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Two-photon ionization of xenon at 193 nm
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A microwave bridge has been used in conjunction with an ArF excimer laser to measure

the coefficient a for two-photon ionization of Xe at 193 nm. The bridge permits the mea-

surement of v, the collision frequency for momentum transfer, and the display of the tem-

poral history of the absolute electron density. Although considerably larger than previous

estimates, the value of a reported here (4g 10 cm W ') is in agreement with the recent

theoretical calculations of McGuire.

I. INTRODUCTION

The multiphoton ionization (MPI) of xenon using
a laser was first demonstrated by Voronov and
Delone' (ruby —0.694 pm) and Barhudarova et al.
(Nd:YAG —1.064 pm). Later, Agostini and co-
workers and Lompre et al. showed that the non-
resonant photoionization process is governed by the
power-law intensity dependence, I (where N is the
minimum number of photons necessary to ionize
the atom), that is predicted by perturbation theory.
Since 1966, considerable effort has been devoted to

studying the MPI of the rare gases and xenon, in
particular. In the last three years, three-, four-,
five-, and six-photon ionization of Xe, involving
lasers operating near 250, 351, 425, and 532 nm,
respectively, has been observed.

With the recent advent of the ArF laser came the
capability of ionizing Xe with two photons. Bischel
and co-workers" have exploited this tool to investi-
gate the gas-phase formation kinetics of XeF and
XeO and have estimated the two-photon coefficient
a for Xe at 193 nm to be 1&(10 crn W '. Sub-
sequently, Hodges, I.ee, and Moseley' experimen-
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tally determined the lower limit for a to be
5)(10 cm W

The determination of a at 193 nm using a mi-
crowave bridge technique to measure the absolute
photoelectron density is reported here. Although
roughly two orders of magnitude larger than the
previously published results mentioned above, the
value of a measured in these experiments (4&& 10
cm W ') is in agreement with the calculations re-

cently published by McGuire. '

II. EXPERIMENTAL APPARATUS
AND THEORETICAL BASIS

FOR THE MICROWAVE MEASUREMENTS

Aside from the microwave bridge used in detect-
ing photoelectrons, the experimental apparatus il-
lustrated in Fig. 1 is similar to that generally used
in multiphoton ionization studies. The output of an
ArF laser [linewidth = 5.2 A or —140-cm ' full
width at half maximum (FWHM); beam randomly
polarized] was focused to a line coinciding with the
axis of a quartz tube using a 7-cm focal length
cylindrical lens. By inserting several quartz flats in
the optical path, the laser energy per pulse incident
on the cell was varied from 25 to 175 mJ [or -20
to 146 MWcm 2 (at the focus) in a 13 ns FWHM
pulse]. An S-20 surface, vacuum photodiode, and a
bandpass filter monitored the time dependence of
the ArF laser intensity. The photodiode was cali-
brated against a Gen-Tec pyroelectric detector and
a Scientech energy meter and corrections to the
laser intensity were made for the transmission of
the lens (93%) and the cell wall (91%).

The Xe-containing cells were constructed of 20-
mm inner diameter suprasil quartz and are 6.5 cm
in length. After being evacuated to & 1)& 10 Torr
and flamed (under vacuum) with a hydrogen torch
to degas the walls, each tube was backfilled with
1 —500 Torr of research grade Xe and sealed off.
The xenon was condensed by immersing the cells in
liquid Nz and a barium getter was flashed to further
purify the gas. A separate quartz cell was prepared
for each xenon pressure studied.

The gas cell was placed within a 15-cm section of
cylindrical waveguide (slotted to permit the en-
trance of the ArF beam) which was situated in one
arm of a microwave bridge. The cylindrical
waveguide was matched to the bridge (constructed
of rectangular WR-90 guide) by two tapered sec-
tions.

A. Operation of the microwave bridge

The output of a klystron at 9.252 GHz was split
into two parts by a magic-T and one component im-

pinged on the optical cell. The other portion of the
microwave signal passed through the reference arm
of the bridge which contained a phase shifter and
attenuator. The signals in both arms of the bridge
were added by a second magic-T and the sum was
detected by an output diode. Before the laser was
fired, the bridge was balanced or "nulled" by adjust-
ing the phase and attenuation in the reference arm
to exactly compensate for the insertion loss due to
the optical cell. The creation of Xe photoelectrons
by the 193-nm laser unbalanced the bridge and led
to the appearance of a time-varying signal at the
output diode.

An arbitrary phase shift 60 was then introduced.
With the firing of the ArF laser, a time-varying
phase was produced which opposed 68 and arose
from the photoelectron density. For a particular
value of electron density, then, the phase shift intro-
duced by the plasma exactly equaled 46, the bridge
was momentarily balanced and a minimum (but
nonzero value) in the signal was observed at the out-

put diode. The minimum generally occurred twice
in the life of the plasma (i.e., for each laser shot)—
once when the electron density climbed past this
critical density (n, ) and again as n fell below it.
Therefore, for a given laser intensity (and peak elec-
tron density) and b,8, the attenuation in the refer-
ence arm was adjusted until the minimum in the
output signal went to zero. In this way, ordered
pairs of 68 and attenuation were determined for a
specific Xe pressure and, as shown below, were used
to determine the collision frequency for momentum
transfer, v

B. Theoretical relations for co~ and v

The expression for the propagation constant of an
electromagnetic wave traveling along a waveguide
that is partially filled with a conducting medium is

where yo and Eo are the propagation constant and
electric field, respectively, for the evacuated
waveguide, E is the electric field in the presence of
the plasma and co is the radian frequency of the
probing microwave field (5.8&&10' s '). For a
plasma dielectric, the complex propagation constant

g is

y =a+ip,
where a (not to be confused with the two-photon
ionization coefficient) and P are the attenuation and
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phase coefficients, respectively, for the microwave
signal propagating through the plasma.

Rewriting J in terms of the complex conductivi-

ty 0. and separating the real and imaginary parts of
Eq. (1), then

N' e'
(iz' —P')+Pp =

c m&0v +N E V

(2)

and

nE V

mE'0 N g +N

0
N

c2
1.84

and L is the width of the focused laser beam (2.9
cm). Consequently, Eqs. (2) and (3) can be solved
for the plasma frequency co~ and v~ (in this case,
for electrons in Xe):
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a

(4)

where

(6)

a =1.27 cm, and m is the rest mass of an electron.

where E=E0.
However, the electron density n is a function of

position within the cell. That is,

n =n~f(r,P,z),
where nz is the peak (axial) electron density and f is
expressed in terms of cylindrical coordinates. Also,
the phase coefficient P is related to the experimen-
tally determined phase shift 68 by the relation

b,8 =(Pp —P)L,
where, for a cylindrical waveguide of radius a,

2 I/2

It should be noted here that, except for the "fil-
ling factor" F in Eq. (4), Eqs. (4) and (5) are identi-
cal to those for uniformly filled waveguides.

Evaluating F [Eq. (6)] required detailed measure-
ments of the laser-beam contour and knowledge of
the microwave field present in the cylindrical
waveguide. The profile of the laser beam was deter-
mined by recording burn patterns every 0.6 mm and
measuring the beam cross section with a compara-
tor. At the lens focus, the cross section was found
to be 0.02&(2.9 cm . Also„ the beam height h is
symmetrical about the focus, and for a fixed beam
width (2.9 cm), the laser intensity varies inversely
with h. From these measurements, therefore, it was
found that the electron density at any point along
the focused beam can be expressed analytically in
terms of the peak (x =0, where x is the r coordinate
for P =0) value as

=(1+30.7x ) ', 0&x&1
Ilp

where x is expressed in cm.
This relationship is consistent with the quadratic

dependence of electron density on intensity and the
linear growth of the beam height away from the
focus. In any case, f is simply the right-hand side
of Eq. (7).

Secondly, the dominant field mode in the cylin-
drical guide is TE» whose electric field has the
form

Ji(kr)
Ep =2Ei cosPr

kr

Ji(kr)
Jp(kr)— sing/, (8)

kr

where P is the azimuthal angle in the cylindrical
coordinate system (i.e., dV=r dry dz), Jp and Ji
are the zeroth- and first-order Bessel functions,
respectively, and the factor of 2 is dictated by the
constraint that

~
Ep

~
=E& at r =0. The Bessel

functions in (8) were expanded in power series and
the first four terms were retained. Owing to the
tight focusing of the laser beam, the magnitude of h
(even at the cell walls) is « a and so cosg=1 and
sing=0 (i.e., azimuthal component of E in the vi-
cinity of the ArF beam is negligible). Substituting
(7) and the expansion of (8) into (6) and now letting
d V= h dx dz, I' was determined to be ]5p .

Therefore, the nonuniformity of the electric field
and photoelectron density in the cell have been ac-
counted for and N& and v~ are expressed entirely in
terms of the experimentally measured phase shift
and attenuation coefficients. Also, this analysis
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need not be repeated for different gases.
With the use of the microwave bridge and Eq. (5),

v was measured (over several trials) at 300-Torr
Xe to be (3.9+1.0)X10' s ' or (4.0+1.0))(10
cm s '. Remembering that the difference in ener-

gy between two ArF photons (103466+70 cm ')
and the I'3/p level of the Xe+ ion ground state
(97834 cm ') is approximately 0.7 eV, then this
value of v is in rough agreement with the data of
Frost and Phelps' who find v =6)&10 cm s
for 0.7-eV electrons. It should be emphasized, how-

ever, that Frost and Phelps's momentum-transfer
cross sections were calculated from electron drift
velocity measurements whereas in this work, v is
evaluated from the ac conductivity of the plasma.
Thus, the comparison between the two values must
be viewed as order-of-magnitude agreement.

Finally, it is evident from Eqs. (4) and (5) that co&

can be expressed entirely in terms of v and n.
Therefore, once v was known, the reference arm
of the bridge was no longer necessary and so for a
particular Xe pressure and ArF intensity I only
single-pass attenuation coefficients were measured

for the remainder of the experiments.

electrode configuration is constrained by space-
charge effects. For the X-band microwave tech-
nique, cutoff. of the waveguide places a ceiling of
-2& 10' cm on the measurable plasma density.
For larger electron concentrations ( ) 5 X 10'
cm ), inverse bremsstrahlung involving an ir laser
such as CO& has previously been shown to be use-
ful. ' ' Secondly, electron avalanche and excitation
of the background gas are minimized.

III. EXPERIMENTAL RESULTS
AND DISCUSSION

A. Xenon

Figure 2 shows the variation of the peak electron
density with the ArF laser intensity for two dif-
ferent Xe pressures, 100 and 300 Torr. ' ' The
solid lines drawn through the data have a slope of 2
which confirms the quadratic intensity dependence
of the two-photon ionization process. For both sets
of data, however, deviation from quadrature is ob-
served for n & 2X 10' cm which (as mentioned in

C. Fluorescence measurements

100
90-

70-

In addition to absolute electron-density measure-
ments, the axial fluorescence due to the Xe

1 3
6@[—,]0~6s[—,]i transition at 828.0 nm was viewed

through a 6-mm diameter hole drilled in a
waveguide elbow (E-plane bend). The spontaneous
emission was detected by a dielectric bandpass filter
and a photomultiplier (temporal studies) while, for
spectrally resolved measurements, the photomulti-
plier was replaced by a 0.6-m spectrograph operated
in first order. This particular neutral Xe line was
chosen for observation since it is known to be
strongly fed by the dissociative recombination of
Xez+ ions. "'

In summary, the experimental setup of Fig. 1 al-
lows for simultaneously monitoring the elix:tron and
Xe*6p densities in real time. Also, absolute elec-
tron densities are determined by first measuring the
collision frequency for momentum transfer. There
are several advantages in using this microwave
detection scheme in photoionization experiments.
One is that since a photoelectron is detected im-
mediately upon being "created, " these experiments
are not confined to low pressures and electron den-
sities (&10'—10'0 cm i). The maximum electron
density that can reliably be measured using a biased
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FIG. 2. Dependence of the photoelectron density on
the ArF laser intensity at the focus. The solid lines have
a slope of 2 which confirms the quadratic variation of the
ionization rate with intensity.
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TABLE I. Summary of the coefficients for two-photon ionization of xenon and propane at
193 nm (units of cm W ').

Xenon
Present work

4X 10
Bischel et al. '

1&&10-"
Hodges, Lee, and Moseley

5X 10-"
McGuire'
8g10-"

Propane
Present work

1.2)& 10

'Reference 11.
Reference 12.

'Reference 13.
Reference 23.

Lee and Bischel
3.0&& 10-"

Sec. II) is believed to be due to the onset of cutoff in
the microwave system rather than saturation of the
ionization mechanism itself. Also, for a given ArF
intensity, the 300- and 100-Torr electron densities
differ by almost a factor of 3 which one would also
expect.

This I dependence of the electron density was

also observed (although not shown here) for Xe
pressures as low as 10 Torr. (A 1-Torr tube was
also prepared but the observed electron densities
were too low to be reliably measured. )

The rate equation that describes the temporal
behavior of the electron density is

dB cx[Xe]I
p [X +] p [X +]

dt
(9)

where [ ] denote particle concentrations, a is the
two-photon ionization coefficient and has the units
of cm W ', P~ and Pz are the coefficients for
recombination of electrons with Xe+ and Xe2+
ions, respectively, and P~ &&P2.

"
The electron density is, however, experimentally

observed to rise rapidly (-12-ns risetime for

px, ——100 Torr) and peak at the end of the ArF
pulse. Subsequently, n decays slowly (e ' time of
—1 ps for 100-Torr Xe). Therefore, the measure-
ment of the peak electron density is made at a time
at which few Xe+ or Xe2+ ions have recombined.
Consequently, the electronic recombination term in
(9) can be ignored and the solution to the differen-
tial equation is simply

a[Xe]
y

2 (10)

Also in Eq. (10), depletion of the ground state is ex-

pected to be negligible.
Consequently, e was determined by time integrat-

ing the square of the time-resolved laser intensity
(from photodiode waveforms) and, with a

knowledge of the peak intensity (100 mJ of laser en-

ergy corresponds to 84 MW/cm at the focus), us-

ing the data of Fig. 2. Over several trials, J I dt
for a 100-mJ pulse was found to be 9.7&&10
W scm

A comparison of the value for a reported here
with those published previously is given in Table I.
Assuming a laser linewidth of 100 cm ', Bischel
and co-workers" estimated u to be 1)& 10
cm W ' and Hodges et al. ' found 5&&10
cm W ' to be the lower limit for u. Bischel et al.
did, however, point out that ".. . (autoionizing) res-
onances could enhance the value of a. . . by a fac-
tor of 10 ."" As mentioned by Stebbings, Dunning,
and Rundel, ' the autoionizing states that have been
observed in Xe are closely coupled to the ionization
continuum, giving rise to broad autoionization
peaks (on the order of 100 cm ' width). Thus,
despite the large linewidth of the ArF laser used in
these experiments (140 cm '), it would seem to be
well suited to exciting the 7d'[1 —,] (J=2) autoion-

izing state. It is expected to lie in close proximity
to the J= 1 state at 103419 cm ' which is 47 cm
from 103466 cm ' (twice the energy of ArF line
center).

McGuire' has recently reported calculations of
the two- and three-photon cross sections for ioniza-
tion of the rare gases by circularly and linearly po-
larized radiation. Above 184.3 nm, o- is observed to
drop rapidly [since Xe+( P~~2) can no longer be ion-
ized by two photons] and o (circular polarization) is
found to be 8)&10 cm"W ' at 193 nm. While
the cross section for linear polarization is -20%
lower than this value, both are within a factor of 2
of the result reported here.

In contrast to the recently observed four-photon
ionizations of Xe (resonantly enhanced by the

3
7s [—,]~ state), pressure effects are expected to have a
negligible effect on the a reported here. There are
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two reasons for this conclusion. One is that the ion-
ization rate was observed to vary as I for all the
pressures studied and, as shown in Fig. 2, for a
given intensity, the peak electron density was
roughly linear in Xe pressure. Secondly, the first
single-photon-allowed excited state in Xe is the
6s[—,]t level at 8.4 eV which is -2 eV more energy
than that of a single ArF photon. Therefore, near
resonant atomic or molecular interactions play a
negligible role in the two-photon ionization process
at 193 nm.

Hence, the values of a and v presented here

suggest that two-photon excitation of one or more
autoionization states is occurring and that the prod-
ucts of ionization are a Xe+ ( P3/2 core) ion and an
electron of -0.7-eV energy.

B. Propane

As a further check on the experimental and
analytical procedures described earlier, the two-
photon ionization of propane was also examined
and the results compared with experiments recently
completed by Lee and Bischel. Using a different
electron detection scheme, they determine a (C3H8)
to be 3.0)&10 ' cm" W

If electron attachment and recombination are, for
the moment, ignored, then we find a to be
1.2X10 ' cm W '. However, the temporal histo-
ry of the electron density following ArF photoioni-
zation of propane indicates that (as pointed out by
Lm and Bischel) these two loss processes are signi-
ficant. Specifically, for pc H ——100 Torr, the elec-

tron density is found to peak in less than 10 ns and
exhibits an e ' decay time of -30 ns. Therefore,
while the ionization coefficients of Ref. 23 and the
present work are already in reasonable agreement,
accounting for recombination and attachment will
raise the latter number, thus bringing it into even

better agreement with the value reported by Lee and
Bischel.

IV. CONCLUSIONS

The two-photon ionization coefficient for Xe at
193 nm has been measured using a microwave
bridge to obtain absolute electron densities. Al-
though considerably larger than two previous esti-
mates, the a reported here (4X 10. cm W ') is in
agreement with the theoretical calculations of
McGuire. Secondly, the two-photon coefficient for
ionization of propane at the same wavelength was
determined to be roughly within a factor of 2 of the
number recently published by Lee and Bischel.

With the microwave bridge, v is found to be
consistent with an initial electron energy of 0.7 eV
that is expected for this two-photon process. This
measurement technique is versatile and readily ap-
plicable to a wide range of photoionization studies.
Currently, it is being used to examine the three-
photon ionization of Kr at 248 nm (KrF).

The measurement of a provides access to detailed
and quantitative studies of the chemistry of Xe+ or
Xez+ ions. Its application to examining the forma-
tion of ion clusters (Xe„+) and excimer molecules
appears to be particularly promising.
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