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We show how the Zeeman pattern of the “satellites” of spectral lines produced by the
high-frequency Stark effect can be used to determine the direction of an oscillating
electric field relative to the magnetic field. We illustrate the use of this effect as a
diagnostic technique in plasma physics by observations of the Zeeman pattern of the
“plasma satellites” of the 4922-A He-I line produced by high-frequency electric fields

in a beam-plasma interaction.

The high-frequency Stark effect is a powerful
spectroscopic technique for studying strong
oscillating electric fields in plasmas.! Oscilla-
ting electric fields induce multiple quantum trans-
itions which produce new spectral lines, “satel-
lites” of normally forbidden or allowed lines.

It is possible to determine the frequency of the
perturbing electric field from the spacing of
these satellites, and the strength of the field
from measurements of the intensities of the sat-
ellites relative to the intensity of a nearby al-
lowed line, or from the observed Stark shifts of
the lines.?

In most cases in which one would like to use
this method to study oscillating electric fields
in a plasma, the plasma is permeated by a mag-
netic field. The presence of the magnetic field
complicates the theoretical calculations, but it
does introduce one valuable simplification in the
data analysis. In the absence of a magnetic field,
one can only determine the direction of the elec-
tric field from measurements of the slight polari-
zation of the satellites.? In the presence of a
magnetic field, however, one can determine the
direction of the electric field relative to the mag-
netic field very simply by inspection of the Zee-
man pattern of the satellites. In this Letter we

report the application of this new diagnostic tech-
nique to a beam-plasma interaction.

To calculate the high-frequency Stark effect in
the presence of a constant magnetic field, one
must solve the time-dependent Schrédinger equa-
tion with a Hamiltonian containing terms describ-
ing the interaction of an oscillating electric field
and a static magnetic field with the excited atom.
This can be done by including a magnetic inter-
action term within the framework of the calcula-
tions described by Cooper and Hicks.® We have
done this and will report on it in a later publica-
tion.

If the electric fields are not too strong, such
detailed calculations are not necessary since on-
ly two satellites are observed in this case. As
discussed in Ref. 2 and in earlier publications
cited therein, these satellites may be considered
to be produced by the following two-quantum
process: An excited atom in excited state 7 ei-
ther absorbs one quantum from the electric field
or emits one quantum to the field by an electric
dipole transition and goes to an intermediate
virtual state. This virtual state then decays to
the final state 2 by a second electric dipole tran-
sition, which results in the emission of an opti
cal photon. A direct electric dipole transition
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from state ¢ to state % is forbidden.

The probability of a transition from state i to
state & is proportional to the product of the
squares of two matrix elements, each one cor-
responding to one step of the two-step process
described above; the pertinent matrix elements
are given by Egs. (2) and (3) of Ref. 2. Once a
direction of observation is specified (the direc-
tion of emission of the optical photon relative to
the magnetic field), the selection rules for the
change in the magnetic quantum number (Am)
follow, in the usual fashion, from the condition
that these matrix elements not vanish.

The selection rules for Am in the first step in
the two-quantum process, in which the change
in m is Am,, may be summarized as follows:

If E is parallel to B Amy= 0. ¥Eis perpendicu-
lar to B Am,=x1. If Eis right-hand circularly
polar1zed and a field quantum is emitted, or if
E is left-hand circularly polarized and a field
quantum is absorbed, Amy=+1. If Eis right-
hand circularly polarized and a field quantum is
absorbed, or if E is left-hand circularly polar-
ized and a field quantum is emitted, Am,=-1.

If E is neither parallel nor perpendicular to B
Am,=0 or +1. We have followed the convention
in plasma physics in defining right- and left-
hand waves; in a left-hand wave the electric
field vector rotates in the same sense as a posi-
tive ion.

In the second step of the two-quantum transi-
tion, in which the optical photon is emitted, the
usual selection rules for Am, (the change in m
in this step) for an electric dipole transition
apply: For observation perpendicular to the
magnetic field, if Am,=0, the photon is polar-
ized parallel to B (“p” polarization), and if Am,
=+1, the photon is polarized perpendicular to
B (“s” polarization).

The Zeeman pattern of a satellite can now be
calculated by evaluating the pertinent matrix
elements, provided the magnetic splitting of the
various levels is known. In Fig. 1 we show the
results of calculations of the “normal” Zeeman
patterns of satellites, which would be observed
in transitions between singlet states, or if the
magnetic field were large enough for the com-
plete Paschen-Back effect to exist. The patterns
are shown for observation normal to _1§, for
several possible electric field configurations.
As drawn, the patterns apply to transitions of the
type (n,l)—~ (n,l-2); for example, the satellites
of the 4922-A (4'D— 2'P°) line of He I. The rela-
tive intensities of the components are approx-
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FIG. 1. Normal Zeeman patterns of the satellites of
a forbidden line, showing both P and S polarization for
various configurations of the electric field, all for
direction of observation perpendicular to B. Shown
are: (a) E parallel to B, () E perpendlcular to B
and randomly distributed to azimuth, (c) E perpendlc-
ular to B and left—hand circularly polarized, (d) E
perpendicular to B and right-hand circularly polarized,
and (¢) E random in direction.

imately correct as shown. We have assumed that
all initial states are equally populated.

It is obvious from Fig. 1 that by simple inspec-
tion of the Zeeman pattern of the satellites one
can determine if E is parallel or perpendicular
to _}§, and in the latter case, whether or not the
electric field is circularly polarized. If it is,
one can also determine the sense of the polariza-
tion. If the electric field has components both
parallel and perpendicular to —I§, some mixture
of the patterns (a) through (d) is obtained; an
example, pattern (e), is shown for the electric
field random in direction.
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FIG. 2. Measured (triangles and circles) and cal-
culated (vertical solid lines) Zeeman pattern of the
satellites produced by high-frequency electric fields
generated in a beam-plasma interaction, observed
normal to B. The horizontal line represents zero
intensity; ‘“P” components are shown above this line
and “S” components below it. A\ is the separation
from the center of the allowed 4922-A He-I line.

As an example of the application of this tech-
nique to plasma diagnostics, we show in Fig. 2
an experimentally measured Zeeman pattern of
the satellites of the 4922-A line of He I. The
satellites were produced by high-frequency
electric fields generated by a strong plasma in-
stability. We produced the plasma by shooting a
4-keV, 24-mA, 1-mm-diam electron beam along
a 7-kG magnetic field into a chamber contairing
helium at a pressure of 0.2 Torr. The beam
initially creates a plasma by collisional ioniza-
tion, then interacts with this plasma and main-
tains it by a beam-plasma interaction that we
believe is similar to one observed by Seidl and
Sunka.*

Light radiated perpendicular to the magnetic
field was spectrally resolved with a resolution
of about 0.05 A by a Fabry-Perot interferometer?
and a grating monochromator in tandem. At the
point of observation the beam had penetrated
2.8 cm into the chamber; this was the point of
maximum light emission. The electron beam,
and therefore also the instability, was switched
on and off at a rate of 100 kHz. By using gated
scalers to count the pulses from the photomulti-
plier that detected the light, we were able to
make time-resolved (1-usec gate width) mea-
surements of the 4922-A He-I line profile just

before the beam was turned off (instability pre-
sent) and just after the beam was turned off (in-
stability absent). By subtraction of the “beam-
off” signal from the “beam-on” signal we were
then able to discriminate against the interfering
wing of the allowed line and to make a differen-
tial measurement of the intensities of the satel-
lites. This difference in the two normalized
counting rates is what is shown, as a function of
AX (the separation from the center of the allowed
line), as the measured data in Fig. 2. The error
bars shown represent statistical counting errors.

A comparison of the measured Zeeman pattern
of the satellites with the patterns shown in Fig. 1
indicated that the electric fields associated with
this beam-plasma interaction have components
both parallel to and perpendicular to the magnet-
ic field. The time-averaged direction of the
electric field appears to be random. Once the
Zeeman pattern was identified, the frequency
of the electric field could be determined; in this
case it was about 71 GHz, which was 3.6 times
the electron gyrofrequency, and was comparable
with the electron plasma frequency in the region
of the beam. We estimated the electron density
from the radial dependence of the shape of the
4922-A line profile to be between 4 X10'® and
10 ¢m ~° on axis; the corresponding electron
plasma frequencies are 57 and 90 GHz, which
bracket the measured frequency.

We also made measurements at several wave-
lengths of the intensity variation across the
beam; these data, after “Abel inversion,” yielded
the intensities of the stronger satellite and of
the allowed line as functions of radius. The
radial dependence of the strength of the high-
frequency electric field associated with the in-
stability then followed from the perturbation cal-
culations outlined in Ref. 2. These measure-
ments indicated that the high-frequency electric
fields were confined in radius to the immediate
vicinity of the beam and reached an rms value
of about 2 kV/cm.

The vertical solid lines in Fig. 2 show the re-
sults of machine calculations of the satellite
pattern expected for the parameters quoted
above: E,  .=2kV/cm, |B|=TKkG, the field fre-
quency =70.5 GHz, the direction of E random,
and the direction of observation normal to B.

We used a computer to solve the time-dependent
Schrodinger equation by a method outlined in

Ref. 3. The calculated intensities have been
suitably scaled for comparison with the measure-
ments.
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The measured data shown in Fig. 2 also clearly
indicate a low-frequency component of the elec-
tric field, which produced the signal labeled
“forbidden line” (the frequency is so low that the
two satellite patterns have merged and are not
resolved). This field, which is also random in
direction, is probably the quasistatic field of the
ions, observable in this differential measure-
ment because the ion density is higher when the
beam is on than when the beam is off. The pres-
ence of this signal illustrates the unique ability
of this diagnostic method to determine the fre-
quency spectrum of electric fields in a plasma.

Several precautions in the use of this diagnostic
technique must be observed.  First, it is clear
from Fig. 1 that some patterns are displaced
from the positions the satellites would occupy if
there were no magnetic field. If the field fre-
quency and the Larmor frequency are compar-
able, serious errors in using the high-frequency
Stark effect to determine the frequency of the
electric field can result unless the direction and
polarization of the electric field are first deter-
mined from the Zeeman pattern. For instance,
the field frequency as deduced from a simple
measurement of the apparent separation of the
satellites observed in unpolarized light would be
in error by about 1.5 times the Larmor frequen-
cy if the electric field were circularly polarized.
Second, if the magnetic splitting is comparable
with the separation of the interacting upper lev-
els, the intensities and positions (Stark shifts)
of the satellites depend on the magnetic field
strength, and any theory used to derive mea-
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surements of the electric field strength must
correctly include the effect of the magnetic field.
Finally, since few plasmas are near thermal
equilibrium, the assumption that all initial states
of a transition are equally probable may break
down. This would produce changes in the intensi-
ty of components of a satellite Zeeman pattern,
but not in their positions or polarization.

In related but different beam-plasma interac-
tions observed under different conditions in the
same experiment, we have observed satellite
Zeeman patterns resembling Figs. 1(a) and 1(d);
we have also learned that patterns similar to
Fig. 1(b), indicating that the electric and mag-
netic fields are perpendicular, have been ob-
served under conditions of strong ion heating in
the “Burnout V” experiment at Oak Ridge Nation-
al Laboratory.®
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