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%e have observed several different satellite transitions among Hei excited states. These satellites were

induced by large, near-resonant, spatially inhomogeneous electric fields. A simple theory was proposed to
explain the line shape of both the satellite and the allowed line based on the rotating-wave approximation. The
plasma was contained in a dielectric waveguide and the laser mode pattern inside the guide was calculated
and incorporated into the line-shape function. It was shown that excellent agreement between theory and
experiment could be obtained over a wide range of experimental parameters. Agreement was very good in

regimes where perturbation theory fails. Vfe also observed that at high field strengths the Stark shift of the
allo~ed component was less than the three-level theory predicted. %Ye attribute this error to the fact that we
have ignored all of the remaining levels of the Hei system.

I. INTRODUCTION

Detailed analysis of the spectral-line profiles
emitted by plasmas has been extensively used to
ascertain such macroscopic plasma properties as
density and temperature. The theoretical develop-
ment in many of the calculations which pertains to
the effects of plasma density on the line shapes
relies on the use of a dc ion microfield (the so-
called quasistatic approximation). The electron
effects are then treated by using a perturbation
analysis. In general, such calculations do not in-
corporate the fields associated with the presence
of collective oscillations in the plasma. It is clear
that allowing for such phenomena in the line-shape
description will allow one to deduce experimental-
ly both the amplitude and the frequency spectrum
of these collective fluctuations. In addition to
changes in the line profiles, it is also possible,
under appropriate conditions, to observe addition-
al spectral lines from the plasma (called satel-
iites). The shape and intensity of the satellites are
interrelated with the precise nature of the collec-
tive phenomena.

In this work, we shall discuss both the theoreti-
cal and the experimental characteristics of the
satellite-line profiles emitted from a helium tar-
get plasma. These lines are the result of the ap-
plication of a high-frequency, narrow-bandwidth
electric field from a CO, laser. %e begin by re-
viewing briefly the past work in this area, and then
proceed to discuss our results.

In 1961 Baranger and Mozer' proposed using the
high-frequency Stark effect as a diagnostic method
of studying the high-frequency oscillations in a
plasma. They considered the three-level system
shown in Fig. 1. The parity of the levels are such
that transitions between levels A-8 and 8-C are
allowed by electric-dipole radiation whereas the
tr ansition between levels A. -C is forbidden. The
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I'IG. 1. Three-level atomic system perturbed by an
electric field at fr equency Q.

presence of a perturbing electric field mixes lev-
els A and B so that for the case of a dc field, for
example, the forbidden line at the frequency (E„

Ec)/S (-where F., represents the energy of the ap-
propriate level and 8 is Planck's constant) is ob-
served in the emission spectra. If, however, the
field oscillates at a frequency 0, satellite lines
(additional spectral lines that flank the forbidden
line) may be observed at frequencies (E„Eo)/S-
y Q. As a first approximation, the precise nature
of the electric field is not important. However,
Baranger and Mozer showed that if the field is pro-
duced by plasma oscillations at the plasma fre-
quency 0= ~& = (ne /meo)'~', where n is the electron
density and the other parameters have their usual
connotation, then the separation between the satel-
lite lines can be used to ascertain the plasma den-
sity. Using a standard second-order perturbation
calculation, they derived the ratio of the integrated
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intensity of the satellite line to that of the associ-
ated allowed line. This ratio, denoted by 8, can
be Wr'ltten

»'&A fd ]B&'
a~)2G(4 ~s)

In thi, s equation z is the rms electr'ic field at the
frequency A, (A ~dP) the dipole moment between
states A and B, and the subscript m denotes the
average over magnetic quantum numbers. G(l, t')
is glveD by

G(l, 1') = max(l, 1')/(2l+ 1). (1.2

Hexe / is the orbital quantum nu. mbex for the upper
state of the allowed line (8 C) an-d l' is the orbital
quantum number for the upper state of the forbid-
den line (A-C).

Equation (1.1) represents an average over ran-
domly polarized e field directions. Polar'ization
and magnetic field effects may easily be includ-
ed. In principle, one can determine both the
magnitude and the frequency of the perturbing elec-
tric field; however, it is important to point out
that the result given in Eq. (1.1) is not valid at
high field strengths and/or near resonant fre-
quencies, and it does not include the Stark shift of
the energy levels owing to the pxesence of the 08-
cillating electric field. In addition, multiple-fre-
quency, inhomogeneous electl lc fields RDd plRsnlR
(dc) line broadening and shifts are no't included.

Several authors have advanced the work of Baranger
and Mozex' and a number of experiments have de-
monstrated that a perturbation tx'eatment of the
problem ls inadequate. " Hicks Hess and Coo-
per' developed a theory that is able to px'edict the
observed spectrum of microwave satellites ex-
tx'emely well. Unfortunately, their' theory neces-
sitates long numerical computations which Inakes
it extremely cumbersome to calculate the satellite
spectrum induced by spatially inhomogeneous or
multiple-frequency fields. Furthermore, they as-
sumed that the upper states had equa] populations
a fact that is certainly not in general true. Hama-
da' modified the result of Baranger and Mozer to
incox'porate unequal excited- state populations. He
did Qot allow for induced transitions between these
levels. %6 would like a means of calculating the
satellite spectrum that incorporates all of these
effects so that we might be able to predict the sat-
ellite spectrum in nonequilibrium plasmas.

In Sec. II we outline a theory fox calculating the
satellite-line shapes based on the rotating-wave
approximation~ fix'8t used by RRbl, %6 pl esent R

closed-form solution in terms of a complex angle
X which includes both unequal populations of the
vRx'ious Rtomlc states Rnd colllsloD-lDduced de-
phasing of the interacting states. ID addition. , a

spatially inhomogeneous electric field is included
and the limits of validity of the solution are dis-
cu88ed

In Sec. III we describe an experiment in which
optical sRtellites lDduced by R C02 1Rsel Rx'6 Ob-

sex'ved in a helium plasma. ' Finally, in Sec. IV we
show how the theory developed in Sec. II cor'rectly
predicts the observed satellite profiles in the px'es-
ence of spatially inhomogeneous, near-resonant,
lasex fields.

II. THEORY

In 1955, Autlex' and Townes' examined the effect
of R rapidly vRx'ylDg electl lc field on RD atomic
system. They demonstrated that SchrMinger'8
equation for a two-level system could be solved for
all values of perturbing field strength and frequen-
cies (as long as the field was monochromatic) in
terms of an infinitely continued fraction. Multiple
photon effects were revealed and studied in the
microwave region. These multiple photon transi-
tions were in fact the satellites that Baranger Rnd

Mozer discussed later in reference to plasma sat-
ellites.

%6 now proceed with a calculation of the satel-
lite-line shape based on the rotating-wave approx™
imati. on. %6 take fox' oux' model the level schexne
illustrated in Fig. 1. The profile of a spectral line
emitted when the system undergoes a transition
IDRy be expressed Rs follows:

where P(+) is the power emitted per unit frequency
at a frequency &u, c is the speed of light, and ~gz)
and ~g&(», t)) are the wave functions for the final
and initial states of the atom. As befox'e, d is a
dipole operator for the transition and avg refers to
an average over Rll emitting atoms. It ls impor-
tant to note that we have written ~g,) as a function
of the perturbing electx ic field while we have as-
sumed (g&) is unaffected by the perturbing field.
Th' lly ll t, pp o t' th
final state C is much mox"e tightly bound than the
Upper stRtes g Rnd B ~ If we wex'6 coQsldex'lng R

stimulated process, such as the Raman laser, we
would h»e «allow f» perturbati»s of If')»
well. 7 is R characteristic time over which the
measurement ls made Rnd typlcRlly ls the cox'x'6-
lation time for an atomic tx'ansition. If we assume
that the oscillations are damped for times I, & T,
the limits on the integration may be extended to in-

finityy.

The lQcluslon of R spRtlRlly lQhoIQogeneous elec-
tric field proceeds by introducing the field distribu-
tion function W(» ) normalized in such a manner that
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(2.2)

The precise form of W(») obviously depends on the
experiment being performed. In Appendix A we
derive W(») for the specific experiment discussed
in Sec. III.

It is important to note that we have not included
ion broadening in Eq. (2.1). In actuality, I g&& and

I g& &, should be written as functions of the ion elec-
tric field E. In most cases of interest the ion field
may be included by a simple extension of the re-
sults described below. '

We ean now write Eq. (2.1) in the following man-
ner:

P((u) = 3, R'(») d»
4.~'
3c 2%T

&«d«"'&4~ ldll(», t)&
0 8Vg

(2.3)
%e now proceed writing the initial and final wave
functions in terms of the time-independent, unpex'-
turbed wave functions Ip& for the three-level
scheme of Fig. 1,

(2.4)

Since we have assumed that the final state is not
perturbed by the electric field, we can write e(t)
= exp( — Et, t/ )b. Equation (2.3) can now be written

4 oo

&(~) =
3 3 2 T ~(») d» idee I'IB(S)I.'„,(2 8)
3C AT 0

where B(S) is the Laplace transform of b(t) and
S = —t(&o+ E,/8) (Schribdinger representation). We
will adopt the convention that capital letters repre-
sent I aplace transforms of time-variant quantities
that are denoted by small letters.

%e now write Schrodinger's equation in the inter-
action representation,

(2.8)

where H„s=W2»d„scosQt and» is the rms elec-
tric field at frequency 0 ~ The coupled equations
for s(t) and b(t) may now be written as

Cgg ~iQ t + 8-JAt
A,

@ Aia
—+y a=- —d e" & se"~" (W2») b

2

(2.Va}

~-$At+eiQt

dt
—+ y b = ——d e '&s~-ss&'t" (W2») 6

(2.7b}

where d~s=(p„Idlers&. We include a phenomeno-
logical damping constant y to account for broaden-

HAB 3 dAB(~~»)~ (2.8a)

Hg~ = 2 ds~(W2») 8 (2.8b)

This approximation is valid as long as the follow-
ing three conditions are satisfied:

(2.9a)

IH„,I/2a-fl « I,

IH„,I/2a-(z„-z,) «1.
(2.9b)

(2.9c)

Equation (2.9a) states that one must be near reso-
nance, i.e., one rotating wave must be nearly on
resonance with the dipole moment (d„se't & si' "),
while the counter-rotating wave is far from reso-
nance. Equations (2.9b) and (2.9c) are merely a
restatement of the Bloch-Siegert" condition that
the perturbation caused by the counter-rotating
wave must be small. If these conditions are not

ing of the interacting levels. Implicit in these
equations is the assumption that yz and y~ are in-
dependent of the high-frequency electric field.

%e must now consider the initial conditions ap-
propriate for Eqs. (2.V). At t~0, the laser field
is off. Any given atom is initially in either state
Ipz& or lgs&. We can state that the atom has a,

probability g, of being in state A, and 50 of being in
state B Ra.ther than solve Eqs. (2.V) for two dif-
ferent sets of boundary conditions (c,= 1, ho= 0 and
a, =0, b, = 1) and then perform the appropriate en-
semble average, we choose the equivalent method
of solving Eqs. (2.7) with the boundary conditions
a(0) =a, and b(0) =b,e' and then average over e.
This ensures that there are no coherent effects in-
duced by the initial conditions, i.e., it ensures that
the atom is correctly described as being either in
state A or state B. %e assume that the net rate of
excitation to states A and 8 from all other states
is unchanged in the presence of the oscillating elec-
tric field.

The coupled equations [Eqs. (2.7)] in conjunction
with their initial conditions are not solvable in
closed form. There are essentially three methods
of finding approximate solutions. A perturbation
expansion, the usual method, is totally inappro-
px iate for the near-resonant, high-field-stxength
situation considered here. The Floquet method"
necessitates long numerical calculations and may,
in fact, become unmanageable. A third technique
is to employ Rabi's rotating-wave approximation.
This is often done in the field of quantum optics, "
but x arely in plasma spectroscopy. The rotating-
wave approximation assumes that one may write
the Hamiltonians



D. PROSNIT Z, D. %. %II DMAN, AND E. V. GEORGE

tf~s ~~= —S (2.10a)

violated, and the rotating-wave approximation is
made, Schrodinger's equation may be solved in
closed form.

Which of three methods of solution is chosen de-
pends on the exact nature of the phenomenon to be
described If H„s/(E„-Ess RQ) is small, the per-
turbation solution is perfectly adequate. At the op-
posite extreme, if H„s/(E„Es+-hQ) is not small,
and conditions (2.9) are not met, one is forced to
use the Ploquet form of solution. %e use the rota-
ting-wave approximation, which is a compromise
between these two techniques. As a result, we are
not restricted to the low field strengths required
by the perturbation technique, nor are we hindered
by the complexities of the Floquet treatment. The
disadvantage is that we can operate only in a re-
gime where Eqs. (2.9) are valid. Each situation
must be examined to determine if the expected
field strengths, field frequencies, and energy-lev-
el separations are consistent with Eqs. (2.9). A

judicious choice of energy levels usually allows
one to use the rotating-wave approximation. High-
er-order satellites are ignored, since as can be
seen from Eqs. (2.9) their intensity is small and

they are well removed from the main features of
the spectrum.

Using the rotating-wave approximation we can
rewrite Eqs. (2.7) in the following form:

P, = ~ —,
' sec x [a+ 2(ys —yg)]. (2.13)

The plus (minus} root is to be used in Eq. (2.11a)
(Eq. (2.lib}}.

X is well defined by Eq. (2.12) as long as ~a~ &0,
and we restrict ourselves to the principal value
2v ~ Re(y) & 0. At this stage, in order to simplify
the results, we shall assume that y& =y& =-y. This
allows us to neglect the imaginary part of X. Vfe
can then rewrite Eqs. (2.11a) and (2.11b) as fol-
lows:

A~ cos'-,' }( —(b, /a„)—,'(sinx) e'

a, (S+in2)+y

sin' —,'X+ (5, ja,) (2si yn)
e'

(S —ih2 —in ) + y
(2.14a)

Bs cos' —,'X —(a, /bg —,'(sinX) 8 'e

etc (S —2&s)+ y

sin' —,
' y+ (a, /5„)—'(sinx) e

(5+ in, 2+in)+y
where the Stark shift n, =- —-'24(1- sec}(). We fur-
ther assume that y/(a+ 2n, ,) « 1, which is almost
always true. This allows us to ignore the cross
terms and write

(2.14b}

tanX =v 2 e (degas)

x[a —f(y, -y„)]/I[a'+(y, —y„)'] (2.12)

which when substituted into Eq. (2.llc} yields

(2.10b)

W(S)w'(S) = "', , +
(n,, —u))2+y2 (n,, +a+(u)'+y

(2.15a)

A = (E„-Zs)/I-A. (2.10c)
B(S)B'(S)= "'. .+

(~+&,)'+y' (~-n, -n)'+y' '

Taking the Laplace transforms of Eqs. (2.10a)
and (2.10b) and rearranging terms, it can be shown
that

where

2), = (cos' —,
' }()(a',cos'-,' }(+h,' sin'-,' }(}, (2.16a)

A(S) S+ys —in. —(id„sb,e'e/ha, ) ,'v 2 e-
a, [S+ -, (y, + y~ - 2n)] + p

B(s) s+ y„+in, —(id~„a,e 'e/hbg —2'W2e

[S+ l(y~+ ye+ fn }j'+0'

where

p2 e2d2/2@2+ & [g+ 2( )]2

(2.I lb)

(2.11c)

Upon examining these equations one recognizes
that a considerable simplification is possible with
the introduction of the complex angle X

' ' defined
as

t, = (sin'-,' X)(a,' sin'-,' }t + 5,'cos' ,' }(). -(2.16b)

The corresponding expressions for q~ and (, are
obtained by interchanging g22 and 502 in (2.16).
Eq. (2.15a) we have chosen our zero of energy to
be E„-Ec;in Eq. (2.15b) we chose Es E~ to re--
present zero energy. Since transitions from 3 to
C are not allowed, AA* does not contribute to the
line shape. %'e will therefore discuss only Eq.
(2.15b). As we shall see, Eq. (2.15b) will lead to
two spectral lines separated in frequency by 2~,
+ A. The first term becomes the allowed line and
the second term its associated satellite. They
show the expected Stark repulsion, one shifting up
in frequency by ~„the other down by g, . If go=ho'
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I'IG. 2. 8 as computed by (i) second-order perturba-
tion theory, (ii) a fourth-order perturbation treatment,
(iii) Eq. (2.15b) for the case A=O and ao =50 and (jv)
the next-order Autler- Townes solution for the case
8 & 0. The electric field strengths shown are for the

helium system discussed in Sec. IG.

(equal initial populations) we find S = tan'-,')(. In the
small-field limit (X «-,' v), and after averaging over
magnetic quantum numbers, this reduces to the re-
sult of Baranger and Mozer, as expected. In the
limit y- —,

'
m, the levels (in conjunction with the

electromagnetic field) become degenerate and S - 1.
As pointed out by Autler and Townes, ' the count-

er-rotating wave (neglected in the rotating-wave
approxima. t ion) will alter this solution somewhat
The magnitude of this effect is proportional to g
given in Eq. (2.9a). In Fig. 2 we plot S [cf.Eq. (1.1)
and subsequent discussion] as a function of pertur-
bing field strength a.s computed by (i) Baranger
and Mozer, (ii) a fourth-order perturbation treat-
ment, "(iii) Eq. (2.15b) for the case R = 0 and ao=bo,
and (iv) the next-order Autler-Townes solution [cf.
Eq. (42) of their ma. nuscript] for the case R x0.
The field strengths pxesented are for the particular

He system which we have experimentally examined.
From Fig. 2, we see that as 8 becomes small, the
maximum permissible field becomes larger before
the theory becomes invalid. The peak fields reach-
ed in our experiment are approximately 650 kV/cm
but as R is only 0.014, the rotating-wave approxi-
mation is entirely satisfactory. It can be seen that

the perturbation treatments, both second and fourth
order, are entirely unsatisfactory at high field
strengths. It is important to point out that the
Bloch-Siegert shift is recoverable from a pertur-
bation analysis of Eq. (2.15b).

In Fig. 2 we have plotted 6,/6 as a function of

tanX(e) for several values of R. The R = 0 solution
is seen to be quadratic in field strength for small
fields and linear at large field strengths. If R c 0,
the discrepancy between the rotating-mave approx-
imation and the solution corrected for the counter-
rotating wave becomes large as c becomes large,
as is evident from both Figs. 2 and 3. This occurs
as both Eqs. (2.10b) and (2.10c) fail. From this we
see that for large field strengths the counter-rota-
ting wave cannot be ignored.

If g,'4 60 me can divide both the allowed line and
the satellite into two components [cf. (2.15b)]. The
allowed line is seen to consist of the terms
b', cos' —,'y and a,'(cos'~X)(sin ~y). The first term
represents the initial population of the level dimin-
ished by both the satellite and transitions to level
B, while the second represents the contributions
from transitions from level A to level B. The
satellite is composed of the terms a,'{sin'-,' j()
&& {cos'—', )() and b,'sin'-,' X. The first term represents
the population of level A times the two-photon rate,
while the second represents the contribution to the
satellite from transitions from level B to level A.
Note that if go= ho there is no net transfer of ex-
citation, as expected.

Using Eqs. (2.5), (2.15}, and (2.16}, we can final-
ly write the line shape as

P(&) = s II (e) « I dec I z 2+
3Q [~+a, —(&s -g)/@]'+y' [~ —&.+II —(E~ -&c)/b]'+y' ' (2.17)

where we have written y= 1/'T, y = X(e), and a,
= d..(e).

In actual use, me must include the multiplicities
of the levels when computing the line shape. Be-
cause this depends on the actual system studied,
we mill defer discussion of this point until Sec. IV
where we present our experimental results.

III. EXPERIMENTAL SETUP

As discussed previously, our objective was to
study the details of the line profiles of optical sat-

ellites induced by large, near-resonant, high-fre-
quency electric fields. In particular, we wished to
see if the theory outlined in Sec. II is adequate
when the standard perturbation techniques are no

longer valid. To simplify the analysis, me sought
to study the satellites induced by a narrow-band-
width perturbing field. In addition, we chose those
satellites that occur in a spectral region free from
additional spectral lines so that their profiles need
not be deconvolved from the wings of any nearby
lines.
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I'IG. 3. Electric-field dependence of the Stark shift
as computed by the rotating-wave approximation [cf.
Eq. (2.14) for R = 0] and the next-order Autler- Townes
solution for the case R& 0. At low field strengths 4,/4
is proportional to &2 and at high field strengths 4, /4
becomes linear in ~.

We used the optical pulse from a CO, laser as
the field source. In order to maximize the satel-
lite intensity and to operate in a region where per-
turbation theory fails, it is desirable to minimize

b„, the energy deficit. We have therefore chosen
to study the 2 'P-4'S and 2'S-4 'P transitions of
He I. The relevant energy levels are shown in Fig.
4. Here the 4 'P and 4 'S levels (corresponding to
states A and B of Fig. 1) are separated by 919 cm '

whereas for the P(20) transition of the 10.8- p, m
961-cm ' band in the CO, laser the photon energy
(hQ) is 944 cm '. Using the relationships given by
Eqs. (2.9), it is clear that the use of the rotating-
wave approximation (see Sec. II) is appropriate.
In Fig. 4, we have indicated two different near
satellites, one corresponding to a two-photon tran-
sition between the 2'S-4'S states and the other
corresponding to a two-photon transition between
the 2 'P-4 'P states. Their corresponding allowed
transitions are 2'P-4'S (4713 A) and 2'S-4 'P
(3188 A). The Stark shifts of the upper states are
also shown in Fig. 4. We thus have two indepen-
dent means of measuring the strength of the per-
turbing field and a self-consistent method of con-
firming the theoretical predictions of Sec. II.

The experimental apparatus is diagrammed in Fig.
5. We have constructed a moderate power TEA
CO, laser to act as the field source. The laser
operates at 30 Hz and produces 300-mJ pulses
with 0.2 —0.4 of the total energy in a 200-nsec main
pulse. The shot-to-shot variation of the laser
power is less than 1G%%uq. The laser cavity is 1.75 m

long and usually consists of a Bausch and Lomb

4'S+nn—

43P

4'S
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K
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8
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I

I
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I

I

f

~ STARK SHIFT

———r—
I

I

I

I

I

ALLOWED
TRANSITION

———SATE L L IT E
TRANS I TION

FIG. 4. Partial helium energy-level diagram per-
turbed by a CO2 laser field operating on the P(20) tran-
sition of the 10.6 pm branch (944 cm ').

diffraction grating and a 10-m radius of curvature,
90%%up -ref lectivity germanium output mirror. The
system will lase on approximately 30 different CO,
transitions in both the 10.6-p.m 961-cm ' and
9.6-p, m 1063-cm ' bands. We can also operate the
laser in a scheme of two spatially independent
optical cavities, both operating on the same gain
medium. ' Because one cavity is tunable, we are
capable of producing two simultaneous laser pulses
at different frequencies. Except for one instance,
the data presented in this paper were obtained us-
ing the single-cavity configuration.

The laser output radiation is reflected from a
movable mirror (see Fig. 5) either into an Optical
Engineering CO, spectrum analyzer which mea-
sures the laser wavelength or onto a 12.5-cm-
focal-length germanium lens. The lens optically
couples the laser output into one end of a quartz
capillary tube 5 cm long and 550 p, m in diameter.
The capillary has tapered ends to minimize dis-
charge instabilities. The coupling of the radiation
into the discharge tube depends on the spot size
(100 pm) of the laser at the focal point of the lens.
The capillary acts as a dielectric waveguide for
the purpose of radiation transport. The natural
modes of these guides have been calculated by
numerous workers (see Appendix A).

A helium plasma is created by passing a 5- p, sec
current pulse through the same quartz capillary.
A five-section pulse-forming network is coupled to
the discharge tube by an impedance-matching
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FIG. 5. Experimental apparatus as ' dviewe from above.
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e a at current pulse. Stan-
r ig -vacuum techniques are used to
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i with spectro-

A quartz flat 1, p aced at the far end of the dis-
charge tube, acts as a filter, separati

ia ion from the visi
n. e laser radiation passes onto a li i-

nitrogen cooled gold-do
The v'

go — oped germanium detector.
e visible radiation is im ed bag y q

e s its of a 0.5-. -m motor-driven scannin
monochromator (Jarell A h M
monochromator was mo ' '

s odel 82-020&. Th e
s mo i ied so that it would s

at speeds as slow as 0.125 /
sine bar error of th

s . A min. Thes ystematic
o e monochromator wa

sured and f d toun o have a period o =
was mea-

e of +1.4 A. A linear approximation to the
sinusoidally varying error was made in ea

e radiation from the monochrom
passed onto an RCA 88

monoc romator
50 photomuliplier. The re-

sponse of the photomulti li
ca i rated in . is1'b

ip ier-monochromator wa
the standard manner. This al

s

to compare ac
is lowed us

se
ccurately the intensities f d

parated emission lines. The ho
c ' ''

o wi ely
poo p

the a
signa was amplified and dela d b f '

gye e ore reaching
e gated boxcar integrato (PARr Model 160). A

signal from the laser d t te ec or was used to tri er
the gate of the integrator. T

rigger

la ed
or. he output was dis-

p ayed on a strip chart recorder. The boxcar er. he bo car gate
y nsec wide and was temporall

positioned about the peak f th
or y

e o the laser
es were used in conjunction with the

matic-scan mode of the boxcar in
the tern

o e oxcar in order to examine
emporal evolution of both the optical s

dth o t d 11i e a owed lines. All of th
ment was enclos d

o the equip-
c ose in a screened room.

The plasma densit a
were measur

y and electron temperatu
sured spectroscopically. The electron

a re

5876-A line to that of the HeII 4686-A line " Th

10
(A

Z

2 P-40, 4FI I I

HELIUM I
ne = 70x IO cm

Te = 3.0 eV

I—
tf)
Z
LLJI-
Z

0
A

1.5 I 0 -0.5 0
A

05 I.0 1,5 20
RELATIVE WAVELENGTHH (A)

FIG. 6. Com parison of the theoretical line..d e......,.d rof;l...f thi es o e He i 4922-A allowed
i s orbidden component.

0

density was estimated by comparin t

i s orbidden component (2'P 4'E-) "
The theor outliny

' ed in Sec. II can be mod f d
yield an estimate of th

o i ie to

1
he line shape of the 2'P-4'F

D tr ans itions ' F 'gu howsigure shows
)

a t sory convolved with the measure
wx an electron density of 7&&10'4

cm ', an electron temperature of 3 eV an
tral temperatur fre o 0.05 eV and data taken at a
charge current of 4 A d

en at a dis-
o an a pressure of 2.2 Torr

A one-parameter fit was
~ ~

density
r i was done to determine the

Thhe measurements of electr
above were

e ec ron density discussed
ove were performed without the CO

tion. At th
u e, laser radia-

las e ec
t the lower densities (5X 10'4

aser has a negligible effect
cm ') the

e ec on the gross plasma
properties. Neither the He II 4686-A
He I 4922-

e -A line nor the
-A line showed any laser-induced cha e

in intensity. The He I 5876-A '
yline did change by al-

most 20%%up but it was felt that this w

an alteration of th
a is was not caused by

era ion of the plasma temperature. (The rea-
son for this alteration is n

N

'
n is not clearly understood. )

o significant laser abbsorption was observed until
the discharge current wa
correspondin to a

n was increased above 150 A

All of
g an electron density = 10'

of the data presented in this a
a n= cm

d t th lo
in

e ower electron density n = 5X10"
ypical photomultiplier si nag 1 is shown in Fig.

e monochromator has been pe

45
2 P O'S) line w-ith a slit width of

p, m corres ondp ding to a resolution of 0.75 A.
laser was not operatin wh

en. Figure 7(b) shows the light emitted fr

is allowed to interact with the lasm
n o e spectrum when the laser

p ~ po
ier, e intensity of the line i

diminished. A
e ine is severely

comparison of the laser ulse
IFig. 7(c)] and the perturba ' ' ' oe perturbation of the intensity of



898 D. PROSNIT Z, D. W. %II DMAN, AND E. V. GEORGE

mately 0.45 A. The extreme broadening of these
lines is primarily because of the spatial in-
homogeneity of the laser pulses. Three-photon
effects involving, for example, an optical photon,
a P(10) photon, and a. P(20) photon have been ob-
served and will be discussed in a future publica-
tion. This phenomenon produces two spectral lines
flanking the allowed line a,nd separated from it by

+(In~(,0}
—a 0p(,0) ) .

4J

O
(c)

0—

TIME 0.5 ps/div

FIG. 7. Oscilloscope traces of (a) 4713-A light pulse
unperturbed by the laser (top trace), (b) 4713-A light
pulse perturbed by the laser (middle trace}, 8nd (c)
laser pulse shape (bottom trace).

the 4713-A line would indicate that the change is
roughly proportional to the laser energy and oc-
curs on the same time scale as the laser pulse.
However, part of the change in intensity shown in

Fig. 7(b) is because of the laser-induced Stark
shift moving the line out of the bandwidth of the
monochromator. The actual change in the inte-
grated intensity is -4(P/~. The reasons for this are
discussed more completely in Sec. IV. Previous
workers have also studied "light" shifts and
changes in intensity 'e "

A typical line shape is shown in Fig. 8. This
trace was obtained while the laser cavity was ar-
ranged in the dual-frequency configuration. The
laser was opera. ting on both the P(20) and R(10)
transitions in the 10.6- p.m 961-cm ' band. Mea-
surements show that the P(20) pulse contained
about 40%%u~ more energy than the R(10) pulse. It is
easy to distinguish the allowed 4713-A line, the
satellite produced by the P(20) line and the addi-
tional R(10) satellite. The difference in satellite
intensities is caused not only by the difference in

energy in the two pulses, but also by the fact that
the R(10) transition is twice as far from resonance
as the P(20) transition [that is, as&»&

——2b,~&»l, see
Eqs. (2.12) and (2.15b)]. The asymmetry of the al-
lowed line and satellites is striking evidence of the
Stark repulsion of levels diagrammed in Fig. 4. The
instrument width for these traces was approxi-

I-
(fiZ'
43

i err pd ae~u.

!

%A%I A &M &e f 4—~

l t+
FIG. 8. Strip-chart recording of the 4713-A He i line

and t(Ao laser-produced satellites. The laser was oper-
ated in the dual frequency configuration on the &(20) and
A(10) transitions of the 960.99-cm ~ band. The average
electric field strengths frere 120 and 100 kV/cm, re-
spectively. The instrument width was 0.45 A.

IV. EXPERIMENTAL RESULTS AND COMPARISONS WITH

THEORY

In order to compute the line shape of the atomic
system discussed in the previous sections, we
must first incorporate the level degeneracies into
the theory. In the presence of the electric field the
~nlm, ) representation is the most accurate. " The
4 'P level is found to be threefold degenerate
(m= 0, +I), while the lower level is nondegenerate
(~n=0). We assume that the electric field is po-
larized in the Z direction and thus allow an inter-
action only between nt = 0 states. This is equiva-
lent to averaging over m states. We thus assume
that only the m= 0 states show any Stark shift or
two-photon effects. We also assume that the three
levels of the 4'P state are closely coupled colli-
sionally. Since the various m levels are nearly
degenerate, they must ha.ve equal populations at
all times. In terms of the notation presented in
Sec. II, N, , =K[2(q, +g, )], where N, , is the total
population of the 4'P level and K is a field-depen-
dent normalization factor. We may then also write
N, , =K( t)+f, ). We assume that major collisional
processes are not grossly affected by the presence
of the laser field so that the total population of the
4'I', 'S manifolds remain constant. Clearly, the



I ASER-INDUCED OPTICAL SATELLITE LINE PROFILES IN. . .

I 5.Q

I 4.0—
I3 P

$3 D

I 3.0—

I 2.0—

9.0—

I

23.5
I

24.0

FIG. 9. Boltz~»n plot of the triplet levels in helium.
The straight line is characteristic of a Boltzmann dis-
tribution with a temperature of 0.2 eV.

total radiative rate out of these states is unper-
turbed by the laser field. This can be seen by us-
ing Eqs. (2.4) and (2.11).

We may now choose our normalization such that
K[3(q, + r~ )+ (q~+ g, )] = 1, where q, ~ and I;, ~ are
functions of the electric field. Since this must be
true for all field strengths, we have K=[3(q, + g, )
+ (q, +g, )] '. We thus include the degeneracies by
premultiplying Eq. (2.1'I) by K, and adding an un-
shifted component 2(ti, +&, ) to the 3188-A Hei
4 'P-2 '8 line to account for the m= + 1 upper states.
The final states (2'P, 2'5) are expanded into the
Inlm} representation in order to compute the nec-
essary matrix elements. We have used the energy
levels and matrix elements given by Wiese et al,."
in all of our calculations.

The degeneracies partially explain the large
change in population of the 4 '9 level illustrated in
Fig. V(b). The laser field tends to equalize the
population of the m= 0 states, but because of the
degeneracies of the upper states, the 4'S state
must change three times as fast as the 4'P state.
In fact, when satellites are included, we find that
although the 4'l13-A line loses 35-40%%uq of its in-
tensity, the 3188-A line shows almost no change,
as expected.

We have measured the relative populations of
some of the excited states of Her by comparing the
intensities of various He emission lines and as-

suming that

I= (N;Ag/X) K(X). (4.1)

l4.0

I3.0

12.Q

I I.Q

IO.O

9.0

8.0

I

23.0
I

23.5
I

24.0 24.5

eV

FIG. 10. Boltzmann plot of the triplet levels in helium
as perturbed by the C02 laser field. Note the change in
the 4 S level, shown by the arrow, owing to the pres-
ence of the laser field.

I is the line intensity, N, is the population of the
upper state of the transition, 4 is the transition
rate, A, is the transition wavelength, and the coef-
ficient K(A) represents the sensitivity of the detec-
tion system and all relevant geometrical factors.
In Fig. 9 we have plotted In(N, /g, ) vs E', for
various helium states (g& is the level degeneracy. )
The result is a straight line characteristic of a
Boltzmann distribution with a temperature of 0.2
eV. The electron temperature is about 3 eV. A
non-Boltzmann distribution of excited states is not
uncommon, since electron collisions are not the
sole means of populating the states.

We find from this plot that the ratio of go/bo is
approximately 0.6. In Fig. 10 we have plotted the
same excited-state densities as they appear with
the laser radiation incident on the plasma. Al-
though most of the levels change slightly, the ma-
jor alteration is in the population of the 4'P and
4 'S states The. circle (Fig. 10) indicates what the
4'S density was without the laser. Note that the
laser has equalized the populations of the 4 'S and
4 P levels (within their degeneracies). As indica-
ted by Eq. (2.15b), this population change is field-
dependent, and will obviously have an effect on the
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FIG. 11. Comparison of theory and experiment for

the integrated intensity as a function of time of the 4713-
A line during the laser pulse.

line shape. The large change in population of the
4 'S level illustrated in Fig. 10 is the result of two
processes. First, the intense laser field redistri-
butes the population of the 4 '8, 'P states such that,
at sufficiently high fields, the ratio of their popu-
lations would be given by the ratio of their degen-
eracies. Second, the satellite lines effectively re-
duce their allowed line intensities.

Figure 11 shows the measured integrated inten-
sity of the HeI 4713-A allowed line for several dif-
ferent time intervals during the laser pulse and the
calculated intensity given by integrating Eq. (2.17}
over all values of +. The data were obtained by
adjusting the internal time delay of the boxcar in-
tegrator which was triggered at the beginning of the
laser pulse. After the initial delay time, the photo-
multiplier output was sampled for 20 nsec while the
monochromator was scanned through the 4713-A
allowed line. The total integrated intensity was
then determined after a correction factor was taken
into account for the instrument width (0.29 A). The
laser field strength as a function of time was de-
termined from photographs of the laser pulse. The
peak field was chosen to be 130 kV/cm. The meth-
od of choosing the peak field is explained below.
The above results also depend on W(e}, which we
calculated as described in Appendix A.

0
0 10 20 30 40

( lo kv/cm )

FIG. 12. Comparisons of the integrated intensity ratio
of the near satellite to its accompanying allowed line
S, as computed by using the rotating-wave approxima-
tion accounting for the electric field distribution W(&)

with the experimental results. The open triangles repre-
sent data taken on laser transitions other than P(20).

In Fig. 12 we have plotted the ratio of the inte-
grated intensity of the satellite line to the integrat-
ed intensity of the associated allowed line at 4713 A

for several values of laser power. We have also
included data resulting from tuning the laser to
transitions other than P(20) by scaling the laser
power by [(E„Es—hA)/(-E„Es —hQ)&„-&)] '. This
accounts for the alteration in the resonant denomi-
ator of Eq. (2.12). We are able to measure the av-
erage energy in each pulse, but since not all of the

energy is in the main peak, and since there are
various unknown losses in the optical system, we
do not have a precise measurement of the electric
field in the capillary. In order to compensate for
these unknown losses, e„the average electric
field (averaged over the discharge-tube cross sec-
tion and the 200-nsec laser pulse width}, was var-
ied to fit the data for one value of measured aver-
age laser power. This relationship was then used
to determine c, for the remainder of the data from
laser-power measurements. The data were taken
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FIG. 13. Comparison of

theory and experiment for
the He r 4713-A line and its
associated satellite. The
CO2 laser was operated on
the P(20) transition with an
average electric field of 130
kV/cm (Ref. 25).
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on five different days over a period of two months.
The field required to fit the data would require
that approximately 30%%uq of the power measured be
in the main laser pulse 200 nsec wide. This is
consistent with an examination of photographs of
the laser pulse. Note that at higher field strengths
the satellite intensity changes very slowly as satu-
ration is reached.

Figures 13-16 demonstrate that the theory out-
lined in Sec. II is capable of describing satellite
profiles over a wide range of parameters. Figure
13 and 14 are profiles of the 2'P-O'S allowed line
and 2 'P-4 'P satellite line at two different field
strengths. Figure 15 demonstrates the resulting
line shape when the laser is tuned to the P(34)
transition (10.6-p, m branch) instead of the P(20)
transition as in Figs. 13 and 14. This yielded an
energy deficit of 12 cm ' and was the closest we
came to resonance. Figure 16 is an experimental
trace oi the 2 'S-4 'P (3188 A) allowed line and
4 'S-2 'S satellite.

The theoretical curve drawn in Fig. 13 was com-
puted for an average electric field strength &0 of
130 kV/cm. This value was chosen by using the

power-to-field conversion ratio determined by Fig.
12, as explained above. %e also used a value of
0.6 for ao/bo, as determined from Fig. 9. There
were no additional parameters used to fit the line
shape, although we did normalize the height of the
theoretical curve to the height of the experimental-
ly measured allowed line. No pressure broadening
was included (y- 0) because both the 4 'S and 4 'P
levels show very little broadening at the observed
densities (7&& 10" cm '). Spectral intensities were
calculated every 0.18 A and the result was con-
volved with the measured instrument function (in-
cluding the averaging electronics and sine bar er-
ror). The final result is the curve shown in Fig. 13.
As can be seen, a very good fit to the experimental
data was then obtained. In the absence of the laser,
the apparent width of the allowed line is that of the
instrument function or approximately 0.45 A.

In Fig. 14 we have presented a trace taken at a
laser energy three times that of Fig. 13. Note that
the allowed line has become broader and slightly
less intense, while the satellite profile reveals a
broad, flat top. This occurs because the field
strength is large enough to cause the satellite in-
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[

I'IG. 15. Comparison of
theory and experiment for
the He r 4713-A line and its
associated satellite. The
CO& laser vms operated on
the P(34) transition with an
average electric field of 145
kV/cm (Ref. 25).
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the P(20) transition with an
average electric field of 130
kV/cm (Ref. 25).
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tensity to saturate. Theoretical considerations
would lead one to expect the satellite intensity to
equal the allowed line intensity at saturation
(tan' —,'X- 1 as tanl(-~). At first glance, Fig. 14
would not seem to represent this situation as the
allowed line peak is almost twenty times greater
than the satellite peak. However, it must be re-
membered tha. t W(e} weights various portions of the
line shape differently. If we compare the portion
of the allowed line that is shifted from its unper-
turbed position by 6 A (for example) with the por-
tion of the satellite profile which is also shifted by
6 A, we are able to compare intensities which have
been weighted equally by W(e}. This is because the
equal Stark shifts insure that these portions of the
respective profiles originate from regions of equal
electric field and therefore equal W(e). Allowing
for the scale ratio of 10:1, it now becomes obvi-
ous that the satellite and allowed line are almost
equal in intensity and that the satellite is, in fact,
nearly saturated. Also note that the satellite is al-
most g5 A wide (between half-power points) in spite
of the fact that the 4'P level has a pressure-broad-
ened width of less than 0.1 A at these densities.
The width is the result of the laser-induced ac
Stark shift.

The theoretical curve shown in Fig. 14 was ob-
tained without the use of any free parameters. The
intensity normalization was the same as that of
Fig. 13, g,'/ho= 0.6, and the average field of
221 kV/cm (corresponding to a peak field of 800
kV/cm) was determined from the laser-power
measurements. The satellite shape is well de-
scribed, but the theoretical predictions for the al-
lowed line are not as good. The theory predicts too
large a Stark shift for the allowed line, although
the integrated intensity is approximately correct.

The reasons for this error are not clear, but two

possibilities are most likely. First, there are
probably slight inaccuracies in W(e) which become
apparent only at large field strengths. Second, the
error could be the result of the interference of
many other levels which are not included in the
three-level theory of Sec. II. Individually, these
levels might seem unimportant, but the total of all
their contributions might account for the observed
discrepancy.

The interaction may be made stronger by tuning
the laser closer to resonance rather than increas-
ing the field strength. Figure 15 demonstrates
what happened when this was done. The field was

approximately 145 kV//cm, but since the laser was
operating on the P(34) transition of the 10.6-pm
branch, the value of tanX was actually 35%%u~ larger
than that of Fig. 13. This is evident from the fact
that the satellite in Fig. 15 is greater than that of
Fig. 13. The line shape is also slightly altered.
This is because at large field strengths the Stark
shift becomes linear in e and independent of the en-
ergy deficit.

The theoretical curve drawn in Fig. 15 was com-
puted in the same manner as those shown in Figs.
13 and 14. The intensity normalization has re-
mained the same, i.e., there has been no change in

any parameters except the field strength (altered
according to power measurements) and field fre-
quency (measured by the CO, spectrum analyzer).
It is interesting to note that the Baranger and
Mozer perturbation result yields an S = 19 for the
experimental parameters shown in Fig. 15. The
perturbation theory would obviously be completely
inadequate to predict the line shape. The reasons
for the discrepancies between theory and experi-
ment in Fig. 15 are almost certainly the same as
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FIG. 17. Recorder traces of the He i 3188-A. allowed
line and its associated satellite showing both the r and 0
polarization components.

those mentioned in reference to Fig. 14, i.e., ad-
ditional contributing levels and inaccuracies in the
form of W(z).

A trace of the 2'S-4 'P (3188 A) allowed line and
2'S-4'S satellite is shown in Fig. 16. The field
strength is 135 kVjcm. The satellite is now ob-
served on the low-wavelength side of the allowed
line instead of on the high-wavelength side as ex-
pected. The slight irregularity on the tail of the
satellite is caused by an impurity line. The re-
solution was better in this trace (instrument width
=0.25 A) because the monochromator was operated
in second order.

The satellite is seen to be a mirror image of the
satellite in Fig. 13, as we would predict. The
3188-A allowed line, however, is not the mirror
image of that of Fig. 13. This is a consequence of
the different degeneracies of the 4 'S and 4'P
states. Only the m= 0 level of the 4'P state inter-
acts with the m= 0 4'S state, and therefore only 3

of the 4'P level shows any Stark shift. All of the
4'S state is shifted by the laser field. This ex-
plains why the 2 'P 4'S (4713 p} line is broa-dened
to a greater extent by the laser than the 2'S-4'P
(3188 A) line.

Once again the theoretical curve was obtained
without any renormalization. Corrections were
made for the difference in detector sensitivity [Eq.
(4.1)] at the different wavelengths. The difference
in transition rates between the 2'P-4 'S and 2'S-

4 P lines was also included in the normalization of
Fig. 16. The agreement between theory and ex-
periment is once again seen to be good, although it
still appears that too large a Stark shift is pre-
dicted for the m= 0 component of the allowed line.
An additional source of error in computing this
line shape comes from failing to account properly
for the direction of photon emission (8; see Ap-
pendix B). The nature of the discharge tube makes
this factor difficult to compute.

The line shape discussed above (Fig. 18} demon-
strates that only the m= 0 states interact with the
laser field. This can be demonstrated in another
manner. Photons emitted when transitions between
~m=0 states take place, are polarized in the g
direction (parallel to the z axis or, in this case,
the laser electric field). The 3188-A line and the
2 'S-4 'S satellite should therefore show strong po-
larization effects. The precise details of the cal-
culations are contained in Appendix B. As can be
seen from Eqs. (B9) and (B10), the 2 'S-4'S sa.tel-
lite is 100%%uo polarized. Experimentally, we find
that the satellite is approximately 90%%u~ polarized.
This measurement is consistent with estimates of
the laser polarization.

Figure 17 illustrates the g and m components of
the 3188-A allowed line and its associated satel-
lite. Note that the m component of the allowed line
is now a mirror image of the 4713-A allowed line
(Fig. 13). It was the mw0 components that altered
the line shape in Fig. 16. The trace of the g com-
ponent (Fig. 17) does not show any laser-induced
perturbations; there is no satellite line, and the
allowed line does not reveal laser broadening. In
this experiment the particular choice of levels
makes the effect larger than that predicted by Coo-
per and Ringler. '

Satellites of the 2 'P 4'S (5048 A) a-llowed line
have also been detected, but since the energy de-
ficit is much larger in this case, the satellites are
much weaker. The behavior of these satellites is
also in agreement with our theoretical description.

On the basis of the results presented in this sec-
tion, we can state that the rotating-wave approxi-
mation not only is justified, but also enables us to
describe satellite-line profiles accurately in a re-
gime where a perturbation treatment would be
totally inadequate and a complete Autler- Townes
treatment very tedious. The integrated intensity
ratios are also well predicted. It does appear,
however, that at high field strengths the three-lev-
el theory used here predicts a Stark shift that is
larger than the one actually observed.
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APPENDIX A

In this appendix we calculate the electric field
distribution W(e) of the laser as it propagates along
the waveguide described in Sec. III. We assume
that the incoming beam is a Gaussian character-
ized by a waist size of radius ufo. The time-aver-
aged electric field of the laser in free space, c,
may be written in the following manner:

where both the radial coordinate x and the waist
size geo have been normalized to the tube radius g,
and J~ is the Laguerre polynomial of degree I'.
Our laser operates in the fundamental TEMop mode
so that I ~(2r'/zog= l. Equation (Al) is normalized
such that j, dry, e,2vr= l.

We compute W(e} by allowing the linearly polar-
ized Gaussian to excite the normal modes of the
dielectric waveguide, and then allow these modes
to propagate coherently along the capillary guide.
The normal modes of the cylindrical tube (r, 8, x
coordinates) with differing internal and external
dielectric constants are well known. We assume
that the presence of the plasma causes no change
in the index of refraction since the laser frequency
is much greater than the plasma frequency. Strat-
ton, "and later Marcatili and Schmeltzer, "have
shown that there are three different types of
modes, each characterized by its nonzero field
components. These are the transverse circular
electric modes (TE, , Ee, H„,H, , e0), trans-
verse circular magnetic (TM, , He, Es, E, , g0),
and finally the hybrid EH„modes (Marcatili and
Schmeltzer notation) which have all six components
present. None of the fields are zero at the tube
walls (r = 1) since the capillary is actually a leaky
waveguide which allows some of the power to es-
cape through the walls. This loss is extremely
small for our geometry, since if A/s «1 (where
A, is the free-space wavelength), the terms which
are nonzero at the walls may be ignored. This
condition is well satisfied. When one ignores
terms of order X/a, it becomes apparent that the
EH, modes are lineax ly polarized. As the laser
is also linearly polarized, it is reasonable to as-
sume that the EH, modes (Degnan and Hall" no-
tation —LP~) are preferentially excited by the
laser. (Other combinations of modes are also
linearly polarized, but these have an azimuthal
variation and thus would not be excited by the fun-

damental Gaussian mode. ) Because of this we will
ignore all of the other capillary modes and write

t~ = cTO(l4o~f ) exp'(k~ —(dl) l

where Jo is the zeroth-order Bessel function

Z,(u~) = 0,

(A2)

and terms of order A. /a have been ignored (except
in the exponential phase factor where they are
much more important).

We now follow a standard technique" and compute
the field in the waveguide as a linear combination
of the normal modes of the dielectric cylinder,

e= QGmem. (A4)

We impose the boundary conditions that at x= 0 the
field must be a Gaussian [Eq. (Al)] . Solving for
6, we find that

~1 rv-2 1
[g'( )]2 +cfo(u t) exp

(A5}

We use a 16-point numerical Gaussian quadra-
ture integration routine to calculate G for various
values of se,. The fundamental capillary mode is
largest for coo= 0.625. This compares to 0.6435
as calculated by Abrams" for maximum coupling
from the EH» mode to the fundamental Gaussian.
The energy coupled into mode m is found to be

V =G'vZ'(s )/e', .
If av, is small, the energy is well distributed among
many high-order modes so that only a small por-
tion of the total is contained in the first four nor-
mal modes. If sec is large, the beam is truncated
so that only a small portion of the energy is ef-
fectively coupled into the guide. If, however, duo

is between 0.2 and 0.7, over 92%%uo of the energy is
found in the first four modes with the remainder
distributed over many higher-order modes. As
se, for the experiment discussed does indeed fall
in this range, we feel justified in including only
the four lowest-order modes.

Once the C are known, we may calculate the
electric field for all points (r, z) in the capillary
using Eq. (A2). After performing a time average,
W{e) can be easily expressed as a geometric
weighting factor. It is the volume in which the
electric field of strength z is found. Figure 18 pre-
sents the results of this calculation when ceo= 0.4.
The distribution is normalized so that J W(e) de = w.

Several factors contribute to smooth out the dis-
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FIG. 18. Field probability $V(e) for svo =0.4 as a func-
tion of the norm"Qized electric fieM.

tribution shown in Fig. 18. First, the laser power
fluctuates by approximately 10% from pulse to
yulse. Second, the boxcar integrator samples the
time variant laser pulse. for 200 nsec during which
ihe electric field changes by 50%. Both of these
factors were incorporated before the line shape
was calculated. Finally, the excited-state density
profile N(r) must be considered. We take this to
be uniform except near the walls, where we let
N(r) go very rapidly to zero. Webb~ has shown
this to be a very good approximation. We have
found, as exyected, that the line shaye does not
depend critically on the form of N(r) near the wall.
This is a result of the small electric field near
the walls.

We should point out that the calculations de-
scribed above give only an approximate form for
W(e). We wish to see if we can predict the major
features of the line shape with the field distribu-
tion described, but the many simplifications should
be borne in mind. For example, we ignored the
yossible effects of the taper at the imyut of the
waveguide. We have ignored any possibility of ir-
regularities in the capillary discharge tube that
might effect the mode structure. All of these fac-
tors might explain why we measured 80-85%%uo

transmission through the tube when our calcula-
tions indicate that it should be 95%%uo. The major
features of the distribution are correct, and the
line shape is not critically dependent on the other
factors. We feel therefore that we are justified in
using the distribution function as calculated above.

The yolarizations of the 2'P-4'P and 2'8-45'
satellite transitions are calculated in this ayyen-
dix. Following Cooper and Ringler, ' the hvo-pho-
ton transition rate (A) from levels to level C may
be written

where dP is the differential solid angle into which
the yhoton is emitted, the summation over ~ is
a sum over the m levels of the final state, and the
summation over m~ is a sum over the m levels of
the intermediate state. If we now define the Z axis
to be parallel to the laser field we may write

ld„,I'= slz~ I', (»)
= —'(Ix I +IF I )cose+Iz I sma, (Bs)

ld;. I'=-.'(IX..I'+ IF..I'). (BO)

In these equations, e is the angle (relative to the
Z axis) at which the photon is emitted. Equation
(BS) is to be used when the photon is yolarized
yarallel to the Z axis (electric field axis). Equa-
tion (B4) is to be used when the emitted photon is
yolarized yeryendicular to the electric field axis.

If we now consider transitions of the form
/+ 1- /- /+ 1 (e.g. , 4 'P-4 'S-2 'P) and use the ex-
pressions for theX, F, andZ matrix elements
given by Bethe and Salpeter" the summations may
be evaluated. The result is

(I+ 1)(12/ + 57/ + 71,/+30)
15(2/+ 1)(2/+ 3) ni+ ni

(B5)
P lz"„,';q„.I' Iz"',~"-cI'

/+ 1 4/'+8/+ 5
( „, tg+,),

15 (2/+ 3)(2/+ 1) "'+' "'

(B8)
The R"„,', are the radial integrals used by Bethe and
Salpeter. Now to study the 43P-2 P satellite po-
larization, let l = 0. Then

~2~J - &3S = ~a~S- ~'S

&Ac (~at+ P~z )
9 II'c' (e+ 0)'

There is no angular dependence and the satellite
is unpolarized. [In Eq. (B7) the assumption that
&u„c+0=&use was made to clarify the results]. If
one now integrates Eq. (B7) over all solid angles,
sums over both polarizations, and divides by

&ac= x~sc~ K'sl (B8)

the Baranger and Mozer result is recovered.
In a similar manner we may show that
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9 k'c3 (a+A)

dA', ss,ss = 0-

(89)

(810)

These equations demonstrate that the 2 'S-4'8
satellite is 100%%uo polarized and exhibits a strong

angular dependence. If we integrate (89) over all
solid angles we findA23p ~3J = 3423s @Ss

pected. As indicated in Sec. IV, the polarization
of the 2 '8 —4 '8 satellite has been found to be
greater than 90%. Note also that the shape of the
2 '8 —O'P allowed line depends on polarization.
The shifted component is polarized in the g direc-
tion.
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