimensionless quantity defined in Eq. (2) of Ref 6, .
except that we have interchanged the definitions of
l and l'.

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 differential transi-
tion probability, to obtain the average intensity
ratio S~. If we assume that the upper states are
so close together that

An experiment designed to study the production
of these satellites should satisfy the following con-
ditions: (1) the apparatus should produce a stable,
steady-state helium plasma; (2) it should be pos-
sible to produce within this plasma an electric
field that can be modulated and which has a known
direction, intensity, and frequency; (3) the in-
tensity of the field should be sufficiently large that
the satellites can be detected in the presence of the
superimposed wing of the allowed line; (4) the fre-
quency of the field should be high enough that the
wavelength separation of the satellites is larger
than the resolution of the spectrometer to be used
and (6) the electric field should have a negligible
effect on the plasma properties (electron density,
temperature, and density of excited states). Fig-
ure 3 shows a schematic diagram of an experiment
that satisfied these requirements.

A helium plasma was produced by a dc discharge
between tungsten electrodes in a small quartz dis-
charge tube. The outer diameter of the discharge
tube was 1 mm, the inner diameter about —,

'
mm,

and the length of the capillary section 7.8 cm.
Helium was admitted at pressures ranging from
20 to 100 Torr at one end of the tube; the other
end of the tube was connected through a liquid-

S = (e'sa'/6)12) E '61,/(~ .. ~ ~)',
0 rms ll' ij

(26)

which is the same as Eq. (1) of Ref. 6. A restric-
tion, due to the use of perturbation theory, is
that S~(8) or S must be much smaller than one.

A major difficulty in attempting to measure the
intensity ratio S arises from the fact that both
the satellites and the allowed line exhibit broaden-
ing, which may be real or instrumental. The
satellites are superimposed on the wing of the
allowed line, which tends to obscure them and
make their detection more difficult.

The potential of these two-quantum transitions
in plasma spectroscopy is now obvious from Eq.
(26) and Fig. 2. By measurement of the wave-
length separation of the satellites, it should be

Dischal'ge tube

3I.53- G Hz

Klystron

Microwove
power
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line
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0
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powe~ power ~ Pump
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Reference
Modulator Lock- in

omplifier

Chart
recorder

FIG. 3. Schematic diagram of the experiment.
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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
capable of putting out 3 mA at 15 kV.

The discharge tube passed completely through
a cylindrical microwave 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, presum-
ably because of oxidation by atomic oxygen or
ozone produced by ultraviolet radiation escaping
through the thin quartz walls of the discharge tube.
The final version was gold plated, and was also
continuously flushed with dry nitrogen during opera-
tion of the discharge tube, preventing further
trouble due to oxidation. The cavity was excited
in the TM„O mode at 31.53 GHz by an OKI model-
35V10 klystron, providing a high-frequency elec-
tric field of known direction, strength, and fre-
quency in the plasma. The mode identification
was verified by calculating the resonant frequency,
which was within 1% of the observed value, and

by locating the TM, » mode at 35.83 GHz, also
within about 1%o of the calculated frequency.

We were able to monitor the frequency of the
microwaves, the power put out by the klystron,
and the voltage standing-wave ratio (VSWR) near
the cavity, which was coupled to the end of the
waveguide by an iris. Measurement of the atten-
uation in the waveguide allowed us to calculate
the value of each quantity at the cavity; measure-
ment of these quantities as the frequency of the
klystron was changed enabled us to determine the
resonant frequency and the Q of the system 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 trans-
fer v~ and the plasma frequency ~p are related to
(u by ( c/(o)=((op/(d) =0.1. This indicates that
the microwave field should have very little effect
on the plasma other than stimulation of the de-
sired two-quantum transitions in its emission
spectrum. Typical 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 current, 3.4-A/cm' current density, about
175-V/cm dc electric field driving the current,
1.2~10" cm ' 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 reso-
lution of this instrument (full width at half maxi-
mum) with the 10-p, -wide slits used was about

0.2 A, ample to resolve the two satellites, whose

expected separation in the visible region of the
0

spectrum was about 0. 4 A. Detection was done

photoelectrically with an uncooled EMI 6256-S
photomultiplier; the linearity of the photomulti-
plier 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 "continuum" in the vi-
cinity 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/sec (the discharge
ran continuously and steadily) and using synchro-
nous 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 refer-
ence 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 wave-
lengths 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 reproducible increments by
tilting a quartz plate installed for this purpose
just behind (i. e. , on the grating side of) the exit
slit of the monochromator. At each wavelength,
the output of the lock-in amplifier (time constant
10 sec) was recorded with a chart recorder (time
response 0.1 sec) for 5 to 10 min; the amplitude
of the resulting trace was later measured at in-
tervals 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 com-
ponent of the signal.

B. The Data and Data Reduction

Figure 4 shows the measurements of the com-
ponent of the photomultiplier signal which was
synchronous with and in phase with the chopped
microwave signal in the vicinity of the allowed
4387.93-A He i line (5'D-2'P') and the forbidden
4387. 36-A He z line (5 F'-2'P'). The abscissa
in Fig. 4 is ~, the separation in A from the cen-
ter of the allowed line. The data were taken on
two different days. The satellites are evident;
arrows indicate their theoretical positions, as
calculated from the measured microwave frequen-
cy and the term values for He r given by Martin. "

There is also an additional, large, asymmetric
signal centered near ~=0. This signal is caused
by the Stark shift of the 4387.93-A He 1 allowed
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FIG. 4. The measured signal as a
function of the wavelength separation
from the center of the allowed line.

line, and provides an independent method of mea-
suring the rms electric field in the plasma. Sup-
pose we measure the apparent profile (almost en-
tirely instrumental in this case) of the 4387.93-A
line with no microwave power in the cavity. The
sign of the Stark-shift coefficient for the 5'D level
is negative; therefore, if we switch on an electric
field, this line will shift toward the red. The
amount of the shift is 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
photomultiplier 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 Sco is much larger than the Stark
shift and much smaller than the energy separation
from the next level (these conditions are satis-
fied in our case), the Stark shift may be calculated
using the theory for static fields and the rms
value of the alternating field. " It is clear, that if
we chop the microwave power in the cavity, the
lock-in amplifier will see a positive signal orr 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,
and expanding the line profile in a Taylor series
about the line center. We have carried out this
calculation in the general case, allowing also for
the existence of a dc electric field E, and a linear
Stark shift. The result, the rms signal observed
by the lock-in amplifier, is

Sig= 0.45I Q. t.{-F 'P. E
2 i rms

+ —,
' F"fn. '8i rms

+P. '(8Z 'Z '+-,'& ')j+" J, (»)i 0 rms ' rms

where I' is the instrument function, normalized
according to

j F (~)d(~) = l, (28)

o and P are the linear and quadratic Stark co-
efficients of the ith component of the line, defined
by

~= a.E+P.E',
1

(29)

fi is the intensity of the ith component, normal-
ized according to

Qe. =l, (30)

(e; is a function of the angle of emission with re-
spect to the electric field), and I, is the integrated
intensity of the line. For helium, of course, nz
is zero. In 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 proportional to
the first derivative of the instrument function.

The intensity of the forbidden line is so small
relative to the allowed line that the signal due
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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 modulation of the intensity of the
very intense allowed line in phase with the micro-
wave modulation can produce a measurable signal.
This modulation could arise, for example, from
a slight increase in the electron temperature dur-
ing the microwave pulse, which in turn increases
the density of O'D states. In the analysis of the
data in Fig. 4, we must allow for this possibility
also. 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 developed by K. Halbach of this labora-
tory" 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 speci-
fied: (1) a signal with the shape of the instrument
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 amplitude 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 satel-
lites, is quite good. The positions and relative
intensities of the satellites are indicated by the
short dark lines.

Within the accuracy of measurement, the mea-
sured profiles of the satellites and of the allowed
line were identical, and were very nearly identi-
cal to the instrument function. We may therefore
calculate the desired intensity ratios S (8) by com-
paring the peak intensities of the various lines, as
determined by the computer fitting procedure, af-
ter correcting for the fact that the measured fre-
quency 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 fields in the plasma, as this measure-
ment is based on a spectroscopic measurement
of the wavelength separation of the satellites. } The
peak intensity of the satellites was remarkably
constant in time, but the peak intensity of the al-
lowed line drifted upward by about 40%0 during the
course of a day's run, which typically lasted 6 or
7 h. The parameters of the discharge tube re-
mained 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 have no ex-
planation for the drift.

The analysis of the data contained in Fig. 4 and
in the dc measurements of the allowed line i"., -

tensity may be summarized as follows:
(1) The measured separation of the satellites

is 0.417 A. (2) The ratio of the intensity of the
blue satellite to the intensity of the allowed line,
S, is 6.7X10 '. (3) The ratio of the intensity of
the red satellite to the intensity of the allowed
line, S, is 2.7 &&10 '. (4) The rms shift of the
allowed line due to the microwave field is 0.0013
A 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
spectroscopically measured microwave frequency
with the known frequency, a comparison of the
several spectroscopic measurements of the rms
electric field strength in the plasma with the value
derived from microwave measurements, 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 0.417 +0.02 A (error estimated) and knowing
the wavelength (4387.4 A), we calculate the fre-
quency 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 dis-
crepancy is less than 3%, well within the esti-
mated error.

B. Electric-Field Measurements

Using Eq. (23), evaluated for this transition and
for 8 =w/2, T = ~, we obtain from the ratio of the
intensity of the blue satellite to that of the allowed
line an rms 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 estimates result
from the assumption of reasonable errors (as-
sumed to be independent) in measuring the in-
tensities 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 evaluating the radial
matrix element in S~~ . The assumption of in-
finite temperature, equivalent to the assumption
that the upper states of the transitions are popu-
lated in proportion to their statistical weights,
will be discussed later.

The computer analysis of the data yielded di-
rectly the amount of signal in Fig. 4 which was

proportional to the first derivative of the instru-
ment function. We could therefore obtain an in-
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dependent measure of the rms electric field in the
plasma from Eq. (27), which relates this signal
to the Stark shift. As already mentioned, in this
case only the first term in this equation is sig-
nificant (this can be justified a Posteriori). The
intensity coefficients Ez of the various components
of the line (different magnetic quantum numbers)
depend on the angle of emission with respect to
the electric field. Using calculations similar to
those presented in Sec. II with Stark-shift coef-
ficients from Bethe and Salpeter, "and evaluating
the results for e=w/2, we obtain a value of 228
+35 V/cm for the rms electric field in the plasma
as measured by this method.

We can calculate a final value of the electric
field in the plasma from the microwave data. The
measured loaded Q of the system of cavity, quartz
tube, and plasma under the usual operating con-
ditions was 1005+120. This is an average of mea-
surements by two different methods. In the first,
we measured the VSWR in a section of slotted line
about 40 cm from the cavity as a function of fre-
quency around the resonant frequency. We also
measured the attenuation of the connecting wave-
guide as a function of frequency. Using known
methods" we then calculated both the loaded Q of
the cavity and the coupling coefficient, which was
1.50. The other method of measuring the Q of the
system was to measure, with a horn antenna and
a crystal detector, the signal radiated by the slit
of the cavity through which the light emerged. We
measured this signal also as a function of frequen-
cy around the resonant frequency, assumed that
it was proportional to the energy stored in the cavity,
and calculated a value of Q from its halfwidth. The
two methods gave results that are in reasonable agree-
ment. The peak microwave power at the cavity was
measured indirectly with a Hewlett- Packard Model
431 C power meter and directly with a PRD Model
666 dry calorimeter. The results were in excellent
agreement, and indicated apeak power into the
cavity of 50.6 mW (a small correction was made for
the ref lectedpower), This is sufficient to calculate
the total stored energy from the definition of Q. It re-
mains to relate this quantity to the electric field
in the plasma. This was done by solving numer-
ically the boundary-value problem of plasma,
quartz tube, and cavity for the TMpyp mode, ne-
glecting the apertures at the ends of the cavity
through which the discharge tube passed. We feel
that the effect of these apertures is not too impor-
tant, as the calculated resonant frequency was
within 1% of the observed viue. The final result
of these measurements and calculations was 193
+ 17 V/cm for the rms electric field in the plasma.
All four measurements of the electric field are
summarized in Table I.

The weighted mean value of the rms electric
field from the spectroscopic measurements is
about 25% higher than the value derived from

TABLE I. Summary of electric field measurements.

Method

Microwave data
Red satellite
Blue satellite
Shift of allowed line

rms electric field in

the plasma (Vjcm)

193+ 17
242+ 30
252+ 30
228 ~ 35

microwave measurements. In view of the esti-
mated errors, which range from 9 to 15% and
include only estimated random errors, it is dif-
ficult to say whether this discrepancy is real.
There may be a systematic error in the electric-
field-strength measurements from the ratio of the
satellite intensities to the intensity of the allowed
line. These measurements depend on the assump-
tion that the upper states involved, the 5'D and
5'F' states, are populated according to their sta-
tistical weights. This may not be the case in
helium discharges 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 de-
gree of ionization in our plasma at the point of
observation is only about 5x10 ', which means
that atom-atom collisions can play important
roles in governing the populations of the excited
states. Because of the high neutral density, one
would expect the 'P states to be closely coupled
to the ground state because of the trapping of reso-
nance radiation. The cross section for the trans-
fer of excitation energy from 'P states to '~'F
states by atom-atom collisions is known to be very
large. " This process may govern the population
of the 'F states (the upper state of the forbidden
line and the satellites), whereas the population of
the 'D states (the upper state of the allowed line)
may be determined by 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 densi-
ties of the excited states. A departure of about
50%p from the expected ratio would be sufficient to
bring all measurements of the electric-field
strength into excellent agreement.

We measured the relative densities of the 4'S,
4PP 4' 4$, 4D, 5S, 5D, 5S, 5D, and6Dstates
to determine whether there were significant de-
partures of the excited state populations from equi-
librium values. These measurements were car-
ried out by measuring the relative intensities of
spectral lines originating from these states, after
first calibrating the relative sensitivity uf the de-
tecting instruments with a standard lamp. The
relative intensity I of a spectral line is propor-
tional to (gA/A. ) exp(- E/kT), where g is the sta-
tistical weight of the upper level, E is the energy
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field.
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