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SPECTROSCOPIC MEASUREMENT OF THE FREQUENCY, INTENSITY, AND DIRECTION OF
ELECTRIC FIELDS IN A BEAM PLASMA INTERACTION BY THE HIGH FREQUENCY
STARK ZEEMAN EFFECT
William s. Cooper IIT and Roger A. Hess
| Lewrenee'Radiation Laboratory - |
. University of California|
Berkeley, California 94720
May 15, 1970
ABSTRACT
Werhow how the Zeeman pattern of the "sateliiﬁes" of'specfrel
lines produced by the EfghAffequehcy Stark effect can be used to
determine the direction of ai oscillating electric:field relative
to\the megnetic field:‘fWe'illustrate the use of this effect as
a diagnostic techﬁiqpe.in-plasma physics by observetions of the
Zeeman paftern'of'the "piasma'safeilites" of the M922’He I line
producedNﬁy high~fredueﬁcy.electric fields in a beam-plasma
intefaction
The hlgh frequency Stark effect is a powerful spectroscoplc technlque
for studylng strong osc1llat1ng electric fields in plasmas.l' Oscillating
electric fields induce multiple quantum transitions whieh produce new spec-
tral liﬁes, "satellites" of‘normally forbidden or allowed lines.. It.ie
possible te determine the freqﬁency of the perturbing electric field from
: the spacing ofvthese satellites, and the strength of the field‘from measure-
ments of the‘intensifies of the satellites‘relative to the intensity of a
nearby allowedkline, or frem the_observed Stark shifts of the lines.2
In meet cases in Which‘one would like to use this method to study
oncill&tin& electric fields in a plasma, the plasma is permeated by a mag-

netic field. The presence of the magnetic field complicates the theoretical
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calculatiOns; bnt it does introduce one valuable simplification in the data
analysis. ‘ln-the absence of'elnagnetic field, one can only determine the
_dlrectlon of the electrlc fleld from measurements of the slight polarlzatlon
of the satellltes.E‘ In the presence of a magnetlc fleld however, one can »
determine the dlrectlon of the electrlc fleld relatlve to the magnetlc field
very simply by.inspection_ofvthe Zeeman pattern of the satellites. In this-
Letter we report.the application‘of this new diagnoetic technique to a.beam—
plasma interection.. |

To calculate the hlgh frequency Stark effect in the presence of a con-
stant magnetlc fleld, one must solve the tlme dependent Schrodlnger equatlon:
with a’ Hamlltonlan contalnlng terms describing the 1nteract10n of an OSCll-.
latlng electrlc fleld and a statlc magnetic field w1th the exc1ted atom.
Thls can be done by 1nclud1ng a magnetlc interaction term w1th1n the frame-

work of the calculatlons described by Cooper and chks.3

. We have done th1s
and w1ll report on it in a later publlcatlon.

If the electrlc fields are not too strong; such’oetailed calculations
are not neceesery;'since onlv two eetellitee ere obeerved in this.case; vAs
discussed {n‘Ref.‘e and‘inWEarlier pnhlications cited ;ﬁ that reference5ﬂ
theseAsatellites may be considered to be produced by the following two-
quantum processt An excited atom in excited state i either absorbs one
quantum'from the_electric field or emits one quantum to the field by an
electric dlpole transition'andvgoee to an intermediate virtual state. This
virtual state then decays to the final state k by avsecond‘electric_dipole
transition,:which results in the emission of -an optical photon. A direct
electricvdipole‘transition from state i to state k is forbidden.

The probability of a transition from state i to state k is proportional

to the‘product of the squares of two matrix elements, each 'one corresponding
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to one step of the two-step process described above; the'pertinent matrix
o : 'l
elements are given by Eqs. (2) and (3) of Ref. 2. Once a direction of ob-

servation is specified (the direction of emission ofrthe optical photon
- R ' I . _
relative to the magnetic field); the selection rules for the change in the

magnetlc quantum number (Am) follow, in the usual fashion, from the condl-

I
tion that these matrlx elements not vanlsh i_

The selectlon rules for Am in the first stepzin the two-quantnm process,

in whlch the change in m is Aml, may be summarized as follows if E is parallel

1 1

circularly polarized and a field quantum is emitted, or if B is left-hand

to B, Am, = O. If E is perpendlcular to B, Am, = + 1. If E is rlght -hand

circularly polarized and a field quantum is absorbed, Omy o=+ 1. If E is
'rightlhand.eirCUlarly‘polarized and a field quantum is absorbed, or if E is
‘left-hand circularly polarized and a field quantum is emitted, Am, = - 1.

If E is neither.parallel nor perpendicular to ﬁ, Aml'= 0 or + 1. We have
followed the oonvention in plasma phyéics in defining‘right— and left-nand
- waves; in a left-hand wave the electric field vector rotates ln the seme
_ sense as‘a positive ion. |
In the'seoond'step of the two-gquantum transition, in which the optical

photon is emltted the usual selection rules for Am (the change in m in
this step) for an electric dlpole transition apply: - for observation per-
pendiculer to the magnetic field, if Am, = O, the photon is polarized
rarallel to B ("P" polarization), and if Am, = £ 1, the photon is polarized
perpendicular to B ("s" polarization).

' The Zeeman rattern of a satellite can now be'caleulated by'evaluating
the pertinent matrix elements, provided the magnetic splitting of the vari-

ous: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
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between s1nglet states, or if the magnetic field were large enough that the
.complete Paschen-Bach effect effect existed. The patterns are shown for
observation normal to B, for several possible electric field:configurations.
As drawn, thevpatterns apply toltransitions of thevtype (n,Z) - (ﬁ;é - 2),
for example.the satellites of the ﬁ922 R (ﬁlb - 21PO) line of He I. 'The
relative intensities-of the components are approximately correct as shown.
We'hare assumedlthat all initial stateslarewequallyipopulated.
It.isvobvious‘from Figg'l that by simple inspection_of the Zeeman
pattern of the;satellites one'can determine if.E is'parallelbor perpenoicu_
lar to'ﬁ, aﬁd‘ih the lattervcase; ﬁhether or not‘the'electric field is cir-
: cularly polarized" If it is, one can also determine the sense of the |
polarization., If the electric field has components both parallel and per-
pendicular to B, some mixture of the patterns (a) through (d) is obtained;
. an eXample; pattern.(e), is shown for the electric'field random in direction.
As an example of the application of this technique'to plasma'diag-
'nostics, we show in Fig. 2 an experimentally measured Zeeman pattern of the
satellites of the 4922 line of He I The satellites were produced by hlgh
frequency electric fields generated by a strong plasma 1nstability Wé
produced the plasma by shooting a lL-kev, 2h-ma, l-mm-diameter electron beam‘
along a 7—kG magnetic field into a chamber containing helium at a pressure
of 0.2 torr. The beam initially creates s plasma by collisional ionization,:
then interacts with this plasma and maintains it by a beam-plasma interaction
that we believe is similar to one obserred by Seidl'and ‘S’unka.LF |
Light radiated perpendicular to the magnetic field was spectrally
resolved with a resolution of about 0.05 R by a Fabry-Perot interferometer5

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
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light emission; vThe electron beam, and therefore also the 1nstability, was
sw1tched on and off at a rate of lOO kHz. By using gated scalers to count
the.pulses from the photomultiplier that detected the light, we were atle’
to‘make timeéreSOlved (l—useodgatebwidth) measurements of the 4922 He I line
profile just~before the beam was.turned.off (instability'present) and Just
after thevbeam Qas turned off (instability absent). B&nsubtraction of the
"beam;off" signal from the "beam-on" signal we were then able to discriminate
against tne'interfering wing of the'allowed line'and to make a differential
:measurement of the'intensities of the Satellites. This difference in the
tWo normaliZed.counting rates is what is shown, as a function of o (the
separation from the center.of the allowed line), as the measured data in
Fig. 2. The error bars shown represent statistical_counting errors. |

D’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 perpendic-
ular to the magnetic field The time—averaged direction of the electric
field appears to be random. OncevthevZeeman nattern was identified, the
frequenoy of the electric field could be determined; in this case it was
about T1 GHi, which was 3.6 times the electron gyrofreqnency, and was com-
parable to’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 1ine profile to be between 4 x lO13 and lOlLL _3 on axis; the
corresponding electron plasma frequen01es are 57 and 90 gHz, which bracket
the measured frequency.

we also made measurements at several wavelengths of the intensity vari-

ation across the beam; these data, after "Abel 1nver51on, yielded the

intensities of the stronger satellite and of the allowed line as a function
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of radius. The radlal dependence of the strength of the high- frequency
electrlc field assoc1ated w1th the 1nstab111ty then followed from the per-
turbation calculatlons outllned in Ref. 2. These measurements 1nd1cated
that the hlgh frequency electrlc flelds were conflned in radlus to the
immedlate v1c1n1ty of the beam and reached an rms value of about 2 kV/cm.

The yerticel solid lines in Fig{.Q show the results of machine calcu-
lations ofrthe satellite nattern expected for the paremeters quoted.above:
Erms =2 kV/cm,.lBl = 7 kG, the fleld frequency 70 5 GHZ, the direction
-of E random, and therdlrectlon of observatlon normal to ﬁ. We used a coﬁ-
puter:to soive‘the‘tine—denendent SChrhdingerbequation hy a method outlined
ianef; 3.»jThe.calculeted intensities haye been suitabiy scaled for‘come
parison“with!the neasurements. |

The meesured data shown in Fig. 2 also‘clearly indicatewa low‘frequendy
'coﬁponent Ofvthe electric field, whidh produced the'signal lebeled "Forbidden
Line" (the freduency.is so low that the two satellitehpatterns have merged
and are not-'r:esolved)‘. This field, which is also 'm';naom in direction, is
probably the quas1 statlc fleld of the 1ons,'observable in thls dlfferentlal
measurement because the ion den51ty is hlgher when the beam 1s on than when
the beam is‘offa The presence of this signal 1llustrates the unlquevablllty
of this diaénostic method to determine the frequency spectrum of electric:
fields in a.pleSma. ‘ | |

Severel precautions.in the use of_this diagnostie technique must be
observed.' First, it is clear from Fig. 1 that some patterns are displaced-
from thevnositions the satellites would occupy if there were no magnetic
field. - If the field frequency and the Larmor frequency are'comparable,
serious.errors in using the high'frequency Stark effect to determine the fre-

quency of the electric field can result unless the direction and polariza-
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tion of the eléctric field are first determinea from'the Zeeman pattern. For
instance, thegfield frequency as deduced from a simplé méasurement of fhe
apparént_separafion of the satellifes observed in unﬁolafized light would be
in error by abbut 1.5 times the Larmor frequency ifrthé eléctric field were
circulafly'bélarizéd. Second, if thé‘maghefic sblittihg ié cdmparable»td
_thé séparatioﬁ pf the interacting uppéf.levels, %he inténéities énd positions
(Stérk shifts) of the’satellites depend on the magneti¢_fie1d strength, and
any'théory,uéed to derive measurements of thé elécgric”field strengthvmustv
correctl& inClude the effect of the magnetic field. Finally, sinée few
plasmaé éré near thermal equilibriﬁm, the assumption that all initial states
of a transition are equally probable may break down. This would produce
'changes in the intensity of components of a satellite Zeeﬁan pattern, but

not in'theif positions or polarization;

In related but different beam-plasma interactiohs observed under dif-
ferent conditions in the same experiment, we have observed satellite Zeeman
patterns resembling Figs. 1(a) and 1(d); we hﬁve aléb'learned that patterns
similar to Fig. 1(Db), indicating that the electric and magnetic fields are
perpendicular, have been obSérved under conditions of strong ion heating in
the Burnout V experiment at Oak Ridge National Laborator'y.6

We thank_Mr. E. B. Hewitt for his invaluable aésistance in this

experiment.
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FIGURE LEGENDS
Normal.Zeeman'ﬁatﬁerné of the satéllites of a forbidden lihe,
showihg Both P and S pblarization for various cohfigurations of
the eléctric field, ail for direction of ob;ervation perpendicular
to %QIVShown éré: (a) B pafallél'to 3, (B) E ﬁerpendicular to B
and rahdomly distributed in azimuth, (c) ﬁ‘perpendicular to B and
left-hand circularly polarized, (d) E perpehdicular to B and right-
hand circularly polarized, and (e) E random in direction.
Meésured (triangles and circles) and calculéted (vertical solid

lines) Zeeman pattern of the satellites produced by high Ffrequency

, eleCfric fields generated in a beam—plésma interaction, observed

normal to B. The horizontal line represents zero intensity; "P"
components are shown above this line and "S" components below it.

Mh is the-separation from the center of thevallowed'h922’He T line.
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This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on *
behalf of the Commission: ' '

A. Makes any warranty or representation, expressed or implied, with

respect to the accuracy, completeness, or usefulness of the informa-

tion contained in this report, or that the use of any information,

apparatus, method, or process disclosed in this report may not in-
~ fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages

resulting from the use of any information, apparatus, method, or
- process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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