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Determination of optical constants in noble gases through multiphoton ionization measurements

Wanda R. Ferrell, * M. G. Payne, and W. R. Garrett
Chemical Physics Section, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

(Received 7 October 1986)

A multiphoton ionization technique involving third-harmonic generation in phase-matched mix-

tures of noble gases has been used to make accurate determinations of oscillator strengths for transi-
tions from the ground state to 6s, 6s', 5d, and 7s levels in Xe and to the Ss' level of Kr. The
method also allows determinations to be made of the absorption coefficients for third-harmonic pho-
tons generated in noble-gas mixtures and the vacuum-uv refractive index for the positively disper-
sive buffer-gas component of the medium, all in the same experiment. The effects of low concentra-
tions of dimers on refractive indexes are also demonstrated. Results are compared with data from
other experimental techniques.

I. INTRODUCTION

Atomic oscillator strengths of resonant transitions and
vacuum-ultraviolet indexes of refraction and absorption
coefficients of gaseous media are important in such areas
as atomic theory, plasma physics, astrophysics, and non-
linear optics. Unfortunately, experimental values of these
parameters are not accurately known in many spectral re-
gions. Since most experimental techniques' for measur-
ing these quantities are based upon use of an optical spec-
trometer, difficulties are encountered in their determina-
tion in the special region below 100 nm. This wavelength
restriction is due in large part to the transmission proper-
ties of available windows.

Reported methods which have been utilized in the
determination of oscillator strengths, and which are not
limited by windows, are high-energy electron spectros-
copy, atomic beam methods, ' and optical phase-
matching techniques. " ' The present method falls in
the last category.

In phase-matching techniques, properties of nonlinear
optical mixing are used to determine an oscillator
strength, or F value, for the transition with which the
nonlinear process is associated. Puell and Vidal" first
demonstrated that relative oscillator strengths could be
determined through measurements of phase-matched sum
frequency generation with unfocused laser beams. Later
Wynne and Beigang' used the method of Puell and Vidal,
improved through the use of tunable dye lasers, to mea-
sure F values in Ca. Mahon and Thompkins' also used
the method for measurements in Hg, with the added im-
provement of iterating a series of relative F values to ob-
tain improved accuracy.

In a different phase-matching method involving
focused beams and the use of a buffer gas, Kramer
et al. ' determined a vuv oscillator strength in Xe. With
a focused geometry, results can be complicated by the
complex mode structure of the laser beam, where the ef-
fects on harmonic production are predictable but tedi-
ous. ' This complication was avoided in Ref. 15 by work-
ing at high pressure where results became independent of
mode structure. Also, in cases where a buffer gas has

been used, its refractive index at the wavelength in ques-
tion must be available independently.

Finally, in a very recent study Smith and Alford have
presented two new methods for measuring oscillator
strengths, based on sum frequency generation. Their
methods require two unfocused laser beams in one method
and three in the other to obtain an F value for the transi-
tion associated with the generated light.

In previous work by the present investigators, detailed
theoretical' and experimental studies ' have been
made of multiphoton ionization (MPI) processes that
occur in negatively dispersive media where third-
harmonic fields can strongly influence MPI observations.
In the latest of these studies a new plane-wave phase-
matching technique was developed for the determination,
in one experiment, of vuv oscillator strengths, the refrac-
tive index at 3' of buffer gases used to produce phase
matching, and the absorption coefficient for the third-
harmonic light in generation media consisting of an active
gas and a high concentration of buffer gas. We note that
in nonlinear frequency generation schemes information on
the absorption coefficient and linear indices is needed and
often not available in vuv wavelength regions. (Castex,
e.g. , has measured absorption coefficients in noble-gas
mixtures with a double spectrometer scheme, which was
also wavelength limited by window transparency. )

For comparative purposes we note that the method
developed in Refs. 20 and 23, and more fully utilized here,
is similar in style and phase-matching content to the work
of Puell and Vidal ~ However, important differences in,
and extensions of, their method give the present technique
additional merit. First, by using a high concentration of
buffer gas, phase matching is achieved at a relatively
small detuning from exact resonance. Thus, the optical
properties of the active gas are totally dominated by the
resonant transition under consideration and an absolute F
value is obtained. Moreover, by measuring the number
densities, the phase-matching position and the third-
harmonic profile widths, the linear index of the buffer gas
and the absorption coefficient of the medium can also be
determined. Indeed, the absorption-induced "distortion"
of the third-harmonic profile mentioned by Fuel and Vi-
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dal" (and avoided in all previous experiments) is quantita-
tively described and used to determine the absorption
coefficient. Finally, by measuring ionization yields rather
than photon output, the present method can be extended
to vuv regions where direct photon measurements would
be complicated by window opacities.

II. OPTICAL PARAMETERS
FROM MULTIPHOTON IONIZATION

MEASUREMENTS

In the earlier study mentioned above, a very detailed
theoretical description was given of multiphoton ioniza-
tion processes in phase-matched noble-gas mixtures in re-
gions near three-photon resonances. The theoretical study
provided the method used here to determine oscillator
strengths, refractive indexes, and absorption coefficients.
We will not repeat the analysis, but we will recall the
features of multiphoton ionization measurements under
phase-matched unfocused third-harmonic generation
which are relevant to the present application and summa-
rize the analytical results which provide the basis of
analysis used here.

We consider third-harmonic generation, and the con-
comitant multiphoton ionization processes, in the nega-
tively dispersive region of three-photon resonances of an
active gas 3 with a positively dispersive buffer gas 8 that
is present to produce phase matching. With unfocused
laser beams, third-harmonic production occurs only in a
narrow frequency region around that which produces
b, k=k3 —3k =0, where b,k is the difference between
the third-harmonic wave vector k3„and fundamental
wave vectors 3k, within the nonlinear medium. In our
treatment the total phase mismatch is conveniently subdi-
vided into three terms. The first is a real nonresonant
contribution, AkR, which is essentially constant over the
negatively dispersive frequency region of interest and
which is contributed almost entirely by the buffer gas B
(since the buffer-gas number density Ns must be much
larger than the active gas number density Nz, in order to
phase match). Also, we define a resonant contribution
due to the strong dipole coupling at 3' between the
ground state

~

0) and the excited state
~

I ) of the active
species. This term is strongly frequency dependent and is
proportional to the product of Nz and the absolute square
of the dipole matrix element Do, (or oscillator strength
Fo, ) between

~

0) and
~

I ). It has the form
b,k„,= 2vrN„cu,

~
Do,

~

—/(6'cb„), where %co„ is the ener-

gy of the resonant state
~

1) and b, „ is the detuning of the
third-harmonic frequency from co„(i.e., b,„=+3'—co„).
In the actual procedure 6, is chosen to be small enough to
assure that Ak„, totally dominates the contribution from
the active gas. Finally, there is an imaginary nonresonant
component —iP which is due to absorption of the third-
harmonic photons by the medium. The phase mismatch
is thus expressed' as b.k = —6k' +t~/b, „iP,where—

tion) is that for which the real part of b,k vanishes —or at
AkR+~/6„=0. The detuning, 6„, at which this condi-
tion is satisfied is defined as A, =A = —v/AkR. In
terms of the linear susceptibility 7z or index of refraction
ns(co) the detuning from resonance for phase matching
can be written in the form

e Fp]2

(6m~/c)PB(~) +B(3~)] NB

2~e F»N&

ns (co) —ns (3') (la)

The displacement from resonance of exact phase
matching can be rewritten in terms of the wavelength
shift Ak~, rather than frequency shift A~:

=CP~ /Pg, ( lb)

where A., is the wavelength of the three-photon resonance
and A, is the (laser) wavelength at which b,k =0.

The phase-matching frequency can be varied over the
negatively dispersive region of a given transition by ad-
justing the ratio of Pz to Pz and the phase-matching fac-
tor C of Eq. (lb) can be determined experimentally (the
value of C is not strictly constant, but is a slowly varying
function of A, ).

In order to predict experimentally observed behavior of
third-harmonic production and MPI processes, we choose
a chaotic field model for the laser and a Gaussian line
shape of the form

I(co)=(2mo. ) 'I exp[ —(co —co) /2o. ] . (2)

Here the laser has central frequency G, with bandwidth o
and mean intensity I. Statistical averages over fluctua-
tions in the laser produce frequency dependencies and ab-
solute amplitudes for MPI signals which can be compared
with experiment, as was done in the study by Garrett
et al. In the latter study, all experimental findings were
in close agreement with the theoretical predictions of Ref.
20.

For an unfocused laser with bandwidth o [or frequency
distribution of Eq. (2)] the predicted flux of third-
harmonic photons at depth z in a nonlinear absorptive
medium was derived analytically as

n3(t z/c)—
F3 (z, t) =4N&

0 I ]~

—I lq —(2g —g)I ldtie " cos(5,q)(e ' —e ') .
0

(3)
In this expression 03(t) is the three-photon Rabi frequen-
cy at the mean power density

Q, (t)=a(~)((EO(t)))' ',
where Eo(t) is the laser pulse amplitude and

a =2trN „co,
~
Do~

~

/A'c ='mN„(e /mc)FO»

and 2P is the absorption coefficient for the generated
third-harmonic light. The frequency at which phase
matching occurs (peak value of third-harmonic produc-

+(co coo 2')]
The laser pulse envelope's length in time is large as com-
pared to 1/o. . The evaluation of the third-harmonic flux,
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as a function of displacement 6 from exact phase match-
ing (6=6„—b, ), was reduced to an integration involving
reduced variables 6~ ——&2/36/o", I

~

——&2/3( yo~ /2
+5 /3/a)/c. r and g=V3/2o~z/6, where 6, is a re-
duced detuning from the position of exact phase rnatch-
ing; I, is a reduced effective width for the profile of
third-harmonic output and g is a reduced z coordinate
along the unfocused laser beam. Note that I

&
includes

an explicit width contribution due to absorption at 3'.
As described previously, ' the ionization rate in a

phase-matched noble-gas mixture arises almost entirely
from partial absorption of the third-harmonic flux (with
absorption coefficient 2P). For a laser with a Gaussian
spatial beam profile of radius d, where d is large enough
for diffraction effects to be negligible, the total rate of

atomic excitation within an active volume of length I. ex-
tending between zI and z]+L is given by the volume in-
tegral of the product of third-harmonic flux and the ab-
sorption coefficient

Zl +L 00 2 2R,„,(6, t) =2f3f dz f dp 2mpe r r" Fq (z, t)
l

4' v'2N „Pd b,

3&3 o'
I
f13(t)

I

'

I ]K

&I:Go(k, I i,6i) —Go(ki 1»6i)] . (4)

The function Go(g, I &, 61), which results from the integra-
tion of I'3 over the volume of the laser beam, is given by

—I &n l —I &n
—1 1(2$—n)

Go(g, I,,6, ) = dn e " cos(6~n) (g —n)e ' —— (e ' —e '
)

1

In Eq. (4), g, =V3/2o. ~z&/b, and gq
——v'3 /2rc~( z, +L)/6 . We assume that the ionization cross section out of the

upper state is essentially frequency independent over the limited wavelength range under present consideration, thus the
total rate of ion production is proportional to the product of the excitation rate of Eq. (4) and the ionization rate ) r out
of the excited state. The total rate of ion production is thus Rl ——@I'„,where yl is assumed frequency independent.
However, it is the frequency profile, not the absolute ion yield, which is useful in the present context. The spectral
"widths" of the frequency profiles of third-harmonic related ionization signals are dependent on the number density of
the buffer gas, the magnitude of displacement from resonance 6, and on the absorption coefficient for the third-
harmonic photons.

Through a series of measurements of the widths of third-harmonic profiles, at measured pressures P„(at fixed
P„ /Prr ), all at a measured displacement b, , one can obtain the oscillator strength Fo~ of the resonance with which the
third-harmonic generation is associated, the absorption coefficient 2P for the generated third-harmonic light in the
active-gas —buffer-gas combination, and the linear refractive index of the buffer gas at 3~. To see the basis for extraction
of these quantities from multiphoton ionization measurements we need only look at two limiting cases of the general ex-
pression for the ion yield as a function of detuning 6 from exact phase matching. That is, we examine the frequency pro-
file ("line shape*') for ionization associated with third-harmonic production when phase matching occurs at position b
from three-photon resonance.

First, consider phase-matched third-harmonic generation in a region of length I at low concentration where the ab-
sorption of the generated photons per unit distance in the nonlinear medium is small (PL « 1, and g, and g~ && 1). In
this limit the ionization profile about 6 reduces to

In, (t) I'
Rr ( 6, t ) =y r 8 rtN& /3d

O- K6
K6 ~ 2 2(z7 —z, ) —I sin(Kz~6/b, ) —sin(Kz, 6/b, )]

The third-harmonic induced ionization profile has a full
width at half maximum 6vwHM, which is

7.3A
&vwHM =7 3~m «L =

Lrr(e /mc)N„Fo,

References 20 and 23 contain detailed discussions of the
third-harmonic ionization signals as number density Nz
of the active gas is varied with fixed ratio of active gas to
buffer gas density (i.e., fixed N„/Nrr). We simply note
here that measurements of 6t:wHM, absolute number densi-
ty Ãz, and the detuning from three-photon resonance at
which optimum phase matching occurs, 5, yields a
value of the oscillator strength Fo, from Eq. (7). (L is the
length of the ionization region over which electrons are
collected and measured. ) Note also from the above defini-
tions that the phase-matching position 6 from Eq. (la)
involves FpI and the difference in the refractive indexes of

I

Q, ,(t) I'
Rr(6, t) =2rryrN~ f3d

K

z2 z]
6'+b, P /x.

and

the buffer gas at ~ and at 3'. Thus having determined
Fo, as indicated above, one can determine nrr(co) —nB(3')
for the buffer gas by measuring 5, N& and Nz at an ar-
bitrary position (or pressure ratio). However, the index at
the laser frequency nrr(or) is accurately known; thus,
n~(3') can be determined from Eq. (la).

Finally, at high number density, absorption of the
third-harmonic photon flux becomes significant, and
PL ~~1. In this limit 6&wHM becomes proportional to the
absorption coefficient, and the third-harmonic ionization
frequency profile becomes Lorentzian ' and can be
quite broad. This new analytic result yields
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/3= rrN& (e /mc)Fo&&FwHM/2A (10)

Note that we have used the limiting cases to illustrate how
multiphoton ionization measurements at low and high
number densities may be used to obtain the three quanti-
ties of interest here. In the present study, the theoretical
analysis of Ref. 20 provides a quantitative description of
the multiphoton ionization process over the negatively
dispersive regions of several levels in Xe and Kr in wide
spectral and pressure ranges. The data are in close agree-
ment with experiment at all pressures and under all
phase-matching frequencies. From the very general
theoretical relationship for position, line shape, and pres-
sure dependence of the phase-matched third-harmonic
profile, and the corresponding MPI frequency profile
(Figs. 4—6), we can extract accurate values for Fo&, f3, and
nB(3') by adjusting values of these constants in a
computer-generated rnatch to experimental data at a par-
ticular phase-matching frequency. In this way we deter-
mine all three parameters simultaneously from one set of
experimental data. Of course the data go smoothly into
the simple limiting cases described earlier, where the ex-
traction of the optical constants is particularly simple.
Note that the analysis can be carried out for any particu-
lar ratio of Pz /Pz, that is, at any choice of phase-
matching frequency as long as 6 is small enough to
cause the resonance under consideration to overshadow
other contributions to the index from the active gas. This
flexibility is important in certain instances, because preex-
isting active-gas —buffer-gas dimers, though low in con-
centration, were found to influence the index at certain di-
mer absorption frequencies. As will be mentioned below,
these regions can easily be avoided.

III. EXPERIMENTAL APPARATUS

The experimental setup for multiphoton ionization
measurements is shown in Fig. 1. The apparatus consists

5FWH M —25~ /3/K .

Thus in the high-pressure regime a measure of 6FwHM and
b. completely determines P since previous measurements
determined Fo&, and from Eq. (9),

of a Lumonics Excimer pumped dye laser system, two
ionization cells separated by a lithium-flouride window,
and an LSI-11/03 computer with related electronics.

A Xe-Cl fill in the Lurnonics 861T Series Excirner laser
produces an average energy per pulse at 10 Hz of 80 mJ
with a pulse length of 4 ns. The absolute energy of the ex-
cimer and the dye laser outputs is measured by Scientech
model 36-0001 and model 38-0105 energy meters, respec-
tively. These meters are then used to calibrate photo-
diodes, which monitor the laser intensity for each laser
shot. The EDP 330 dye laser operates with typical band-
width of 0.005 nm.

The ionization chamber is constructed with
antireflection-coated entrance and exit windows. It con-
tains a proportional counter which consists of a small-
diameter, field-producing collector wire in a counting gas.
In the present context the counting gas is the noble-gas
mixture under investigation. The dynamics of the counter
are such that electrons produced in the gas are accelerated
by the radial electric field of the wire, which is held at a
constant positive voltage. In the high field regions near
the collector wire the initial electrons produce more elec-
trons to give amplification while retaining signals that are
proportional to the number of initial electrons. This arn-
plification is a function only of the gas fill and the field
strength. Thus, when calibrated, the proportional counter
is a very suitable device for the detection of a small num-
ber of charges. The counter is calibrated by an internal

Fe x-ray source. (The Fe x rays create 268 electrons
when the energy is fully absorbed within the counter
volume. ) The counter is designed with guard electrodes at
either end of the cell to eliminate electrons originating at
the entrance and exit windows. This arrangement defines
the counting region, which starts and ends 2.3 cm from
the entrance and exit windows, respectively, and is 15.0
cm in length. These guard electrodes, in addition to tim-
ing discrimination of the electronics, restrict the counting
region to the laser ionization volume through which the
laser beam passes.

Various mixtures of xenon with either argon or krypton
as buffer gases were introduced into this cell for the stud-
ies involving phase-matched third-harmonic generation.
The absolute partial pressures of the mixtures were deter-
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FIG. 1. Experimental apparatus. Laser is Lumonics 861T excimer pump with EDP 330 dye laser.
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mined by two capacitance manometers. (MKS Baratrons:
one with a head for 0—10-Torr range and the second with
an overlapping range of 0—1000 Torr. )

Cell 1 was the primary ionization chamber and con-
tained the experimental gas mixtures. Since the gas mix-
tures are such that the pressure can be several hundred
torr, pressure broadening and the corresponding shifts in
three-photon AJ=1 resonance lines occur. With the laser
system available here, accurate determinations of spectral
positions could then only be made if the position of a
given resonance was unambiguously measured in a low
concentration gas fill in cell 2.

IV. EXPERIMENTAL PROCEDURE

OO
m

U)
C: O

(D P
(U

QJ

m

Sd

O O
O
OD

CU

C3
DO
m

D
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Laser Wave 1 enc)th (nm)
FIG. 2. Wavelength scan of ionization signals resulting from

phased-matched third-harmonic production in the negatively
dispersive region of the Xe 5d level. Resonant signal for three-
photon excitation of the 5d state on the right. Ak =0 occurs at
detuning 6 = —0.249 nm (Px, —5.387 Torr, PA, ——990.5 Torr),
~FWHM

The general unfocused beam technique, which has been
described earlier and outlined above, was used to deter-
mine the oscillator strengths for the 6s (3/2) J= 1,
6s'( 1/2 )J= 1, and 5 d ( 3/2) J= 1 states of xenon, and the
refractive indexes and absorption coefficients of gas mix-
tures in the regions near these transitions. Mildly focused
beams, on the other hand, had to be used in the studies for
the 7s ( 3/2 )J= 1 level of xenon and the 5s '( 1/2) J= 1 lev-
el of krypton, since the available power densities were not
sufficient to probe these levels with an unfocused
geometry. This limited the results for these levels to oscil-
lator strength determinations only, in contrast to the other
levels where the unfocused geometry provided all three
quantities.

An arbitrary amount of xenon is first added to the eva-
cuated chamber, and a chosen quantity of a buffer gas is
then added to produce a desired ratio Pz/P~. Sufficient
time is then allowed for the gas mixture to equilibrate.
The design is such that the mixture becomes uniformly
mixed within one or two minutes. The laser is then
scanned over the high-energy side of the resonance under
investigation. A typical ionization signal record is shown
in Fig. 2. Since exact matching occurs at Ak
=Akz+K/6 =0, the detuning from resonance of the

peak of the observed ionization signal due to phase-
matched third-harmonic generation defines the ratio
K/Akz . If more buffer gas is added, phase matching
occurs at a smaller detuning from the subject resonance.
Thus, by increasing the buffer-gas partial pressure at fixed
active-gas partial pressure, phase-matching signal can be
moved along the high-energy wing of the resonance line
under study. By this procedure the region is then "cali-
brated, " i.e., the C(A, ) for Eq. (lb) is determined.

Once calibration of the phase-matching region for a
given resonance is completed, the active and buffer gases
can be introduced to the chamber in various proportions
to the chamber to achieve phase-matched third-harmonic
production at any given vuv frequency within the nega-
tively dispersive region of a resonance. The dependency
of the absorption of 3' is then eliminated by keeping the
ratio of the gases and thus the position of the phase-
matched signal constant. The determination of the opti-
cal parameters is made from the dependence of the width
of the ionization signals on the partial pressure of the
resonant species at a fixed phase-matched frequency,
determined by the constant ratio Pz /Pz. If the gases are
thoroughly mixed and if differential pumping has been el-
iminated, the partial pressure of xenon can be effectively
varied by a corresponding change in the total pressure.
Data are acquired at constant phase-matching frequency,
by successively pumping a given gas mixture to lower to-
tal pressure.

Since the position and widths of the phase-matching
signal are the basis of this analysis, accurate measure-
ments of these two parameters are essential to accurate
determinations of the desired optical parameters. The
widths of the ionization profiles are determined by a
least-squares-fitting routine. These measured widths are
then plotted as a function of xenon partial pressure. The
resulting curve of pressure-dependent widths is subse-
quently fit by an iterative process in which P and b, kR are
varied for the best fit.

Figures 3—5 demonstrate the effective fitting of the
phase-matching curves (third-harmonic intensity profile)
to the theoretical shapes at different Xe pressures with Ar
buffer gas. All three scans were made for a fixed ratio of
component gases (Px, /P~, =0.018). In Fig. 3 the Xe
partial pressure is 12.01 Torr, and the fit to the Lorenz-
tian, or high pressure shape, is compared with the fit to
the low-pressure shape given by Eq. (6). For this particu-
lar data where I

~ &&g and PL &&1, the Lorentzian (high-
pressure limit) line shape of Eq. (8) is seen to be the better
choice. A similar comparison is given in Fig. 4 for a
phase-matching curve which is generated at a lower total
pressure of 325.2 Torr or Px, ——5.75 Torr. The better fit
for this curve is the expression given by Eq. (6). The con-
ditions for this curve, then, are such that the absorption
effects are negligible and the generation volume is deter-
mined by the physical limits of the chamber. The theory
predicts for these conditions that signal amplitudes are
quartic in xenon pressure, and the widths should be in-
versely proportional to xenon pressure. Finally, the ex-
pected behavior at even lower pressure is shown in Fig. 5.
The signal is shown to both decrease in amplitude and
broaden dramatically as the xenon partial pressure is re-
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FIG. 3. Contrast of the Lorentzian and low-pressure fits to a
phase-matched ionization signal. Dashed line represents
Lorentzian curve, which is the better fit for these data. Xenon
partial pressure is 12.01 Torr.

FIG. 5. Subsequent broadening of the phase-matched third-
harmonic profile occurs as xenon pressure is reduced to 2.99
Torr, in close agreement with theoretical prediction of shape
and width.

duced from 5.75 to 2.99 Torr. The signals in Figs. 3 and
5 were recorded with attenuated laser intensity to effect
accurate measurements —that is, to avoid space-charge
problems in the counter and saturation effects in the
preamplifier. The resulting signals in these figures have
been normalized to the intensity and gain of Fig. 4 in or-
der to accurately illustrate the pressure-amplitude rela-
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FIG. 4. Contrast of the two computer-generated fits to a

phase-matching curve, which displays the low-pressure shape.
Xenon partial pressure is 5.75 Torr.

tionship. (The phase-matching position and curve widths
are independent of intensity. )

V. EXPERIMENTAL RESULTS

Since all data are acquired separately for each atomic
state studied, we first discuss the results for Fp~ and the
absorption coefficients according to the transition in-
volved. The information on linear indices of refraction
for buffer gas is then summarized for the vuv-wavelength
region covered in the present study. Finally, we show that
preexisting noble-gas dimers can influence phase-
matching conditions in certain narrow-frequency regions
of interest herein.

A. Xenon 6s(3/2)J =1

Most of the results associated with the 6s state of Xe
reported earlier in Ref 23. We will not repeat any of the
details here, but simply note that a value of
Fp&

——0.26+0.05 was obtained in a study with Ar buffer
gas and the absorption coefficient at X3„——146.4 nm was
found to be 2P=1.0X10 Px,PA, where the pressure is
in torr. We report additional results obtained by phase
matching with Kr buffer gas. Data were obtained at
phase-matching frequency corresponding to AA = —1.23
nrn. Within experimental error we again obtained
Fp& ——0.26+0.05, with an absorption coefficient of
4. 1 X 10 Px.PK, . At this wavelength (A, , =146.55 nm)
Castex gives a value for the absorption coefficient which
differs from the present determination by only 2%.

It is also useful to compare the oscillator strength ob-
tained from the present technique to previously deter-
rnined values of Fp& for transitions from the ground state



5026 WANDA R. FERRELL, M. G. PAYNE, AND W. R. GARRETT 35

to the 6s level of Xe. We note that a wide range of values
and quoted accuracies exist for this constant. For exam-
ple, a low-energy electron impact technique yields
0. 183+0.073, an electron-energy-loss technique provides
0.260+0.052, a total absorption technique gives
0.26+0.02, and a line shift technique gives 0.27+0.03.
The present value for this constant is quite consistent with
previous measurements with an estimated accuracy com-
parable to the best previous values.

B. Xenon 6s'(1/2) J= 1

As was mentioned previously it is convenient in the
present experimental procedure to establish the phase-
matching relationship, the C(X) of Eq. (lb), over the neg-
atively dispersive region of a given resonance with a par-
ticular choice of phase-matching buffer gas. In Fig. 6 we
show an example of C(X) as a function of detuning of the
phase-matching position from the 6s state of Xe with Kr
buffer gas. We use the illustration to make two points
about the phase-matching relationship. First, it was
found that C(A. ) was a very smooth function of Px, /PK„
for most of the range of study. However, at certain
phase-matching positions, the data departed from the ex-
pected trend and showed clearly discernable excursions
from an essentially straight-line behavior. This
anomalous behavior in the buffer-gas phase-matching
contribution was found to be associated with the absorp-
tion bands of low concentrations of preexisting Xe-Kr di-
mers (or Xe-Ar dimers in other examples). In Fig. 6 we
show wavelength positions of a few Xe-Kr dimer levels.
We will discuss their influence on the phase-matching
behavior in Sec. III below. Here we simply note that the

10

5

present experimental optical constant determinations can
be conducted at an arbitrarily chosen position within the
negatively dispersive region of a resonance; thus, perturba-
tions of phase-matched third-harmonic production in
narrow-frequency regions due to dimer resonances can
readily be avoided.

In the course of the analyses of the present study we
need an accurate representation of the indexes of refrac-
tion for buffer gases in the visible region (where accurate
data are available) and in some instances it is useful to be
able to correct for a small nonresonant contribution to the
index from the active gas. For this purpose of represent-
ing the refractive index at any wavelength A, , a Sellmeir
formula is used, where generally

where r, =2.88X10 ' cm. Also F;o is the oscillator
strength for the ith transition from the ground state at
resonance wavelength A.; (cm). In the actual application
of the Sellmeir-type formula for describing g(A, ) only a
fraction of the discrete oscillator strengths is known and
small continuum contributions are largely unmeasured.
We parametrize the equation to include these unmeasured
contributions by including two "resonances" which are
adjusted to simulate contributions from high-lying bound
states and from the continuum to yield close agreement
with g(X) in the very accurately known region above 200
nm.

Optical parameters associated with the 6s' level of Xe
were made through MPI measurement in phased-matched
Xe Ar mixtures at a Px /PA, ratio of 0 0161. This
choice produces a phased-matched third-harmonic pro-
duction peak at 0.754 nm on the blue side of the 6s' level.
[At this ratio the value of C(A, ) is 46.7 nm. ] Analysis of
the pressure dependent widths of the observed third-
harmonic profile (Fig. 7) yields an oscillator strength of
0. 190+0.010 and an absorption coefficient at this wave-
length 4&10 Px,P«. The oscillator strength can be

compared to a value of 0.19 by Geiger and 0.169 by
oc
As a consistency check on the phase-matching analysis

it is instructive to compute C(A, ) for Xe-Kr mixtures for
comparison with the data of Fig. 6. The solid line is the
theoretical position of C(A. ) from the known indexes of
refraction and the Sellrneir analysis described above.

C. Xenon 5d (3/2)J =1

~ I I I I 1 ~ I I I ~ I I I 1 I ~ I I I I I00.0 0.5 1.0 1.5 2. 0

LASER DETUNING (& -& ) (nmj

FIG. 6. Phase-matching constant for xenon-krypton mixtures
near the 6s' level of xenon. Vertical lines represent Xe-Kr di-
mer absorption bands. The solid curve is the value of C(A, )

yielded by analysis through a modified Sellmeir formula (see
text).

The experimental and calculated phase-matching con-
stant for Ar is shown in Fig. 8. The experimental phase-
matching constant again bears the signature which attests
to the influence of the dirner absorption bands on the in-
dex of refraction for nearby regions (see below). An
analysis of phase matching at a detuning of —0.248 nm
from the Sd (3/2)J= 1 resonance (Fig. 9) yields an oscilla-
tor strength of 0.37+0.019. This value compares well
with the value 0.395 from earlier studies. ' In addition,
this analysis of the data given in Fig. 9 gives the absorp-
tion coefficient at 357.361 nm as 6& 10 PX,P&, . In this
case, as the xenon pressure is increased, the full width of
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FIG. 7. Pressure relationship of the FWHM of the phase-
matching signal near the 6s' xenon with argon as a buffer gas.
hA= —0.754 nm, Fo, =0.190, and 13=4X10 'Px, P~,

the phase-matching profile goes through a minimum
value, 0.043 nm, which is the bandwidth of the laser.

D. Xenon 7s(3/2)J =1 and krypton Ss'(1/2)J =1

Wavelengths for three-photon excitation of these two
atomic levels lie on the wing of the TMQ dye curve. The

50
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FIG. 8. Phase-matching constant for the 5d level of xenon
with argon as the buffer gas. Absorption bands for Xe-Ar di-
mers are shown as vertical lines. Solid line is C(A. ) from
analysis based on a modified Sellmeir equation (see text).

0.0
0

Xenon Pr essur e (Tor r )
FIG. 9. FWHM of the phased-matched third-harmonic pro-

file as a function of Xe pressure at constant Px, /P&„ratio.
AA. = —0.248 nm, from the 5d state of Xe, Fol ——0.37, and
P=6X 10 PX,PA„

low conversion efficiency in this region of the laser dye
precluded ionization measurements in an unfocused

geometry for these two levels due to low ionization yields.
Thus, a focused geometry procedure, which is similar to
the technique used by Kramer et al. ,

' was utilized in
measurements associated with these states. The shapes of
the phase-matching curves, in a general medium which in-
cludes absorption, can be analyzed in the focused
geometry only if the beam profile is accurately known and
is Gaussian.

Since the laser system used in the present experiments
cannot be so accurately characterized„we cannot simul-
taneously determine an oscillator strength and the absorp-
tion coefficient of the medium in our focused geometry.
However, we note that the position of the peaks of phase-
matched third-harmonic production is independent of the
beam profile. It is determined only by the refractive
indexes of the nonlinear medium at cu and 3'. It has been
shown by Kramer et al. ' that with a long-focal-length
lens (confocal parameter comparable to the length of the
generating medium; fi ——1 m in the present instance) and
with high number density of the medium, the phase-
rnatching condition is given approximately by Akz ——0. If
the index of a buffer gas is known, the value of an oscilla-
tor strength can be determined by adjusting its value to
give the observed position at which phase matching
(6k' ——0) occurs. ' But it happens that the 7s state in Xe
is only 2.16 nm on the low-energy side of the
Sd(3/2)J= 1 level which has a much larger oscillator
strength. Thus, the expression for Ak must be modified
to contain resonant contributions from both 5d and 7s
states. Thus, Ak~ ——&5~ /65~ +&7, /A7, +Ak„„where Ksg
and ~7, are as defined previously containing the oscillator
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strength for the 5d and 7s states, respectively. Also, A&~

is the detuning from the 5d resonance (b.q~ ——3' —co„,
where fun„ is the energy of the 5d state) and b, 7, is similar-
ly defined. The term Ak„, is the nonresonant contribution
to phase mismatch contributed by the buffer gas and that
contributed by all other states of Xe.

Now note that Fo& for the 5d state was determined in
the previous experiments along the index of the buffer gas
in this frequency region. Thus the position at which
Akz ——0 can be used along with information thus available
to determine the value of Ir7, (or Foi for ground state to
7s). This procedure yields an oscillator strength of
0.088+0.0088. This value consistently predicts phase-
matching points in Xe-Ar mixtures, and that found in
pure Xe. We note that on the basis of measurements in
Xe-Ar mixtures, the point of phase matching in pure Xe
at modest pressures is predicted to be 1.0 nm on the red
side of the 7s resonance, which i.s in good agreement with
the measured phase-matching point at a laser detuning of
1.428 nm.

In the focused phase-matching technique utilized by
Kramer et al. , where literature values were utilized for
the index of Ar at 3', an oscillator strength of
0.0968+0.012 for ground state to 7s state was measured.
Previous low-angle electron scattering techniques yielded
values of 0. 11+0.04, 0.0968+0.02, and 0.09+0.02.

A similar focused beam method was used to determine
the oscillator strength for the ground state to 5s' level of
Kr. Utilizing the measured index of Ar at 3' measure-
ments of the Akz ——0 point in Kr-Ar mixtures yields an
oscillator strength of 0. 18+0.027 for the ground state to
5s' state of Kr.

Previously reported values of Fo& for the ground state
to 5s' state in Kr are 0.173 by Geiger, 0.135 by William-
son, and 0.266 by Bjorklund. Results on oscillator
strengths from the present and previous studies are sum-
marized in Table I.

E. Indexes of refraction

Knowledge of the indexes of refraction for a nonlinear
medium in the wavelength region of investigation is criti-
cal for assessing the most efficient schemes for generation
of higher-harmonic photons. The energy range of the
atomic levels in noble gases has made mixtures of these
gases ideal nonlinear media for harmonic generation.
Therefore, an accurate profile of the vuv indexes for these
gases is of special importance in nonlinear frequency gen-
eration.

Previously, measurements q(k) in the vuv optical range
have been accomplished by several different techniques.
Some of these are interferometry, spectral line shifts, and

Rayleigh scattering. Since most of the previous data in
argon and krypton do not coincide with the wavelengths
which were experimentally determined in this paper, the
validity of the technique is assessed via the Sellmeir for-
mula using a method simiar to that of Mahon et al.

Once hk is known from the above analysis, the vuv in-
dex of refraction can be calculated from the expression

b, k = [n (co) n(—3m)],
3'

where the index of refraction at the fundamental wave-
length is determined reliably from available data. From
the present study, the three experimental points in argon
at STP are (n —1)/N=2. 037X10 cm (119.120 nm),
( n —1)/N = 1.637 X 10 cm (129.309 nm), and
( n —1)/N = 1.427 X 10 cm (146.542 nm). These ex-
perimental points vary by only 2% from the calculated
indexes (see Fig. 10).

Further evaluation of the present method for vuv index
determination can be gotten by comparison of published
data with the presently predicted index. Kramer et al.
in a focused, nonlinear technique measured vuv indexes of
refraction in argon, which were in excellent agreement
with that predicted by the Sellmeir analysis described
above. Chashchina et al. measured the indexes of refrac-
tion from 230.0—110.0 nm in argon by a spectral line-
shift technique. The stated error for these measurements
is given as 0.2 to 0.5%. These results are given via a
three-term Sellmeir formula with no raw data shown. '

Chashchina gives (n —1)/N at 140 nm to be
1.487)&10 cm which is only 0.1% higher than the
present value, at 30 nm (n —1)/N=1. 635X10 cm
which is 0.2'Fo lower than present results, at 120 nm
(n —1)/N=1. 935X10 cm which is 1% lower than
here, and at 118.2 nm (n —1)/N=2. 043X10 cm
which is 0.6% lower than the present value.

Since the index of refraction at the Lyman-a wave-
length (121.57 nm) is of interest in plasma diagnostics, the
index of refraction at this wavelength can be found in the
literature. Mahon et al. report the calculated value
( n —1)/N = 1.92X 10 cm, Chashchina et al. report
1.87&(10 cm, which compares well with the present
value of 1.88&&10 cm, and Chopra nd Heddle by a
Rayleigh scattering technique give 1.90 &( 10 cm
The present formulation only deviates by less than 1%
from the two experimental values.

The experimental results from the two krypton studies
do not compare as well with the calculated values as in
the case for argon. The experimentally determined
indexes in krypton are (n —1)IN=2.607X10 cm at
146.413 nm and ( n —1)/N =2.654X 10 cm at
146.550 nm. The respective variations of these two values

TABLE I. Oscillator strengths.

Level

Xe 6s
Xe 6s'
Xe 5d
Xe 7s
Kr 5s'

Ref. 9

0.26
0.19
0.395
0.0968
0.173

Ref. 27

0.183
0.169
0.395
0.11

Ref. 7

0.26

0.135

Ref. 2

0.27

Ref. 15

0.098

Ref. 28

0.266

Present study

0.260+0.05
0.19+0.04

0.370+0.07
0.088+0.01
0.180+0.027
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agreement between present and reported indexes is much
better. At 228.8 nm, for example, our analysis gives
1.814&(10 cm which agrees to less than 1'Fo with
1.820 &( 10 cm reported by Bideau-Mehu et al. ,

'

1.820)&10 cm by Smith et al. , and 1.828)&10
cm by Chashchina et al. The index of fraction at
140.1 nm is the closest wavelength to the two experimen-
tal points of this study. At this wavelength, results from
our analysis vary at most by 2.5%%uo.

The 6s region of xenon is the lowest wavelength region
for which linear indexes are found in the literature.
Bideau-Mehu et al. ' measured 1.895 & 10 cm for
148.3 nm, which is to the red of the 6s level. Chashchina
and Shreider found a very similar result, 1.823~10
cm . The 1.829&(10 cm as calculated by present
analysis varies only 1'Fo from each of these. For a point
on the blue side of the 6s, the deviations are somewhat
larger: 2.433 & 10 cm by Bideau-Mehu et al. ,

'

2.40 & 10 cm by Chashchina and Shreider, and
2.483 ~ 10 cm from present results.

Wavelength (nmj
FIG. 10. vuv index of refraction per atom for argon. Solid

curve is based on the use of Sellmeir formula incorporating the
present results.

from the present Sellmeir calculations are 11%%uo and 2.7'Fo,
where both experimental points are higher than the calcu-
lated values. The detuning of both of these experimental
points is rather large, which may be the source of the
greater deviation from the calculated value. One notes
that the index of refraction for xenon is approximated by
the nearby resonant term in the expression for 6 . Of
course, as the point of interest moves farther from reso-
nance, this approximation will be less accurate. The
buffer-gas contribution to the phase-mismatch expression
is also assumed to be constant. In this region, the krypton
contribution is relatively flat, but near the 7s of xenon, for
example, this is not the case. The hypothesis of the
source of error being due to the resonant approximation is
borne out by the relative errors of the two experimental
points.

The index of refraction undergoes very sharp changes
in the near-resonance regions, but it is these regions in
which phase matching can be attained. Three experimen-
tal indexes are reported for 121.6 nm in krypton, which
lies to the blue of the first krypton at 123.58 nm Mahon
et al. report (n —I)/X= —5.58X10 cm as de-
duced from the phase matching in pure krypton with a
focused beam. Gladushchak et al. measured
—3.35 )& 10 " cm by the phase-matching point in
krypton. Since the Rayleigh scattering technique of
Chopra and Heddle determines (n —1), a positive value
was measured, 3.28 & 10 cm These experimental
values are not in very good agreement with each other,
and neither do they compare favorably with either
Mahon's calculation ( —7.75 && 10 2 cm ) or the
present calculation ( —4. 632&& 10 2 cm 3).

In the more smoothly varying regions for the index, the

F. Effects of preexisting dimers on phase matching

Our previous analysis of phase-matched third-harmonic
production in noble-gas mixtures was based on the ap-
proximation of refractive indexes produced by a single
"active-gas" resonance with which third-harmonic pro-
duction is associated and a nonresonant buffer-gas contri-
butor of essentially constant value over the frequency re-
gion under investigation. However, as is well known,
small concentrations of molecular dimers exist in noble
gases at room temperature. Castex reported the ratio of
Xe Kr to free atoms in an equal mixture of 2.69)& 10'
cm at 293 K as 0.69%. And, she reported the fraction
of Xe-Ar dimers 0.48% at 300 K. In the context of the
present experiment Xe-Ar or Xe-Kr dimers will exhibit
absorption bands which are shifted a few tens to a few
hundreds of wave numbers from a given Xe resonance,
mostly on the high-energy side where third-harmonic gen-
eration is studied. Even though the dimer concentration
is very low, they will interact strongly with third-
harmonic light in the frequency region near an absorption
band and thereby perturb the absorption coefficient and
the linear index at 3'. Evidence of such perturbations is
discernible in the wavelength dependence of the phase-
matching function C(A. ) of Figs. 6 and 8. In the vicinity
of Xe-Kr or Xe-Ar dimer bands, respectively, the data
depart significantly from an essentially straight-line trend.
A dimer contribution to the index, n (3'), can be seen in
these and other similar data in narrow bands associated
with identifiable dimer levels. In Figs. 6 and 8 the posi-
tions of the most prominent dimer bands reported by
Castex are shown in the figures. One expects a resonant
contribution in the phase mismatch from a dimer band
where the contribution is proportional to the concentra-
tion and inversely proportional to the detuning from the
dimer resonance. The contributions are small at 300 K
(they could be very significant at reduced temperatures).

The effect of a dimer contribution to Ak can also be
seen in the frequency profile for phase-matched third-
harmonic production when the frequency region encom-
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passes a dimer band. An example of such a phase-
matching curve is shown in Fig. 11. The data in this fig-
ure are for 20.0 Torr Xe with 899.3 Torr of Kr buffer-gas.
Here phase matching (b,k =0) occurs at detuning of 0.220
and 0.2270 nm from the 6s' level of Xe. Absorption
bands exist in this region at 0.270 and 0.450 nm (see Fig.
6). This observation indicates that line shapes for third-
harmonic production can be strongly influenced by molec-
ular dimer bands, even at very low concentrations. Note
that dimer contributions to Ak relative to that from the
atomic resonance and the buffer gas becomes more pro-
nounced at large detunings from the atomic line, and
wash out if the dimer band should occur at very small de-
tuning where the wing of the atomic line still produces a
large contribution to Ak. In any case, in the context of
the phase-matching technique of the present study, one
can easily avoid the narrow-frequency regions where di-
mer perturbations to Ak exist.

VI. CONCLUSION
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The present study has shown that in addition to
enhancing the harmonic generation process, phase-
matching properties can be utilized to make accurate
determinations of resonant oscillator strengths of the ac-
tive gas, absorption coefficients of a mixture of the active
gas and a second gas (buffer gas), and the vuv index of re-
fraction for the second gas. This was accomplished
through the accurate measurements of the detuning of the
exact phase-matching point from three-photon resonance
and careful determinations of the widths of the phase-
matching curves.

The strength of this phase-matching technique with un-

focused laser beams lies not only in the number of param-
eters which can be measured, but in the absence of wave-
length restrictions in the regions of interest. Since no win-
dows are needed for the vuv in the phase-matched ioniza-
tion measurement technique, the range of examination is
limited only by the light source.

In addition, the data suggest the possibility of a detailed
investigation of the role of noble-gas dimers in nonlinear
frequency generation. The influence of the dimer states
on the index, as seen in the phase-matching constants and
third-harmonic profiles, seems to indicate the feasibility
of such a study.

Laser Wavelength (nrnj

FIG. 11. Phase-matched third-harmonic profile for the 6s'
level of Xe with Kr buffer gas (20.0 Torr Xe and 899.3 Torr of
Kr). For this ratio, Px, /PK„phase matching occurs in the vi-

cinity of a Xe-Kr dimer band. The third-harmonic production
profile is strongly perturbed by the dirner contribution to Ak.

Since accurate determinations of detunings of third-
harmonic peaks from line center require a measurement
of the resonant position which is not perturbed by col-
lision effects, the apparatus is already in place for
pressure-broadening studies. These studies have been per-
formed for the four xenon resonances of this investiga-
tion, and the results will be published as a separate study.
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