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The observation of two-photon excitation of selected 6p levels in krypton atoms using tunable ArF* laser
radiation at 193 nm is reported. Using time-resolved detection of visible fluorescence lines in the vicinity of
430 nm arising from 6p-5s transitions, radiative lifetimes for the 6p[1/2], and 6p[3/2], states of 12345
and 11545 nsec, and collisional self-quenching rates of (4.14-0.4) X 107'° cm®/sec and (6.740.7) X 1071
cm’/sec, respectively, have been determined. By carefully measuring the visible fluorescence intensity as a
function of incident laser intensity, the photoionization cross section of the 6p[3/2], state has been

established as (3.2-4-2.0) X 107" cm?.

The two-photon transition rates for both states have been

theoretically calculated, and good agreement is found with measurements of the relative excitation rates for

the two transitions.

I. INTRODUCTION

Multiphoton spectroscopy is an extremely useful
technique for studying the properties of excited
states in atoms and molecules. Given an intense
laser soui‘ce, the technique allows one to obtain
highly detailed information on states lying at exci-
tation energies two, three, or more times the
available laser photon energy. For example, with
visible dye lasers, a wealth of information has
been amassed on the properties of high-lying Ryd-
berg states in atoms,’ including level positions,
fine structure and hyperfine structure, Zeeman
and Stark effects, collisional mixing, and colli-
sional quenching. Using carbon dioxide infrared
lasers, high-resolution measurements have
yielded accurate level positions for excited vibra-
tional states of symmetric-top molecules, as well
as pressure-broadening and pressure-shift data
and vibrational transition matrix elements.?> The
recent advent of intense, tunable, ultraviolet ex-
cimer lasers has opened up a new region of the
spectrum to detailed spectroscopic investigation
via multiphoton absorption processes. Such laser
systems have already been used to study collision-
al and radiative properties of the E,FIE; state in
molecular hydrogen® and isotopic effects in two-
photon photolysis of CO molecules.* A number of
other multiphoton spectroscopic and photochemical
studies have also been carried out®® utilizing un-
tuned excimer lasers.

In this study, we have used a tunable ArF* laser,
operating at 193 nm, to excite discrete fine struc-
ture components of the 4p°p configuration in Kr by
a two-photon absorptidn process. The population
densities of the excited states were monitored via
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the 6p-5s fluorescence signals at ~430 nm. Using
time-resolved spectroscopy, we have directly
measured radiative decay lifetimes. Our results
are compared with theoretical calculations,”® as
well as other experimental measurements.”® In
addition, we have obtained data on collisional de-
activation of the excited atoms by ground-state
krypton atoms. Our results are qualitatively com-
parable with those of Chang et al.,*® who studied
collisional deactivation of 5p states in krypton in
collisions with argon atoms.

As discussed in Refs. 3 and 5, often there is an
important additional loss channel for electronically
excited atomic and molecular systems excited by
multiphoton ultraviolet absorption processes. This
is due to excited-state photoionization by the in-
tense ambient radiation field. As has been demon-
strated in molecular hydrogen,® this process may
be studied in detail to yield numerical values for
excited-state photoionization cross sections. In
this manner, we have measured the cross section
for photoionization of the 6p state in krypton at
193 nm. Hyman'! has calculated photoionization
cross sections for the 5p and 5s states in krypton
and the 4p and 4s states in argon, while Dunning
and Stebbings'? have made measurements of the
photoionization cross sections for metastable
krypton (5s °P,, ,) atoms. Our data for the 6p state
in krypton may be qualitatively compared with
these other results. A quantum-defect model of
atomic photoionization'? may be used to estimate
directly the 6p photoionization cross section. We
also note that Stebbings, Dunning, and Rundel**
used a two-photon ionization technique to study
photoionization of He (np !**P) atoms which is, -in
many respects, quite similar to the one used here.
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II. EXPERIMENTAL TECHNIQUE

The experimental arrangement used here is i~
dentical to that used in several similar studies.®™®
The output of a uv-preionized, discharge excited,
rare-gas-halogen laser was focused by a 90-mm-
focal-length calcium fluoride lens into a stainless-~
steel cell containing the sample under study. Cell
pressure measurements were made using a cap-
acitance manometer. The cell was capable of
withstanding absolute pressures of up to 4 atm.
Fluorescence was collected at right angles to the
laser propagation direction by an f1 magnesium
fluoride lens and imaged onto the slit of a 0.3-m
spectrometer equipped with an optical multichan-
nel analyzer (OMA). For visible fluorescence de-
tection, the spectrometer was equipped with a 1200
groove/mm grating blazed at 500 nm. The OMA
was interfaced to a PDP 11/34 computer which was
used for the data reduction and analysis. Time-
resolved spectroscopic measurements were per-
formed by replacing the OMA detector with a var-
iable slit and a photomultiplier tube, converting
the spectrometer to a standard monochromator
configuration. The photomultiplier signal was
processed by a transient digitizer which was also
interfaced to the computer.

The ArF* laser was line narrowed and tuned by
means of two high-quality fused silica prisms in-
serted in the laser cavity.'® This laser produced
pulses of up to 30 mJ in energy at the peak of the
tuning curve, with a 13-ns pulse duration. The
laser bandwidth was 0.1 nm, and the effective tun-
ing range was from 192.7-194.0 nm. The laser
wavelength and linewidth were monitored during
the experiments by a second 1-m spectrometer-
OMA combination. Wavelength calibration was
conveniently provided by the O, Schumann-Runge
absorptions. ¢

IIIl. TWO-PHOTON EXCITATION ESTIMATES

Figure 1 shows a partial energy level diagram
for krypton, indicating the states which are in-
volved in this experiment. Three sublevels of the
4p%6p configuration lie within the tuning range for
two-photon excitation by the ArF* laser, namely
[3]s, [2],, and [£],. Here we use the jI coupling
scheme notation, in which the orbital angular mo-
mentum 1 of the excited electron is strongly cou-
pled to the total angular momentumgT of the core,
producing a resultant angular momentum k. The
spin § of the excited electron is weakly coupled
with K to give the total angular momentum J.
Terms are designated by xl [k], or nl'[k], corre-
sponding to the *P,,, and %P, ,, core states, re-
spectively. These states may decay radiatively to
5s and 5s’ states, emitting visible radiation.

The calculation of multiphoton transition prob-
abilities has been a subject of intensive research
in recent years, with particular attention having
been paid to the effects of finite laser bandwidth
and temporal coherence. The most recent and the
most general theoretical treatment pertaining to
the experimental situation at hand has been pre-
sented by Zoller.'” References to previous work
may be found there. Zoller has examined the case
of resonant multiphoton ionization by finite-band-
width chaotic fields and gives the time evolutions
of both the ionization probability and population
density of the resonant bound state. When both
the resonant bound-bound Rabi frequency and ex-
cited-state photoionization rate are much less than
the laser bandwidth, a rate equation analysis is
found to hold.'” All of the experiments reported
here were carried out in this regime.

The two-photon transition rate is given by

We=al?/fw=2 g:;:]zmgpg(w), (1)

This relation serves to define the two-photon cou-
pling parameter . With the incident laser in-
tensity I given in W/em?, o has units of cm?/W.
Appearing in (1) are the line-shape factor g(w),
which contains the dependence on the laser band-
width, and the two-photon matrix element J,
which is written in the form

e gk (kle -l
My zk: Ep ~lw ’ @
In this expression € denotes the polarization of the
optical wave and I represents the electric opera-
tor. The atomic ground state is represented by
|g) and the two-photon resonant bound state is rep-
resented by |f). The sum in Eq. (2) extends, in
principle, over a complete set of intermediate
states |B).

We now factor the dipole matrix elements ap-
pearing in (2), using the Wigner-Eckart theorem,'®
in order to derive angular-momentum selection
rules. The laser output may be taken to be lin-
early polarized, due to the presence of several
Brewster angle-reflecting surfaces within the
laser cavity. First consider the matrix element

(R12 - Elg) = (=1 byl [ B 1 "f] .
-M, 0 M,

(3)
Here, the ground state is 1S, hence J, =M, =0.
From the properties of the 3-j symbols,*® we im-
mediately derive the selection rules M,=0, J,=1.
With a similar factorization of the matrix element
(f|€- 1i|ky, we obtain the selection rules on the
final-state quantum numbers M; =0, J;=0,2. The
transition to J; =1 is forbidden, since
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FIG. 1. Partial energy level diagram for krypton
showing states excited by two-photon excitation and some
radiative decay transitions of the excited states.
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Within the electric dipole approximation, these
selection rules hold rigorously, regardless of how
the summation in (2) is performed. We, therefore,
expect to observe no direct excitation of the 6p[3],
state by the linearly polarized laser radiation.
With a circularly polarized, or unpolarized laser,
of course, this state may also be excited.

In order to obtain order of magnitude estimates
for the transition strengths to the 6p[%], and the
6p[3], states, we use the “single-path approxima-
tion,” in which only one dominant intermediate
state is considered, and the sum in expression (2)
collapses to a single term. The appropriate state
is 5s[2],, which is the lowest excited state in Kr
with the appropriate parity and total angular mo-
mentum. The dipole matrix element for the 5s[3] -
4p°('S,) resonance transition may be derived from
the measured oscillator strength for this transi-
tion'® of f=0.219. The matrix elements for the
6p[£],-5s[2], and 6p[3],-5s[$], transitions are ob-
tained by using our measured values for the 6p[3 ] -
6p[3], radiative lifetimes (see Sec. IV) and pre-
viously measured radiative branching rations.?

On resonance, the line-shape factor g(w) is given
by5,17, 21
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- 0.939

g(w)=mm, (5)

provided that the laser spectral intensity may be
assumed to be Gaussian, with Aw, and Aw, repre-
senting the laser linewidth and two-photon transi-
tion Doppler width (FWHM), respectively. Using
our measured laser linewidth of 25 cm™?, and the
intermediate state detuning value of 29 000 cm™!
we obtain the two-photon coupling parameters
shown in Table L

’

IV. EXPERIMENTAL RESULTS

In spite of the rather large bandwidth of our
laser excitation source (25 cm™!), it was possible
to obtain completely selective excitation of the
6p[3], and 6p[3], states. As predicted in Sec. III,
no excitation of the 6p[3]; state was detected. La-
ser excitation spectra for the 6p[3], and 6p[3],
states are shown in Fig. 2 for a Kr pressure of 26
torr. These plots represent time-integrated,
fluorescence emission signals at 437.6 and 427.4
nm, respectively. The secondary peaks appearing
in both spectra arise due to collisional intramulti-
plet energy transfer. The peak in Fig. 2(b) ap-
pears red shifted because it is off in the wing of
the laser tuning range.

The time dependence of these emissions was in-
vestigated in order to extract radiative lifetimes
and collisional quenching data. The laser frequen-
cy was adjusted to line center for the transition
under study, and the monochromator was tuned to
the appropriate visible emission wavelength. The
decay rate for the visible fluorescence was then
measured as a function of Kr pressure for pres-
sures in the range 0-5 torr. The data obtained
are shown in Fig. 3. For each data point in Fig. 3,
the decay signals were averaged over 50 laser
shots, and the decay rates were obtained from a
linear least-squares fit to the log of the averaged
fluorescence signal. Good fits were obtained using
a single-exponential decay curve. The pseudo-
first-order fluorescence decay rate is given by

=@/ I[N(#)/N0)]= (r75+ k [Kr]) . (6)
Here, N(¢) is the number of excited atoms, 7,,4 is

the radiative lifetime of laser excited level, and

TABLE I. Estimates of two-photon excitation param-
eters for 6p states in Kr1.

State  Wavelength My o a

(nl [k1 7) (nm) (debye) (debye) (107%! cm*/W)
6pl%¥], 192.75 1.39 0.806 2.62
6pll, 193.49 1.39 0.763 2.34
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FIG. 2. Two-photon laser excitation spectra for
krypton. (a) 427.4-nm fluorescence from 6pl3l,. )
437, 6-nm fluorescence from 6plil;. The solid line in
(a) is the laser output energy versus wavelength. Pres-
sure in both cases is 26 torr.

k, is the collisional self-quenching rate. The solid
lines in Fig. 2 are linear least-squares fits of the
data to the right-hand side of Eq. (6). The inter-
cept gives the radiative decay constant 77}, and
.the slope determines %,.

The measured radiative lifetimes are listed in
Table II, along with other experimental and theo-
retical results for comparison. For the 6p[3],
level, our results are in good agreement with the
measurements of Fonseca and Campos” and the
dipole velocity calculation of Gruzdev and Login-
ov.® For the 6p[1], level, however, we find rather
poor agreement with Fonseca and Campos, but
again reasonable agreement with the dipole veloci-
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FIG. 3. TFluorescence decay rates for two-photon ex-
cited krypton. The squares are the experimental points.
The solid lines are linear least-squares fits to the data.
(a) 427.4-nm fluorescence from 6pl3], state. (b) 437.6-
nm fluorescence from 6pl], state.

ty calculation of Gruzdev and Loginov. We find
poor agreement in both cases with the measure-
ments® of Delgado ef al. Both previous experi-
mental results utilized electron impact excitation
and delayed coincidence detection. In those ex-
periments, it was necessary to include at least
two exponential terms in the data fits, in order to
account for cascading effects. Due to the selec-
tive nature of our optical excitation method, such
procedures are unnecessary, and a more direct
measurement is obtained. Beyond this, the dis-
agreement between the present results and previ-
ous experiments is not explained.

The measured self-quenching rates, obtained

TABLE II. Radiative lifetimes (in nanoseconds) for some 4p°p levels in Kr I.

Wavelength Fonseca and Campos ? ) Gruzdev and Loginov ©
Level (nm) This work Theory Expt Delgado et al. b 3% Ly
eplfl, 4376 1235 67.3 72+3 74.3+1 92.5 131
6pl5], 427.4 115+5 80.4 118+3 198 =4 79.8 117

2 Reference 7.
b Reference 9: experimental values.

¢ Reference 8: theoretical values; u;, results obtained using dipole length integrals; u,, results obtained using dipole

velocity integrals.
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from the data in Fig. 3 are for 6p[3],, %, = (4.1
+0.4)x107'° cm®/sec, and for 6p[3],, #,= (6.7
+0.7)x107'° em3/sec. These states may quench
by both intramultiplet and intermultiplet relaxa-
tion. Owing to the presence of the nearby 44’
states (see Fig. 1), these two processes are ex-
pected to be competitive.

To our knowledge, these are the first measure-
ments of these particular -collisional parameters
in krypton. Our results are in qualitative agree-
ment with the results of Chang and Setser?? for
self-quenching of 3p states in neon and the results
of Chang et al.'° for quenching of 5p states in kryp-
ton by ground-state argon atoms. In particular,
rate constants for argon quenching of Kr(5p) lev-
els!® varied over the range (0.05~3)x1071° cm3/
sec.

In addition to radiative decay and collisional
quenching, there is an additional loss mechanism
for the two-photon excited atoms, namely photo-
ionization by the excitation laser. As shown in
Ref. 3, this process may be exploited to yield
numerical values for excited-state photoionization
cross sections. The method involves making a
careful measurement of the dependence of the two-
photon excited fluorescence signal S on the excita-
tion laser intensity 7. In the absence of photoioni-
zation, S is expected to vary as 72 The photoion-
ization loss modifies this behavior in a manner
which we now describe.

We start from a simple rate equation analysis.'”
- With the excitation rates used here, ground-state
depletion may be neglected. We, therefore, write

AN*/dt= WyeNo = N*(17 2+ keNo+ 0y 1 /). (T)
Assuming a square pulse of length T,, the solution
to Eq. (7) is

N*({t) = (@ PNoy/hwB)(1 =e7%%), O<t<T,, (8)

where the parameter B is defined as B =774+ k,N,
+oul /fw, and N, is the ground-state atom density.
In many cases, the steady-state approximation
BT,>1 holds, and we obtain
al? ouI\?t
Nx=2 N (r'1d+k Ng+ _P_> . ©)
ﬁw o\‘ra ) h_w
Since the fluorescent signal S is directly propor-
tional to N*, we see that the expected quadratic
behavior of the fluorescent signal with 7 will satur-
ate and go over to a linear behavior when

I>(fw/ 05 ) (Trag+ R No) - (10)
We rewrite Eq. (9) in the form
I/N*=mI *+pB, (11)

and notice that

o—pi = (B/m)ﬁw (T;ald +quO)—1 . (1 2)

The parameters g and » are derived from the ex-
perimentally measured dependence of the visible
fluorescence signal S on the laser intensity 7, and
Traq @nd k, have been experimentally determined
as well, as described above. In this manner an
experimental value for the cross section for photo-
ionization of the two-photon excited level, at the
wavelength of the excitation laser is obtained.
Note that neither the absolute number of excited
atoms produced, nor a value for the two-photon
coupling parameter o are needed for this meas-
urement. These parameters cancel out in the ra-
tio B/m.

This procedure was carried out for 6p[3], level
in krypton at 5 torr, and the results are shown in
Fig. 4. The experimental points are plotted in the
form of Eq. (11), and the solid line in the figure is
a linear least-squares fit to the data. The result
obtained by substituting the appropriate values into
Eq. (12) is 0y = (3.2+2.0)x107*° cm?. The major
source of uncertainty in this experiment arises
from the conversion of the measured laser output
energy to the actual intensity at the laser focus.
Since the laser output contains a large number of
transverse modes, geometrical optics was used to
estimate the dimensions of the focal spot. Most of
our stated experimental uncertainty arises from
uncertainty in this calculation. In addition, the
actual temporal shape of the laser pulse deviates
somewhat from the idealized square pulse assumed
in the analysis of Eqs. (8)—(12). The rise and fall
times of the laser pulse were measured to be each
approximately 10% of the full pulse width. This
introduces a systematic increase in the actual val-
ue of O pi above that calculated using the square
pulse analysis, which is estimated to be in the
range of 10~20%. This correction has been in-
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FIG. 4. Dependence of 427,4-nm fluorescence inten-
sity on laser intensity plotted in the form of Eq. (11).
The solid line is a linear least-squares fit to the data
points.
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corporated into the experimental value quoted a-
bove.

Photoionization of excited states in the rare
gases has recently begun to receive attention in
connection with the dynamics of rare-gas-halogen
and rare-gas dimer laser systems. Hyman’s cal-
culations!! for the first s and p excited states in
krypton and argon indicate that losses due to the
p level photoionization channel in these laser sys-
tems are significant. The experimental results of
Dunning and Stebbings'? support this theoretical
result.

We know of no detailed calculations or other ex-
perimental results for photoionization of the 6p
state in krypton. We may, however, compare our
results with a simple quantum-defect approxima-
tion.'* 2 We write the photoionization cross sec-
tion for a given atomic level as?® (in cm?)

_ 8x10-18
Z(U/R)*uv/U,)?

o (13)

In this expression, Z represents the net charge on
the ion, U; denotes the ionization potential for the
atomic level in question, ;v is the incident photon
energy, and R is the Rydberg constant. This form-
ula is simply the exact expression'® for photoioni-
zation of hydrogenic atoms and thus represents a
quantum-defect approximation for more complica-
ted systems. This expression has been applied?®
to a variety of cases of excited-state photoioniza-
tion for which experimental data already exist,
including the rare gases.'?'* Remarkably good
agreement is found, considering the simplicity of
the model. Using this formula we obtain the cross
section for photoionization of the 6p level in kryp-
ton at »=193.5 nm as 0; =1.8x107*° cm?, which is
in good agreement with the experimentally deter-
mined value.

With the important loss mechanisms character-
ized, it is now possible to test the theoretical two-
photon absorption rates calculated in Sec. III
against the observed signal strengths. Although
our fluorescence detection sensitivity was not cal-
ibrated absolutely, we may compare the relative
excitation strengths. At 9.5 torr pressure, the
ratio of 437.6-nm fluorescence intensity to 427.4-
nm fluorescence intensity when the 6p[%], and
6p[3], levels were excited at line center, respec-
tively, was determined as 0.45. Using the two-
photon coupling parameters derived in Sec. III, the
measured laser energies of 3.5 and 8.5 mJ, and
properly accounting for radiative to nonradiative
branching and photoionization using our measured
parameters (we assume equal photoionization cross
sections for 6p[3], and 6p[5],), we arrive at the
predicted ratio of 0.42, in good agreement with the

experimental value. The closeness of this agree-
ment is taken as support for the validity of the as-
sumptions used in arriving at the predicted two-
photon excitation rates.

V. CONCLUSIONS

Several multiphoton absorption processes have
been observed in krypton atoms using ArF* laser
excitation at 193 nm. Since the ArF* laser was
tunable, a detailed spectroscopic investigation of
the 6p[%], and 6p[3], states in krypton could be per-
formed. These measurements furnished radiative
lifetimes and collisional quenching rates for both
states as well as the photoionization cross section
of the 6p[2], state at 193 nm. The relative two-
photon excitation rates for the two states have also
been measured.

The results on radiative lifetimes are compared
with other experimental and theoretical results.
For the 6p[], state, we find agreement with one
of two alternative experimental values, while for
the 6p[%], state, we are in clear disagreement with
both of the other experimental values. The photo-
ionization cross section determined for the 6p[3],
level, when compared with a simple model of
atomic photoionization, was found to exhibit good

agreement. Finally, the data on the relative two-

photon excitation rates conform well with rates
calculated using a single path approximation.

1t is clear, from expressions (1) and (5), that an
enormous increase in excitation strength is to be
gained by further narrowing the laser bandwidth.
KrF* laser bandwidths better than 0.1 cm™! have
already been achieved?® using injection locking
techniques. ArF* laser linewidths on this order
have also been achieved.?®* With such a laser, both
the two-photon transition, and the photoionization
process would saturate at a laser intensity of 10%°
W/cm? with a laser fluence of 3—-5 J/cm? Such
conditions would result in essentially full ioniza-
tion of a sample of krypton atoms, and plasma
densities of the order of 10'® em™2 may be readily
achieved in this manner.
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