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The cross section for three-photon ionization of ground-state krypton at A=193 nm (ArF laser)
has been determined. In these experiments, a microwave-absorption technique provided real-time
detection of electrons along with measurements of the absolute electron density. Due to a two-
photon resonance with the 6p[%]2 level, the photoelectron number density was observed to vary

quadratically with ArF laser intensity for I,r beyond 50—100 MW cm~2 and Kr pressures below

50 Torr.

I. INTRODUCTION

Since the number of visible photons required to pho-
toionize the rare-gas atoms is at least four and the instan-
taneous laser power is necessarily large, little previous
work on multiphoton ionization of these species has been
carried out in the visible or ultraviolet regions, in particu-
lar the measurement of absolute photoionization cross sec-
tions.

The rare-gas—halide excimer lasers have simplified
such studies and the cross section for the two-photon
(nonresonant) ionization of Xe at 193 nm has recently
been determined.! Owing to the large ionization potential
of Kr (112915 cm™! for the 2Py, state), three photons
are required for the photoionization of the atom by an
ArF (193 nm) or KrF (248 nm) excimer laser.

For nonresonant photoionization of an atom, the pho-
toelectron production rate varies as IV where N is the
minimum number of photons required to ionize the atom.
This process is generally characterized’ by a small cross
section ¢. Near 200 nm in krypton, for example,
McGuire® has calculated o to be no larger than 10~
cm® W2 except in the vicinity of two-photon atomic res-
onances. Assuming a maximum laser intensity of 250
MW cm~2 and a Kr pressure of 50 Torr, the peak electron
density that can be produced by nonresonant ionization in
this spectral region is ~3X 10® cm~3. This value is more
than two orders of magnitude smaller than the detection
limit of the microwave-absorption apparatus used in the
present experiments (to be described in Sec. II). Much
more efficient production of photoelectrons (10''—10'?
cm™3) at readily attainable laser intensities (10%—10°
W cm™?) requires a resonant or near-resonant interaction
in the photoionization process.

This paper describes the results of experiments in which
Kr was photoionized at 193 nm by a resonantly enhanced
three-photon process. As illustrated in Fig. 1, the large
linewidth of an untuned (free-running) ArF oscillator
(AL ~0.5 nm or ~ 140 cm~! full width at half maximum)
encompasses three two-photon resonances: 4p°®lS,
—6p[+]o 6p[ 315, and 6p[1,. As noted earlier, o rises
sharply at these resonances. However, owing to the non-
linear dependence of the electron production rate for a
multiphoton process on laser intensity, the 6p[5], and
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6p[5]o resonances will be excluded from further con-
sideration because of their position in the wings of the
laser’s spectral profile. Only the 6p[3 ], level is assumed
to be significantly involved in the photoionization process
as the photon fluence at the wavelength for 2y excitation
(193.44 nm) is 0.7 times the peak value (at 193.3 nm).

The analytical problems posed by the presence of the
sharp two-photon resonance within a broad laser spectral
profile (such as that of the ArF laser involved in these ex-
periments) have stimulated theoretical and experimental
interest over the last few years.*~® Considering the at-
tractiveness of the rare-gas—halide lasers, in particular,
for multiphoton excitation and ionization experiments, it
is certainly true that “- -+ measurements of @ [multipho-
ton excitation cross sections] as a function of bandwidth

[are] a fruitful area of research.”’ The difficulty
with such measurements is that, since the width of the
two-photon resonance cannot readily be measured, the
corresponding cross section is difficult to determine.
However, in experiments reported here, an effective value
for the two-photon resonant, three-photon ionization cross
section is obtained by measuring the absolute value of the
peak electron density as the instantaneous intensity of the
ATrF laser is varied. The power dependence describing the
variation of the photoelectron density with ArF laser in-

ArF Laser Output

Relative Intensity

192.5 193.0 193.5 194.0
Wavelength (nm)

FIG. 1. Spectral overlap between the untuned output of an
ATrF excimer laser (propagated through air) and the two-photon
4p®'So—4p°6p[ 3 1., [3 ], and [+ o transitions of Kr.
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tensity depends on both the Kr pressure and the intensity
of the laser. Over most of the laser intensity and pressure
ranges explored in these studies, the ionization step in the
three-photon process is saturated, which gives rise to a
quadratic variation of the photoelectron density n, with
the ArF laser intensity I,,r. However, for pg, > 50 Torr
and I,r <100 MW cm ™2, the cubic dependence expected
on the basis of perturbation theory is observed. Section II
briefly describes the experimental apparatus and the mea-
surements that have been made, while the theoretical
framework for the interpretation of the data in terms of
an effective cross section is discussed in Sec. III. The re-
sults of this work are presented and discussed in Secs. IV
and V, respectively, and the conclusions are summarized
in Sec. VI.

II. EXPERIMENTAL APPARATUS

The experimental apparatus, shown schematically in
Fig. 2, has been described in detail previously.! Briefly,
the output from an ArF laser (Lambda Physik EMG 150
EST) was focused to a line along the axis of a 22-mm
outside-diameter Suprasil quartz cell containing between
10 and 300 Torr of research-grade krypton. The cell was
attached to a gas-handling system which allowed for the
Kr pressure in the tube to be varied. Great care was taken
to ensure cleanliness in the system, including heating the
cell with a hydrogen torch and pumping the system to less
than 10~® Torr prior to filling with 99.995% Kr. The in-
tensity of the ArF laser pulse was monitored by reflecting
10% of the beam onto a calibrated energy meter and the
cross-sectional area of the laser beam at its focus was
determined from burn patterns.

A method for determining absolute electron densities
from the attenuation of a microwave signal has also been
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FIG. 2. Schematic diagram of the experimental apparatus.
After being filled and sealed, the optical cell was installed in a
section of cylindrical waveguide.

presented previously.'® A klystron operating at 9.08 GHz
generated the cw microwave probe signal and isolators
prevented the reflection of power back into the klystron.
Transitional waveguide sections coupled the rectangular
X-band guide (WR90) to a cylindrical segment (slotted to
permit entry of the laser beam) which contained the opti-
cal cell. A small hole (6 mm in diameter) drilled in an E
bend allowed fluorescence measurements on 5p —5s and
6p —5s transitions (at 760.2 and 446.3 nm, respectively) to
be made. Spectroscopic studies were carried out using an
optical imaging system in conjunction with a 0.5-m spec-
trograph and photomultiplier.

Because of the possible presence of Fabry-Perot ef-
fects,” two types of optical cells were constructed. In or-
der to observe laser-induced fluorescence, a cylindrical cell
with plane-parallel windows (sealed on each end of the
cell) was used, while a second tube with ends drawn by the
glass blower down to a point was employed for the elec-
tron density measurements. The latter cell eliminates the
Fabry-Perot resonances observed in Ref. 9 and allows for
the optimal transmission of the microwave signal through
the cell over the full operating range of the klystron.

The transmitted microwave field was detected by a sil-
icon diode and the attenuation waveforms were displayed
on a Tektronix 7834 storage oscilloscope. In the absence
of electrons in the optical cell, the detector generated a
negative 460-mV dc signal. Calibration of the diode con-
sisted of determining the degree of deviation from the dc
value for a known attenuation in the microwave signal.

As alluded to earlier, the minimum electron density
detectable with this apparatus is ~5X 10'° cm~3. Conse-
quently, nonresonant photoionization processes are not
observable. A cross section of 5x10~* cm®W~2 would
be required for the three-photon (nonresonant) process to
contribute 10% of the total electron density that is pro-
duced by a 250-MW cm~2 ArF (193 nm) laser pulse.

III. THEORETICAL CONSIDERATIONS

Previous papers'®° have discussed the effects of both
high-pressure (where the collision frequency v,, is nearly
equal to the microwave frequency w) and low-pressure
(v,, <<@) background (buffer) gases on the attenuation
and phase shift of a microwave field propagating through
a weakly ionized plasma. In the high-pressure regime,
electrons transfer energy to the gas through elastic col-
lisions, causing an attenuation of the field. Both the
phase shift and the attenuation are dependent on the plas-
ma frequency w,, which is related to the electron density
(caf,= n.e?/egm). At low pressures, where collisions
occur only after a larger number of field oscillations, the
electrons oscillate 7/2 out of phase with respect to the
field and either shift its phase (w, <w) or reflect it
(wp >w). The experiments described here involved com-
binations of krypton pressure and electron energy such
that v,, ~o.

The electron density that is present at the focus of the
ArF beam can be calculated from the measured amount
of attenuation a of the microwave field using the expres-
sion
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where B, is the propagation constant in the cylindrical
waveguide (including the quartz cell), ¢ is the speed of
light, and F is a scaling factor which reflects the fact that
the electrons are produced in a sheet focused at the axis of
the cell and attenuation only takes place where electrons
are present. Specifically,

ff(x,y)E%dS

LE% s (2)

where the integral is taken over the cross section of the
cylindrical waveguide, E, is the microwave field ampli-
tude, and f(x,p) is the ratio of the electron density at
(x,y) to the value at the focus (x =0, with the x axis
oriented in the direction of propagation of the ArF beam).

For an N-photon ionization process, the electron densi-
ty is a function of laser intensity I, photon energy #w, and
gas density (in this case, krypton, [Kr)):

of 1”d:=a[K,] [ PYdt
fie #iw AN

where o is the generalized N-photon ionization cross sec-
tion and the intensity has been written as power per unit
area, P/A. Since the area of the beam is its length L
times its width W, the electron density at the center of the
cell (x =0, peak value) is

o[Kr] f PNdt 4
n,= 7o ——LNWf,V (4)

n, =[Kr] , 3)

[where 7, the temporal width of the laser pulse at the 10%
points, is typically 30 ns and W(x =0)= W], while the
density at a position x (independent of y) is

o[Kr] fTPth

e(x)= 5
n.(x o LW (5)
or
ne(x) W, N (x.9) p
W | T ©

Therefore, substituting (6) into (2), one obtains
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In summary, absolute electron densities are determined by
microwave-attenuation measurements from Eq. (1). Both
a and B, are measured and v,, is inferred from data avail-
able in the literature. The values chosen for the latter two
constants are discussed in Sec. IV. Also, N and F are
known from measurements of the ArF intensity depen-
dence of n, and the width of the focused laser beam as it
traverses the cell, respectively. Therefore, o can be calcu-
lated from Eq. (5).

IV. RESULTS

A. Measurement of B,

The values of several system parameters necessary for
absolute electron density calculations were determined in
separate experiments. The propagation constant B; was
measured using a slotted line joined to the cylindrical
waveguide which contained only a section of Suprasil tub-
ing. Moving an adjustable short inside the tubing caused
a stationary diode in the slotted line to detect periodic
nulls in the standing wave. The wavelength in the
cylindrical waveguide was determined by measuring the
distance which the short had to be moved to observe two
nulls. This gave B, =0.935cm™".

B. Atomic fluorescence and v,,

When the Kr-containing optical cell was irradiated by
the ArF laser, strong fluorescence was observed emanat-
ing from the 6p[3], state (6p[3],—5s[3], and
6p[%]2—>55[%]1 transitions are at 427.4 and 445.4 nm,
respectively) and from lower-lying states (primarily
5p[31o» Sp[3]s and Sp[3];) that are populated from
above by quenching. However, no emission was detected
from the 6p[ 1o, 6p[1,, or 6p[31, states, which sup-
ports the contention that the Kr 6p[%]2 level is the only
6p state significantly populated by the two-photon excita-
tion process at 193 nm.

Photoionization of the 6p[%]2 state (*P;,, core) by
193-nm photons results in the ejection of either a 5.3- or a
4.6-eV electron, depending on the total angular momen-
tum of the product-ion core. Miller and co-workers'
have shown that resonant multiphoton ionization in rare
gases preferentially produces ions with cores having the
same total angular momentum as the intermediate state
(in this case, J =%). Therefore, in determining absolute
electron densities, an electron energy of 5.3 eV, corre-
sponding to a 2Py, ion core, was assumed. Substituting
4.6 eV (for a Kr* 2P, ,, core) changes the value of the ab-
solute electron density by approximately 20%.

For the gas pressures and laser intensities involved in
these experiments, associative ionization of Kr metasta-
bles contributes significantly (along with multiphoton ion-
ization) to the overall electron production rate. Therefore,
the collision frequency for momentum transfer (v,,) was
not directly measured. However, a value of 2.2x10°
s~ !(Torr Kr)~! was inferred in a manner which has been
discussed previously.! Since collision frequency is related
to gas pressure, electron velocity, and the inelastic col-
lision cross section by the expression

v, =[Krl{o,,v) , (8)

where [Kr] is the krypton number density, then once a
collision frequency has been measured for one electron en-
ergy, it is known at any energy for which the cross section
for momentum transfer has been measured. The matter is
considerably simplified when the electrons have constant
energies, as is the case for photoionization (for time scales
short compared to the electron thermalization time at a
given gas pressure). For the purposes of this experiment,
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a comparison was made between the cross section for
momentum transfer (o,,) for 0.7-eV electrons in xenon
(v, (Xe)/[Xe] measured to be 3.4 107° s~!cm? (Ref. 1))
and for 5.26-eV electrons in krypton, with the result that
Om(K1)/0,,(Xe)=9.41 (Ref. 11). Therefore,

vm (Kr) | mk:e |5.26eV 172 om(Kr) v,,(Xe)
[Kr] mx. | 0.7 eV on(Xe) [Xe]
=7.0x10"8 cm3s~!. 9)

C. Collisional ionization
of Kr 55 metastables

For krypton pressures below ~40—50 Torr, the
microwave-attenuation (electron density) waveforms
behave as expected (cf. Fig. 3). The electron density con-
tinues to rise until the ArF laser pulse terminates. Subse-

uently, n, falls slowly due to dimerization of Kr*
(*P;,,) and dissociative recombination of Kr,* 1(3),.
However, for Px, > 50 Torr, although an inflection in the
waveform occurs at the end of the laser pulse, the max-
imum electron density is displaced to much later times
(~100—150 ns after the arrival of the ArF pulse, depend-
ing on Pg,).

Clearly, a fraction of those 6p[= ], atomic species pro-
duced by the ArF laser relax via collisions [kQ(6p[-§-]2)
=6.7x107'° cm3s~! (Ref. 6): 7=10 ns for Px,~S5
Torr], which leads to rapid population of the 5s metasta-
ble state. As the Kr pressure is increased, the metastable
concentration rises until the production of electrons by as-
sociative ionization,

Kr(5s)+Kr(5s)-—»Krf 1(3), +e~ , (10)
becomes significant. [The delay in reaching the peak elec-
tron density at high Kr pressures (>50 Torr) that was
mentioned above is consistent with reaction (10) if the
cross section for the process is assumed to be gas kinetic
and if the peak 5s population is at least 1—2 % of that in
the ground state.] Consequently, the experiments to be
described in the following sections were confined to Kr
pressures below 50 Torr.

D. Spatial profile of focused ArF laser-beam,
effective two-photon cross section

The width of the focusing laser beam was measured
from burn patterns taken every 0.1 cm and the following
expression, which relates the beam width W(x) at a dis-
tance x from the center of the cell to its value at the focus
(x =0, axis of cell), was derived:

Wi(x)= |0-0174+0.575x% 0<x <0.20 cm

0.0066+0.167x, 0.20<x <1.0 cm . an

Note that W (x) is expressed in cm and the length of the
ATF beam (i.e., its dimension along the cell’s axis) is 3.0
cm. This relation was inserted into Eq. (7) along with an
expansion of the electric field in Bessel functions for a
TE;; mode. After integrating over the cross section of the

T T T
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Electron Density
(arbitrary units)
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FIG. 3. Laser (a) and microwave-attenuation (b), (c)
waveforms observed in these experiments. In (b) and (c) electron
density increases vertically, and for Kr pressures beyond ~ 50
Torr, the influence of metastable-metastable collisions on elec-
tron production is clearly evident.

waveguide, F ~! was determined to be 258.

Plots of absolute electron density versus peak ArF laser
intensity are given in Figs. 3 and 4 for krypton pressures
of 10, 20, and 50 Torr. The solid lines drawn through the
data vary quadratically with I,., indicating that the
multiphoton-ionization process is generally dominated by
a two-photon resonance and that the ionization step is sa-
turated. For a particular value of the laser intensity, the
electron density is observed to increase linearly with kryp-
ton pressure, as expected. Therefore, a value of N =2 was
used in Egs. (3)—(7) in determining n,.

The effective two-photon cross section was calculated
from Eq. (4) which describes the electron density at the
focus of the beam immediately after the ArF pulse irradi-
ates the gas. Approximating the laser pulse shape by a
triangle, the (ArF) intensity is given by
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FIG. 4. Laser intensity dependence of the peak photoelectron
density for three Kr pressures. The solid lines are computer-
calculated, quadratic least-squares fits to the data.

(12)
T—t

max
—*tr

] (t,<t<m),

where t, is the rise time of the pulse, 7=~30 ns, and I, is
the peak intensity. Then

[ rdi=1%,57 (13)
and
I? axT
R (14)
or
3%wn
——r (15)
[Kr]Imax

From Fig. 3 and Eq. (15), the effective two-photon ioniza-
tion cross section was determined to be 2X107%
cm* WL

V. DISCUSSION

A. Photoionization and quenching of Kr 6p[—§- 12

Assuming a 100-cm™'-bandwidth ArF laser (similar to
that involved here), Bokor and co-workers® and Bischel
et al.> have estimated the two-photon absorption cross
section for the 4p%!S,—4p36p[3], transition in Kr.
Their values [in the range (1—2.3)x 1073 cm*W~ '] are a
factor of 4—10 larger than the measured effective cross
section reported here. The order-of-magmtude agreement
between the two results is not surprising since the I? vari-

ation of n, over most of the range of laser intensities in-
vestigated in Figs. 4 and 5 indicates that ionization of the
Kr 6p[+], state is saturated (for Px,<50 Torr and
I>50 MWcm™2) and the rate-limiting process is two-
photon excitation of that intermediate state.

An upper-limit estimate for the photoionization cross
section for the 6p[ 5], state at 193 nm is obtained by as-
suming that the ionization process is saturated even at the
lowest intensities studied. Therefore,

0pH minAt
fiw

where I,;,~60 MW cm™? (Fig. 5), At (the full width of
the laser pulse)~25 ns, and op; is the 6p[ 5 ], photoioniza-
tion cross section expressed in cm?. Therefore, opy is cal-
culated to be ~6x 107! cm? This rough estimate is
close to the values reported by Chang and Kim!? and
Bokor et al.® (8.0 107! and 3.2 10™!° cm?, respective-
ly).

A more thorough explanation for the quadratic depen-
dence of electron density on laser intensity measured in
these experiments is afforded by considering a simple
rate-equation model whlch describes the temporal evolu-
tion of n, and the Kr 6p[ ], concentration:

~1, (16)

d[Kr*] ol? 1 opd
—[Kr]—[Kr*] | — +k[Kr]+—— (17
dt fiw [Kr] ] Tsp i
and
ArF Laser Fluence, @, . (10" cm~2)
0.5 0.6 0.8 1 2 3
T T T T T T T T
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FIG. 5. Same data and least-squares lines as in Fig. 4 but
plotted on a semilog scale. The dashed line indicates the near-
cubic variation of n, with laser intensity for the 50-Torr data
and I,.r <100 MW cm 2
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dne O'PII "
= I [Kr*], (18)

where Kr* denotes the 6p[3], state of Kr, Ty is the
6p[ 3 1, radiative lifetime, and k is the two-body collision-
al rate constant for quenching of Kr* by Kr. For the case
where the total Kr* loss rate [the last three terms in (17)]
is much greater than ol%#w)~'[Kr] (the 6p production
rate), the peak 6p[ % ], number density can be expressed as

2
ZE [Kr]
[Kr*]= 2 . (19)
—1, kK opd
T LKA
Thus, (18) becomes
ol?
dn, opd —ﬁ-w_[Kr] (20)
. fw  _| opd
T +k[Kr] ’_ﬁ;—
Therefore, in order for the electron density to vary as I2,
opd _
~ﬁ7>>'rspl+k[Kr] , (21)

which simultaneously reduces the intensity dependence of
the 6p[ 31, concentration ([Kr*]) to linear. In order to
verify this, the fluorescence intensity at 760.2 nm
(5p[-§-]2—+5s[%]2) was monitored and was indeed found
to vary linearly with I,.g. Similarly, for a constant value
of I, [Kr*] should rise linearly with [Kr] until pho-
toionization ceases to be the dominant loss mechanism.
This prediction was borne out by measurements in which
Py, was varied up to ~50 Torr. These experiments sub-
stantiate the conclusion that the ionization rate dominates
the quenching and spontaneous emission rates for most of
the data in Fig. S.

The clear quadratic variation of the photoelectron den-
sity for pressures as high as 50 Torr and I, as low as
~100 MWcm™2 allows one to examine condition (21)
more closely. If 75'=8.7x10% s~! and kQ(6p[%]2)
=6.7x10"1° cm?s—1 (Ref. 6) and assuming a reasonable
value for op; (<107 "% cm?), then (21) will not be satisfied
for pressures as high and intensities as low as those ob-
served experimentally. That is, if we consider the 50-Torr
data, opI(fiw)~! is apparently much greater than
7' +k[Kr] for Ios>100 MWcm™2 For this value of
intensity, opi(#iw)~' =~ 10® s~!, while the sum of the col-
lisional and radiative rates is greater than 10° s~!. There-
fore, it appears that the rate constant for quenching of the
6p[ 31, state by Kr reported in Ref. 6 is too large by at
least an order of magnitude. This conclusion is plausible
for two additional reasons. Setser and co-workers'®!
have measured the rate constants for quenching of the
Kr(5p) and Xe(6p[+]o 6p[],) states by the ground-
state species. In the former case, the avera§e value of kg
for the five states studied is 1.2 10~'° cm’s~! and none
is larger than 2.7 X 10~9 cm3s~!. For the latter, the rate
constants were determined to be 5.8X107'? and
8.2x 107! cm®s~!, respectively. Thus kg(6p[+],) seems
large in comparison with the measured constants for

analogous rare-gas p states.

Second, the ArF laser in Ref. 6 was tuned to the two-
photon 4p%!S,—6p[3], transition and line narrowed
(Av~25 cm ™) by means of two prisms. With a source of
such high spectral brightness, stimulated emission on a
Kr 6p—5s transition'>!® makes it difficult to extract
quenching rate constants even at low Kr pressures (<5
Torr). For the same reason, the Xe 6p[+]o quenching
rate constant reported in Ref. 15 is an upper limit.

The dashed line in Fig. 5 illustrates the cubic depen-
dence of n, on I, for pg, =50 Torr and ArF laser in-
tensities below ~100 MW cm =2 If one assumes that kg
is indeed on the order of 2 10~ !! cm3s~!, then the tran-
sition of n, from a cubic to quadratic dependence on I 5,
would be expected to occur at ~60 MWcm~2 for
Pxkr=20 Torr and at ~47 MWcm~? for the 10-Torr
data.

B. Two-photon cross section

Assuming that ;])hotoionization is the dominant loss
process for the 6p[ 5 1, state, Eq. (20) simplifies to

2
~Z[Kr] . (22)

The two-photon cross section o that was presented in
Sec. IVD was an effective value since it was measured
with a broadband laser. In reality, of course, o can be
written

o=0x8(w), (23)

where oy is the absorption cross section at line center and
g(w) is the two-photon line shape. Since both I and ¢ are
functions of the frequency w, Eq. (22) becomes*

dn, o0 © © , , ,
o zﬁwL [Kr] fo glw)dw fo Y('y (w—o0)e',

(24)
where o, is the center frequency of the ArF laser, y(w')
describes the spectral variation of the laser intensity [in-
tensity expressed in (Hz)~! at o’; y(»')do' =1, the to-
tal intensity], and the second integral [=1'®(w)] is a mea-
sure of the number of two-photon pairs whose total ener-
gy is fiw, where f I'w)dw=1I% For the case of a
Gaussian intensity distribution,

1/2 2

(w)= |— —exp | —2 i # (25)

14 | AP A

and
2 2 2
W—ceWg

IP0= =2 |—=—1 |, 26
= Vaa P VA (26

where A is the spectral full width at half maximum
(FWHM) of the laser pulse divided by v'21n2.

If the atomic line shape is also Gaussian (g(w)
=exp{ —2[(®—w()/8)?}), where & is the FWHM of the
atomic absorption line divided by V'21n2, then Eq. (24)
can be rewritten

dn, oo[Kr]I? 5 (2w —wg)?
—~ eXp |—2——F—5 5 |- (27
dt fiwp V2A2 482 2A%+8
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Since the laser bandwidth is much larger than the atomic
linewidth, Eq. (27) can be simplified to

dn, _ooKrll® s

2(1)1_—-0)0
dt = fw, VAP

A

2
l . (28)

Although this analysis has not considered the effect of
Doppler or pressure broadening, its inclusion would only
result in the addition of other linewidth terms to the
denominator of the exponent in (27) and the laser band-
width A still dominates. By comparing Eq. (28) with Eq.
(3), it is seen that neglecting the frequency dependence of
two-photon absorption results in a cross section which is a
factor of (V2A/8)exp{[(2w; —wy)/A)?} too small.* For
8~300 MHz (Ref. 17), A=4 THz, and 20w; —wy=2.1
THz as in these experiments, the absorption cross section
given in Sec. IV becomes 5X 10728 cm* W—!. This value
is similar in magnitude to that measured by Gornik
et al.'® for the two-photon excitation of the Xe 6p[31,
state with a frequency-doubled dye laser (@a~1.2x10~?’
cm* W1,

VI. CONCLUSIONS

The effective two-photon ionization cross section
describing the resonantly enhanced three-photon ioniza-
tion of krypton at 193 nm has been measured to be
2x 10732 cm*W~! for an ArF laser with a bandwidth
(FWHM) of 140 cm~'. This corresponds to an absorption
cross section of 5X207%2 cm*W~! for an atomic
linewidth (FWHM) of 300 MHz. Both values are in
agreement with experimentally measured and calculated
cross sections in the literature. Unlike previous experi-
mental determinations of cross sections, the approach pur-
sued here exploits inverse bremsstrahlung to observe (in
real time) the absolute electron number density produced
during the photoionization process.
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FIG. 3. Laser (a) and microwave-attenuation (b), (c)
waveforms observed in these experiments. In (b) and (c) electron
density increases vertically, and for Kr pressures beyond ~ 50
Torr, the influence of metastable-metastable collisions on elec-
tron production is clearly evident.



