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Photoionization of rare-gas-dimer excited states: Experimental measurements
of absolute cross sections for Xez(0+, 1g, 28 ) in the ultraviolet (248 & A, & 351 nm)

A. W. McCown, M. N. Ediger, and J. G. Eden
University of Illinois, Urbana, Illinois 61801

(Received 18 October 1983)

Photoionization of excited states of the xenon dirner (Xe2) has been observed and absolute ioniza-
tion cross sections have been measured for several laser wavelengths between 248 and 351 nm. Pro-
duction of the excimers is accomplished by two-photon ionization of ground-state Xe atoms at 193
nm, followed by formation and the subsequent dissociative recombination of Xe2 1( 2 )„ions, col-
lisional and radiative relaxation of the Xe 6p and 6s manifolds, and formation of low-lying excimer
states by three-body collisions. Absolute photoionization cross sections are subsequently determined
at 351.1, 337.1, 307.9, 277.0, and 248.4 nrn by combining a second rare-gas —halide excimer (or N2)
laser pulse with a microwave-absorption technique to monitor the absolute photoelectron density (in
real time) as a function of the intensity of the second laser pulse. The use of microwave absorption
allows for the detection of photoelectrons in the presence of a high-pressure background gas.
Laser-induced fluorescence and spontaneous emission studies of the temporal behavior of the popu-
lations of all of the Xe 6p states as well as the 6s'(

2 )o and 6s( 2 )1 levels confirm that a molecule is

being photoionized. The molecular states involved are 0„,1g, and 2g which correlate with the
6s( 2 )1 excited level and a S0 (ground-state) atom. The optical transitions associated with each

laser wavelength A, studied appear to be Xe2 0„+—+Xe2+ 1( 2 )g (X=248.4 nm); 1g (or 2g) —+1( 2 )„
(A, =277.0 nm); and 1g (or 2g) —+1( z )„for A, =307.9, 337.1, and 351.1 nm. The discrepancy between

the measured cross sections and the values calculated previously (Lorents, Eckstrom, and Huestis,
1973) from a quantum-defect approach is roughly a factor of 2 at 308 nm but increases rapidly at
shorter wavelengths. Also, in contrast to theoretical predictions for the 6s atomic Xe excited states
in which the photoionization cross section o. falls monotonically with photon energy, the measured
o. peaks at 7)&10 ' cm for A, =308 nm (%co=4 eV). The profile of the photoionization cross-
section spectrum that is reported here for Xe2 is, however, remarkably similar to that calculated by
Rescigno et al. [J.Chem. Phys. 68, S283 (1978)] for the 'X excited state of the Ar2 excimer (Ar2).

I. INTRODUCTION

One major inducement for studying the photoionization
of atomic and molecular rare-gas excited states is its pivo-
tal role in determining electron production and transient
self-absorption' in rare-gas —buffered lasers. However,
despite its importance to an understanding of energy
transfer in laboratory plasmas, few experimental measure-
ments of absolute photoionization cross sections for the
excited states of the rare gases have been made.

A. Photoionization cross sections
for atomic rare-gas excited states

By collecting the ions produced at the intersection of a
laser and a beam of rare-gas atoms, Stebbings et al. and
Dunning and Stebbings were able to make the first mea-
surements of the absolute photoionization cross sections
for the 2' S and n ' I' excited states, respectively, of
helium. This work was later extended to the lowest
metastable states of Ar, Kr, and Xe but only an upper
bound or estimate of the cross section was obtained due to
uncertainties in the population of the rare-gas excited
state. More recently, Bokor et al. deduced the pho-
toionization cross section for the 6p[ —', ]q state of Kr at

193.3 nm from fluorescence measurements when the state
was excited by two ArF excimer-laser photons.

From a theoretical standpoint, early efforts also focused
on the 2'S and 2 S states of helium. ' In 1977, Hy-
man, ' McCann and Flannery, ' and Hazi and Rescigno'
calculated the spectral dependence of the photoionization
cross sections for the low-lying s and p states of the
heavier rare gases (Ne —Xe). Since then, studies of the
rare-gas s' and d levels' ' and reexaminations of the p-
state cross sections' ' have been carried out as well.

Summarizing the situation in 1979, McDaniel et al.
stated that "[Absolute] experimental data exist only for
the He 2'S and 2 S metastable states. Reasonably reli-
able theoretical data exist for the lowest metastable
np (n+1)s states of Ne, Ar, Kr, and Xe. Experimental
data are needed for these cases as well as for other excited
states which are metastable or just reasonably long-lived. "
Even considering Ref. 8 and the more recent theoretical
papers, this statement continues to be true.

B. Molecular (dimer) excited states

Even less is known of the photoionization cross sections
for the rare-gas-dimer excited states (Rz ). As noted by
McCusker, ' "The photoionization cross sections for the

29 2611 1984 The American Physical Society



A. %. McCG%N, M. N. EMGER, AND J. G. EDEN

cxclIDc1s have not bccIl diIcctly measured Rnd thc only
available theoretical values appear to be those determined
for the lowest-lying O„and l„states by Lorents et al.
with a quantum-defect approach and ab initio calculations
for photoionization of Ar2('Xi) reported by Rescigno
et al. The major obstacle for experimentalists in this
area 1s 1solat1Ilg thc particular cxc1tcd spcc1cs to bc pho-
toionized and to determine the absolute number density in
that state. Also, a related and useful diagnostic would be
the ability to monitor in real time the number densities of
the ions or electrons produced in the photoionization pro-
CCSS.

C. Background for present work

In this paper, the development of a novel approach to
measuring absolute excited-state photoionization cross
sections and its appHcation to xenon are described.
Specifically, absolute cross sections for the photoioniza-
tion of excited states of the xenon dimer (Xez) have been
determined at several wavelengths in the ultraviolet.

In recent work on photodissociation of the Xe2+ 1(—,
' )„

1on, Rn lnclcRsc 1Q the clcctI'on density was UIlcxpcctcdly
observed when the arrival of an ultraviolet laser pulse at a
laser-produced Xe plasma was delayed more than
—100—150 ns with respect to the initiation of the plasma.
The a«Iditional electron production appeared from prelim-
inary measureinents to be due to photoionization of an
UQ1dcntlf1cd Xc cxcltccl stRtc. FOI' 8 1RscI' wavclcngth of
351 nm, the photoionization cross section for this state
was determined to bc 2.3Q j.o cm .

Detailed studies of this phenomenon at several points in
thc ultravlolct 81c dcscI'1bc«l hcl c. From spontRIlcoUs
emission and laser-induced fluorescence (LIF) experiments
on various low-lying s, s', and p states of Xe, it is con-
cluded that the atomic Xe levels are not responsible for
the observed photoionization but that, for wavelengths be-
tween 277 and 351 nm, it is the l„and2„molecular states
( T, =65000 cm ') that are being photoionized. At 248
nm, photoionization of the Xe2 0„(andpossibly O„or1„)
state (associated with the XeI6s[ —,]iI+XeI'Soj limit)
predominates. Consequently, this work constitutes the
first measurement of the spectral variation of the absolute
photoionization cross section for any rare-gas-excimer
Sta'tC.

D. ExperIHleQtal approach

Utlllz1Ilg 8 mlcrowavc-RbsoI'ptlon schcITle ln con)unc-
tion with two ultraviolet (uv) excimer lasers, it is possible
to 1Tlon1tor 1Q Ical time thc 1nstantancoUs 1QCIcasc 1Q dcc-
tron density, b,n„that results from the photoionization of
RQ excite«I atoIIl oI IHolccule. As IIlcnt10IlccI. cRI'llcI, thc
application of two excimer lasers to the measurement of
the photoabsorption spectrum of the Xei+ 1(—,)„ion has
already bccn dcIllonstratcd.

This approach depends on first photoionizing ground-
state Xe atoms and allowing the ensuing Xc 6p states to
collisionally relax. Excited molecules are subsequently
formed by three-body collisions with background gas
atoms. A sccoQd Uv lascI' pUlsc then photolonlzcs thc Xc2
molecules with the resulting photoelectrons detected by
microwave absorption. In order to ensure that only

molecular xenon states are being studied, the ionizing"
laser pulse is withheld until the Xe 6p, 6s', and 6s popula-
tions have fallen below their peak values. Actually, selec-
tivity regarding the excited state to be ionized is available
in two ways: (1) relying on collisions to preferentially
populate a certain level (i.e., the measurements are taken
within a particular time "window") and (2) design of the
parameters of the microwave system such that it is espe-
cially scnsltlvc to clcctlons having 8 particular cnclgy-
that is, photoelectrons produced by ionization of a specific
excited state. This is a powerful and versatile technique,
and is readily adaptable to other systems, such as the
atomic ( P metastables) and molecular levels of mercury
and cadmium.

The photoionization cross section and population of the
photoionized molecular state are determined at a given
wavelength and time delay between the two lasers from
measurements of the variation of b,n, with the intensity I
of the second (ionizing) laser pulse. As I is increased, b.n,
rises exponentially and asymptotically approaches a limit
or saturated value of An, which is identically equal to the
number density of the state being photoionized. The pho-
toionization cross section is then determined from a com-
puter least-squares fit of an exponential to the data. It
should be emphasized, however, that the cross section is
independent of the absolute Value of the electron density
but, for increasing laser intensity, only depends on the rate
at urhich An, approaches the saturated limit (I~ ao ). By
taking advantage of the variety of discrete wavelengths
that are available throughout the uv from a commercial
rare-gas —haHde excimer laser, one can in this way exam-
ine a large portion of the uv.

One significant aspect of this technique is that, unlike
the biased electrode coHection method, electrons are
viewed immediately upon being freed from the atom or
molecule. This has several important consequences.
F11st, wc arc able to measure Rn RbsolUtc l,ncrease 1Q thc
electron density: i.e., background electrons can be present.
Second, slncc thc clcctI'on-«lcnslty 1ncIcasc cRQ bc IIlca-
sured at any point in time, it is straightforward to exam-
ine the time evolution of b.n, in order to facilitate identifi-
cation of the excited state being ionized. Finally, it is
essential that the photoelectron detection method be capable
of monitoring the electron density in a high pressure am-
bient since dimers only exist in significant concentrations
in this environment. This advantage is inherent to mi-
crouiaue absorption Consequentl. y, qualitative fluorescence
techniques can be avoided.

This paper is organized in the following manner. Sec-
tion II describes the experimental apparatus and data ac-
quisition techniques that underlie these studies. Section
III presents the theoretical considerations relevant to the
interpretation of the microwave-absorption (electron den-
sity) waveforms and determination of the photoionization
cross section. The experimental results RI'e presented in
Sec. IV. Specifically, representative microwave-
absorption oscillograms are shown. From such electron-
density waveforms, the temporal history of the number
density of the species being ionized is determined. Com-
paring this with the results of laser-induced fluorescence
and spontaneous emission measurements of the popula-
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tions of a large number of Xe 6s, 6s', and 6p atomic
states leads to the conclusion that the species in question
is molecular, not atomic. The section concludes with
cross-sectional data taken at several wavelengths in the
uv. A detailed discussion of the kinetics involved and a
comparison of the experimentally-determined Xe2 cross
sections with existing theoretical predictions are the sub-

jects of Sec. V, while Sec. VI concludes with a discussion
of the photoionization cross sections, possible extension of
the experimental technique to the study of other rare-gas-
excimer states, and the impact of the data on existing ul-

traviolet lasers.

II. APPARATUS AND DATA ACQUISITION

A. Experimental setup

A partial schematic diagram of the experimental ap-
paratus for measuring the photoionization cross sections
is given in Fig. 1. The setup consists of two excimer
lasers (Lambda Physik —EMG 101 and 102) and a
microwave-absorption system. One laser operates on the
ArF band at 193 nm and the other is equipped with an
unstable resonator suitable for operation at any one of
several rare-gas —halide excimer wavelengths (XeF, XeCl,

or KrF). In addition, the use of a stable optical cavity on
the latter laser allowed for experiments to be conducted at
337.1 nm (N2).

As illustrated in Fig. 1, stimulated Raman scattering
(SRS) of KrF in H2 (b,v=4155 cm ') provided a fifth
wavelength for study. Only the first Stokes line (S~) at
277.0 nm, however, contained enough energy ( & 10 mJ) to
produce photoelectron densities sufficiently large for ac-
curate and reproducible measurements to be made. There-
fore, S& was spatially separated from the pump (and five
other Stokes and two anti-Stokes wavelengths) by dispers-
ing the beam with a quartz Brewster's angle prism. The
277-nm radiation was then aligned so as to counter-
propagate with the ArF laser beam. Cylindrical lenses
focused the two rectangular (-0.2&(2.9 cm ) laser beams
to a single line along the axis of a suprasil quartz tube
containing 300 Torr of research grade xenon.

The relative times at which the two uv laser pulses ar-
rived at the Xe cell (ArF laser fired first-second laser typi-
cally delayed by 300 ns) were controlled by a digital delay
generator and a triggering network. Also, the shot-to-shot
variations ( & 10%) in the pulse energy of each laser were
monitored by reflecting a known fraction of each beam
onto a calibrated photodiode or a Gen-Tec ED500 energy
detector. Approximately 40% of the excimer laser pulse
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FIG. 1. Experimental apparatus used to measure the absolute photoionization cross section for the lowest 1g,2g, states of Xe2 at
277 nm (wavelength of the first Stokes line of the KrF laser in H2). The microwave bridge, with which the collision frequency for
momentum transfer v was measured, is not shown here. Also, for spectral survey measurements, the 828-nm interference filter and
photomultiplier were replaced by a 0.6-m Hilger-Engis spectrograph and an optical multichannel analyzer |,'OMA).
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energy was lost at the prism, 7% at the beamsplitter, and
15% at the lens and wall of the Xe cell. The measured
laser intensities were, of course, corrected to account for
these losses. For each wavelength studied, the excimer os-
cillators were untuned —thus the laser linewidth was
—100 cm ' for all experiments and the temporal width
of individual pulses was typically 12-ns full width at half
maximum (FWHM).

The photodiode monitoring the laser energy was cali-
brated by recording the photodiode signal versus the actu-
al energy measured by a pyroelectric energy meter directly
in the beam. Apertures and/or neutral density filters were
placed in front of the photodiode to maintain operation of
the detector in the nonsaturated regime.

The Xe cell was placed inside a section of cylindrical
waveguide that was slotted on both sides to permit the en-

try of the laser beams as well as to spatially define the ir-
radiated region. Tapered guide sections interfaced the
cylindrical section to WR90 rectangular waveguide. A
low-power cw microwave signal at 9.477 6Hz was pro-
duced by a klystron, and propagated through the laser-
produced Xe plasma. The attenuated signal was then
detected by a silicon diode and displayed on a Tektronix
7834 storage oscilloscope. A 6-mm-diam hole drilled in
an E bend of the waveguide allowed for the Xe excited-
state fluorescence to be monitored by an RCA C31034A
(GaAs photocathode) photomultiplier and a second
storage oscilloscope.

Further details concerning the degassing and filling of
the Xe cell and calibration and operation of the optical
system can be found in earlier publications. Careful
superposition and spatial filtering of the two rectangular
excimer laser beams at the optical cell, thorough bakeout
of the cell and impurity gettering of the xenon were neces-
sary to ensure reproducible results from the experiments.

B. Data acquisition technique

As will be discussed in the next section, once the col-
lision frequency for electron-neutral momentum transfer
v~ in a particular gas is known for a specific electron en-

ergy, then the electron number density can be calculated
from the experimentally measured attenuation of a mi-
crowave signal by the free electrons. Therefore, with the
wavelength of the second laser at 277 nm, for example,
and the ArF laser (focal) intensity fixed at
—100 MWcm, microwave attenuation waveforms were
recorded for various values of 277-nm laser intensity.
Armed with the equations presented in the next section,
the electron density at any point in time could then be cal-
culated. Of particular interest is the instantaneous jump
in the electron density, denoted as hn„that occurs upon
the arrival of the second laser pulse at the optical cell
when the time delay between the two pulses was greater
than 120—150 ns. As mentioned earlier, by measuring
hn, as a function of the intensity of the 277-nm laser, the
absolute photoionization cross section can be determined.
Furthermore, for large laser intensities, bn, saturates
which allows for the number density of the state(s) being
ionized to be determined. Similar experiments were con-
ducted at the other wavelengths studied (248, 308, 337,

and 351 nm) except that Raman conversion of the excimer
laser output was no longer necessary. In order to main-
tain a constant beam cross section at the Xe cell, data at
248 and 308 nm were taken with the laser in the same po-
sition but with the Raman converter removed. For
A, =351 nm (XeF), the laser on the left-hand side of Fig. 1

was oriented in such a way that its output was again co-
linear with the ArF 193-nm beam.

III. THEORETICAL ANALYSIS

where L is the plasma length (2.9 cm). Using an adjust-
able transmission line short, ps was found to be 1.532
cm '. Inserting these measured parameters and the or-
dered pairs of a and b,P into Eqs. (1) and (2), the average
v was determined to be 3.3)&10' s ' for 0.7-eV elec-
trons in 300 Torr of Xe.

The expression for the collision frequency was derived
from a solution of Maxwell's equations for an ionized gas
in a. waveguide. The plasma frequency was solved for in a
similar manner. The result is

2 2
2 2 &m+~

Flop =2& c
&m

2

—1+ 1+, , (a'+P,')
a co

1/2

(3)

The factor F is expressed as

p, Eo dS
S

Eo dS
(4)

A. Review of microwave relations: Photoionization
of ground-state Xe atoms

A thorough analysis of the microwave-absorption
method for determining peak photoelectron densities has
been given elsewhere and will only be briefly reviewed
here Th. e attenuation a and phase shift AP suffered by a
microwave field traversing a plasma are dependent upon
the plasma frequency co& (electron density) and the
electron-neutral collision frequency v (electron tempera-
ture and gas concentration). Consequently, once v is
known, the temporally-resolved microwave attenuation
waveform can be calibrated to give the absolute electron
density at any point in time.

With a microwave bridge (not shown in Fig 1) inc.or-
porated into the apparatus shown earlier and only the ArF
laser irradiating the Xe cell, ordered pairs of hP and a
were determined for the microwave field impinging on the
laser plasma produced by two-photon ionization of Xe. In
the presence of large background gas densities, the
electron-neutral collision frequency is then expressed as

2(xpco
~2 + (p2 p2 )

where ar is the radian frequency of the microwave field
(5.95&&10' s '), and pg is the propagation constant in
the absence of electrons. The plasma propagation con-
stant P is related to Pg and b P by

pg p=—5(b
(2)
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and arises from the nonuniform production of Xe pho-
toelectrons across the diameter of the optical cell due to
focusing of the ArF beam. The integrals are taken over
the cross-sectional surface area of the cylindrical
waveguide, Eo is the electric field amplitude expressed in
terms of Bessel functions, and f (p, P) describes the spatial
dependence of the electron density. For a uniform elec-
tron distribution, f(p, g)=1. For the experimental ar-
rangement described earlier, Fwas found to be», .

Remembering that the plasma frequency and electron
density are related by the expressions

2n~e
COp =

POVg

ap ——3.18&&10 n,

(where II, is in units of cm ), then the maximum pho-

toelectron density existing along the axis of the Xe cell-
the peak electron density in both space and time —can be
determined from Eqs. (3) and (4) for a given ArF laser
pulse energy.

B. Inclusion of excited-state photoelectrons

The situation is complicated by the second excimer
pulse which photoionizes excited Xe molecules that are
produced initially by the ArF pulse. Of course, the energy
of the electrons produced by the second pulse depends on
the laser's wavelength and the initial and terminal states
involved in the ionizing optical transition. Therefore, im-
mediately following the arrival of the latter laser beam at
the cell, two groups of electrons are present —one with
electron energies still very close to 0.7 CV and a second
group having cIlcrglcs pcr clcctlon of Ee. In 01dcI' to cal-
culate the electron density from the increased attenuation
of the microwave signal, Eq. (3) is modified as follows:

2
F2')p2

V2+ N

4 L L"
40! C 2 2 2 2~1~@1 2 ~1~P1(a +ps) —4a c 2

—vl
Vl+~ &1+

2 2
2a e +1~@1

Vl +QP

In this case, v&
——3.3&&10'0 s ' for 0.7-CV electrons in 300

Torr of xenon, v2 is the collision frequency for electrons
of cllcl'gy Ee, Q)p2 ls 'thcll plRsflla flcqllcIlcy, 07pl ls tllc
plasma frequency corresponding to the electron density
existing immediately prior to the arrival of the second ex-
cimer laser pulse, and Iz is now the final (peak) attenua-
tion coefficient, measured just after the second laser has
fired. The instantaneous electron-density increase hn,
due to the photoionization of Xeq excited states is calcu-
lated from Eq. (5) and the expression

EOPl Q)p 2
An, =

e2

T1lls Rllalysls RssllIllcs tllat tllc orlglllR1 dlstI'lbutloIl of
electron energies, essentially a 5 function, remains fixed
over the several hundred nanosecond time interval under
consldcratlon. Although th1s 1s R va11d Rpprox1111ation
during the second laser pulse (-25 ns wide at the 10%
points) when the final attenuation measurement is made,
it 1s expected that electron-electron colhsions w111 tend to
force the original electron energy distribution towards a
Maxwellian. An analytical solution to this problem has
not yet been attempted but the effect of the electron-
energy distribution on the final calculation of the electron
density is expected to be small. Also, for convenience, Fz
is assumed to be equal to I l.

It ls obvlolls fl'oIIl (5) tllat Arl cR11110't bc cRlcula'tcd ull-
less the coBision frequency v2 is known. From the values
of cr tabulated by Frost and Phelps and the known Xe
density, the collision frequency is simply v
=[Xe](a~(E,)u ) where the square brackets denote par-
tlclc density (expressed III CIII ) Rnd tllc dependence of

cr on E, is shown explicitly. If the electron velocity u is
assumed to be a constant rather than a distribution, then

where the subscripts 1 and 2 are associated with the pho-
toelectrons produced by the first and second laser pulses,
respectively. Since v~ was measured for 0.7-CV electrons,
the collision frequency for any E, is determined from Eq.
(6) and existing cross-sectional data.

C. Sensitivity of the microwave detection system

For small values of microwave attenuation (a), Eq. (3)
can be rewritten as

Rnd so n~ 1s d1rcctly p1oport1onal to A. Thc microwave
detection of photoelectrons is most sensitive [i.e., right-
hand side of (7) is minimized] when v =co. Therefore,
since o.~ and v are both dependent upon the ejected elec-
tron energy, there exists a value of E, for which the detec-
tion system is most sensitive. As v deviates from the
value co11csponding to th1s E~, a larger cxccss clcctron
density (b n, ) is necessary to obtain a given attenuation of
the microwave probe signal. Eventually, of course, the
signal becomes undetectable or, more precisely, such elec-
trons can be detected but the neutral molecular excited
state associated with producing such energetic electrons
would have to have a large photoionization cross section
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toionization of the Xez O„and ls, 2s states to be examined
over a large fraction of the ultraviolet region.

(a)

B. Determination of the photoionization cross section

The xenon dimer excited-state photoionization cross
section 0.; is determined by simultaneously solving the ki-
netic rate equations which describe the temporal evolution
of the excited-state population [Xez] and hn, Neglecting
feeding and loss terms during the second laser pulse (12-ns
FWHM, 25 ns at the 10% points), one finds that

(8)

where X' is the population (immediately prior to the ar-
rival of the second laser pulse) of the molecular state be-

ing ionized and A is the cross-sectional area of the second
laser beam at its focus. Therefore, a plot of 4n, vs
E/~A (for a fixed time delay b, t—typically 300 ns-
between the two lasers) should yield the exponential
dependence described by (8) in which the saturated limit
of the excess electron density is the population of the
molecular state at that time. In order to determine the
time evolution of the population of the excited state in
question, the energy per pulse E of the second laser was
held constant and b,n, measured as ht was changed from
less than 100 ns to beyond 1 ps.

A. Microwave attenuation {electron-density) waveforms

Figure 3 gives two examples of microwave attenuation
oscillograms for 300 Torr of Xe partially ionized initially
by ArF radiation, followed -300 ns later by an N2 laser
pulse. The ArF and N2 laser focal intensities for the two
photographs are (a) Iz,F 90 MWcm ——2 and IN =12
MW cm, (b) IA,F ——100 MWcm and IN, ——16 MW

cm . Also, attenuation (and, therefore, electron density)
increases vertically as shown. The baseline (lowest hor-
izontal line on the graticule) indicates the position of the
dc microwave signal and a silicon detector was calibrated
with a precision attenuator to determine the attenuation
necessary to produce a given deflection from the baseline.
The waveforms shown in Fig. 3 are similar to one first re-
ported in Ref. 24.

Figure 3(a) shows the entire electron-density waveform
while 3(b) gives only the latter portion of the signal so as
to accentuate the excess electron density (i.e., beyond the
ArF laser-produced "background" ) produced by the Ni
laser. Actually, two waveforms are superimposed in 3(b).
One shows the observed temporal history of the electron
density when only the 193-nm optical field is present
while the second illustrates the difference when both
lasers are fired (same ArF intensity). Two points can be
made about each of the three waveforms. The reproduci-
bility of the traces was excellent for all of the data taken
(bcttcl' thall 5%). Sccolldly, all illstailtallcous illclcasc 111

the electron density is clearly evident when the N2 pulse
arrives at the cell. At this point it should be mentioned
that detailed measurements were made to verify that
waveforms such as those in Fig. 3 were due to absorption

Cl
C
C)

V
ttl

UJ

C
Q

(b)

gl

0

CD
C

C

FIG. 3. Typical microwave-absorption oscillograms for 300
Torr of Xe irradiated initially by ArF (193 nm) followed -300
ns later by an Nq-laser (337 nm) pulse. Photograph (a) shows
the entire waveform and two waveforms are superimposed in
(b)—one showing the effect of both laser pulses and a second as-
sociated with only the 193-nm beam. Microwave absorption
(and, hence, electron density) increases vertically. The ArF
pulse produces a peak electron density of -2.4& 10' cm and
3.0& 10' cm for (a) and (b), respectively, and the N2 laser ra-
diation leads to an instantaneous jump in the electron density.
The ArF and N2 laser intensities are 90 and 12 MWcm
respectively, in (a) and 100 and 16 M%'cm (EN -=10 mJ,

NN ——EN (fmA) '=2.2&(10' cm ) in (b}.

of the microwave probe rather than reflection of power
back towards the klystron. Note that the vertical axes in
Figs. 3(a) and 3(b) are not linear in electron density. In
3(a), for example, the vertical deflection sensitivity is 10
mV per large division and so at 10 mV above the baseline
(bottom of graticule), the detection system sensitivity is
2.64&&10" cm (mV) '. At the top of the oscHlogram
(80 mV), the resolution has fallen to 2.80&& 10"
cm (mV)

When the ArF laser is fired, absorption of the mi-
crowave probe signal in 3(a) rises rapidly to a peak ab-
sorption of 32% at the end of the pump pulse ( —15—20
ns), signifying the presence of a large ( ~2)&10' cm )
electron density produced by two-photor ionization of Xe
at 193 nrn. These initial electrons decay by dissociative
recombination of Xez+ and the electron density is
1.45 X 10' cm when a nitrogen laser is fired at
b, t =300 ns. The N2 laser pulse ionizes (as will be shown
later) excited xenon dimers, thereby increasing the elec-
tron density by 2.9&(10' cm . For all of the experi-
mental data to be described later, the Arp laser pulse ener-

gy and the timing between the two lasers (300 ns) were
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fixed such that the background electron density was
1.65X10' cm [corresponding to a 60-mV deflection
from the baseline as shown in Fig. 3(b)] just prior to the
second laser pulse. The total deflection gave the final at-
tenuation a, which was substituted into Eq. (5).

C. Laser-induced fluorescence and spontaneous
emission measurements of excited-state temporal

histories

It was stated in Sec. IIIC that photoionization of cer-
tain Xe2 states accounts for the excess electron production

'I.O

.v 08

Cl
C
P 0.6

LU

~ 0.4
X

llf
U

N
0.2

E
L0

Z.'

0-
0.2 0.4 0.6 0,8 1.0 1.2 1.4

Dt {ps}

FIG. 4. Temporal variation of the number density of the un-
known species for photoionization at 308 and 351 nm. The
ArF, XeF, and XeCl laser intensities were fixed at 80, 50, and
30 MW cm, respectively, and ht is the time delay between the
two lasers (ArF laser fired first at t =0).

B. Temporal history of the state(s) being ionized

The first step towards determining the identity of the
state being photoionized is to measure the variation of its
relative population with time. As mentioned previously,
this was accomplished by measuring the unsaturated An,
(since only relative values are needed) for various time de-
lays between the two excimer laser pulses with the intensi-
ties of each laser held constant. As shown in Fig 4.for
A, =307.9 nm and the ArF and XeCl focal laser intensities
fixed at 80 and 25 MWcm, respectively, An, peaks
-400 ns after the ArF laser is fired. Since N" is propor-
tional to hn, [Eq. (8)], we conclude that the population of
the as yet unidentified species also reaches maximum for
At=400 ns. As also illustrated in the figure, an almost
identical result was obtained for A, =351.1 nm (XeF laser,
Ix,F ——50 MW cm ). Higher ArF intensities cause X*
to peak earlier in time as is borne out by the data of Fig.
6, Ref. 24. In that case, IA,F

——112 MWcm which
gives an electron density that is 71% larger than that at
80 MWcm . Therefore, since the recombination rate for
Xe2+ ions is proportional to n„the Xe excited-state den-
sities, and hence the Xe2 population, build up much more
rapidly for the larger ArF intensities. With I&,F held
constant, however, the variation of b,n, (N") with time is
(to within experimental error) the same at these two wave-
lengths.

that was described earlier, and the experimentally mea-
sured time required for N to peak seems to buttress this
argument. However, a convincing identification of the
atomic or molecular state(s) responsible requires that com-
parison be made between the temporal history of known
levels that might reasonably be involved and that for the
unidentified species. Consequently, a series of laser-
induced Auorescence and spontaneous emission experi-
ments, designed to examine the histories of various Xe
atomic excited states, were conducted with the apparatus
illustrated schematically in Fig. 5. Atomic states were
chosen for study simply because their energy levels are
much better known than are those for the dimer.

The excited states of Xe were produced indirectly by
two-photon ionization of Xe at 193 nm (Ref. 25) (ArF ex-
cimer laser) followed by dissociative recombination of
Xe2+. As was done earlier, the Xe cell was irradiated
transversely, producing a linear excitation region -3 cm
in length.

The temporal histories of every 6p state: 6p[ —,
'

]0,
6p[ —,

'
]2, 6p[ —,

'
]3, 6p[ —,

'
]~, 6p[ —,

'
]2, and 6p[ —,

'
j~, as well as

the 6p [ —,]2 level were studied in emission by viewing the
axis of the Xe cell with a 0.6-m Hilger-Engis spectrograph
(0.14-nm/mm resolution in first order) and an RCA 7102
(S-l) photomultiplier.

The transitions examined were 6p[ —, ]o—+6s[—,
'

]& (828.0
nm), 6p[ —,

' ]2~6s[—', ]2 (823.2 nm), 6p[ —', ]3~6s[—,
'

]2
(881.9 nm), 6p[ —,

' ]&~6s[—, ]& (916.3 nm), 6p[ —, ]2
~6s[—,

'
]2 (904.5 nm), 6p[ —,

'
]& ~6s[—', ]2 (980.0 nm), and

6p'[ —,
' ]2~6s'[ —,

'
]~ (834.7 nm). Owing to the weak spon-

taneous emission signals involved, the fluorescence
waveforms were recovered using a Princeton Applied
Research 162 boxcar integrator with a 10-ns-wide gate
and a strip-chart recorder. To within experimental error,
all of the transitions studied behave in a nearly identical
manner, exhibiting peak fluorescence —100 ns following
the firing of the ArF laser. The e ' decay time for the
waveforms is typically 250—350 ns. As far as signal am-
plitudes are concerned, the 6p[ —,

'
]p—+6s[ —,

'
]& emission at

828 nm was considerably stronger than the others. From
the transition branching ratios measured by Horiguchi
et a/. for various 6p states of Xe, calculations of the rel-
ative peak populations of the 6p states were made and the
results are given in Table II where the states are ranked in
descending order according to their energies. The tem-
poral histories of the 6p[ —,

'
]~ and 6p[ —,

'
]2 states were also

measured by LIF experiments on the 6p[ —,']2—&7d[ —,']3
(739A nm) and 6p[ —, ]&

—+8sf —,']& (738.6 nm) transitions
and the results corroborated the emission studies.

In order to study the Xe 6s and 6s' states, the vacuum-
ultraviolet wavelengths of the 6s[ —,]~~'So (147.0 nm)
and 6s'[ —,]&~'So (129.6 nm) resonance lines made it
necessary to again resort to LIF. For these experiments, a
pulsed, excimer-pumped dye laser (10-ns FWHM pulses,
AA, (10 nm or 0.2 cm ' except for k)700 nm where
b, A, -0.1 nm) was tuned to one of three transitions:
6s [—,]~ ~6p '[ —,]~ at 491.7 nm, 6s [—,]~ ~7p [—,]0 at 480.7
nm or 6s'[ —,

' ]&~4f[—,
'

]2 at 732.1 nm. To ensure that the
dye laser was tuned to the correct wavelength, the beam
was passed through a low pressure (0.5 Torr) Xe discharge
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FIG. 5. Experimental setup for the measurement of the time behavior of several Xe 6p, 6p', 6s', and 6s atomic-state populations
by LIF or spontaneous emission. The inset is a more detailed diagram of the collection optics and geometry for the detection system.

and resonance observed by means of the optogalvanic ef-
fect.

The dye laser beam was directed along the axis of the
Xe tube such that it was colinear with the focus of the
ArF beam and a digital delay generator again controlled
the relative timing between the two laser pulses. The LIF
was collected and imaged onto the slits of a 0.5-m Jarrell-
Ash monochromator with a simple telescope (f/4 optics)
consisting of cylindrical lenses and an aluminized planar
mirror (see inset, Fig. 5). Because of the shorter wave-
lengths involved, an RCA C31034A (GaAs photocathode)
photomultiplier was used and the temporal history of the

LIF again obtained with a boxcar and strip-chart recor-
der. Alignment of the detection system, which was found
to be crucial, consisted of replacing the Xe cell with a
tungsten ribbon lamp and mounting the lamp so that the
filament lay horizontally and at the intersection of the dye
and excimer laser beams. The luminous region of the fila-
ment was then imaged onto the slits of the monochroma-
tor using the lenses and mirror. To optimize the system's
collection efficiency, the monochromator was placed on
its side so that the slits and filament image were parallel.

For each of the dye laser transitions mentioned above,
the resulting LIF was, for convenience, monitored on the

TABLE II. Relative populations of the 6p levels of Xe.

State
Transition
examined

Relative
emission
intensity

Transition
branching

ratio'

Relative
peak

population

0.16p'[ 2 ]z—+6s'[ i ], (834.7 nm)

6p[ —,
' ], 6s[ —,

' ], (828.0 nm)

6p[ z ]2~6s[ z ]i (823.2 nm)

6p[ z ]&~6s[ i ], (916.3 nm)

6p[ —,']3~6s[ z ]2 (881.9 nm)

6p[ z ]2~6s[ 2 ]q (904.5 nm)

6p[ z ]i~6s[ i ]i (980.0 nm)

4.50.998

1.5

1.01.2
1.0

1.91.0
1.5

6p'[T~]2 0.733 0.08

6p[ 2 ]p 8.9

6p[ ~ ]p 2.1 0.7
6p[ —', ]i 0.915

6p[ z ]q 5.3 3.2

6p[ 2 ]2 0.363

6p[ 2 ]i 1.1 0.917

'Values are from Horiguchi et al. , Ref. 30.
The relative peak population is defined as the relative intensity divided by the product of the detector

response at that wavelength and the branching ratio.
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6@[—,
'

]0—&6s[ —,
'

]& transition at 828.0 nm. Figure 6 shows

that, due to the large quenching rates and short radiative
lifetimes for the Xe np and np' levels, this approach
only slightly distorts the true temporal dependence of the
uutj. al-state s populatj. on. A partial energy-level diagram
for atomic xenon is given in Fig. 6(a) and the transitions
used to probe the resonant 6s[ —,

'
]~ state ( P~ and is4, in

I.S coupling and Racah notation, respectively) are also in-
dicated. The 6p~6s LIF waveform at 828 nm that re-
sults from pumping the 6s[—', ]~~7@[—,']o Xe transition
with a dye laser is compared to the actual dye-laser pulse
in Fig. 6(b). Despite the "two-step" process by which

7@[ 2 ]o atoms return to the initial 6s[ —, ]~ level, the dye-

laser pulse width is stretched by only 14 ns. Therefore, re-
laxation of the 7p[ —, jc and 6p'[ —', ]& states to the 6p[ —,

'
]o

level is so rapid at these pressures (300 Torr Xe) that
monitoring the 6@[—,

' ]0~6s[—,
'

]t line is essentially

equivalent to looking directly at the upper state of the
dye-laser —pumped transition. Similar comments hold for
the bs'[2 ]~~4f[—,

'
]2 transition which has not been in-

cluded in Fig. 6.
The results of the LIF and 6p spontaneous emission ex-

periments are summarized in Fig. 7 which shows a

representative Xe 6p —+6s fluorescence waveform and the
temporal histories of the Xe 6s[ —,

' ], and 6s'[ —,
'

]~ states as
determined by LIF. For convenience, the variation of N"
with time (from Fig. 4) is also shown. Owing to the
weakness of the LIF signal, it was not possible to monitor
the 6s' concentration for b, t ~ 300 ns. However, as point-
ed out by several groups, ' the proximity of the
6s'[ —,

'
]~ state to the 6@[—,

'
j~ level leads to strong collision-

al coupling between the two. Consequently, as confirmed
by the partial results in Fig. 7, Sadeghi and Sabbagh
have shown that the temporal histories of the two states
are nearly identical, even for xenon pressures as low as
0.06 Torr.

Clearly, none of the atomic states studied even roughly
matches the time behavior of the population of the species
in question and are therefore unable to account for the ob-
served photoionization. Hence, we are forced to conclude
that a molecule, not an atomic excited state, is the respon-
sible species. A simple calculation demonstrates that this
is a plausible conclusion. If one somewhat arbitrarily as-
sociates N* with a molecular state arising from Xe
6s[—,

'
]~ and 'So atoms and assuming that the Xe 6s[ —,

'
]~

population decays almost exponentially for t&200 ns,

4f, 8s

7V[ l/2],
6p' [3/2]

„

Radiative and
Co I lisiona I

Relaxation

480.7 nrn 491.7 nm

-~6s' j't/2]
„

6s' [1/2]
+
C

C/)

C
CD

C

7p [ t/2]o

6s[3/2]„

20
Time (ns)

30

6—

0 Ground

(a)
FICs. 6. (a) Partial energy-level diagram for atomic Xe showing states relevant to the detection of Xe 6s [ 2 ]& atoms by LIF. (b)

demonstrates that monitoring the 6p ~6s line at 828.0 nm, rather than looking directly at a transition originating from the 7p [ 2 ]0 or
6p'[ 2 ] &

states, distorts the true dye laser waveform by —14 ns which is negligible compared to the lifetime of the 6s[ 2 ]& population
(F%"HM is approximately 250—300 ns). Similar data and comments hold for the other 6p and 6s' states which were studied by LIP.
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FIG. 7. Comparison of the temporal histories of the popula-
tions of selected Xe 6s, 6s', and 6p levels. All of the 6p states

([2]0, [z]z, [z]3, [z]&, [z]z, [z]&) and the 6p'[z]q level are

represented by a single waveform since their temporal behavior
is identical to within experimental error. The molecular profile
was taken from Fig. 4 (A, =308 nm) and is very similar to Fig. 6
of Ref. 24 in which A. =351.1. In this case, the photoionization
wavelength is 307.9 nm. As noted in the text, accurately moni-

toring the 6s'[ 2 ]~ population was only possible for delay times

)250—300 ns. Also note that the molecular species curve peaks
much later in time than any of the atomic-state number densi-
ties. For all of the data shown, 80 (IA,F (90 M% cm

E
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Photon F l uence 4 (10' cm )
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FIG. 8. Instantaneous excess electron density An, (beyond
the background density produced solely by the ArF laser) as a
function of the photon flux from the second (ionizing) laser
pulse. For the data, IA,F ——100 MWcm and At =300 ns. The
saturated limits for the 351-, 337-, 308-, and 277-nm data lie be-
tween 4.2X10' and 6.3&(10' cm while at 248 nm, the sa-
turated hn, is 3.2&10' cm . The 351-nm data are nearly
identical to that shown in Fig. 5 of Ref. 24. The curves shown
represent computer fits of the data to Eq. (14}.

then the time rate of change of the Xe* and Xez popula-
tions can be expressed in rate equation form as

"[;j = k, [Xe]2[Xe*jdt'

Then, if 8 &&1/r, kf [Xe] is associated with the leading
edge of the N temporal profile.

Subsequently, from Fig. 7

kf[Xe] =(200 ns)

or

d[Xe2], [Xe*,]
dt' =+kf [Xe] [Xe*]—

7
(10)

where t'=0 is defined to be at the peak of the 6s[—', ]&

curve, kf is the three-body formation rate constant (ex-
pressed in cm s ') for the Xez species, r is the effective
lifetime of the Xe2 states, and excimer molecule forma-
tion is assumed to be the dominant loss process for
6s [—,

'
]& atoms at this pressure (300 Torr; resonance radia-

tion trapping greatly extends the 6s[—', ]&
—+'So spontane-

ous emission lifetime).
Consequently,

kf 5X 10 cm s

for [Xe]=9.6&(10' cm . This value is almost precisely
that expected from those already existing in the litera-
ture.

In summary, detailed studies of the temporal history of
the populations of every Xe(6p) state as well as the
6s'[ —,]~ and 6s[ —,']~ levels lead to the conclusion that
these species are not those responsible for the observed
photoionization signal. On the contrary, the time depen-
dence of N* points to a molecular (Xe2) level.

D. Photoelectron density data
[Xe*]=Ae

[Xeg jd[Xe2 j
Gt

where

8=kf [Xe] (12)

and 2 is the peak (r'=0) Xe* number density. Therefore,

t'/w Bt')— —
8—I /r (13)

Figure 8 presents the results of measurements of the
peak (initial) electron density increase as a function of the
photon fluence [4=(ficoA) 'E~»„,A is the beam cross-
sectional area] of the second laser for five wavelengths be-
tween 248 and 351 nm. Acquiring the data consisted of
recording the total microwave signal deflection from the
baseline while varying the ionizing laser pulse energy.
The attenuation was then calculated for each pulse, and
the measurements were repeated for each laser wavelength
studied. The 351-nm data is essentially equivalent to that
shown in Fig. 5 of Ref. 24. Note that the photon fluence
scale for A, =248 nm is different from that for the other
wavelengths simply because the electron densities mea-
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sured for photoionization at the Krp laser wavelength
were so much smaller than those observed elsewhere.

For each wavelength, the best fit of the equation

]0—'16

Ar2 ('Z)
R esca 9 AQ 8j 8l.

b, n, (@)=C(l —e ) (14)

(where 4 is again the laser photon fluence) to the data was
calculated by a computer. Of course, (14) is a modified
expression for Eq. (8) in which the constant C represents
the saturated excess electron density and is equal to N,
thc nuIIlbcl dcns1ty of thc Xc2 cxc1tcd state being 1onizcd.
D, on the other hand, is the photoionization cross section
of the state at the wavelength under consideration.

For A, =351, 308, 337, and 277 nm, the saturated
electron-density values (C) (measured 300 ns after the
ArF pulse) were found to be 6.3 X 10'2, 4.2 & 10",
6. 1 & 10 and 5.0& 10 cm, respectively. Although
thc laser cnclglcs avallablc at 277 nm wcI'c such that An~

could not be saturated, the flux range studied was suffi-
ciently 18I'gc that 1t ls concluded that thc 277-nm satura-
tion limit is correct to within 20% [(5+1))&10' cm ].
At 351, 308, and 337 nm, the uncertainty in (b,n, )sAr is
less since, as can be seen from Fig. 8, measurements of
hn, at 308 nm nearly reach the saturated hmit for

x.c»2&10~7 cm 2 w»IC at 33»nd 35»m e&cess
electron densities more than 56% and 57%, respectively,
of the computed saturation limit were recorded. Conse-

quently, the uncertainties in the saturated electron densi-

ties at 308, 337, and 351 nrn are estimated to be +10% at
351 and 337 nm and +15% at 308 nm. These errors
represent 1 standard deviation in the saturated values of
hn, that were determined by the computer from the data.
The results suggest that the same excited state is being
photoionized at the four wavelengths between 277 and 351
nm. At 248 nm, the saturated hn, predicted by the data
(3.2X 10' cm ) is significantly smaller than for the oth-
er wavelengths and this is reinforced by the much smaller
cross section observed with the KrF laser. Therefore, it
appears that a different initial state is involved for A, =248

TABLE III. Photoionization cross sections measured for ex-
cltcd states of IIlolcculal xenon.

Ion1zatlon Saturated clcctl on
Molecular Wavelength cross section density (An, )I ——N

state(s) (nm) o; (10 ' cm ) (10' cm )

Xe2 ( lg, 2g ) 351.1
337.1
307.9
277»0

2.3
3.0
7.1

1.6

6.3
6.1

4.2
5.0

3.2

E. Measured photolonization cross scct1oils

The measured photoionization cross sections (deter-
mined from the data of Fig. 8) are listed in Table III and
plotted ln Flg. 9. A peak value of 7Q 10 cm occUI's
for A, =308 nm (XeCl laser) but the cross section falls rap-
idly for shorter wavelengths. One of the major sources of
error 1n thc X=248-nm CI'oss scct1on 1s thc r1s1ng 1mpor-

)0—20 I

300
VAvelength (am)

I

350

FIG. 9. Mcasurcd Xc2 photolon1zatlon cross scct1ons for
several different ultraviolet laser vmvelengths. These are com-
pared with theoretical values calculated by Lox'ents et al. (Ref.
22) for Xe2 and the calculations of Rescigno et al. (Ref. 23) for
the X state of Ar2. The photoionization profiles reported by
Hartquist (Ref. 16) for the Xe 6s [—', )2 and 6s'[ —,

'
]0 atomic states

are also shown.

tance of two-photon excitation of the Xe 6@[—,]o state at
80119 cm ' for KrF laser pulse energies & 100 mJ. In-
direct feeding of the 6s and 6s' atomic states results, cul-
minating in additional production of excited dimers. This
complicates the analysis of the data since an increase in
[Xe2] also leads to a rise in the dimer ionization rate.
This comphcatlon ts reflected by tlM larger error bars for
the 248-nm datum. As indicated in Fig. 9, the uncertai. n-
ty in the cross sections is +10% for A, =277, 337, and 351
nm, +15% at 308 nm, and +20% at 248 nm. Again, the
crroI 1n thc CI'oss sections 1s 1 standard dcv1at1on Rnd
arises primarily from the uncertainty associated with cali-
bration of the photodiodes used in laser intensity measure-
mcnts. The electron-density mcasurcmcnts themselves arc
not a major source of error —the microwave "attenuation"
waveforms are nearly noise-free and the only errors from
this aspect of the studies stem from the estimated 5% un-
certainty in reading the peak attenuation from an oscillo-
scope d1splRy.

The results for XeF (351 nm) also illustrate the insensi-
tivity of the cross-section measurement to the value
chosen for E, . In an earlier paper in which the photoioni-
zation effect was first reported, photoionization of a 6s'
atomic state was assumed to be responsible which gave an
E, of -0.85 eV. However, after identifying Xe2 as the
species in question, the ejected electron energy is only
-0.1 CV and yet the cross sections measured in each case
are identical (2.3&(10 ' cm ) to less than 5%. The ma-
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jor change involves N" which increases from
5&(10' cm to 6.3)&10' cm in the present case—still
not a serious deviation. Consequently, one very attractive
aspect of this approach to measuring photoionization
cross sections is that it is virtually independent of the pre-
cise shape of the molecular state potential curves.

V. DISCUSSION

A. Kinetics

The optical and kinetic sequence by which Xe2 excited
states are produced and subsequently ionized is depicted
in Fig. 10. Xenon ions in the P3/p configuration are ini-
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FIG. 10. Generalized energy-level diagram for Xe2 and Xe2+
illustrating the optical and collisional processes that dominate
the kinetics of these experiments. Soon after Xe+ ( P3/2) ions
are produced by two-photon ionization (fico=6.4 eV} of Xe
('So), Xe2+ ions are formed and are subsequently lost to dissoci-
ative recombination. The Xe 6p manifold relaxes collisionally,
radiatively, and by dissociation of higher-lying, unstable Xe2 ex-
cited states. Photodissociation of Xez+ on the 1( z )„~2(2 )g

transition is also shown.

tially produced from ground-state atoms by the simul-
taneous absorption of two 193.3-nm (duo=6. 4 eV) pho-
tons. A 0.7-eV electron is also produced by this process
and for the Xe pressures used in these experiments (300
Torr), cooling of. the photoelectrons by elastic electron-
neutral collisions is slow [electron temperature ( T, ) relax-
ation time is approximately 3 ps (Ref. 27)]. Consequent-
ly, T, is assumed to be constant over the time scale of
these experiments.

Dimerization of the Xe+( P3~2) species to form Xe2+
molecular ions in the ground [1(—,)„]state is rapid (~
at 300 Torr Xe =2&&10 s '). As shown in the figure,
the Xe (6p) manifold of states (6p[ &]p 6p[T']2 and

6p[ —', ]3, in particular) is known to be strongly fed by dis-

sociative recombination of Xeq+ with the "hot" (0.7 eV)
electrons. Collisional relaxation of the 6p manifold is
rapid ' and so lower-lying 6p, 6s', and 6s levels are
quickly populated.

At this point, it should be emphasized that, as indicated
in Fig. 10, the 6p states relax to the 6s and 6s' levels by
several channels. Of course, spontaneous emission is
strong due to the 30—40-ns radiative lifetimes of the indi-
vidual states and the two-body quenching-rate constants
are also large —within an order-of-magnitude of gas kinet-
ic. In addition, as noted by Mulliken in his classic pa-
per on the excited-state structure of Xez, although the 6p
atomic states do form strongly-bound 1„,0„and ls, Og

molecular levels, these states are unstable with respect to
dissociation or predissociation since they are crossed by
repulsive curves associated with the Xe*(6s')+Xe asymp-
tote. ' Consequently, molecular formation followed
rapidly by dissociation of the species is a viable loss chan-
nel for 6p atoms.

Once formed, Xe 6s atoms are subsequently able to
populate low-lying Xez excited states through a three-
body collision with two background 'S0 atoms. A uv
pulse from a second laser (XeF: 351.1 nm; N2. 337.1 nm;
XeCl: 307.9 nm; KrF: 248.4 nm, or KrF Raman shifted
in Hz. 277.0 nm) subsequently ionizes molecules in those
energy levels. . Of course, the photoelectron density is
dominated by those Xe2 excited states that have substan-
tial populations and large photoionization cross sections.
Guaranteeing that predominantly Xez excimers, rather
than atomic excited states, are photoionized is accom-
p/ished by exploiting Fig. 7—namely, simply delaying the
second laser pulse until the Xez+ 1(—,

' )„andXe'(6s, 6s',
and 6p) number densities fall below their peak values.

Further proof that the Xe2 dimer is being photoionized
in these experiments rests on remembering that the same
uv radiation that photoionizes Xez is also capable of pho-
todissociating Xez (cf. Ref. 24). To this point, the dis-
cussion has centered on the temporal and laser intensity
dependence of the electron density as deduced from
microwave-absorption measurements. However, the Xe
6p~6s fluorescence has been shown to accurately re-
flect the Xez+ 1( —,

' )„number density. Consequently, the
depletion of the Xe2+ ground-state population by uv pho-
todissociation manifests itself as a strong suppression in
the einission from the Xe 6p states.

If, as indicated in Fig. 10, the Xez population is bol-
stered by Xe dimer photoionization at the same time as
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photodissociation reduces its density, the competition be-
tween the two processes should be observable from Xe'
spontaneous emission waveforms. Specifically, the time
rate of change of the Xez+ population can be written [by
modifying Eq. (1) of Ref. 37]:

d [Xez+] = +a [Xe]z[Xe+ ]—an, [Xez+]

d [Xez+]
~ (apD[Xez+1 —a;[«z]) . (16)

Therefore, the rate of dechne of the Xez+ number den-
sity resulting from photodissociation of the ion will be
determined by the relative magnitudes of the two terms
inside the brackets. Referring to Fig. 7, the populations
of the Xe(6p) and Xez species peak at —100 and 400 ns,
respectively. On the basis of Eq. (16), therefore, one
would expect that the magnitude of the Xe 6p~6s
fluorescence suppression would change as the time delay
between the two lasers is varied. Table IV shows that this
indeed occurs and that thc maximum contribution to
Xez+ production by photoionization is observed for
At =400 ns when the Xe2 population has reached max-
imum. Also as expected, the fluorescence suppression is
largest at At =100 ns (when the Xez+ population is large
and the Xez density negligible) and increases again past
-400 ns. These measurements were made with an ArF
lascl and 8 second cxcimcr lascI' whose wRvclcIlgth was
308 nm and Ix,ci=4 MWcm (4=6.7 )&10' cm z).

Finally, the measured values for N" in Table III further
reinforce the conclusion that Xe2 is being photoionized.
Computex' modeling of the Xe2+-Xe -Xe2 system "
predicts atomic excited state densities that are at least 2

TABI.E IV. Suppression of Xe 6p ~6s fluorescence (A. =828
nm) as a function of the time delay (4t) between the two 1aser
pulses (px, ——300 Torr, IA,F——130 M% cm 2, Ix,ct
=4.0 M% cm ).

Fractional Auorcsccncc

0.69+0.02'
0.87+0.04
0.82+0.03
0.80+0.04

Scc Eq. (I3), Rcf. 37 for a dcflnItlon of fractlonaI Auorcsccncc.
Uncertainty represents one standard deviation in the data.

o.;I o.pD I
+ ~ [«z]—~ [Xez+]

where a is the rate constant (cm s ') for dimerization of
Xe+ to form Xez+, a is the electron-Xez+ dissociative
recombination coefficient (expressed in cm s ), I is the
intensity of the second laser pulse, n, is the electron densi-

ty, tile sqliaie brackets denote the deiisity of tlie species in
thc bracket» Rnd 0'I and opD RI'c thc Xc2 photolonlzatlon
»d «z+ 1( —,

' )„~2(—, )s photodissociation cross sections,
respectively. While the second optical field is present, the
first two terms on the right-hand side of (15) are negligi-
ble and so

orders of magnitude smaller than the molecular excited-
sta~e populations measured here.

Referring back to Fig. 2, Xe 6s[ —,]i z atoms combine
w1th thc gI'QUnd-state spcclcs to g1vc 11sc to 8 numbc1 of
boUnd Rnd diss oc1atlvc IIlolccU1Rr states. Thc curves
shown in Figs. 2 and 10 are those calculated by Ermler
et al. invoking the self-consistent field approximation
and include relativistic effects. Experimental studies
of the Xez 0+ and l„states have also been carried out by
absorption spectroscopy and the results agree well with
the theoretical curves shown in the figures. Virtually no
experimentally-derived information is available for the
h1ghcI'-lying cxcltcd states,

The question that must be asked now is, if the atomic
Xe populations peak too early in time to account for the
observed increase in the photoelectron density, what
molecular states are involved~ The photoionization cross
sections obtained from this experiment indicate that an
Xez ( lg or 2~) level is being ionized at all wavelengths ex-
cept 248 nm, where the 0+ (and possibly O„or1„)level
bccoIIles lnvolvcd. This conclUs1on 1s based on scvcral ob-
servations. Note first from Fig. 2 that, of the five wave-
lengths studied, only a KrF laser photon (A, =248.4 nm,
fun=5 eV) is sufficiently energetic to ionize the lowest 0+
state. Assuming that all optical transitions must be u+ g,
the first available molecular ion state is 1( —,

'
)g. Accessing

this state from the lowest O„or l„states requires that
flu) 5 eV (assuming that the population of the initial or
lower level is thermally equilibrated). Said another way,
thc second lascI' wavelength may bc no longcI' thRn —264
nm if photoionization on the 0+~1(T)s transition is to
bC I'CR11ZCd.

Secondly, recall that the saturated electron-density
(equivalent to N ) values for A, =351, 337, 308, and 277
nm are approximately equal which suggests that the same
cxc1mcr state 1s bc1ng photolonlzcd at these wavclcngths,
Therefore, we turn our attention to the lowest-lying set of
gerade states, the lg and 2g levels which, though not
bound as strongly as the 0„,1„,and 0„+states, are still
quite stable Rnd presumably not optically connected to
ground (Os+). Furthermore, the lg and 2g states can
be photoionized [via the Xez(1,2)g~Xez+ 1(—,

' )„transi-
tion] at wavelengths as long as 370 nm (fuuMi~-3. 4 eV).
For wavelengths below roughly 318 nm, the 1(—', )„state
of the molecular ion is also accessible.

At 248 nm, the saturated electron density is =60% of
that Ineasured at the other wavelengths which indicates
that the initial state changes between A, =277 and 248 nm.
Thc Iadical dccllnc ln thc magnitude of thc closs scct1on
between the two wavelengths also seems to bear this out.
Therefore, while it is impossible to be dogmatic, the large
populations that one would expect in the lowest-lying u
and g states and the two different values of bn, do sug-
gest that photoionization of the iz and 2g states of Xez
predominates for A, &250 nrn while at 248 nm, the transi-
tion involved is probably Xez 0+ Xez+ 1( —,

'
) .
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C. Comparison of experimental cross sections
vnth theoretical values

To our' knowledge, no experimental data exist in the
literature with which to compare the results reported here.
However, Fig. 9 does show the cross-sectional values cal-
culated by Lorents et al. for the lowest-lying ['X(0„,1„)
and 'X(0„+)]states of XC2 using a quantum-defect formal-
ism. While the two values are within a factor of 2 of
each other at 308 nm (Irico=4. CV), the discrepancy in-
creases with the photon energy until at 248 nm, the cross
sections differ by over an order of magnitude. Flannery
and McCann ' have also calculated the cross sections for
electron impac-t ionization of Xe2 ('X and X) and their 5-
eV value {1.3 X 10 ' cm ) is considerably larger than the
value reported here for photoionization at 248 nm {Irtco=5
CV). The reason for the peak in the experimental cross
section lying near 308 nm is not clear but may be related
to the comment made previously that the long-wavelength
threshold for the lg, 2s~XCI+ 1(—', )„transition lies in
this spectral region.

Also presented in Fig. 9 are the results of quantum-
defect calculations made by Hartquist' of the photoioni-
zation cross sections for the 6s[ —,]2 and 6s'[ 2]p (I.e.&

lowest-lying metastables) states of atomic Xe. Although
these calculations were specifically aimed at atomic levels,
Hartquist claims that' ".. .the photoionization cross sec-
tions for He2 should be similar to those for He. Similar
arguments apply to the heavier rare gases and we expect
the atomic and excimer cross sections to be approximately
equal. Hartqulst s own cross scctlons arc dlsplaycd ln
Fig. 9, rather than other available data, '"' primarily be-
cause of his use of the j-I coupling formalism to describe
the Xe states. Considering both the magnitude and
shape of the cross-section profile, the discrepancies be-
tween the experimentally-measured cross sections and
those determined theoretically by Hartquist for the
Xe' 6s[ —,]2 level and by Lorents et al. for Xez are rough-
ly the same.

Of particular interest to this discussion, however, are
the ab initio calculations of the Arz ('X„+)photoioniza-
tion cross-section spectrum published by Rescigno et al.
These are (to our knowledge) the only known ab initio
studies yet done for RI photoionization and, due to the
rigor and detail (i.e., basis sets chosen) inherent with this
approach, the cross-section spectral profile reported in
Ref. 23 serves as a good reference against which the
present results may be compared. Their value for the
peak photoionization cross section ( —10 ' cm ) is
roughly an order-of-magnitude larger than the largest,

value reported here for Xez. However, their photoioniza-
tion profile and the data of Fig. 9 exhibit almost uncanny
similarities in the photon energy corresponding with the
peak cross scctioil (%co 4 cV) and 111 tlic S11apc of tlic
curves (i.e., falling off more slowly to longer wavelengths).

VI. CONCI. USIGNS
Absolute photoionization cross sections for the lowest

bound excited states of the Xe dimer have been measured
at several wavelengths in the ultraviolet. At 248 nm, pho-
toelectrons are produced primarily by ionization of the 0„+
(and possibly O„or1„)state while at A, =277, 308, 337,
and 351 nm, the dominant molecular transition appears to
be XCI ( lg, 2s)~XCI+ 1( —,

' or —', )„.The cross sections re-

ported here are in "order-of-magnitude" agreement with
theoretical values published in 1973 and the measured
photoionization profile is remarkably similar to that cal-
culated for Arz('X) by Rescigno et al.

The. measured cross sections are quite large and have a
clear impact on the operation of high-pressure gas lasers
which contain Xe and operate in this spectral range.
Foremost among these are, of course, the XeCl (308 nm)
and XeF (351 nm) lasers themselves. The effect is the
greatest for XeCI since the photoionization cross section
at 308 nm is more than twice that at 351 nrn.

In conclusion, lt should bc I11cntloncd that photodissoci-
ation of the Xez (0„,0„,and lg) states is almost certainly
also occurring in these experiments but the present ap-
paratus is not designed to detect this process. Note from
Fig. 2 that transitions from the lowest 0„(or1„)state of
Xe2 to the highest Os+ level shown (associated with the
6$ [ I ]I 111Iiit) I'cqlilrcs photoil cilcigics II1 tlic I'aIigc

3.0 & i5co & 3.8 CV—precisely the region studied here.
Such a process almost certainly also has a deleterious ef-
fect on excimer laser performance. Secondly, with the ex-
perimental approach outlined here, it should be possible to
examine other, more highly excited states of XC2 by com-
bining a tunable dye laser with the microwave-absorption
system.

ACKNO%LEDGMENTS

The authors wish to thank D. B. Geohegan for many
stimulating discussions and helpful suggestions. Also, the
excellent technical assistance of K. Kuehl, Y. Moroz, A.
B.Wilson, Mrs. D. Wattcrson, and Mrs. K. Flessner is ap-
preciated. A. W. M. acknowledges the partial financial
support of the University of Illinois as a visiting research
associate and M. N. E. gratefully acknowledges a Bell
Laboratories Fellowship. This work was supported by the
National Science Foundation (R. E. Rostenbach) under
Grants Nos. CPE-82-67868 and CPE-82-19295.

L. F. Champagne, in App/ied Atomic Co1Iision Physics,
(Academic, New York, 1982), Vol. 3, pp. 349—386.

2R. F. Stebbings, F, B. Dunning, F. K. Tittel, and R. D. Run-
del, Phys. Rev. Lett. 30, 815 (1973).

F. B. DunnIng and R. F. Stcbblngsi Phys. Rcv. Lett. 32~ 1286
(1974).

4R. F. Stebbings and F. B.Dunning, Phys. Rev. A 8, 665 (1973).
F. B. Dunning and R. F. Stcbblngs~ Phys. Rcv. A 9~ 2378

(1974).
6R. F. Stebbings, F. B. Dunning, and R. D. Rundel, in Proceed-

ings of the Fourth International Conference on Atomic Phys
ics, edited by G. zu Putlitz, E. W. Weber, and A. Winnaker
(Plenum, New York, 1975), pp. 713—730.

7R. D. Rundel, F. B. Dunning, H. C. Gold@eire, Jr., and R. F.
Stebbings, J. Opt. Soc. Am. 65, 628 (1975).

8J. Bokor, J. Zavelovi. ch, and C. K. Rhodes, Phys. Rev. A 21,



2626 A. W. McCOWN, M. N. EDIGER, AND J. G. EDEN 29

1453 (1980).
S. S. Huang, Astrophys. J. 108, 354 (1948).
A. Burgess and M. J. Seaton, Mon. Notic. R. Astron. Soc.
120, 121 (1960).

D. W. Norcross, Proc. Phys. Soc. London, Sect. B 4, 652
(1971).

2A. Dalgarno, H. Doyle, and M. Oppenheimer, Phys. Rev.
Lett. 29, 1051 (1972).

' H. A. Hyman, Appl. Phys. Lett. 31, 14 (1977).
~K. J. McCann and M. R. Flannery, Appl. Phys. Lett. 31, 599

(1977).
A. U. Hazi and T. N. Rescigno, Phys. Rev. A 16, 2376 (1977).

~~T. W. Hartquist, J. Phys. B 11, 2101 {1978).
C. Duzy and H. A. Hyman, Phys. Rev. A 22, 1878 (1980).

~ M. A. Pindzola, Phys. Rev. A 23, 201 (1981).
T. N. Chang and Y. S. Kim, Phys. Rev. A 26, 2728 {1982)~
E. W. McDaniel, M. R. Flannery, E. W. Thomas, H. W. Ellis,
K. J. McCann, S. T. Manson, J. W. Gallagher, J. R. Rumble,
E. C. Beaty, and T. G. Roberts, U. S. Army Missile Research
and Development Command, Redstone Arsenal, Alabama,
Technical Report No. H-78-1, 1979 (unpublished), Vol. V.
M. McCusker, in Excimer Lasers, edited by C. K. Rhodes
(Springer, Berlin, 1979), p. 52; see also C. A. Brau, ibid. , p.
95.
D. C. Lorents, D. J. Eckstrom, and D. Huestis, Stanford
Research Institute Report No. MP-73-2, 1973 (unpublished).

2 T. N. Rescigno, A. U. Hazi, and A. E. Orel, J. Chem. Phys.
68, 5283 (1978).

24A. W. McCown, M. N. Ediger, S. M. Stazak, and J. G. Eden,
Phys. Rev. A 28, 1440 (1983);A. W. McCown, M. N. Ediger,
and J. G. Eden, in Excimer Lasers 1983, edited by C. K.
Rhodes, H. Egger, and H. Pummer {American Institute of
Physics, New York, 1983), pp. 128—141 and 222—235.
A. W. McCown, M. N. Ediger, and J. G. Eden, Phys. Rev. A

26, 3318 (1982).
~A. W. McCown, M. N. Ediger, and J. G. Eden, Phys. Rev. A

26, 2281 (1982).
7S. D. Rockwood, J. Appl. Phys. 45, 5229 (1974) and references

cited therein. The electron temperature e ' relaxation time is
(M/2mv )=3 ps where v is the electron-neutral collision
frequency.
L. S. Frost and A. V. Phelps, Phys. Rev. 136, A1538 (1964).
W. C. Ermler, Y. S. Lee, K. S. Pitzer, and N. W. Winter, J.
Chem. Phys. 69, 976 (1978).

3 H. Horiguchi, R. S. F. Chang, and D. W. Setser, J. Chem.
Phys. 75, 1207 (1981).
A. Gedanken, J. Jortner, B. Raz, and A. Szoke, J. Chem.
Phys. 57, 3456 {1972).

3 O. Cheshnovsky, B. Raz, and J. Jortner, J. Chem. Phys. 59,
3301 (1973).
N. Sadeghi and J. Sabbagh, Phys. Rev. A 16, 2336 (1977).

4C. A. Brau, in Excimer Lasers, edited by C. K. Rhodes
(Springer, Berlin, 1979), Table 4.7, p. 103.

35Y.-J. Shiu, M. A. Biondi, and D. P. Sipler, Phys. Rev. A 15,
494 (1977).
R. S. Mulliken, J. Chem. Phys. 52, 5170 (1970).
A. W. McCown, M. N. Ediger, and J. G. Eden, Phys. Rev. A

28, 3365 (1983).
80. Dutuit, M. C. Castex, J. Le Calve, and M. Lavollee, J.

Chem. Phys. 73, 3107 (1980); M. C. Castex, ibid. 74, 759
(1981)and references cited therein.

3 J. B. Gerardo and A. W. Johnson, Phys. Rev. A 10, 1204
(1974).

~D. A. Emmons, Opt. Commun. 11,257 (1974).
M. R. Flannery and K. J. McCann, Air Force Wright
Aeronautical Laboratories (Wright-Patterson Air Force Base,
OH), Technical Report No. AFWAL-TR-80-2015, 1980 (un-

published), p. 33.




