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ﬁlGH FREQUENCY STARK EFFECT IN HELlUM IoAND_ITskAPPLICATION
IN PLASMAVDIAGNOSTICS* |
William S. '-Cooper IIT and William W. Hicks
| Lawrence Radiation_Laboratory
University of California:ﬂ
Berkeley, California
April 1, 1970
We present an improved method for calculating the

satellite pattern produced by the high frequency Stark

effect in He T which is good for arbitrary frequency and

field strength.n Good agreement is obtained.with'experi-

mental measurements on the 43238 and h922 He T lines under

¢onditions for which predictions based on prev1ous theories

fail. | |

P

The hlgh-frequency Stark effect 1n He I has been proposed as a
nonperturbing spectroscopic means of determlning the frequency and
inten51ty of oscillating electric fields in plasmas,l and has been used
for this‘purpOSe by several authors.,E_9 The firet calculations of the
v Sterk patterns of He I lines due to high-frequency electric fields were
made by using second- order time-dependent perturbation theory, and con-

51dered only two 1nteract1ng upper levels l’l

For low field strengths,
this pattern conslsts of the strong allowed line plus two "satellites"
of an adjacent forbidden line, and has been shown to agree with the

measured pattern for the 4388 R He I line (S;D - elP) _with»Er.mS ~ 220

V/em and v = 31.6 GHz.” ‘ - ER\
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Reeeet experiments in a fast-e-pinch plasma?59-have indicated the
possible dlsappearance of one of the two satellltes for sufflclently
large values of the electric field strength (estlmated to be at least
T kV/cm in the second of these two experiments),'which would imply a
breakdown of the perturbation calculatlons and the need for an 1mproved
theory for the method to be truly useful in plasma dlagnoetlcs Two
attempts have been made to 1mprove the perturbetlon calculatlons;
Kunze et'al. introduced a phenomenological dampiné constant,2 and also
.extended the perturbation ¢alculations to the negffhigher order,9 but
the fundemental limitation of a perturbetion;type calculation remained.
We have recently applied a method due to Autl§ffend Townes'' to caleu-
late the ﬁigh-frequency Stark patterns for the bop2 B 1ine (th - 21P)
and also for the l+388 R 1ine (5]13 - 211:) of He ’I'.v8 This method, a
series solutlon of the time- -dependent SchrBdlnger equation, also ueed
only two upper levels, but did include Stark. shifts and hlgher order
satellites, important effects in etrong electric fields which had been
neglectediin rrevious theories. Agreement withjmeasﬁred ratterns
(E res = 3,54 kV/cm, 35.2'GHZ) was good for'the h922 line, but very
poor for‘the 4388 line. We have now extendedbtheee calculations to
include all significantiinteracting upperlleVele; and find very good
agreement with the'measured.patterns even for'the_4588 llne.

Following Autler and Townes,ll we start from the timeedependent
Schrodinger equation of an atom in a time~varyihg elecfric field

EO cos wt,

Vo= H(t)y,  H(t) = H. - u-E, cos wt , (1)
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and assume.that V¥ is_of the form

w:: :E:TB(t)UB;' UB satlsfles:the elgenvalu.e_equatloanoUB = (th)UB.
If we further assume a solution of the form
(')
o =it XY -ikwt
TB(t) =e :E: tgye ,
ké-CO
(1) yields
(I__»;\“J,wﬁ km)t Z oot }: Bmakl,
B=1, v+, N; k= -00,°*+, -00. v (2)
Here Bﬁa (U 'u ‘B ’U )/Eh and is proportlonal to the electric di-

pole moment between states B and @, N is a constant to be determined,
and N is the number of upper 1evels con51dered. Wlth N =2, Eq. (2)

is just Eq. (7) of Autler and Townes. They derlve a solution for thelr
form of this equatlon in terms of an infinite contlnued fractlon -We

solve Eq. (2) for arbltrary N by first' assuming t_. = O for lkl > K.

ok
Equatlon (2) is then a finite set of llnear homogeneous equatlons and

can be_posed as an elgenvalue problem:

Ax = x | - BN E)

" where X 1s a column vector made up.of the tok's, We have used a
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CDC 6600 computer to solve Eq. (3) numericall&jfor specific values of

The interpretation’of A and the Ezk

TowneSa Brlefly, N is closely related to the Stark shlft of a level,

s is dlscussed by Autler and

and, together W1th the frequency w, determlnes the positions of the
satellltes, their 1ntens1t1es are proportlonal to (t )

To obtaln the "no fleld" wave functlons {U } we make the Coulomb
'approx1matlon for He. Thus we assume the ‘He elgenfunctlons are ade-
quately represented by one electron in the ground state and the other
in aAhydrogenlc-exc1ted state described by'Quantum numbers n, 4, m.
For the energytof a.given n;-z state we hare uééa ralues given by
Martin;lgf We have studied transitions in the v101n1ty of two allowed.
lines,- Wthh we will call |

o  case TI: hope R (41D, ete. —>21 )
and Case IT: 54388 & (5]1), etc._—> QJTO

In the presence of an electrlc fleld the upper and lower states
are modlfled due to coupllng to other elgenstates by the electric di-

: pole matrlx element in Eq. (2) The coupling is strongest to nearby
states, and becomes 1ns1gn1f1cant for energy levels separated by more
than about 100 #w. ‘The electric: dipole moment operator does not couplev
singlet and tripld:states, hence, in considering the above singlet
transitidns we have iénored all triplet states;f‘For Case I we limit
the {UB} to the set of hydrogenic wave functions with n = 4, £ =0 to 3,
and Im,v < 4. For Case IT we limite the {UB-} to the set n = 5, £ = 0 to
L, andvlm[.s £. 1In all cases that we consider;‘the effect of the elec-

tric field on the 2Po state is negligible.
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,5Iﬁ our experiment“the electric field isrllnearly polarized and can
be assumediwitbout-loss of generality to lie‘in'the.z direction. With
this’choice the electric dipole moment operator‘does not couple eigen-
states w1th different m values, and the matrix A reduces to an especi-
ally 51mple form to dlagonallze. We have set K lO thls insures
adequate numerlcal accuracy-for’these two cases.

We generate a high- frequency electric fleld 1n a cylindrical

microwave cavity and apply it to a He plasma produced by a dc dlscharge

1n a. 1/5 -mm-i.d. quartz caplllary whlch threads the cav1ty . The field

frequency is much higher than either the plasma frequency or the elec-

tron colllslon freguency, so that the microwave ‘field has no notice-

able effect on the plasma. Further details of the experimental arrange-
ment are’given in Ref. 3. Two changes should be noted however. The
cav1ty i's now excited at 55 2 GHz by a 10- watt cw klystron. With the

higher power ‘and higher electrlc field the satellites are no longer

-burled in the wings of the allowed line; this permlts the experlment

to be run CW and obv1ates the need for phase- sensltlve detection. The
llght 1nten51ty at & glvenlwavelength is now measured by use of standard
photon countlng techniques.

For a direct comparison'of the theoretical calculations with the
measured line profiles, we have folded the theoretical-results, which
consist of a discrete‘line spectrum, with a realistic.“instrument func-
tion" obtained from measurements taken on the same apparatus but with
the microwave power turned off. Most of the observed broadening was

instrumental. TFigures 1 and 2 show comparisons of experimental results
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with varlous theories, all Calculated for observatlon at right angles -
to thebdirection of the field and for arpeak‘field strength of 5.0
Akv/cm‘(Blsu kV/cm'rms)L' In all cases A\ = O:isltheprSition'ofvthe
allowed llne in the absence of the perturbing electrlc field. All
"bumps on the theoretical profiles are produced by one or ‘more satel—k
lites. and not by 1rregular1t1es in the 1nstrument functlon. All

satellltes stronger than 10 -2

of the total 1nten51ty of the pattern
were retalned in the calculatlons

Figure 1 shows a comparlson between experlmental and theoretlcal
results for Case I. The multllevel theory outllned above, ‘the Autler-
Townes theony, and the perturbatlon theoxy of Baranger and Mozer all .
give nearly the same results for the predicted spectrum;’ the ma jor
dlscrepancy between them comes from the - neglectrof the Sterk shift.in

the perturbation calculation. The sllght dlfference between the Autler-

Townes and the. multllevel theorles 1s due to the retentlon of the 4p

level in the latter. In both these cases we hawe'retained 18 satellites.

‘Agreement of the multilevelitheory with experiment is excellent, and
evenvthe other:two theories sgree quite well with experiment for this
field strength. -The"cloSe agreement of the perturbatlon calculations_
'and the mnltilevel calculations, which we expect to be much more accnr-

ate, indicate that the perturbation calculations can still be trusted

for this line at this frequency and field strength, and we may in fact

use them to determine the field strength The'Value s0 obtained was
5 kV/cm peak field with an estimated error of less than 500 V/cm.

Case II, shown in Flg 2, is a much more severe test of the vari-
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ous theories because

(a) the Stark shift increases with n,'hénce the effect of a given

E field is greater on the 4388 line, |
- (v) the energyvleVEls of n= 5 are c105erptcgether, so that more

satellltes (i. e., hlgher order trans1t10ns) become 1mportant and

(c)' for n = 5 thére is a G level very near the F level, and the.
two interact strongly.,~

In Flg. ‘2 we compare the measured line proflle for the 4388 llne
with theoretlcal ones calculated from our multllevel theory and from
the Autler Townes theory, using the field strength derived from the
measurements on the 4922 1line. Agreement between the multilevel.calcu—
lations and the measured data is very good, whereas experiment and the
Autler Townes calculatlons sharply dlsagree, not only in satelllte
positlon and Jntensltles but also in the Stark shlﬂ:of the allowed

line. Thls dlsagreement graphlcally 1llustrates the need to 1nclude

‘additional upper levels, as this is the only 51gn1ficant difference in

- the two theories. Perturbation calculations, not‘shoWn,'disagree even

more strongly with the measurements. In the Autler-Townes calculations
we include h2 satellites; 58 were used in the multilevel calculations.
Remalnlng dlscrepanc1es between the measured data and the multllevel

calculatlons may be due to errors in the energy levels used in the

_calculatlons.

In using the high-frequency Stark effect to measure'oscillating
electrlc fields in a plasma, it is very de81rable to be able to use

the slmple perturbation calculations of Baranger and Mozer, it pos51ble,
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 rather than the much more accurate but laborious machine calculations

as we have done. In many practical cases the~Baranger-Mozer theory is

'_snfficiently accurate. We have calculated a:limited number of high—
frequency Stark patterns for the 4388 and the 4922 llnes of ‘He I for
various values of E and v in order to try to estlmate the range of
applicablllty of the Baranger-Mozer theory for these two llnes

“For weak electric fields, a "normal" highéfrequency Stark pattern,
consistlng of the allowed 1line (nlD - 21P)vandvtwo satellites'of the
forbldden line (an - 2 P), is observed the satelllte intensities are
accurately predlcted by perturbatlon calculatlons ' These two satel-
 11tes are usually 1dentified as ffar" or "near,f‘according to their
proxinity to the.allowed line{ If we increase’the.electric-field
strength keeping the frequency constant, a number of changes not pre-
dicted- by second-ordexr perturbatlon ‘theory occurs. The 1nten51t1es of
both - satellltes grow, but at dlfferent rates, other satellltes appear

'(hlgher order transitions from the F and from other angular momentum

states to ‘the 2P state), and 1ncrea51ngly 1mportant Stark shlfts cause

the dlfferent groups of satellltes to shlft relatlve to each other and
to the_allowed line. The positions and intensities of the satellites
chanée Qery rapidly nearja resonance (a'COndition in.which the separa-
tion of'two upper levels, including the Stark:shifts; is”an.integral
multible of the field frequency)e but this effect probably'will not

normally be observable in a plasma experiment because of inadequate

resolution. 1In the limit of very high field strengths (Erms >> 20 kV/cm

Tfor the 4922 .1ine), Stark shifts exceed the separation of the‘unper—

[ )



turbed.énergy levels, and one can usé‘the_céléﬁlafions_by Blochinzew15
for hydfogen—like ato@s.

Provided the upper levels are_popﬁlategﬁaécérding to their.statis-
tiéal weights, the sécond-order pertﬁrbation tﬁééfy seems capable of
calcuiating the ratio of the intensity of fhe'fér sate1lit¢ to that of:
the allowed line with an error of less than éo% 55 1ong as the intensity
of the far satellite does:not exceed that of the nearvsatellite, a con;
venientvmeasuré'of the breakdown of the per%urbéfion'calculations.

Undér these'conditions, other satellites of coﬁparable intensity are
typically élso present in the pattérn.A For the héée line with v = 35;2
CHZ, ﬁhis'limit is reached at B % 10 kV/cm.bfTﬁe intensity of thé
near satellite is less reliable as an indicatéf of electric field
strengfh,.as was pointed out in Ref.'9. | |

For field strengths excéeding a few kV/ém;"ﬁhe Stark shifts of the
various levels must be taken into écCouht in éalcﬁlating @he'positions
of the satellites. As an éxample of the impdrténce of this éffect, we
cife a‘recént publgcation iﬁfwhich the ffequeﬁcy of an elecfric field
 presum§d preéent in the plasma was calculatedifrqm the observed position
of a satellite near the 4922 line (assumed to be the far satellite of
“the fbrﬁidden line) relétive to the poéitién.of the allowed line.9
Stark shifts of the two lines, which tend to sepérate them, were ig-
nored, although for the conditions quqted (Ems > 7 kv_/cm) the net
Stark shift would produce an apparent displacement of the satellite at
least double that whichbwas observed apd equated to the fiéld freduency.

»

The simplest and safest way to apply the3high-fréquency Stark
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effeCt‘to measure strong electric fields in.plasnas;’if one ‘does not
wish to carry out the mumerical calculations.outlined above,~is-to use
the observed separation of satellites originating from a particular
angular momentum state to determine the frequency of “the electric field
(this separation,is always twice the field frequenéy, independent of
the‘strengthtof'the field), and to use the‘observed Stark shifts to
determine the strength of'the_electricrfield.’:No’knowledgeﬁis then
required of the-distributionIOf excited states;h ﬁumerous computer cal-
culations for the hoop line 1nd1cate that the Stark shifts are essenti—
ally 1ndependent of frequency unless one is near a low- order resonance.
Since the M922 line is a particularly useful line for plasma diagnostics,
we describe below a 51mple method for u31ng 1t to determine the electric
field strength. | |

A‘convenient quantity to measure is the separation of the (shifted)
allowed line from the average of the positions” of the far and near |
satellites. The net Stark shift A we define to be this separation minus
l 557 R which is the separatlon in the absence of an electric field.
Approx1mate expressions for A for the Lhoop line, in K as a function of

the rms electric field strength in kV/cm, are

A~ 0.0095 E R, E <3 kv/cm, and

A~ 0.0133 El 71 X, | 3 <'Em']S <10 kV/cm.
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" FIGURE LEGENDS

Fig. 1. Case I, (41D, ete. » 2p°) koo R Hé.I§; -

’ Fig..Q; - Case II,.(SlD, etec. - 21?0) 4388 R-ﬁe'i;'
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LEGAL NOTICE

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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