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Momentary depletion of the Xe2+ (or Kr&+) 1(—,)„population is observed by photodissociating the

molecule at 351.1, 337.1, or 307.9 nm [on the 1( 2 )„~2( 2 )s band] and monitoring the temporally

resolved emission from the dissociative-recombination —fed neutral Xe line at 828.0 nm

(6p [ 2 ]o~6s [ 2 ]&). Near total suppression ( )90%) of the Xe (6p ~6s) fluorescence is obtained for

laser intensities of 50 MW cm . Measurements of the absolute electron density confirm that this

effect is due to depletion of the dimer-ion concentration rather than photoionization of the 6p [ 2 ]o

state. However, photoionization of the Xe (6s or 6p) levels is observed and the cross section is mea-

sured to be 2.3)&10 ' cm at 351 nm. These experiments demonstrate a means for studying the col-
lisional kinetics of rare-gas dimer ions in real time and in the presence of large background gas pres-
sures.

An optical approach to detecting the homonuclear
rare-gas ions (R2+) in real time has been demonstrated
and is described in this paper. This technique involves the
bound-to-free [1(—,

' )„~2(—,
'

)s] ultraviolet absorption band
of the diatomic rare-gas ions which for several years has
been recognized as having an adverse effect on the perfor-
mance of high-pressure () lbar) lasers employing a rare-
gas buffer. ' Specifically, it has been shown that an ultra-
violet laser (XeF, 351.1 nm; Nz, 337.1 nm; or XeC1, 307.9
nm) can be used to photodissociate Xe2+ or Kr2+ 1( —,

' )„
ions and that the momentary depletion of the molecular-
ion population is detectable by observing the temporally
resolved electron density and the spontaneous emission
due to transitions between two excited states of the neutral
rare-gas atom.

Consequently, the Xe2+ 1( —, )„species can be selectively
(and rapidly) removed from the kinetic formation chain of
another molecular or atomic species of interest. There-
fore, the extent of the ion s participation in diverse chemi-
cal processes can be identified while monitoring the Rz+
population in real time. Of the few techniques that are
available for the detection of molecular ions, most (such as
mass spectroscopy) lack this ability, which hinders the
study of the collisional kinetics of the ion.

Viewed another way, the recombination of R2+ ions
can now be prevented without heating the plasma elec-
trons. Cioldstein, Anderson, and Clark demonstrated that
the strong electron temperature dependence of the Rz+
dissociative-recombination rate constant can be exploited
to slow the loss of molecular ions to recombination. Since
then, pulsed microwave (or discharge) heating of the
electrons in low-pressure, weakly ionized plasmas has
proven to be a useful tool for studying the neutral prod-
ucts of dissociative recombination in all of the rare
gases.

Figure 1 shows the relevant energy levels of Xe and Xe2.
Nonresonant photoionization of Xe at 193 nm using an
ArF laser produces an Xe+ ( P3/q core) ion and a O.j-eV
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FIG. 1. Partial energy-level diagram of atomic and molecular
xenon showing two photon ionization of Xe at 193 nm (Ace=6.4
eV) followed by photodissociation of Xe2+ 1( ~ )„at 351 nm

(%co=3.5 eV). Adapted from Refs. 12 and 26.

electron. Theoretical and experimental values for the
two-photon cross section for this process have recently
been reported. ' For Xe pressures above 100 Torr, the
atomic ions rapidly (r & 1 ps) dimerize by the three-body
collisional process:

ki
Xe+( P3~2)+2Xe( So)—+Xe2+[1( z )„]+Xe(So),
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yielding Xe2+ in its ground state.
Normally, the predominant loss channel for Xe2+ ions

is dissociative recombination with cool electrons:

Xe2+[1(—,
' )„]+e ~Xe*+Xe('Sc), (2)

where the asterisk denotes an electronically excited state of
the neutral atom and a is the recombination coefficient
expressed in cm sec ' and is a function of the electron
temperature T, . The xenon 6p levels are strongly fed in
this process and subsequently radiate in the near infrared.

The subsequent arrival of a second uv laser pulse
(250 & k & 350 nm) depletes the Xe2+ population by photo-
dissociating the molecule via the 1( —,

' )„~2(—, )s band.
Thus, the dissociative-recombination term that feeds the
Xe*(6p) manifold of states collapses. Owing to the -30-
ns radiative lifetime of the Xe6p[ —,]0 level and the rapid
quenching of the state by neutral xenon atoms, " the Xe*
spontaneous emission decays rapidly and the degree of
fluorescence suppression is dependent upon the percentage
of the Xe2+ population that is dissociated. The strong
quenching of Xe* atoms by the background Xe also in-
sures that the temporal behavior of the 6p~6s fluores-
cence nearly mirrors that of the Xe2+ population. There-
fore, in the experiments to follow, the temporal history of
the Xe2 1( —, )„population is monitored indirectly by ob-
serving the Xe 6p[ —,]O~6s[—', ]& emission line at 828.0 nm,
although the lines at 823.2 and 881.9 nm could serve the
same purpose.

The R2+ ultraviolet absorption continua have been ex-
tensively studied from a theoretical standpoint and a de-
tailed summary of their optical properties can be found in
Ref. 12. For Xe2+, the peak 1(—,)„~2(—,

'
)s absorption

cross section of -3.6X 10 ' cm (300 K) occurs near 340
nm and the full width at half maximum (FWHM) of the
band is —85 nm. As shown in Fig. 1, the Xeno+2( —, )s
state is dissociative and its asymptotic limit is
Xe+( P»2) + Xe. Experimental measurements of the
R2+ ultraviolet photodissociation cross sections by drift
tube mass spectroscopy have been reported' previously,
but were relegated to wavelengths above 350 nm whereas
the theory predicts maximum absorption for X(340 nm.
The approach described here also permits the determina-
tion (in pulsed, low repetition rate experiments) of
1(—,

' )„~2(—,
'

)s absorption to the blue (short-wavelength)
side of the theoretical maximum.

The experimental apparatus consists primarily of two
excimer lasers [one operating on the ArF band at 193 nm
and the other on XeF(351.1 nm), XeC1(307.9 nm), or
Nq(337. 1 nm)] whose rectangular [-2.9 X(0.7 —1.0)cm ]
beams are focused into a quartz cell (to an area of
0.02X2.9 cm ) and the relative timing between the two
laser pulses is adjusted by means of a digital delay genera-
tor. A separate quartz cell was made for each Xe pressure
studied and details regarding outgassing and filling of the
rare-gas cells and the optical characteristics of the excimer
laser beams have been described previously. "

Temporally resolved measurements of the absolute elec-
tron density were performed by placing the Xe cells in a
section of cylindrical X-band waveguide and recording the
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FICi. 2. Oscillograms of Xe (6p[T~]0~6s[Y~])) fluorescence
at 828.0 nm illustrating suppression of the Xe2+ 1(2 )„popula-
tion for various time delays (At) between the ArF and XeF
lasers. The dashed profiles in (a)—(f) represent the predictions of
the computer code discussed in the text. In (a), the profile of the
unperturbed Xe* waveform is indicated by both curves. For
these data, the ArF and XeF laser intensities are 125 and 50
MW crn, respectively, and px, ——300 Torr.

single pass attenuation of a 9.252-GHz probe signal dur-
ing and following the firing of each excimer laser. Rec-
tangular slots machined into the side walls of the cylindri-
cal waveguide permit the entry of the laser beams. Also, a
6-mm-diam hole drilled into a waveguide elbow allows for
monitoring the Xe828.0-, 823.2- (6p[ —,]2~6s[—,

'
]2), and

881.9-nm (6p[—,
'

]3—+6s [ —,
'

]2) transitions with an RCA
C31034A photomultiplier (GaAs photocathode) and one
of several dielectric bandpass filters (b,A,FwHM-10 nm).
Spectral surveys of the Xe emission were conducted with a
0.6-m spectrograph (in first order) and an optical mul-
tichannel analyzer.

A series of photographs illustrating the depletion of the
Xe2+ 1( —, )„population by photodissociation at 351 nm is
shown in Fig. 2. Xe*(6p[—,

' ]0~6s[ —,
'

] ~ ) fluorescence
waveforms (heavy solid curves) are given for various time
delays (50(b,t &250 ns) between the ArF and XeF laser
pulses. The photos depict an upward increase in intensity
and the arrival of the XeF pulse at the Xe cell is evidenced
by the sudden decline in the Xe' fluorescence intensity.
For these data, the Xe pressure is 300 Torr and IA,F and
IX,F are 125 and 50 MWcm, respectively. The curves
in Fig. 2(a) indicate the shape of the Xe* fluorescence
waveform in the absence of a dissociating laser pulse.
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Clearly, the onset of suppression closely follows XeF ir-
radiation of the gas and depressions greater than 90% are
routinely observed. Maximum quenching of the Xe*
fluorescence is, of course, dependent on the degree of spa-
tial overlap of the two uv laser beams. Similar behavior
was observed for the Xe 823.2- and 881.9-nm lines and for
px, ——100 Torr.

The predictions of a computer kinetics model are also
shown (dashed curves) in Fig. 2. Differential equations
describing the temporal production and destruction of the
Xe+( P3/2), Xe2+ 1( —,

' )„, and Xe6p[ 2 ]o species were nu-

merically integrated with an Adams-Moulton algorithm.
Two-photon ionization of Xe at 193 nm is assumed to be
the sole production term for the P3/2 ion and the pump-
ing rate is

P=(4+1)X10 cm W

(Refs. 7 and 14). Molecular xenon ions are formed in the
1(—,)„state by reaction (1) (where k~ was taken to be
1.0 X 10 ' cm s ') (Ref. 15) and collisionally lost
through dissociative recombination with 0.7-eV electrons'
(a =2. 5 X 10 cm s '). Photodissociation of Xez+ on
the 1( —, )„~2(—, )g band at 351 nm is governed by a cross
section of —3.4X 10 ' cm (Ref. 12) and radiative and
collisional deactivation of the Xe6p[ —, ]o state have also
been incorporated into the model (r,z

——29 ns,
kg ——4X10 ' cm s ')."

The products of the photodissociation of Xe2+ 1( —,)„at
351 nm are an Xe+( Pi/z) ion and a ground-state Xe
atom. Although the Xe+( Pi/p~ P3/2) transition is elec-
tric dipole forbidden' and the collisional-radiative charge
transfer process

Xe+( Pi/~)+Xe( So)

~Xe ( P3/2)+Xe('So)+Pm(1. 3 eV) (3)

6=1.0. Details of the kinetics model will be described
elsewhere.

The recovery time of the spontaneous emission
waveforms in Fig. 2 (100—150 ns) is consistent with a sud-
den depletion of the population of the Xe precursor
(Xez+). A much more rapid recovery time (& 10 ns) is re-
quired if photoionization of the Xe 6p [ —,]o state is

presumed to be responsible for the 828.0-nm fluorescence
suppression. Also note that, following the second laser
pulse, the experimental waveforms generally resume their
normal decay more slowly than do the theoretical curves.
This is possibly due to the Xe+( Pi/p~ P3/2) collisional
deactivation sequence mentioned earlier.

Results similar to those in Fig. 2 were obtained when an
X2 laser Q, =337 nm) supplied the second optical pulse ex-
cept that smaller fluorescence suppressions were observed
due to the lower laser energies available. Suppressions
equivalent in magnitude to those at 351 nm were recorded
when an XeCl laser (308 nm) was employed. However,
this effect was not observed for A. =248 nm (KrF) even
though intensities =3 times larger than those at 351 nm
were used. Thus, the absorption process responsible for
quenching the Xe2+ recombination emission is indeed
broadband and the continuum's bandwidth is consistent
with Wadt's theory. Comparable results were obtained for
Krz+ when the Kr atom was ionized by three ArF pho-
tons and recombination emission was monitored via the
5p[ —,]o~5s[—,]i line at 758.7 nm.

Representative results of microwave measurements of
the temporal history of the photoelectron density in 300-
Torr Xe(IA,F

——100 MWcm ) are presented in Fig. 3.
The heavy curve is the microwave absorption signal as ob-
served on the oscilloscope while the dashed waveform is
the experimental trace after correcting for the saturation
of the detection system above n, —2X 10' cm (cf. Ref.
7). The prediction of the kinetics model is denoted by the
thin solid curve.

If one varies the time delay (b,t) between the ArF pump
and XeF dissociating laser pulses, the waveforms illustrat-

is expected to be slow, Helm and Varney' have shown
that Xe+( Pi/2) rapidly forms the Xe2+2( —,

' )„ ion in a
three-body process similar to (1). Subsequent radiative de-

cay on the 2( 2 )„~1(2 )~ (bound~free) band of Xe2+ re-

plenishes the Xe+( P3/2) population. Thus, Xe2+ 1( —, )„
molecules are eventually reformed and the recovery time,
which depends on the sum of 2 three-body collisional for-
mation rates, is 100—200 ns (px, ——300 Torr) for rate con-
stants on the order of 10 cm s

To simplify the model, an arbitrary fraction 6 of the
photodissociated Xe2+ 1( —,

' )„molecules is assumed to im-

mediately result in Xe+( P3/2) ions. Figure 2(c) shows the
theoretical profiles obtained when 5 is 1.0 (upper dashed
curve) or 0 (i.e., all dissociated molecules are permanently
removed from the kinetic chain). Fluorescence recovery
occurs in the latter case since the Xe+ population contin-
ues to feed the Xe2+ 1( —,

' )„species although the atomic
ion concentration is only a fraction of its peak value.
Each of the other model curves (b, d, e, and f) assume tliat

3
E
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C
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FIG. 3. Typical microwave absorption waveform (heavy
curve) and absolute electron density (dashed curve) which has
been corrected for saturation of the microwave detection system
(i.e., departure from IA,F dependence for n, )2&10' crn ).
Also shown is the model prediction (thin solid profile). The Arp
laser intensity is 100 MW cm and px, ——300 Torr.
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increase in n, when the XeF pulse arrives (even though the
Xe* population is near its peak value "f. Fig. 2), the
suppression of the Xe* 828-nm fluorescence in Fig. 2 is
not due to photoionization of the 6p[ —,]0 state at 351 nm
but rather to the loss of Xe2+ ions by photodissociation.

For longer time delays between the ArF and XeF lasers
(b,t=240 and 360 ns), the electron density is experimental-
ly observed to abruptly increase by as much as
(5—8) X 10' cm and the "unperturbed" and "perturbed"
waveforms follow each other from that point on. This in-
crease in the electron density, ' hn„arises due to pho-
toionization of an excited state lying lower in energy than
the Xe6p[ —,']0 level. To determine the photoionization
cross section (at 351 nm) and identity of this state, the
coupled rate equations

FIG. 4. Absolute electron-density waveforms for various time
delays between the ArF and XeF laser pulses. Also shown in (a)
are the theoretical electron-density waveforms in the presence
and absence of the XeF laser pulse (At=35 ns). For all of these
traces, IA„F——130 MW cm, Ix,F ——30 MW cm and px, ——300
Torr.
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FIG. 5. Dependence of the excess electron density An, on the
XeF laser pulse energy. The best fit of Eq. (6) to the data yields
a photoionization cross section of 2.3&10 ' cm . The ArF
laser intensity is 112 MW cm and ht is fixed at 250 ns.

ed in Fig. 4 are observed. The results for several values of '

At are shown. For b,t(120 ns, firing the XeF laser
(Ix,F-30 MWcm ) briefly interrupts the decay of the
electron density which is exactly what would be expected
if the Xe2+ population were temporarily depleted.
Secondly, the electron density curves (b,t=35 and 120 ns)
return to the slope of the "unperturbed" waveform —100
ns after the XeF pulse is terminated. This behavior is
again consistent with the Xe2+ collisional formation time
constant ((kf[Xe] ) '=115 ns at 300 Torr) and indicates
that the Xeq+ population (and dissociative-recombination
rate) has, by this time, fully recovered. The theoretical
curves shown in Fig. 4(a) confirm that this is the expected
behavior for n, . Finally, since for ht (120 ns there is no

crplIx,F, d(bn, )

dt Ace dt
(4)

were solved where X' is the population density and crPI is
the photoionization cross section for the excited state in
question. Following the termination of the XeF laser
pulse, the solutions to (4) are

+PIEXeFN* =Eoexp
Aced

(5)

and

one =No
~PIEXeF

1 —exp ~A (6)

where X0 is the excited-state population immediately prior
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FIG. 6. Temporal history of the excited-state density X*.
Solid line drawn through the data points is an exponential with a
decay constant of 2.9)&10 s '. A semilog plot of the same data
is shown in the inset (vertical axis—same units). Xe pressure is
300 Torr, IA„F is again 112 MW cm, and the ArF laser is fixed
at t=0.
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to the arrival of the XeF pulse and A is the beam area as it
traverses the Xe cell. Also, the excited-state production
term is assumed to be negligible during the XeF pulse.
Equations (4) were integrated assuming a triangular XeF
laser pulse with rise (zero-to-peak) and fall times of 8 and
17.6 ns, respectively.

Figure 5 illustrates the variation of hn, as EX,F is ad-
justed between 2.5 and 4S mJ/pulse where the XeF laser is
delayed with respect to the ArF pump by 250 ns. The
solid line drawn through the data obeys the relationship

5n, =6.3)& 10' [1—exp( —0.0504Ex,F)],

where Ex,F is expressed in mJ and hn, in cm . From (7)
oui is determined to be (2.3+0.5) X 10 ' cm .

As the XeF pulse energy becomes large, the excess elec-
tron density saturates —that is, An, ~%0. Therefore, the
temporal behavior of % was determined by measuring the
saturated excess electron density (from the hn, vs Ex,F
profile) for various time delays between the ArF and XeF
lasers.

The variation of K* following the ArF pump pulse is
shown in Fig. 6. In contrast to the Xe6@[—, ]0 population
which peaks at t —100 ns, X* reaches its maximum value
-200 ns after the ArF laser is fired. Also, the temporal
decay of the X* species concentration is best described by
a single exponential (as shown by the solid line in Fig. 6)
having a decay constant of 2.9&10 s '. lf the loss of
atoms (X*) in the excited-state is attributed solely to the
formation of' Xez' by three-body collisions, then this decay
rate corresponds to a molecular production rate constant
of 3~ 10 cm s ', which is consistent with values in
the literature for the deexcitation of the I'2 and I'0
members of the Xe(6s) manifold.

These results suggest that a low-lying metastable state
of neutral Xe is being photoionized. The energy of an
XeF photon (351 nm:28482 cm ') requires that an Xe*
energy level above -69300 cm ' be involved which im-
plicates either the 6s'[ —,]o state or energy levels in the 6p
manifold. However, since radiation trapping is important
at these high pressures, it is impossible at this point to ex-
clude resonant states such as 6s'[ —,']&. The photoioniza-
tion cross section determined earlier can also be estimated
by setting oiiIx,F(fuox, F)

' equal to the excess electron
production rate (-10 cm s '). The result,
o.+1-2X10 ' cm, is close to the experimentally deter-
mined value and both are somewhat smaller than cross

sections calculated by Chang for photoionization of the
p states of Xe. In contrast, they are an order of magnitude
larger than excited s-state ionization cross sections for Ar
and Kr.

Little data can be found in the literature regarding pho-
toionization of the rare-gas s' states. Stebbings et aI.
have demonstrated an enhancement in the photoionization
of s and s' levels in Ar, Kr, and. Xe due to autoionization
but were unable to measure absolute cross sections.
Several 6s'[ —,']Own@'[ —,

' or —,']i autoionizing transitions
between 441 and 376 nm were observed, raising the possi-
bility that such a transition is involved here. When the
wavelength of the second laser pulse is 248 nm (KrF) rath-
er than 351 nm, no immediate increase in electron density
is observed, which places an upper limit of —8X10
cm on the phoioionization cross section at this wave-
length.

From the experimental evidence presented here, it is
concluded that Xe2+ or Kr2+ ions can be photodissociated
with an ultraviolet laser pulse and that the sudden de-
pletion of the ground-state ion concentration is detectable
from the temporally resolved electron density and by ob-
serving the spontaneous emission occurring between two
neutral atomic states. Also, microwave diagnostics permit
the measurement of neutral excited-state photoionization
cross sections —a technique that would be improved with
the use of a narrow linewidth dye laser rather than the
broadband excimer laser employed here. The applications
of this effect to studying the participation of Xe2+ or
Kr2+ in various chemical reactions, such as the formation
of the XeO and KrzF excimer molecules, appear to be ex-
tensive.

It is interesting to note that Kaplafka et al. observed a
similar effect in 1969 when they demonstrated that the
afterglow of a helium discharge could be partially
quenched by irradiating the plasma with a CO2 laser
(0.11 &fico &0.14 eV). While not able to pinpoint the
mechanism responsible for quenching the visible afterglow
radiation, they suggested that it ".. . appears to originate
from photon-induced change of population of a state or
states of a neutral or ionic helium molecule.
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