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I. Intrecduction

Recent developments in ultraviolet laser technology should open new
multiphoton pathways of selective excitation of excited inner-shell atomic
configurations which are virtually impossible to excite at an appreciable
rate by any other means. Direct excitation of such states, which decay
primarily by radiation in the soft X-ray range, is a possible method for
frequency conversion into that spectral region. States with depressed
Auger rates naturally fall in this class; the subclass of this group con-
sisting of core excited Rydberg states is explicitly considered. An
essential element in developing the laser methods for excitation of atomic
inner-shell configurations centers on the suppression of unwanted reactions
leadin; to losses into modes of ionization. It is here that dynamical can-
cellations such as that arising in the formation of the Fano minimum can
play a critical role. The consequences of the coincidence of the Fano
minimum in Na with the wavelength available from the ArF* laser at 193.5 nm
and a similar minimum in Rb at 248 nm is of considerable interest. Rydberg
states feature in this discussion in three important ways: (1) their
depressed Auger rates, (2) their very weak photoionization, and (3) their
large transition matrix elements which enable the existence of greatly en-

hanced multiphoton amplitudes. It is estimated that in Na for a sixth

10 18

order process at 193,Snmat an intensity ~10 W/c:'m2 a cross section 10~

cmz will apply for the production of excited core species. In Rb, for a

corresponding fourth order process at 248 nm, a cross section of ~10-17 cm2
is obtained at an intensity of ’\«107 Wycmz. Cross sections of this magnitude
would allow the production of excited inner-shell species at densities in

the range of ~1015 cm-3. a value sufficient for the generation of stimulated

emission.
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A major factor enabling the study of these processes is the availability
of the recently developed rare gas halogen laser technology. At the moment,
several wavelengths can be conveniently generated at megawatt power levels,
as shown in Table I below. In anticipation of the research value of this

technology, we have developed a strong experimental capability in this area.

Table I
Laser System Wavelength (nm) Energy (mj) Power (MW)
XeCl* 308 100 10
KeF* 248 500 - S0
ArF* 193 250 25
F * 158 15 . 1.5

2

The efficacy of this type of instrumentation for the study of a wide
range of atomic and molecular processes in the excitation range of 10-20
eV has been solidly demonstrated. Consequently, we have utilized this
laser technology to study several phenomena relevant to the generation of
soft X-rays by ultraviolet multiquantum processes. This report discusses
the results and progress in these pertinent areas. They are (1) the de-

velopment of an ultrahigh spectral brightness source at 248 nm, the study

" of multiquantum excitation rates for a variety of systems [Na, Rb, u,, HD,

N,, CO, Ar, Kr, and Xe], and (3) photoionization loss mechanisms of excited

2
states. As discussed in previous dccumnnts? these matters are of central
importance for efficient upconversion to the X-ray region by multiquantum

processes.
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II. Discussion of research progress

A. Ultrahigh spectral brightness ultraviolet source

For the examination of multiquantum processes, the spectral brightness
of the ultraviolet source is the key experimental paramgter. With this
thought in mind, we have developed over the past year a source at 248 nm
(RzF*) whose properties approach the fundamental limits in terms of both
spectral linewidth and divergence. Furthermore, this source, which is’
discussed thoroughly in Append;; A, combines tunability over the KrF* gain
profile with accurate (V1 part in 107) frequency control. The linewidth
of this source has been measured as V150 * 30 MHz and focussed intensities
>1014 W/cn2 have been obtained. In terms of the quality of the radiation
for .mltiquantm studies, the stated properties represent an improvement in

the ultravioclet laser technology of Nlog.

B. Excited state photoionization

Photoionization of excited states can be an important loss mechanism,
particularly in circumstances under which the ambient radiative flux is
high. Certain classes of states, however, display significantly reduced
photoionization cross sectionsz, namely Rydberg states and states exhibiting
a Fano minimum.

In light of the importance of these photoionizatiocn rates, we have
developed and experimentally implemented a simple technique for their evalua-
tion. This method has been successfully utilized on krypton atoms and
molecular hyd:ogcn.3 The measurements involving krypton are described in
Appendix B. It should be noted that this technique is simple, selective, and

generally applicable.




C. Multiquantum excitation processes
Multiquantum processes have demonstrated their utility for the ex-
citation of states in the 10-20 eV ranqo.l The details of our estimates

1.2 It is en-

for a wide range of materials have been given elsewhere.
couraging to note, however, that in two cases (a2 and Kr) for which we
have been able O measure absolute values of the coupling coefficient, the
measured and estimated magnitudes agree to well within a factor of two.
The measurements dealing with krypton appear in Appendix B; the corresponding
discussion of hydrogen is given in Appendix C.

Molecular systems can exhibit complicated patterns of dissociation as
a result of multiquantum excitation. Since certain diatomics such as 32,

CO, and N, have properties that may be suitable for optical conversion to

2
short wavelengths, studies on these systems are in progress and interesting
results have been obtained in CO at 193 nm. In this case, isotoéically
selective two quantum dissociation was observed. In was, in addition,
possible to detect the influence of spin-exchange electron collisions on
excited atomic carbon atoms. From these results we have concluded that
a selective analysis of electron collisions can be made by simple optical
means. Electron collisions may, of course, represent a limiting mechanism
in media that optically upconvert to the X-ray region. Aappendix D contains
the detailed discussion of the results on carbon monoxide.

Higher order processes (three and four quantum) have also been con-
sidered. Three quantum excitation at 248 nm of argon atoms has been
observ‘d.4 Four quantum excitation of Rb core excited statnss has also

been estimated, since the Fano minimun6 in that case falls very close tn

the available KrF* wavelength (248 nm). In the case of rubidium, the

ki Saiadlban




Rydberg scaling law previously estimatodz was assumed to derive a cross

section of ~10'17

em’ at an optical intensity of dx10° W/cm®. The ultra-
violet laser bandwidth used in this estimate was 150 MHz, the value observed
in our system. Further details of this calculation appear in Appendix E.
Experimental measurements of both photoionization and multiquantum
excitation in Rb at 248 nm will be performed shortly under atomic beam con-
ditions. A beam machine is now operating in which high quality atcmic beams
of both Na and Rb have been generated at ~107 cnf3 density. The beam current
to background, as detected by a hot wire, has been measured to be well over

one hundred.

III. Conclusions

Multigquantum processes in the ultraviolet can be used to generate copious
inversion densities in the 10-20 eV range. A key factor in this application
of the rare gas halogen technology is the development of an ultrahigh spectral
brightness source with output parameters approacﬁing the fundamental limits.
Such a scurce has been implemented.

On the basis of the improved technology now available and the experience
gained through the examination of two- and three-quantum processes, it is
concluded that these nonlinear methods of excitation can be successfully
extrapoiated to excitations in the 20-50 eV range. Excited inner-shell
configurations lie in this spectral region.

As noted in earlier discussions,z an essential element in the development
of laser methods for excitation of excited atomic inner-shell configurations
centers on the suppression of unwanted reactions leading to losses into modes

of ionization. It is here that dynamical cancellations such as that arising
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in the formation of the Fano minimum can play a critical role. Several

systems exhibit this feature. The conseguences of the coincidence of the
Fano minimum in Na with the wavelength from the ArF* source at 193 nm show
that this process should be suppressed by a factor of Mlos, with a cross
section api ~ 10-23 cmz. A similar circumstance is present for Rb at

248 nm. Other loss mechanisms, such as two quantum photoionization, appear
to be sufficiently weak at currently available intensities.

The use of Rydberg states features in three important ways for the laser
production of inner-shell excitations.z First, they have greatly suppressed
Auger rates, and considerable evidence supports the conclusion that a sub-
stantial number of these states decay primarily through radiative channels;
second, the excited levels photoionize very weakly; and third, it appears
that a coherent amplitude can be constructed which enables the large transi-
tion moments characteristic of Rydberg levels to enormously enhance the

maltiphoton coupling. We plan to test the featurés in the near future with

experiments on Rb at 248 nm.
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A tunable, ultrahigh spectral brightness
KrF* excimer laser source
R. T. Hawkins, H. Egger, J. Bokor ,
and C. K. Rhodes ;
Department of Physics :
4
. -« 3
University of Illinois at Chicago Circle
P. O. Box 4348, Chicago, Illinois 60680

ABSTRACT

An extremely high spectral brightness KrF* (248 nm) excimer source is
described. This instrument combines the property of continuocus tunability

over the full gain profile with the following output pulse characteristics:

s B

pulse energy ™~ 60 mJ, pulse duration ~ 10 nsec, spectral width 150 * 30 MHz,

absolute frequency control to within 300 MHz, and beam divergence ~ 50 urad.

Q Within the uncertainty of measurement, the spectral width of the output
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radiation is Fourier transform limited, and the beam divergence corresponds

to the diffraction limit of the radiating aperture.

TAlso affiliated with the Department of Electrical Engineering, Stanford

University, Stanford, California 94305/
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Rare gas halide excimer sources have proven to be extremely useful in
studies of multiphoton processes.1 Nevertheless, the utility of these
sources in such studies could be considerably enhanced. Heretofore, limi-
tations of available sources have been (1) a brocad (v~ 100 cm-l) emission
profile, (2) the absence of a convenient, accurate, and reliable tuning
system for control of the output wavelength, and (3) an output beam diver-
gence on the order of one hundred times the diffraction limit. Overall,
an enhancement of several orders of magnitude in spectral brightness, thes
key parameter in multiquantum processes, is achievable if the output
parameters of these sources are made to conform to the most stringent
limits fundamentally possible.

To specifically illustrate the desirability of these improvements, we
may briefly consider the optical excitation of an atomic system. Optical

2

excitation rates have been demcnstratedz to be proportional to Ava/(nAva +

Avi)ﬁ, where Ava is the atomic linewidth, Av, is the laser bandwidth, and

%
n is the number of photons absorbed in the excitation process. Since
Doppler-free excitation allows Ava to be taken as the homogeneous width of
the atomic transition, which is often ~ 10-3 cm-l, an enhancement in the
coupling strength of approximately a factor of 105 can be achieved through
the reduction of the laser bandwidth to AvL=Ava. We note that the typical
discharge-pumped rare gas halide excimer laser has a pulse duraticn of

~ 10 ns, which corresponds to a Fourier transform limited spectral band-
width of ~ 2x.‘!.0-3 cm.l. An additional enhancement in production of excited
states may be obtained through reduction of the spatial divergence of the

output beam; typical excimer systems operate with a beam divergence of

v 3=-5 mrad, while the diffraction limit corresponds to "~ 30-50 urad.

200s
L 5 A - . — SN
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Previous studicsz'4

have shown that substantial improvement in

source properties can be obtained by using the output of a tunable, intra-
cavity etalon line-narrowed, discharge-excited oscillator to injection lock
a high-energy, unstable resonator oscillator. The best linewidth reported

was 10-1 cm.l in a beam with a divergence approximately twice the

diffraction limit.4
In this Letter, we report the properties of a XrF* excimer source with
performance parameters which closely approach the fundamental limits gover-
ning spectral width, beam divergence, and absolute wavelengtn control. The
basic laser system is illustrated schematically in Fig. (1). The output
of a frequency-stabilized, cw dye laser (Coherent 599-21, 4v<S MHz, ~ 30 mW
at 500 nm) is pulse amplified in a 3-4 stage XeF* pumped (30-50 mJ ac
351 nm) dye amplifier, producing a 7 ns visible pulse with an energy of
A~ 3 mJ at a repetition rate up to 1 sec-l (limited by thermal recovery *
time in the dye cuvettes). The linewidth of this visible radiation was
examined with a scanning interferometer (Tropel 240) and was found to be
85 £ 10 MHz. Frequency doubled radiation corresponding to any wavelength
within the KrF* gain profile may readily be generated in a temperature-
tuned, 90° phase-matched ADP crystal, producing ~ 5 ns second harmonic
pulses with energy >100 uJ. This spectrally narrow (120 = 20 MHz FWHM,
Fourier transform limited) second harmonic radiation is subsequently
amplified in a single pass through a discharge-pumped XrF* amplifier
(Lambda Physik EMG 500) to produce output pulses of » 10 ns duration and
energies up to 60 mJ.

A study of the spatial properties of the 2 cm x 0.5 cm output beam

reveal it to have a diffraction limited divergence of ~ 50 urad. We note

LA
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that at the peak measured power, ~ & MW, focal intensities at 248 nm in
excess of 1015 W/cn2 can be generated with fl optics. In preliminary
studies, we have observed optical breakdown in pure helium at pressures
above 1.85 bar with a KrF* laser intensity of ~ 3x1014 W/cmz.
Furthermore, since the frequency of the cw dye laser can be elec-
tronically scanned over 1l cm‘l, continuously tunable coverage of the

1 interval is readily accomplished.

ultraviolet radiation over a 2 cm_
In addition, the dye laser frequency is known to within 300 MHz by inter-
ferometric comparison with a stable HeNe laser sou:ce.s In our current
experiments, we have cbserved amplification at wavelengths

.

A in the range 248.2 nm < AK:F < 250.3 nm. 1In this range, the output

ReF
.pulsc energy was observed to monotonically decrease with increasing wave-
length. In contrast to previous reports of a strong absorption centered
at ~ 248.8 nm in both e-beam pumped KrF* amplifierse and discharge-pumped
tunable KrF* lasers,3'7 no reduction in output energy was observed at

that wavelength in our apparatus.

In order to establish the linewidth of our source, direct interfero-
metry has been used. A 1 GHz FSR Fabry-Perot interferometer was con-
structed with two dielectric coated mirrors of 98% reflectivity. Analysis
shows that this interferometer will exhibit a finesse of ~ 20 for our
typical 10 ns pulse duration. The radiation transmitted through this
Fabry-Perot was recorded directly on high contrast (Type 47 Polaroid Land)
film at ~ 10 m from the interferometer, with the result shown in Fig. (2).
The dominant ring pattern has a separation to width ratio of 6.5 * 1.2,

which corresponds to an amplified ultraviolet linewidth dv, _=150:30 MHz.

Kr

The subsidiary ring patterns appearing in Fig. (2) may arise from multiple

15
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reflections in beam steering optics between the interferometer and the

film,as well as etalon effects elsewhere in the optical system. We

e S

observe that this measured linewidth of 150 t 30 MHz is equivalent, i
within our experimental uncertainty, to the Fourier transform limited ‘
linewidth AVSHG = 120 ¢ 20 MHz of the second harmonic output of the
ADP crystal.
In order to further verify the narrow linewidth of the laser output,
a preliminary study of the xenon (69[5]0 - lS) two-photon absorption at
249.63 nm was performed under Doppler-free conditions through detection
of the resulting (63[%1l - 69[5]0) fluorescence at 828 nm. Upon scanning
the KrF* source frequency across the resonance, a single feature was
observed, centered at 80118.73 £ 0.10 cm |, with a width of ~ 450 MHz
(FWHM, at the KrF* frequency), as shown in Fig. (3). These measurements
were made at a xenon pressure of 0.25 torr and an ultraviolet int;nsity i

of V5 x los W/cmz. Although this width is a factor of three less than

the Doppler width, the resonance is still a factor of » 3 broader than

would be‘expected with a source linewidth of v 150 MHz. Since we -
experimentally determined the pressure broadening coq:ficien: of this

xenon two quantum transition to be 25 : 15 MHz/torr, which gives a

minor contribution to the linewidth at 0.25 torr, we havelconcluded that

unresolved isotope splittings (five xenon isotopes with natural abundances

> 8%) lead to the observed width. An es:imatea of the isotope shift for

such a (Sp6 - Spsép) transition yields a relative shift of ~ 50-100 MHz

for two Xe isotopes wﬁose masses differ by 1 amu. This estimate agrees

well with both the linewidth of the observed abscorption, and the absence

of additional resonances within * 6 GHz of the one observed.

O M Y S N B T RO

e S —— et
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In conclusion, we state that an ultrahigh spectral brightness
ultraviolet source, continuously tunable over the XrF* excimer band, has
been constructed with the following demonstrated performance characteris-

tics: P v 6 MW, Avxxr = 150 £ 30 MHz, pulse repetition rate ~ 1 scc-l,

and divergence eD = SQurad. '

This work was supported by the Office of Naval Research, the Department |

TN . ... STyl "
4

; of Energy through agreement ED-78-5-08-1603, and the National Scicnce Founda-
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by the Fannie and John K. Hertz Foundation. |
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FIGURE CAPTIONS

1. Ultraviolet laser system illustrating the cw dye laser, the dye

e

amplifier chain, the ADP doubling crystal, and the final KrF*

amplifier stage.

2. Transmission of 1 GHz FSR Fabry-Perot at 248 nm, recorded on high

contrast film.

3 Observed fluorescence at 828 nm following two-photon absorption in
5

x.(ép[&]o - 15) at 249.63 nm, at 0.25 torr Xe pressure and ~ Sxl0

W/cm2 KrF* intensity (unfocussed).
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Multiphoton ultraviolet spectroscopy
of some 6p levels in krypton j
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ABSTRACT :
|
l

The observation of two-photon excitation of selected 6p levels in

Xrypton atoms using tunable ArF* laser radiation at 193 am is repcrtec.




.

T

Using time resolved detection of visible fluorescence lines in the
vicinity of 430 nm arising from 6p-5s transitions, radiative lifetimes
for the 69[‘!]0 and 69&%]2 states of 123 = S nsec and 115 £ S nsec, and

10

collisional self-quenching rates of (4.1 : 0.4) x 10° 20 cm>/sec and

10 cm3/sec, respectively, have been determined. By

(6.7 £ 0.7) x 10~
carefully measuring the visible fluorescence intensity as a function

of inq;dent laser intensity, the photoionization cross section of the
69&%]2 state has been established as (3.2 = 2.0) x 10-19 cmz. The two-
photop 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.

f?rescnt address: Department of Physics, University of Illinois at
Chicago Circle, P. O. Box 4348, Chicago, Illinois 60680.
3y acceptance of this article, the publisher and/or recipient acknowledges

the U. S. Government's right to retain a nonexclusive, royalty-I{ree license
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I. INTRODUCTION ¢

Multiphoton spectroscopy is an extremely useful technique for
studying the properties of excited states in atoms and molecules. Given
an intense laser source, the technique allows one to obtain highly de-
tailed informaticn on states lying at excitation energies cwo,':hrec, 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 nigh~lying Rydberg states in atoms,l including level positions, fine
structure and hyperfine structure, Zeeman and Stark effects, cellisional
mixing, and collisional quenching. Using carbon dioxide infrared lasers,
high resolution measurements have yielded accurate level positions for
excited vibrational states of symmetric-top molecules, as well as pres-
sure broadening and pressure shift data and vibrational transition matrix
elements.z The recent advent of intense, tunable, ultraviclet axcimer
lasers has opened up a new region of the spectrum to detailad spectro-
scopic investigation via multiphoton absorption processes. Such laser
systems have already been used to study collisional and radiative proper-
ties of the E,F 12; state in molecular hydrogen,3 and isotopic effects in
two-photon photolysis of CO m.olecules.4 A number of other multipheton
spectroscopic and photochemical studies have also been carried outs'6
utilizing untuned excimer lasers.

In this study, we have used a tunable ArF* laser, operating at
193 nm, to excite discrete fine structure components of the 49569 con=-
figuration in Xr by a two-photon absorption process. The population

densities of the excited states were monitored via the 6p~5s fluorescence

S e e o s
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signals at v 430 nm. Using time-resolved spectroscopy, we have directly
measured radiative decay lifetimes. Our results are compared with theo-

retical calculations, as well as other experimental maasuxements.7'9
In addition, we have obtained data on collisional deactivation of the
excited atoms by ground state krypton atoms. Our results are qualita-
tively comparable with those of Chang et al.,lo wno studied collisicnal
deactivation of 5p states in krypton in collisicns with argon atoms.

As discussed in Refs. 3 and S, often there is an impcrtant additional
loss channel for electronically excited atomic and molecular systams ex-
cited by multiphoton ultraviolet absorption processes. This is due to
excited statae photoionization by the intense ambient radiation field.

As has been demonstrated in molecular hydrogen,3 this process may be
studied in detail to vield numerical values for excited state zhoto-
ionization cross sections. In this manner, we have measured the cross
section for photoicnization of the 6p state in krypton a; 193 nm. Hymanll
has calculated photoionizaticn cross sections for the Sp and 5s states in
krypton and the 4p and 4s states in argon, while Dunning and Stebbings12
have made measurements of the photoionization cross sections for meta-

S

« - S
0,2) and argon (4s Po'z) atoms. Our data for the

6p state in krypton may be qualitatively compared with these other re-

stable krypton (3s 3P

sults. A guantum defect model of atomic photoionization‘s may be used
to estimate directly the 6p photoionization cross section. We also note
that Stebbings, Dunning, and Rundell4 used a two-photon ionization

1,3

technique to study photoionization of He(np ?) 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 identical to that used in
several similar studies.3-5 The output of a UV-preionized, discharge
excited, rare-gas-halogen laser was focused by a 90 mm focal length cal-
cium fluoride lens into a stainless steel cell containing the sample
under study. Cell pressure measurements.were made using a capacitance
manometer. The cell was capable of withstanding absolute pressures

of up to 4 atmospheres. Fluorescence was collected at right angles to

the laser propagation direction by an £ 1 magnesium fluoride lens and

imaged onto the slit of a 0.3 meter spectrometer equipped with an optical
multichannel analyzer (OMA). For visible fluorescence detection, the
spectrometer was equipped with a 1200 groove/mm grating blazed at 300 nm.
The OMA was interfaced to a PDP 11/34 ccmputer which was used for the
data reduction and analysis. Time resolved spectroscopic measurements
were performed Dy replaciné the OMA detector with a variable slit and a
photomultiplier tube, converting the spectrometer to a standard mono-
chromator configuration. The photomultiplier sigs;l was processed by a
transient digitizer which was also interfaced to the cocmputer.

The ArF* laser was line-narrowed and tuned by means of two high-
guality fused silica prisms inserted in the laser cavity.ls This laser
produced pﬁlses 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 tuning range was from 192.7 nm - 194.0 nm. The laser wave-
length and linewidth was monitored during the experiments by a second 1
meter spectrometer/OMA combination. Wavelength calibration was con-

1

veniently provided by the O, Schumann-Runge absorptions.‘e

2
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III. TWC-PHOTON EXCITATION ESTIMATES

Fig. 1 shows a partial energy level diagram for krypton, indicating
the states which are involved in this experiment. Three sublevels of the
49569 configuration lie within the tuning range for two-photon excitation
by the ArF* laser: namely [H]O, [&42 and b%]l. Here we use the ji
coupling scheme notation, in which the orbital angular momentum I3 of
the excited electron is strongly coupled to the total angular momentum
; of the core, prcducing a resultant angular momentum §, The spin ; of
the excited electron is weakly coupled with ; to give the total angular
momentum J. Terms are designatad by n& {k]J or nl'[k]J, cqrzéspondinq

L
radiatively to 5s and Ss' states, emitting visible radiation.

to the 2? and 23i_core states, respectively. These states may decay

Using the perturbation theory technique described in Ref. S5, we

§ may estimate the two-photon transition probabilities for each of these
three transitions. We write the two-photon absorption parameter a for

light at frequency v with intensity I

| 3

| o= 12 g . (1)
i fic g

i
3 Appearing in (1) are the lineshape factor g(v), which contains the line-

width of the transition, and the two-quantum matrix element Mgg, which

is written in the form

- ] ->
Z <fle-ufk><kerufg>
M, =2 : : (2)
fs <

Ekq - hv

s




In this expression & denotes the polarization of the cptical wave, :
represents the electric dipole operator, and g, k, and f denote the

ground, intermediate, and final states, respectively.

The laser output may be taken to be linearly polarized, due to the
presence of several Brewster angle reflecting surfaces within the laser

cavity. We now factor the dipole matrix elements appearing in (2),-

17

using the Wigner Eckart theoram, in order to derive angular momentum

selection rules. First consider the matrix element

<k"'*l > =

{2-ulq ¥ 43
k g

-1)%x Mk<\(JIuIIYJ> g (3)

M
5 T

Here, the ground state is lSo, hence Jg = Mg = 0. From the properties

17

of the 3-j symbols,” we immediately derive the selection rules Mk = 0,

-,
Jk = 1. with a similar factorization of the matrix element <f!2.yu|k>,

we obtain the selection rules on the final state quantum numbers M

Sk
Jf = 0,2. The transition to Jf = ] is forbidden, since
T o
= 0 . (4)
o o 0

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 Gp&%]l state
by the iinearly polarized laser radiation. With a circularly polarized,

or unpolarized laser, of course, this state may also be excited.
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In order to estimate transition strengths for the 69[%]0 ané 6pE§42
states, we use the "single-path approximation", in which only one domi-
nant intermediate state is considered, and the sum in expression (2)
collapses to a single term. The appropriate state is 555%]1, which is
the lowest excited state in Kr with the appropriate parity and total
angular momentum. The dipole matrix element for the 53&%]1 - 496(150)
resonance transition may be derived from the oscillator strength, £=0.219,
measured by Irwin et al. The matrix elements for the 6p(h], - SsEédl
and 69&%]2 - 55[%]1 transitions are obtained by using our measurad values
for the 69(&]0 and 695%]2 radiative lifetimes (see section IV) and pre-
viously measured radiative branching ra:ios.19 The lineshape factor

g(v) may be written ‘35,20

glv) = 2°'939 o~ (5

(28" + AvD )

at linecenter, if the laser spectral intensity may be assumed to be gaus-

sian, and A and Av_ are the laser linewidth and transition Doppler width

D
(FWHM) respectively. Using our measured laser linewidth of 25 cm-l, and
the intermediate state detuning value of 29,000 cmfl, we obtain the two-

photon coupling parameters shown in Table I.
IV. EXPERIMENTAL RESULTS
In spite of the rather large bandwidth of our laser excitation

source (25 cm-l) it was possible to obtain completely selective excitation

of the 69[%10 and 69&%]2 states. As predicted in section III, no excita-
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ion of the sp[%]l state was detected. Laser excitation spectra for the
69[510 and 69&}]2 states are shown in Fig. 2 for a Kr pressure of 26 torr.
These plots represent time integrated, fluorescence emission signals at
437.6 nm and 427.4 nm,respectively. The secondary peaks appearing in

both spectra arise due to collisional intramultiplet energy transfer.

The peak in Fig. 2(b) appears red shifted because it is off in the wing

of the laser tuning range.
The time dependence of these emissions was investigated in order to
extract radiative lifetimes and collisional quenching data. The laser

frequency was adjusted to line center for the transition under study, and

the monochromator was tuned to the appropriate visible emission wave-

length. The decay rate for the visible fluorescence was then measured

as a function of Xr pressure for pressures 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 S50 laser shots, and the decay rates

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

1 -1l
g In[N(t)/N(O)] = (Tra

a + kq[Kr]) . (8)

Here, N(%) is the number of excited atoms, T is the radiative lifetime

rad
of laser excited level, and kq is the collisional self-guenching rate.

The solid lines in Fig. 2 are linear least-squares fits of the data to the
right hand side of Eq. 6. The intercept gives the radiative decay constant

-1, and the slope determines k_.
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The measured radiative lifetimes are listed in Table II, along with

other experimental and theoretical results for comparison. For the 69&%]2
level, our results are in good agreement with the measurements of Fonseca
and Campos.7 and the dipole velocity calculation of Gruzdev and Loginov.8
For the Gptﬁlo‘level. however, we find rather poor agreement with Fonseca
and Campos, but again reasonable agreement with the dipole velocity cal-
culation of Gruzdev and Loginov. We £ind poor agreement in both cases
with the masurements9 of Delgado, et al. Both previous experimental
results utilized electron impact excitation and delayed coincidence de-
tection. In those experiments, it was necessary to include at least two
exponential terms in the data fits, in order to account for cascading
effects. Due to the selective nature of cur optical excitation methed,
such procedures are unnecessary, and a more direct measurement is ob-
tained. Beyond this, the disagreement between the prasent results and
previous experiments is not explained.

The measured self-quenching rates, obtained from the data in Fig. 3

10

are: for 6p[§]o. kq = (4.1 £ 0.4) x 10 cm3/sec, and for 695%]2, ka =

(6.7 £ 0.7) x 10-10 cm3/sec. These states may gquench by both intramul-

tiplet and intermultiplet relaxation. Due to the presence of the neardy

43' states (see Fig. 1), these two processes are expected to be competitive.
To our knowledge, these are the first measurements of these particular

collisional parameters in krypton. Our results are in qualitative agreement

with the results of Chang and Sotscr21 for self-quenching of 3p states in

neon, and the results of Chang et al.lo for quenching of Sp states in

krypton by ground state argon atoms. In particular, rate constants for ar-
Q

gon quenching of XKr(5p) 1cv0131° varied over the range of (0.05 - 3) x 10-1
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cma/sec.

In addition to radiative decay and collisional guenching, there is
an additional loss mechanism for the two-photon excited atoms, namely
photoionization by the excitation laser. As shown in Ref. 3, this pro-
cess may be exploited to yield numerical values for excited state photo-
ionization cross sections. The method involves making a careful measure-
ment of the dependence of the two-photon excited fluorescence signal, S,
on the excitation laser intensity, I. 1In the absence of photoionization,
S is expected to vary as Iz. The photoionization loss modifies this be-
havior in a manner which we now describe.

We start from a simple rate equation analysis and ignore ground state

depletion. We write

2 a .I
an* al L =L pi x
at  fe [ (Trad it quO i; ‘hu) : (7

Assuming a square pulse of length Tp. the solution to Eq. (7) is

aIzN -Bt
s ] -
N*(t) = Tob (lL-e ),0<K¢t ; Tp (8)
2 X : ; = Co
where the parameter B is defined as 3 = Trad kqxo + cpir/hm, and N,

is the ground state atom density. In many cases, the steady state ap-

proximation BTP 2 1 holds, and we obtain

ar? -1 Opil -1
et ™ s "N * R ¢ 9

Since the fluorescent signal S is directly proportional to N*, we see

that the expected quadratic behavior of the {luorescent signal with I

e e — S
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will saturate and go over to a linear behavior when

-1

hw
I> - (trad * quo) . (10)

pi

We rewrite Eq. (9) in the form

Se=mI +8 (11)

and notice that

-1 1

°pi '(}%—) flw (Trad + quO P (12)
The parameters 3 and m are derived from the experimentally measured de-
pendence of the visible fluorescence signal S on the laser intensity I,
and trad and Fq have been experimentally determined as well, as described
above. We, therefore, obtain an experimental value for the cross section
for phototionization of the two-photon excited level, at the wavelength
of the excitation laser. Note that neither the absolute number of excited
atoms produced, nor a value for the two-photon coupling parameter a are
needed for this measurement. These parameters cancel out in the ratio
3/m.

This procedure was ca:riéd out for 690%]2 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 substi-
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tuting the appropriate values into Eq. 12 is api = (3.2 £ 2.0) x 10-19

cmz. The major source of uncertainty in this experiment arises from

the conversion of the measured laser output energy to the actual inten-
sity at the laser focus. Since the laser output contains a large number
of transverse modes, gecmetrical optics was used to estimate the dimen-
sions of the focal spot. Most of our stated experimental uncertainty
arises from uncertainty in this calculation. Additional uncertainties
arise from the departure of the laser pulse shape from the square form
assumed in the analysis of Egs. 8 - 12, and statistical fluctuation

in the data itself.

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 calculationsll 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 systems
is significant. The experimental results of Dunning and Stebbinqs12
support this theoretical result.

We know of no detailed calculations or other experimental results
for photoionization of the 6p state in krypton. We may, however, compare
our results with a simple quantum-defect approximation.13 This approxi-
mation method has been appliadzz to a variety of cases of excited state
photoionization for which experimental data already exist, including the
rare qases.lz’l4 Excellent agreement is found, considering the simplicity
of the model.

We write the photoionization cross section for a given atomic level

22
as

:
:

Pty
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o=
2 (2)7 ()’
Ry IP

In this expression, Z represents the net charge on the ion, IP denotes

(13)

the ionization potential for the atomic level in guestion, hv is the
incident photon energy, and Ry is the Rydberg constant. Using this
formula we obtajn the cross section for photoionization of the 6p level
in krypton at A = 193.5 nm as api = 1.8 x 10'19 cm?, which is in good
agreement with the experimentally determined value.

With the important loss mechanisms characterized, it is now possibdble
to test the theoretical two-photon absorption rates calculated in section
IIT against the observed signal strengths. Although our fluorescence
detection sensitivity was not calibrated absolutely, we may compare the
relative excitation strengths. At 9.5 torr pressure, the ratio of 437.6 mm
fluorescence intensity to 427.4 fluorescence intensity when the éplﬁio ané
69&}]2 levels were excited ;t line center, respectively, was determined
as 0.45. Using the two-photon coupling parameters derived in section
III, the measured laser energies of 3.5 mJ and 8.5 mJ, anéd groperly
accounting for radiative/nonradiative branching and photoionization
using our measured parameters (we assume equal photoionization cross
sections for 695%12 and epthlo), we arrive at the predicted ratio of

0.42, in good agreement with the experimental value.
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v. CONCLUSIONS

Several multiphoton absorption procasses 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[5]°
and 6p$%]2 states in krypton could be performed. These measurements fur-
nished radiative lifetimes and collisional quenching rates for both states
as well as the photoionization cross section of the 69&%}2 state at 193 nm.
The relative two-photon excitation rates for the two states have also been

measured.

The results on :adiativé lifetimes are compared with other experi-
mental and theoretic 1 results. For the 69[%42 state, we find agreement
with one of two alﬁernative experimental values, while for the %p[&lo
state, we are in clear disagreement with both of the other experimental
values. The photoionization cross section determined for the pr%]z
level, when compared with a simple model of atomic photoicnization, was
found to exhibit good agreement. Finally, the data on the relative two-
rhoton excitation rates conforms well with rates calculated using a
single path approximation.

It is clear, from expressions (1) and (5), that an enormous increase
in excitation strength is to be gained by further narrowing the laser
bandwidth. XrF* laser bandwidths better than 0.1 cm-l have already been
achieved23 using injection locking techniques. ArF* laser linewidths on
this order have also been achieved.24 With such a laser, both the two-
photon transition, and the photoionization process would saturate at a

laser intensity of lolo W/cm2 with a laser f£luence of 3-3 J/cmz. Such
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conditions would result in essentially full ionization of a sample of
krypton atoms and plasma densities of the order of 10'° cn™> may be
i
4 readily achieved in this manner.
]
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TABLE I

Estimates of two-photon excitation parameters for 6p states in Xr

state wavelength ul(debye) uz(debye) a (cm‘/w)
(nlﬁkl,) (nm)
ép(hl, 192.75 1.39 c.806 1.31 x 10°3%
5
-31
epi3l, 193.49 1.39 0.763 1.17 x 10

43
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TABLE II

Radiative lifetimes (in nanoseconds) for scme 4psép levels in Kr I

Experimental Lifetimes Theoretical Lifetimes
Level A (nm) This work Ref. 7 Ref. 8 Ref. 7 Ref. 8 (a)
vy My
i
% Gp(klo 437.6 123 £ 5 72+£3 731 67.3 92.5 131
L
69&%]2 427.4 11s £ 5 118 £ 3 198 £ 4 80.4 79.8 117
E (a) up < results obtained using dipole length integrals. B, - results g

obtained using dipole velocity integrals.

aorradiu

Lt
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FIGURES

3 Partial energy level diagram for krypton showing states excited by
two-photon excitation and some radiative decay transitions of the

excited states.

2. Two-photon laser excitation spectra for krypton. (a) 427.4 nm

fluorescence from pr%lz. (b) 437.6 nm fluorescence from 69[&]0.
The solid line in (a) is the laser output energy versus wavelength.

Pressure in both cases is 26 torzr.

3. Fluorescence decay rates for two-photon excited krypton. The
squares are the experimental points. The solid lines are linear
least squares fits to the data. (a) 427.4 nm fluorescence from

épi<

212 state. (b) 437.6 nm fluorescence from 69[510 state.

PUNUUSSVSS——

4. Dependence of 427.4 nm fluorescence intensity 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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CCLLISIONAL AND RADIATIVE PRCPERTIZS CF THE 82 E.? g STATZ

- ;
Daniel J. Xligler and Jeffrey Bokoz’
Department of Electrical Engineering

Stanford University, Stanford, California 94305

and
Charles X. Rhcdes
Department of Physics

University of Illinois at Chicago Circle
Chicago, Illinois 60680

ABSTRACT

Collisional and phnotcabsorption properties of electreonically excited

molecular hydrogen are studied by means cf selective excitaticn of the

1 :

+ S < :
B, (E,7 Zg) dcuble minimum state. The v=2 level of the inner well of the
E,F state is pcpulated by two-photon abscrption of ArT* laser radiation at
123 nm. Intracavity prisms are used %o narrow the laser linewidth and tune

the laser to excite single rotational levels selectively. Both E_ and HD

i 2

have been excited in this manner, but the D, absorpticn lires ars ocutside

2
the laser tuning rance. The population densitiss of the E,F rcvibraticnal

y ' ; : bk Lot

levels are measured by mcnitcring the near infrared E,° Lq = 3 Ly £fluores-
cent emissicn. The E,F state radiative lifetime, electrenic and rotational
collisional relaxaticn rates, and photoionizaticn cross secticn at 193 nm

are measured. The large electronic gquenching cross secticn (v 100 32)

cbserved is compared to a 3orn approximaticn calculaticn of inelastic

o
scattering in the Hz (E,F 1£§) system and is fcuné to ke due to collisional

: Lg : 1
pcpulation of the C Ty state. (bservations cf wvacuum ultraviolet C Iu -
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X Zq emission support this conclusion. The rotational relaxation cross

sections are s 0.2 & for HZ' but are much larger in HD (v 10 Rz).

Q

-

'Present address: Racah Institute of Physics, The Hebrew University,
Jerusalem, Israel

-

'Present address: Department of Physicg, University of Illinois at Chicago

Circle, P. O. Box 4348, Chicago, Illinois 60680

Prepared for the Department of Energy under Agreement No. ED-78-S-08-1603.
By acceptance of this article, the publisher and/cr recipient acknowledges
the U. S. Government's right to retain a nonexclusive, royalty-free license

in and to any copyright covering the article.

Note: This notation need not appear in the published article.

e & s ————

Lo S S




2 aade 1 2 20 Gl i Lot b a0 ol

I INTRODUCTION

In an earlier lettozl, the first selective population of a gerade ex-
cited state of 82, the E,F 12; state was reported. In that work it was
demonstrated that multiphoton absorption of Arf* laser radiation at 193 nm
could be used to create substantial populations in states whose excitation

energies were far in the vacuum ultraviolet (VUV) - corresponding tc single-

photon wavelengths below 100 nm. Two-guantum absorption in the reaction
1.+ 1+
Hz (X Zg) + 2y (193 nm) -+ Hz (E.F Eg) (1)

was used to excite the E,F state and its near infrared (iz) fluorescent
emission -

2, (E,F lz;) ~ 8, (8'L)) + y(~800 am) (2)
was monitored to make the first measurements of collisicnal and radiative
properties of that state.

Xinetic studies of the aydrogen molecule are of particular interest
and importance because of hydrogen's central positicn in the theory of
molecular pnysics and quantum chemistry. Molecular aydrogen has been
studied extensively from a theoretical pocint of view, but few experimental
data on the ccllisional properties of the excited states exist because of
the difficulty of selective excitaticn. Therefore, we have here extended
and refined the studies of the E,F state discussed in Ref. 1, as well as

made further ccmparisons of cur results with theoretical predicticns.

NPT
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This report will present both experimental and new theoretical results
concerning the relaxation and photoabsorption properties of the E,F l:;
state. Section II will first discuss the manifold of states excited in
these experiments. Secticn III will outline the experimental apraratus and
proceduzes. Measurements of radiative and collisional electronic relaxaticn
rates of the =,F 12; state will be reviewed in Section IV, and the mechanism
of electronic guenching will be discussed and compared to a Born apgroxima-
ticn calculation of the electronic quenching cross section derived here.
Section V describes experimental determination of the cross section for
three-photon ionization of 82, which again is compared with theory. Finally,
results obtained using rotationally resoclved excitation and fluorescence
detection to measure rotational relaxation rates in Hz and ED are presented

in Section VI.
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II EXCITATION MANIFOLD

As shown in Fig. 1, E,F 12; is the first excited gerade singlet state
of the hydrogen molcculoz. This state was originally thcught to be two
separate scatcss, until Davidson pointed cut its double-miniaum cha:acts:‘.
E; Xolos and WOlni.viczs, Wolniewicz and D:osslc:s, and Alemar-Rivera and
Ford7 have performed accurate calculations of the E,F pétential curves and }
vibronic states.

The double minimum of the E,F state arises from the avoided crossing
of the E lsg2sg and the E‘(ch)2 cu:vcss. Thus, in terms of molecular oz-
bitals, the E,F electronic wave function is almost exclusively lsg2sg in
the inner well, while in the outer well it is mostly (ch)z. At larger
internuclear separaticn, the state has ionic character in the separated-

: + - .
atom representaticn (correlates to E + H ). However, due to an avoicded

crossing at large separation, the E,F state dissociates to H(ls) + H(2s). i

& 1
Two other states are important in these studies, B lzu and C ‘Iu.

+ . . 2 s
The B lzu state serves both as the dominant intermediate state in two- |

photon absorption to E,7 lx; and as the final state for near ir emission

originating from E,F IE;. At small internuclear separation, 38 12: has

lsc2pg chazacters while at larger separations the state is mainly ionic |

and nearly degenerate with E,F. It dissociates to H(ls) + #(2p). The

4 is almost purely the lsg2pw Rydberg level. 1In analogy &0 the

degeneracy of the 2s and 2p atomic levels, C lﬁu (2g7) and the E lz; (250)

C lnu state

inner well of the E,F state are nearly degenerata. The 3 lz: ané C lﬁu
states may relax radiatively to the x'lz; ground state in the well-known

VUV Lyman and Werner bands, respectively. However, Z,7 - X radiaticn is

i sl i
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strictly forbidden by the § <+ u selection rule (except in the isotopically

aixed species, such as En)lo; thus, the E,F state may radiate only in the

ﬁ-

33
%
K
&
a
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w©
s
?

near ir to B lx:. and is consequently quasimetastable.

PRERO

As we shall discuss later, the Arf laser used in these exgeriments had

1

an untuned linewidth of v 170 cm ~ centered at 193.4 nm; and by means of an

intracavity prism system could be tuned from 192.6 to 194.2 nm. It is thus
expected that transitions in the energy range 103,000 to 103,800 cn.l may f
be excited by two-photon absorption. For the X lz; <+ E,F 12; transition in

| hydrogen, with the B 12: deminant intermediate state, and using linearly

polarized light, Q branch rotational transitions are generally strongest,
though O and S branch transitions are also alloweall. Table I lists the
energy ranges for the O, Q and S branch transiticns from the lowest three

rotational levels (which are gopulated at 300 °K) of the ground vibrational

state of 32 to the E,F (v=2) level. ~rfrom the energies listed, we axpect

strong two-photon excitation of several E,F (v=2) rotational levels in Hz,
weaker excitation in HD, where the transitions ace to the red of the laser
line center, and no excitation in Dz, whose levels are outside the laser's
tuning range. Note that all other states in the vicinity of ~ 12.8 eV are
forbidden for two-quantum excitation from the ground X lz; state by either

parity, spin, or both; and Franck-Condon factors for abscrption to the outer

minimum are unfavorable. These points are clearly evident in Fig. l.
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III EXPERIMENT

The experimental apparatus used in this work has largely been described
olsewho:olz'la. The focused beam of a transverse-discharge-pumped argon
fluoride laser (Lambda Physik EMG-300) was used to excite hydrogen samples in
the experimental co)ll‘,. The sample fluorescence following irradiation was
collected at right angles to the laser beam. When time-resolved detection was
desired, the fluorescent emission was fccused onto the photocathode of a RCA
C31034A photomultiplier tubelzg and the output of the tube was recorded by a
transient digitizer (Tektronix R7912), which was interfaced to a PDP 11/34 com-
puter. In this case, wavelength discrimination was provided by 10 nm-bandpass
interference filters. 3etter wavelength resolution (v 2 X) in detection was
achieved, at the expense of temporal information, by using an optical multi-
channel analyzer (CMA) to observe the fluorescence spectrumlz. This apparatus,
which was also interfaced to the computer, generated a plot of time-integrated
emission intensity versus wavelength, but with lower overall detection effi-
ciency than the photomultiplier system.

The untuned Arf laser emitted 100 mj pulses of v 10 nsec (FWHM) duration
in a band about 7 g wide. Because of the high gain of the laser medium, the
beam was oblong (about 2 x 0.7 cm) and had divergence ~ 5 mrad. In order to
excite single rotational levels of hydrogen selectively, a laser line-narrow-
ing and tuning system of the type first described by Loree , gs_;l.,l4 con-
sisting of two intracavity fused silica prisms, was constructed. A slit of

adjustable width was placed at the opposite end of the laser civity fren

the prisms in order to create a well defined optical axis. With these

-
‘SRR - e



modifications, the laser linewidth was reduced to a 1 & (25 em™F), with a

§ : tuning range A 16 8. roughly the range of the ArF spontaneous emission. Laser
! ] energy near line center (193.4 nm) was between 30 and 508 of the untuned energy,

but dropped off to a few percent far in the wings. The laser wavelength was

measured by a second OMA, which was calibrated with 0.5 g accuracy by nmeans

of the dips in the laser emission spectrum due to 02 absorption lines in the

(4,0) vibrational band of the Schumann-Runge system (B 3}:; + X 32;) 14'15'15,

were irradiated at pres-

Using this apparatus, samples of 32, HD, and D2

sures ranging from 10 mtorr to several atm. As predicted by the spectroscopic

data in Table 1, upon irradiation by the untuned laser, strong near ir emissions

were observed in 32. weaker emigsions in HD, and none in D When the laser was

2.
tuner’ ‘nto closer resonance with the HD E,F lz; - X lz; (2,0) abscrption band,

- ir emissions nearly as strong as those in 32 were cbserved. At low laser in-

tensity (< 108 W/cmz), the intensity of the fluorescent signals was deter-

mined to vary as the square of the incident laser intensity, the characteristic

signature of a two-photon absorption.

The near infrared emission observed in this manner is attributed to radi-

ative decay from the initially excited v = 2 level of the E,F 12; state (inner
minimum) at A, 12.8 eV to the B lz: (vs0 and v=l) vibrational levels in reaction

(2). The approximate wavelengths of the (2,0) and (2,1) emission bands are

listed in Table 1. The ratio of observed emission intensity in the 82 (2,1)

ﬁ:l band to that in the (2,0) band was found to be 1.4 + 0.2, which agrees well with

theoretical calculations of the Einstein A cacfficisntsl7 giving A s 1.51.

2,1/22,0
A rotationally cesolved E,F - B (2,0) spectrum, obsecrved following excitation of

32 by the untuned laser is shown in Fig. 2. Z=mission originating fzem J' = 0,1,

and 2 is observed, but J' = 3 is not excited. More than 90% of the emission is
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in the ?(2) and R(0) lines, indicating that J' = 1 is predominantly populat-
ed by the untuned laser. The reasons for this behavior, as well as results

of excitation using a line-narrowed source, will be discussed in Sec. VI of

this paper.

Finally, we should make mention of the vibrational bands that we did not
observe in these experiments. Any emissions emanating from v=0 or vs=l of the
inner well of E,F 12;, which might arise due to vibrational relaxation of v = 2,
as well as emissions from vibrational levels in the outer well, would be
outside the spectral sensitivity of our photomultiplier and were not detected.

18 have measured vibrational relaxation rates

However, Fink and co-workers
for the B state in HD, and they are approximately two orders of magnitude
smaller than the total quenching rate for Bz (E,F 12;: v=2) measured in
% Ref. 1. Assuming that vibraticnal relaxation is not markedly different in
the E,F state in Ez we expect that it does not play an important role in
the collisional deactivation of Bz (E,F 1:;; v=2). Similarly, our system
g was insensitive to emissions terminating on v" 3»2. This is not of conse-
‘ quence, since the probabilities for these (2,v") transitions, calculated

from the Franck-Condon factors of Spindle:lg, are negligible by comparison

with the (2,1) and (2,0) transitions.




IV MECHANISMS OF SLECTRONIC RELAXATION

In earlier workl the decay rate of the 82 E,f » B fluorescence was
measured as a function of pressure and the radiative and collisional elec-
tronic relaxation rates of the E,F state were determined from these data.

The E,F state radiative lifetime was found to be 100 + 20 nsec, in ex-
17,48

<

cellent agreement with the calculated value of 90 nsec. The :zotal de-

activation rate due to collisions with ground state g, mclecules was found to

. cma/sec; with helium as the collision partner, the rate

be (2.1 + 0.4) x 10~
was (0.8 + 0.4) x 10”2 cn’/sec. On the basis of the large (ncnreactive)
helium quenching rate, it was hypothesized that tae dominant electronic re-
laxation channel was
1+ 1.+ : 3

B,(R,F gg) + By(X TT0. By + By 1)) (3)
followed by the rapid radiative decay (\ 1 nsec) of the C lTu state. In
this section we shall calculate the cross section for reacticn (3) for com=-

parison with the measured 32 quenching rate.

The E,F lz; (inner minimum) »C lnu transition ia 82 is remarkable in its
resemblance toc the hydrogen atomic 2s + 2p fine structure transition. The
potential curves shown in Fig. 1 illustrate that these two molecular states
are nearly degenerate in the E,F inner minimum. Thus, the E,F + C transition
requires only a small serturbation in the nuclear motion. Calculations by '

Xolos and Wblniowiczs'9

indicate that at the internuclear separations of in-
terest here (v 1 g), the =(2s¢) and C(2pm) mclecular orbitals maintain a
strong resemblance to their atomic counterparis. Consequently, scattering

in reaction (3) should resemble the atcm-molecule interaction

o AT kA
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1+ 1.
B(28) + Hy(X "Zg) » H(2) + By(X 7L.) (4)

This atomic quenching has heen studied both expc:im‘ntallyzo'ZI, and theoreti-

cally32:33,

Since the 2s and 2p states of hydrogen are connected by a strong dipole
moment (y = 30.0). while ground-state Bz has a permanent quadrupole moment, a
dipole-quadrupole potential is used for the transition Hamiltonian for react-
ions (3) and (4). Because of the long range of this interaction (R") and
the near-degeneracy of initial and final channels, the problem may be treas-
ed by the first Born approximation. We shall now outline a Born approximation
calculation of the scattering matrix for the dipole-quadrupole interaction of
Hz* and 32 and derive from this the inelastic scattering cross section for
process (3)-. A more complete derivation can be found in Ref. 24.

We begin by defining the T matrix for scattering from state x to state

a' as
Ta'al'f.m'o e sQ'G’.'m’O o OQ'GGY.'Q.OM'O (3)

where S is the standard scattering matrix relating the amplitude of scattered
waves in channels (g',3',m') to that of the incident wave in channel (v,2,0).
Here 2(2') and m(m') give the initial (final) orbital angular >omentum of the
projectile relative to the target; but we set m=0 by taking the initial velocity

parallel to the 2z axis. Taking interaction potential V, we write

© me 71
Varg Vg VIV (6)
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where wc(wa.l is the initial (final) state of the system, including elec-
tronic, vibrational, and rotational components. Now we write the first

Born approximation expression for the T matrixzsz
Tyvaprmto * * LUKy KR X7 67007, B
A
*3, (kR"Z, (0',6") R'Z ar' cq' (7

In this expression k (k') is the initial (final) projectile wave vectcr,

and the are the spherical Bessel functions.

3
The classical dipole~-quadrupole exp:essionzs for the interaction of
the excited electron's 2sg+2pnt transition dipole moment with the 32 ground

state quadrupole moment is

qu - _1;%5 i C(L 2 3:yu=-u) zl'u(e..q;e) YZ.-u (@005 v (8)
Here Q is the ground state quadrupole moment, R is the intermolecular sepa-
ration, r is the cocordinate of the excited electron, C is a Clebsch-Gordon
coefficient, and (G..¢.) and (ez.¢2) give the angular orientations of the
excited electron position and the ground s£ato molecule's internuclear axis,
respectively, referred to the (time-varying) intermolecular axis. qu pro-
portional to R",.is the longest-range possible potential in our system;
dipole-induced dipole and Van der Walls potentials both vary as 2™,

We now write the wave function for the two-molecule system (neglecting the




electronic and vibrational states of the ground-state 52):

b= [y l>[3,4>] 34> 2m> : (9

We shall continue to indicate initial state by unprimed and final state by

R T

: primed symbols. b _>=|2sg>; | _'">={2pw>; and |Y >,[P '> are the wibraticnal
3 Ve e v v

states. ji and Mi indicate the molecules' internal rotaticnal states, where

subscript 1(2) indicates the excited (ground state) molecule.
Inserting expressions (8) and (9) into Eq. (7) and transforming the
angular coordinates from the time-varying collision frame to space-fixed

and molecule-fixed axes yields an expression for the T matrix:

=
' 2 T
Tyiggiamio - - 4BE (M) Qu < Yo [9><2" R [2>
M T

4

> b3 (-1)‘“1'*‘“‘2' C(L 2 3; m,' m,') < 1M|Im|00>

i
) ml‘, mz‘
q . -0 '|D(1) [3,M; >< 3,' M, '|2 m 13 B, >
M+l M m.ml' 1 2 2 2 'vg 2
<2'm'|3 m, "+m,"[20 > (10)

Here . = Bolo is the 2s+2p dipole moment, and < wv'i¢v> is the Franck-

] | Condon £factor L ST D‘t?m, is a rotation-matrix elemenc27; The radial '
i} ’ bl

8 integral is

<L a2 > 3 kTS g w0 RT3 k) %R, (11)

in

which contains the rescnance depencance of the scattering. The 53,:1




2g. (10) arises from the fact that the M = 0 term would connect |250 > o
|2pe >, which is the B lz: state, not included in this calculation. We note
that scattering to B lz: is allowed, but unimportant compared to reacticn

19 for

(3) due primarily to the substantially smaller Franck-Condon factors
E - B transitions of small energy defect.

)44 ;. define the impact parameter as b = (22+1)/2k, then we maibcbtain
the scattering probability for a given b by summing lg:,az.zm,olz over final
angular momentum states and averaging over initial rotational projectionms

(M, and M )25. The result obtained is a simplified@ sum over 1 ', indepencdent
" 2

of initial rotational states jl and jzz

2

muaq,

2(b) .(_,6_2!) 32T ez s om? arrl (12)
Y

This expression is identical to the probability for atomic 2s -+ 2p scat:eringzs

except for the Franck- Condon factor, qv,v,and an additiocnal factor of 2/3 here.
This latter factor arises £rom cur consideration of transitions only to the
two 2pn states, while in the atomic case transitions to all three 2p levels

(M-:l and 0) are included.

The cross section for the inelastic scattering process is now found

by integrating
clk) = f: 249 (b) b db. (13)

However, P(b)> 1 for small 5, because the Born approximation oreaks down at

close range. Hence, as suggested =y Cross and Gordonzs and by Slocomb, et 31.23,

we set P(b) = 1 for b<bh, where bh is given by ?(bh) a ]l from 2g. (12). Now
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g = '.rbhz + 2/ ?(5) b db. (14)
h

A simple computer program was written to calculate scattering probabil-~
ity from Eq. (12) and cross section from Eq. (14) as functions of initial
projectile momentum and detuning of initial and final states. The radial

integral of Eq. (12) was solved explicitly in terms of the hypergeometric

tunctionzs'za. The energy detuning was obtained from spectroscopic data

1.+

on the energies of the rotational levels in the E,T Zg (v=2) and C lﬂ u(v-Z)

manifolds. These data, shcwn graphically in Fig. 3, indicate that the J=l

levels, from which > 90% of the observed emission originates (see Fig. 2 and

ensuing discussion), are separated in energy by only 22 cm'l. The other data

2 ground state gquadrupole momantzg,
Q = 0.484 a.u., the Franck Condon factor 30. 92" 0.794, and the projectile
’

that must go into calculation are the H

velocity. Averaging the product of velocity and cross section cver a Bcltz-
mann distribution of kinetic energies gives a rate constant for process (3)
of 2.3 x J.O.9 cm3/s¢c at 300°K. This result agrees remarkably well with

the experimental determination of (2.1 = 0.4) x,".o-9 cms/sec, and suppotrts
our hypothesis that reaction (3) is the primary mechanism in collisicnal
deactivation of 82 (E,F lz;; v=2).

These theoretical conclusicns are lent further suppor: by experimental
observation of C lxu + X 1z;'vuv Werner band emissions following two-photon
excitation of the E,F state. Fig. 4 is a spectrum of this emissicn near
125 nm, showing the (2,6) and (2,7) vibrational bands of the C + X fluorescence.

(The (2,5) band, which should te present, is beyond the transmission cutoff

of our optical system). These obse:vations of emission in the Werner 3ands




confirm that large populations are created in the v=2 level of the C lﬁu

state following E,F 12;(*:-2) two-photon excitation. The absence of emis-

i

{

!

|

F sion from other C-state vibrational levels confirms our model of electronic
} qQuenching, as well as the contention that vibrational relaxation is much

slower than the electronic.

Because cf'the near-degeneracy of the E and C states, at pressures above
" 20 torr these levels will reach thermal equilibrium with V1 nsec of exci-
tation. (The principle of detailed balance :equi:es'that the C + £ gquench-
ing rate be nearly equal to the E + C rate.) Under these circumstances,
when other losses are neglected, the: probability that a 32 molecule in the
z,F lz; state will radiate in its E,F + B IR bands is simply TC/TE’ where
7. and 1. are the radiative lifetimes of the E and C states, respectively.

E (of
From the theoretical calculations of Allison and Dalgarno for the

c lnu - X 12; transition p:obabilitiesal, we obtain rc(v-Z) = 0.88 nsec.
The effective radiative lifetime of a molecule excited to the E,F state at

high pressure is given by a rate equation analysis:

- Tt

< £'c
eff 3 (15)
=*Te

In our case, for Tp >> Tor Tegs L Zrc. This analysis will be ;mportant

in our later estimates of rotational relaxation and photoionization rates.

e
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(V)

V PHOTOIONIZATION OF THE E,F STATE

While the electronic relaxation processes we have examined are quite

rapid, at higher laser intensities the fastest loss process - and hence the
limiting factor in achievable excitation density - is photoionization of the
excited molecules. This is a pervasive problem in two-photon studies using
rare gas halide lasers, because three ArF* photons (= 19.2 eV) are sufficient

to ionize almost all atoms and molecules. While the characteristic sig-

nature of a two-photon process is a signal which grows as the square of laser
intensity, when photoionization is prevalent, the signal "saturates" and grows

only linearly with intensity; meanwnile the laser energy is increasingly

channeled into ion prodﬁcticn.

The nature of this behavior may be seen in a rate equation Shalysis of

the two-photon excited state density N*:

2 ; ' g .1
SNi*= gI P | I
at Ay [P Tegp | A L (16)

Here ¢ = g/I (cm4/W) is the two-photon absorption coefficientlz, I is the

laser intensity (W/cmz),q is the laser frequency, and aPi is the chotoion-

ization cross section for the excited state. At high pressure and high laser

k intensity, radiative and ionization losses are fast enohgh so that we can
i
H% assume a steady state solution to Eq. (16):
2
y» « O [H) : (17)
SCANTIRICNT
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As noted earlier, rcft = zrc- 1.8 nsec at high p:essd:c. This sclution clearly
shows the saturation of N* at large I. (As a further note, while photoioni-
zation is a broadband process, two-photon absorption terminates on a discrete
state. aehéirazng;iing the lascz'iia;;fézh,-éucﬁ b?oadcr in éﬁi ;asc than

the transition Doppler width, will increase g but not g 3 and, thus, will

: P
increase the excitation efficiency and excited state density.ls'sz)

e ¢ — . ——— - v - -

If we can measure the saturation of the two-photon signal with laser
intensity, we can extract from these data the photoionization cross section
for the excited state. We begin by using the fact that the ir fluorescent

signal is simply S = N*/ZTE to rearrange eqg. (17):

= al ~ + B. (18)

The significance of this eguation is that if we now plot the guotient I/S
from our data as a function of—I-l, we can extract the photcicnization

cross section, Gpi' £rom the ratio of intercept to slope, B/m, in our plot:

“pi'%: = . (19)
Pig.ls shows a measurement of ir fluorescent signal as a function of laser
energy, plotted in accordance with EQ. (13). The plot is fairly linear, and
the non-zero intercept indicates that photocicnization losses lead to the ex-
pected saturation of the signal at high laser intensity. On the basis of

- -]
these data, we estimate that 38 x 10 19 n? €9, <4x10 18 cn?. This

el

st

€8

ot con v s sabe




large uncerctainty a:isis primarily from the uncertainty in converting the

'
;
f
:
-
4‘
B
:

5 measured laser energy to the actual laser intensity at the focus. This

i estimate is, however, in agreement with the theoretical calculations of
!

: thnaa. For photoionizaticn from Bz (E,F lz;; vs2) to az’ (X zz;; vs2) at
6.4 eV (3.3 eV above threshold), Cohn calculates 091 = 2.6 x 10'18 cnz.

It must be noted, however, that this experiment does not actually measure

the E,F state photoionization cross section, but rather the cross section

for photoionizaticn of the collisionally mixed E,F and C %tatc:.
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VI ROTATICNALLY SELECTIVE MEASUREMENTS | 3

While we have observed very rapid electronic de-excitation gprocesses

in the H, E,F state, rotational relaxation is considerably slcwer. If the

2
data of Fig. 2 are compared to a theoretical formula for the intensities of

i rotational lines in a vibrational band in thermal equilibriumll. it is found
that even at the high pressure (20 psig) at which this spectrum was taken, the
é i rotational levels are not equilibzatedl3. On the contrary, Table 2, which
lists the ground state equilibrium rotational populations and twc=-photon
X -+ E,T transition energies for J = 0 - 3 (populated at 300°K), demonstrates
that the relative intensities of the E,F +» B rotational lines are due to a
nearly total absence of rotation-changing collisions in the excited state.
Thus, since only the Q(0) and Q(l) excitaticn transitions fall sguarely
within the two-photon laser tand, only J = 0 and J = 1 levels are seen o

emit substantially in the spectrum of Fig. 2.

In order to measure the rate of this very slow rotational relaxation, %
we installed the prism system and tuned the laser to excite selectively each
of the first four rotational levels of Hz (E,F lz;; v=2) in turn. We then
attempted to observe emission from J-levels other than the one excited.
The results of these observations are shown in Fig. 6. In no case was any
rotational relaxation evident above the \10% noise level in the measurements.
We can use this signal/noise ratio to set an upper bound on 2 + 0 and
3 + 1 rotational relaxation rates. (We do not expect any cdé +> even re-
laxation because of the strict ortho/para separaticn in homonuclear diatomics)ll.
Assuming that the laser is tuned to excite the J+2 level and that the Jta

level is populacted only by rotational relaxation from J+2, which is much
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slower than electronic relaxation, the ratio of populations in the two levels

is given by a steady-state analysis:

n - (20)

J+2.J[ ]
i 2 ko 5
J+2 RL

In this equation, RL = cpil/hg + 1/(21c) =3 nsec-l is the electronic 1033

rate, and kR?+Z'J is the two-body rate coefficient for rotational transi:ions
from level J+2 to level J. The ratio of rotational level populaticns is alseo
related to the fluorescent emission intensities S of the P lines originating

in the J and J+2 rotational levels byll

stp(..ﬂ-],)]- Vg 4<J+L)CZ+S) ns (21)
s[p(.wsﬂ ("J+z) 3+3/\23+1/ n

J+2

34

where v, ané v are the respective transition frequencies™ . Finally, we.

J -
-
cbserve in Fig. 6 that s P(2)] /S[?M)J and SE’(IJ /SLP(3J < 0.1, leading

2,0
R

cm3/sec. These rate constants are more than

us to conclude on the basis of eguations (20) and (21) that Xk 12

3,1 12
R

£3x10
cn’/sec and k < 6 x 10
two orders of magnitude smaller than the observed electronic qQuenching rates
for the E,F state.

Rota:ional':élaxation will be greatly enhanced in the isotopically mixed

species of hydrogen as shown by Heukels and Van de Rooss. Fizstly, the shift

* of the center of mass away from the center of charge has the net effect of

slightly increasing the cross section for a given rotational transition. More

importantly, however, additional channels open up in the mixed species that are

forbidden in the homonuclear species. Specifically, AJ = 1 transiticns are
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allowed in the heteronuclear case, while J must retain its parity in the homo-
nuclear molecule, due to nuclear spin symmetry considerations. AJsl transi-
tion cross sections are calculatedzs to be roughly one order of magnitude
larger than the AJ=2 cross sections for He - HT collisions in the ground
electronic state, and the AJ=2 transition cross section for He - D2 collisions

is calculated>>

to be roughly to;ty percent smaller than for He - HT collisions.
Figure 7 shows the lower rotational levels of the HD E,F Iz; (v=2, inner
well) and C lnh(v-z) states, with + and - signs to indicate the parities c¢f the
levelslz. The rapid electronic collisions (studied in Sec. IV of this paper)
that equilibrate the E,F and C levels of cpposite symmetries are shown by'
bold arrows. The parity-changing rotational collisions, forbidden in Hz and Dz,
are indicated by the fine arrows. We shall now describe a measurement of the
collisional rate of this latt;; process in #D.
In this experiment, the laser was tuned to the Q(0) and Q(l) two-ghoton

10. Because

excitation lines in HD, at 103,221 and 103,175 cm-l respectively
the lines are closely spaced and located in the wing of the laser gain band,
it was not possible to excite one line to the total exclusion of the other.
Thus, the ratio of intensities in the P(1l) and ?(2) E,FT lz; + 3 lz: (2,0)
emission lines was measured as a function of HD pressure as the laser was
tuned to excite predeminantly Q(0) or Q(l) in turn. The results of these

meagurements are presented in Fig. 8, which, in contrast to Fig. 6, shows

a clear tendency toward equilibrium at high pressure.

001 1,0
R

we examine a rate ecuation model that includes both 1 + 0 and 0 - 1 rotat-

In order to extract rate constants X and kR from these cata,

icnal transitions:

e NS V.




dn (0) (0) 20,1 1,0
Eg =R, [E0] - & ng = kg’ [ED]n, + ky (=] n, (22)
dn (1) (1) 1,0 0,1
e R [m8] - R n, = kg’ [ED]n, + kg [88] n, (23)
dat
Bere Rp(o) and Rp(l) are the two-quantum production rates of the J=0 and Js=l
rotational levels, which will vary as the laser is tuned through the levels'

(3

excitation frequencies, and the RL are the corresponding electronic loss

rates. We assume that the excited system is in quasi-steady state and that

-)
RL(l) = RL(O) = 3 nsec ~, as above, and solve for the ratio no/nlz

1,0 (0)
o S W L R L ) (24)
n

i (1)
1 ka U“ﬂ G (Rp /Rp)RL %

where R_ = R (0) + R (1): From a formula similar to Eq. (21), we have

? P P
S[P(I)J/S[?(Z)] = 1.5 no/nl. A three parameter fit (k;'o. kg'l/k;'o,

1,0

and &_(V/m ) of Bq. (24) to the data of Fig. 8 gives k 0 = (3 + 1) x

P R

1071 ca’/sec and 1 %1/ 1'% < 2.1 & 0.5. The fit is shown by the solid

lines in the figure.

These rate constants do not refer simply to rotational transitions
within the E,F manifold, but rather must be thought of as composite rates
for all the transitions in Fig. 7 that are indicated by the fine arrows.
However, the ratio kg’l/kal'o is rigorously fixed theoretically by the
principle of detailed balanco36 at 2.46, in good agreement with the experi-

mental result.

For comparison with other experimental resulis, we -ransform the rate

e

et ety sty =

' b LT
e 8 i i
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constants we have measured to aéc:ago cross sections (by dividing by the mean
thermal velocities at 300°K) and list these results in Table 3. Our results

in 85 are quite similar to the ground state rotational relaxation cross
sections found by Jonkman, et a137. The reasons that these cross sections

are so small are that (1) these AJ = 2 transitions can proceed only through
a quadrupole moment (in contrast to the strong electric-dipole electronic
transition that we studied) and (2) the energy defects between initial and
final states are comparable to or greater than thermal energies at the
temperatures studied.

On the other hand, the cross section we measured in HD for AJ = 1 trans-
itions is on the order of gas dynamic. Akins, g;_g;.se. also measured large
collisional cross sections for rotaticnal transitions in D, although their

results for the B 12: state were still smaller than ours for the E,F state.

The faster relaxation rate that we measured may be attributable to the con-
tribution of coupling of the E,F levels through the C state manifold; no

comparable coupling exists in the B or X states.
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VII CONCLUSICNS

In the experiments described here and in Ref. 1, we have, for the first
time, selectively excited a gerade state of the hydrogen molecule, the gquasi-

metastable E,F lz; state in H, and HD. By line-narrowing and tuning the ArF

2
laser excitation source, we have excited single rotational levels in Ez, and
also achieved some rotational selectivity in HD. We have measured a number of
the properties of the E,F state, including radiative lifetime, rates for

collisional electronic gquenching and rotational relaxation, two photon

absorption cross section, and photcionization cross section. The radiative
*

lifetime, electronic quenching rate for 82 + Ez collisions, two-photon excitatio

cross section, and excited state ghotocionization cross section agree well with
thecretical predictions. The rotational relaxation rates are roughly in line

with other experimental results. These experiments demonstrate the utility

of ultraviolet two quantum absorption in investigating many different aspects

of this most fundamental excited molecular system.

We have also studied in detail the mechanism of rapid electrenic de-

activation of 32 (2,8 lz;) to the C lnu state. OQur Born approximation calculat-

ion of the cross secticn £or this reaction gives very close agreement with
the experimental determination of the Quenching rate. Observations of VUV
Werner band emissicn further supports ocur meodel of the collisional processes
invclved here.

This experimental technique may be extended to further spectrzcscopic and

ceclligional studies in excited Hz. Starting with two-photon-excited =,7 ‘z;
molocuios, a tunable dye laser can orobe nigher ungerade states; while from

£ _~..’ Lt gy he oox o oy et ey
i ol o i abieiians.

n
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c ‘nu molecules created by collisional guenching of 32 (8,F 12;) higher cerade

% states may be reached as well. A two-photon-pumped laser operating on the az

Werner bands near 120 nm between C lnh (v=2) and high vibrational levels of
X lz; is also toasiblcla. Finally, it may be possible to study such exotic
processes as para-ortho conversion and procduction of HD* in four-center re-

actions of Hz* and 02 by this technigue.
,‘g_ y v g ) -
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TABLE 1

32 Transition Frequencies

a)

80

5 1, gp°) D;ij

.Two-photon transition Q branch  103282-103552 102926-103221 102555-102741
energy range in S branch 103674-103869 103233-103370 102817-102855
et for x lz; (v=0) » O branch  102893-103198  102729-102954  102410-102561
E.F lz; (v=2), J' = 0-3
Wavelengths of
E,F- B emissicn
bands in am

(2,1) 830 850 890

(2,0) 750 780 830

a) Ref. 34.

B) Ref. 10,

)

G. H. Dieke and S. ?. Cunningham, J. MCl. Spectrosc. 18, 288(1965).




TABLE 2

Rotational level populations (relative to J=0) and frequencies (in cm-l)

<

nnggn(oz

4.9
0.83

0.52

BRANCH

103,197

102,892

i s
103,552

103,479
103,323

103,282

of 82 X lz; (v=0) - E,F 12; (v=2, inner well) two-photon transitions.

S

103,682

103,869

103,797 -

103,673
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This work

Jonkman, et

TABLE 3

H, and HD rotational relaxation cross sections

2

a1(®

This work

Akins, et al

(a) Ref.

(b) Ref.

(b)

37.

38.

STATES

2
95 &%)

BZ(E,F: v=2, J'=3, J"=1)

(J'=2, J"=0)

HZ(X; v=0, J'=2, J"0)

@(B.E‘; v‘z, 3.‘1' \I"'O)

HD(B; v=3, J'=2, J"=1)

< .12

£ .24

0.10 (para H,, 170%%)

0.26 (ortho H,, 77°K)
14

3.0

82
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FIGURES

Energy level diagzam of Hz showing the X, B, C, and E,F states of in-
terest in this experiment, as well as other states in this energy range,
based on potential curves in T. E. Sharp, Atomic Data 2, 119 (1971).

Note the change in vertical scale above 10 eV.

32 E,F » ?’(2.0) fluorescence spectrum detected by’ the OMA following ArF
laser broadband excitation. Five rotational lines are observed. Re-

solution is 4 3; Hz pressure 2 atm.

+
Energies of rotational levels in Hz E,F lzg (inner minimum, v=2) and

c "r[u (v=2). Ref. 34.

32 Clnu - X l:; VUV Werner 3Bands flucrescence spectrum detected by CMA
following ArF laser excitation of the E,F state. The (2,6) and (2,7)
vibrational bands are observed, but the (2,5) band is beyond the
wavelength cutoff of the detection system. The rotational structure is

not resolved.

Ratio of laser energy (183 nm) to fluorescent signal (E,F + 3, 830 am),
plotted as a function of the reciprocal of laser energy. Ratic of

intercept to slope of straight line fit to data is 0.05 mj‘l.

Hz E,F + B (2,0) fluorescence spectra detected by CMA following ro=-

tationally selective excitation by a line-narrowed ArF laser. Hz

83




pressure is 20 psig. Excitation line: (a) Q(0), (b) Q(l), (e) Q(2),

(d) Q(3). Appearance of R(l) emission in (d) arises from direct ex-

citation of the Q(2) absorpticn line, due to the presence of some
laser oscillation at this frequency when laser is tuned to Q(3),
not from rotational relaxaticn.
. Energies of lower rotational levels in HD (E,7 lZ;; inner well, v=2) and

o] lnu; v=2. Bold arrows indicate rapid electronic quenching collisicns,

o

while fine arrows show slower rotational guenching paths. Lambda-doubling

W

in the C state see Paul S. Julienne, J. Mol. Spectrosc. 48, 503(1973)

(

is exaggerated for clarity.

8. Ratio of fluorescent intensity, S, of P(l) line to that of ?(2) in the
HD E,F + B (2,0) band following rotationally selective excitatiocn by
ArF laser. For uprer curve (boxes) laser was tuned to excite primarily

J=0, while for lower curve (triangles) laser was tuned to Jti.
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Isotope effect in multiphoton ultraviolet photolysis of CO
J. Bokorf,
Department of Electrical Engineering
Stanford Uriversity

Stanford, California 94305

J. Zavelovich and C. K. Rhodes
Department of Physics
University of Illinois at Chicago Circle

P. O. Box 4348, Chicago, Illinois 60680

ABSTRACT
Two-photon dissociation of carbon monoxide near 193 nm with a tunable
ArF* laser to yield excited C(ZID) atoms is reported. The atoms are de-
tected by subsequent absorption of a third laser photon to C(31P°} followed

by emission of 248 nm fluorescence to C(ZlS). The process is found to te

13 3 18
isotopically sensitive; the C(le) yield from ‘3c'6o and lzc‘°0 is a factor

12c16°

of 6 greater than from . The isotope effect is attributable to an

enhancement in the two-photon matrix clement due to the shift in the near

3 h . ol :
resonant a i1, v=2 intermediate state. C2 Swan band emission is also ob-

served, arising from association of the free carbon atoms, and exhibits a




corresponding isotope effect. Finally, collisional processes are ob-
served involving excited carbon atoms and electrons, using two-photon
ionization of a small quantity of added xenon atoms as a new technique

for producing a controlled density of free electrons.

-
'Present address: Department of Physics, University of Illinois at Chicago

Circle, P. O. Box 4348, Chicago, Illinois 60630.
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I INTRODUCTION

In recent years, a great deal of research has been conducted on multi-
photon photochemistry using infrared lasers. These studies have exploited
the strong coupling between an intense infrared laser field and the vibra-
tional/rotational motions of a target molecule. In particular, selective
isotopic separation has been achieved in a variety of systems using this
technique. The separation of boronl £rom BCls, nitrogenz from NHB' sulfur3
from SFs and osmium4 from Oso4 all derive their selectivity fram isotcpic
shifts in the vibraticnal/rotational motions. It has been well establisheds.
particularly in the work on SFG, that multiquantum processes involving in-
frared excitation of molecular vibrations can have strcng isotopic signatures.

A rich variety of isotopic processes, however, is also expected %0 be
characteristic of molecular electronic spectra even tho&gh the purely elec-
tronic isotope shifts are normally guite small. The isotopic character of
the electronic bands can arise from two sets of basic phenomena. The first
is associated with the isotopically shifted vibrational and rotaticnal fre-
quencies; these usually greatly exceed the §lectrcnic contribution. The
second group arises from perturbations, particularly those which mix elec-
tronic states at crossings of molecular potential energy surfaces. These

’

crossings give rise to patterns of predisscciacion6 which can exhibit ex-
tremely sensitive isotopic behavior. The vibrational analcque of these
perturbations has already been analyzeds.

In this work, we report the ocbservation of isotopic effects in the

multiphoton ultraviolet dissociation of the CO molecule. CO is an attrac-

tive candidate for this study for a number of reasons. With three isotcpic

craaaBeladie L me L tabi e aaad e sl
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choices available for both carbon and oxygen, there are nine possible iso-
topic molecular variants providing a rich assortment for the examinaticn
of isotopically dependent properties. Furthermore, since the C-0 boné in
carbon monaxide is the strongest chemical bond found in nature (D° = 11.091
eV)g, this system maximally tests our ability to manipulate molecular and
chemical processes with existing laser technology. Finally, we note that
carbon and oxygen isotopes are fundamental elements of considerable sig-

nificance in a multitude of chemical and biological systems.

Rare gas halogen lasers have been successfully used to excite several
atomic and molecular systemslo by multigquantum processes. TFor example, two-
photon excitation of Hz has been used to study11 a number of spectroscopic
properties of the electronically excited molecules. Several recent studies12
have used multiphoton ultraviolet dissociation processes to study the kinetic
properties and internal energy di;tzibutions of electronically excited photo
fragments. The relevant tneoretical considerations are reviewed in Ref. 10,
with special attention paid to the crucial issues of linewidth effects and
excited state photoionization. An estimate for two-photon excitation of CO

1.+

by an ArF* laser at 193 nm is given in Ref. 10 for excitation of the F 'Z

state. For a free-running ArF* laser, with a linewidth of ~100 cm-l, the two

33

photon coupling parameter, a = /I, is given as 5x10° cm4/w. However, ab

initio calculationsl3'l4

indicate that in the region of 12.8 &V (the energy
of two ArF* laser quanta), there are, in fact, several Rydberg states of
appropriate symmetry for two-photon cxcitation from the X 12+ ground state.

Note that this energy is approximatcly 0.44 oV above that of the excited

C(lD) + 0(39) asymptoceg. (See Fig. 1l.)
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II EXPERIMENTAL RESULTS

The apparatus used in these experiments has been largely described 3
elscwhorclo'ls. Only a brief description will be given here. J

The output of a UV-preionized discharge ArF* laser (Lambda-~Physik

EMG-~500) was line-narrowed and rendered tunable by the incorporation of

two intracavity fused silica ptismsle. This laser was capable of producing

approximately 30 mJ in a 10 nsec pulse at the maximum of the tuning curve

(v 193.4 nm) in a bandwidth of ~ 0.05 - 0.1 nm, and was tunable over a

range of v 1.6 nm about the peak. Samples of 12clso {99.99% purity), 13Cléo

(90 atoma 13C) and 12clso (99 atoms l80) at pressures ranging from SO mtorr
to N 300 torr were irradiated with the focused output from this laser at in- 1

tensities in the range of 107 - 109 W/cmz. The isotopically normal CC sam-

ples were flowed continuously through a dry ice/methanol slush cold trap and ;

then through the experimental cell. The rare isotope samples were contained in
pyrex sample bulbs, which were directly immersed in the slush. Since it was
impractical to flow these rare samples through the cell continuously, each

static cell fill was subjected to a limited number (< 200) of laser shots

" before being replaced. These precautions were necessary to precluce

A .

spurious effects due to impurities, or the buildup of photolvtic
products. Laser induced fluorescence was collected at right angles
£o the laser beam, and focused onto the slit of a polychromator (McPherson

218) equipped with an optical multichannel analyzer (OMA). The spectra

obtained were further processed by means of a POP 1l1/34 computer to which
the OMA was interfaced. In order to obtain temporally resolved information,

the polychromator could be converted to a mcncchromater by removing the OMA
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and installing a slit and a photomultiplier (PMT). The PMT signal was pro-
cessed by a transient digitizer (Tektronix R7912), which was also interfaced
to the computer.

An unusual coincidence occurs in the case of carbon atoms in experi-
ments utilizing 193 nm radiation. This aspect, which involves the fully
allowed Ctzlb) » C(BIP‘) transition at 193.1 nm, is iilustrated in Pig. 1.
Owing to the accidental correquydence of this transition frequency with the
AxF* laser frequency, it is apparent that any C(ZID) atoms that may be pro-
duced by two-quantum excitation of CO by ArF* laser radiation will be rapidly
excited to the C(31P°) state. Two convenient diagnostics are available; the
C(31P°) - C(ZlP) transition at 248 nm which provides a means to detect C(1P°)
and the C(33?') - C(23P) transition at 166 nm which furnishes an equivalent
means to detect the excited C(33P°) state, which lies close to the C(31P°)
level. As noted above, two ArxF* laser guanta nave sufficient enexrgy to pro-
duce C(ZlD) in the dissociation of grocund state CO.

Intense carbon atom emissions at 248 nm and 166 nm were indeed ocbserved
in CO irradiated with intense 193 nm radiaticn. A laser excitation spectzum
of the 248 nm emission is shown in Fig. 2. The variation of laser output en-
ergy with tuning is also shown in Fig. 2. A similar spectrum is obtained for
the 166 nm emission. The peak of this spectrum occurs at 193.1 am, which
corresponds exactly to the C(2ID) g C(319‘) transition.

The dependence of the 248 nm emission intensity on CO pressure is shown
in Fig. 3. The plot is linear from 50 mtorr to acout 10 torr, which we take
as evidence that the production of C(ZlD) procceds via a collisionless pro-
cess. Additional support for this interpretation was obtained by examining

the temporal behavior of the 248 nm emission. Within the time resolution
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of the PMT (10 nsec), the signal directly follcwed the laser culse.
Normally, the signature of an n-photcn absorption is a flucrescent
signal which varies as In. where I is the excitation laser intensity.
Since the production of C(31P') proceeds via a collisionless process, a
minimum of three quanta fram the Arf* laser must be absorbed per molecule
in order to reach this level, which lies a full 18.75 eV above the ground
state in CC (see Fig. 1l). However, the data of Fig. 2 indicate that C(ZID)
is first produced as an intermediate, followed by the resonant absorption
of a third quantum on the fully allowed C(ZlD) - C(31P°) transition. This
final absorption is strongly saturated and power broadened at the laser
intensities used in these experiments (107-109 w/cmz). Hence, if C(ZlD)
is produced by a two-quantum photolytic absorption, the C(31P‘) - C(zls)
£fluorescence at 248 nm would be expected to vary only as the square cf the
incident laser intensity. To ch;ck this the 248 nm signal was measured
as a function of laser intensity, for laser intensity in the range of

9

2 2 ” ) ;
10 -10" W/cm”. The-quadratic behavior observed confirms this mocdel.

In order to assess the isotopic selectivity of the dissociatiocn

process, the experiments were performed separately with 12ClGO 13C"‘GO

12Clao. Results obtained with 13Cleo are shown together with the

’

ard
12,16 R s ; .

C" 0 results in Fig. 2 and Fig. 3 . The laser excitaticn spectra
of 248 nm C atom emission for the two isotopes both seak at 193.1 am.
However, as can be seen in both Figs. 2 and 3 , the yield of :(213) is

substantially greatecr for the hecavier isotope. The ratio of the low pres-

sure (s 10 torr) slopes of the pressure dependence data shown in Fig. 3

1
gives the isotopic ratio of the guantum vields for production of C{2°D).

Sl AN o Sl



This ratio is determined as 6.2 + 0.5. Results obtained with 12clsa were

essentially identical. The laser excitation spectrum exactly matched that

of 13c160, and the gquantum yield isotopic ratio relative to 12clso was

-
6 + 1. Note that the reduced masses of 12:185 ana 13c*®0 are within

0.3% of each other, while that of 12clso is 4.6% smaller. It is there-

fore reasonable that lzclao and 13c160 show quite similar isotopic
effects.

As mentioned above, the 166 nm emission from C(33?') showed a laser
excitation spectrum which matched that of the 248 nm emission fram C(31P°).
The pressure dependence of this emission was investigated and found to
increase faster than linearly for pressures below 10 torr. From this we
conclude that C(33P°) is created via collisional energy transfer from
C(319°). Such a process is axpected to ke guite fast, due to the small
(endothermic) energy defect (~ 1600 cm-l) between these two states. The
rate constant Zor collisional cdeactivation of C(zlo) to C(23?) ground
state atoms by CC has been measu:ed17 as 1.6 + 0.6x1071t cm3/sec. The
rate for C(319°) to C(33P°) collisions may be expected to bce even larger.

In addition to neutral body collisions, charged particle collisions will
be effective in mixing C(31?°) with C(33?°). In pure CO, under these ccnéi-
tions, electrons can be produced either by three-photon icnization of CC,
three-photon ionization of 0(3?), or one=-photcn ionizaticn of C(3l?°). The
latter process is surely the most important by far, and a substantial fraction
of the C{3'2°) atoms crcated will be photoionized.

18-20

&
Singlet-triplet mixing and superelastic scattering‘l by free

electrons have received a great deal of attention reccntly in connecsticn
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with a number of laser media. Such processes are rather difficult to

experimentally quantify, primarily due to the difficulty of producing

an appropriately controlled density of free electrons. However, under
the conditions of the present exveriment, two-photon photoionization of

an appropriate additive appears to be an attractive method for experi-

mentally studying these processes. For example, it has been demonstzatedlo'zo

that Xe atoms may be readily photoionized by two-quantum absorption at
193 nm.

In a preliminary effort to exploit this process, we undertook to
examine the effect of small quantities of added Xe on the C atom emissions
at 248 nm and 186 nm. We first duplicated the experiments on pure xenon 1

described in Ref. 10, using the tunable laser, to check for spectral

structure in the two-photon ionization cross section arising from pos- .

sible autoionizing resonanceszz. At a high pressure (1000 torr) of pure

TR < . :
xenon, the Xe ions produced recombine to form Xe* excimers with essen-

2

tially 100% efficiencylo. We, therafore, monitored the Xez £luocrescence
continuum at v 172 nm as a function of excitation laser wavelength. No
structure was observed. The fluorescent emission intensity simply varied
in the expected nonlinear fashion with the laser intensity, as the laser
was tuned over its full wavelength range.

We then investigated the behavior of the 166 nm and 248 nm emissions
upon the addition of xenon. For a fixed concentration of CO (2 torr), the
ratio of 166 nm to 248 nm emission increcased monotonically with Xe concen-

tration over the range from 0-10 torr. The rate of rise was found to in-

crease with laser intensity. Species such as Xe* or Xes. formed by rccom-

A S S T —— R B : “"‘"""'—'!'!-'___...
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bination of xe+ ions, cannot be responsible for this effect. The emissions
follow the laser pulse in time (v 10 nsec), and at the pressures involved
here (s 10 torr), recombination will be quite slowla (tens of microseconds)

by comparison. Thus, the collisional process

cialee) + e » 3% + o (1)

has been observed. With further refinements, inciuding an experimental
determination of the xenon two-photon ionization cross section, it will
soon become possible to carry out quantitative studies of such important
charged particle processes.

In addition to C atom emission, fluorescence in the c2 Swar. bands was

*
observed upon irradiation of CO at 193 nm. The C2 emission was prominent

at oressures of about 10 torr and above. The cbserved spectrum showed the

selective excitation of v' = 6, the characteristic signature of the "high-pres-

sure" bandSZB. A sample spectrum of this emission from l2(:""60 is presented

in Fig. 4. Shown there is the v'=-v"=1 progression at about 470 nm. The decmi-
nance of the double headed v'=6 band is clearly evident. Emission from lower

vibrations is observed as well. Also shown in Fig. 4 is the same emission
y iy 1316
band observed upon irradiation of ""CT O

12.% o
T C2 spectrum and matches the known spectrum ct

. This spectrum is guite clearly
shifted with respect to the
13' *

cz. The laser excitation spectrum of the C2

effort to elucidate the wavelength dependence of the C atom yielé. For this

emissions was measureé in an

measurement, the emission band shown in Fig. 5 was integrated over its full

width from ~ 476 nm to Vv 466 nm. The results are shnocwn in Fig. 5 for both

12Cl°o and 13c*6o with the laser output energy curve alsc shown. Although
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no isotopic shift is resolved, these spectra are slightly shifted with re-

spect to those in Fig. 2. As is also shown in Fig. 5, the c; emission in-

tensity shows an isotopic behavior which is gualitatively consistent with

the results on the atomic carbon yield.

2ISCUSSION
The carbon monoxide molerule has been extensively investigated doth
theoretically and experimentally. The data available prior to 1966 is
reviewed in the exhaustive compilation of R:upenieg. New data were pub-

lished in 1972 by Tilford and Simmonsz4. Spectroscopic data on the states

of 12C16° and its isotopic variants in the range of 10 eV and above, how-

ever, is nct abundant. Ref. 9 includes data on several very high lying

12c16°. 1:* Lot 1

Rydberg series in Data for the A Il = X . anéd 33 = A"l

transitions in 13C160 areincluded in Refs. 9 and 24. Xepa et al.zs.

report studies of the E lﬁ - Aln systenm in 12Clsc, 133190' and 12clso.

+ 14 1 i
Domin et al.26 have observed the Alﬁ - X lZ transition in 4c 60. Til-

1 1
ford and Vandersiice®’ chserved (in %) e 8 1t +x 5%, anac 2t -

3.+ 1.+

X ll'.+ transitions under high resolution and disccvered the j "L =+ X "Z
transition. Brunt28 et al., observed a number of metastable andé ultra-
violet emitting levels in this region by electron impact excitation.

Progress toward a theoretical understanding of the nigh lying states in
CO has been made with the calculations of Lefebvre-Brion et al.ls. whose
simple configuration interaction wavefunctions were quite successful in

predicting the positions of several Rydberg levels and resolving pre-

vailing ambiguities regarding state assignments. More recently, O'Neill
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and Schaefe:l4 have performed a comprehensive calculation of tne potential

functions for all 72 valence states which dissociate to a 3?, lD, 15 or SS

carbon atom plus a 3P, lD or ls oxygen atom.

R A s iaa e T

For

-

: The available spectroscopic data clearly indicate that at an energy of

4
12.8 eV, there is an abundance of electronic states of both valence and

Rydbergl3 character. Although detailed information regarding vibrational
frequencies, perturbations, and predissociation in these high-lying states
is not available, we may make some general remarks concerning the physical
? ; processes underlying the experimental results presented in the previous
section.

The coincidence of the 193 nm laser ArF* laser wavelength with the
C(ZID) = C(31P°) atomic absorption is, of course, crucial to the datection

of C(ZlD) excited carbon atoms. This same absorption has been exploited

in the past, in kinetic absorption studies, to yield accurate collisional

quenching data on C(ZlD) with a variety of collisional partners . The
penalty for this coincidence is that, with the given laser bandwidth of

lP“) resonance confuses and obscures any possible

~ 0.1 nm, the C(ZlD) + C(3
resonance in the two-photon photolytic process. Yet, we observe a strong
isotopic selectivity at the peak of this excitaticn spectrum. In view of
this, and the relatively broad laser bandwidth, it is extremely unlikely
that the isotope effect derives from a shift in the overall two-cnhoton
transition frequency.

We believe that this isotope cffect is to be explained in torms of the

two-photon coupling parameterlo,

):quiz g(v)

(23)3,

—
[ 5]
~

a =3/ =
he
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:E: <£|e-u°2}k><k|e-u°°ig>
£gg = 2
i k hv

M - (3)

= -
“kg
In these expressions vV is the optical frequency, ¢ denotes the polariza-

tion of the cotical wave, U op represents the electric dipole cperator,

and g, k, and f denote the ground, intermediate and final states, respectively.

Referring to Fig. 1 , we see that one ArF* laser photon is very close

in energy to the asﬂ,v-29state, which is certainly the dominant inter-
mediate state, assuming that our final state is spin triplet. This is
a reasonable assumption since a lD carbon atom plus a 3? oxygen atom
. 14,29 S .
correlate only to triplet molecular states . We know of no measure-

. 3 1 5
ments of the isotopic shifts for the CO (a ~7 = X "I )transition (Camercn

bands); these may be simply estimatedza by

av = [w' (vi+l) = @ (vi+#i)) (p = 1) -
e e

K ' ' 2 - " " 2 2_ )
tw %, (v'+h) w X, (v'+&)" 1 (p"= 1) (4)

where o = u/u%and ¥ and ui are the reduced masses for normal and isotopi-
cally substituted CO, respectively. For 13:165, o red shift of 68.9 ca >
is predicted for the asﬁ-x lz* (2,0) transition. The cbserved isotope
effect is easily accounted for by this variation of the intermediate state
detuning in the two-photon matrix elemenct.

This leaves open the important question of the nature of the state
at 12.8 eV in CO leading to the dissociation of the molaecule. The two-
photon absorption may terminate on a discrete vibronic level, which is
predissociated, or to a true dissociation continuum. These two alternatives
are depicted schematically in Fig. 6 . The difference is normally de-

tected easily with tunable excitation. Quite simply, for the Zormer case,

a resonance will be observed in the dissociation yield, while in the
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{ latter, the yield varies more slowly and continuously. However, as

noted above, the tuning curve for the atomic carbon yield is dominated
by the atomic resonance at 193.1 nm.
An alternative diagnostic for the presence of carbon atoms is the

C2 Swan band emission. The c; radical is formed from free carbon atom

association in the presence of CO either directly by three-body collisions3°

2

»

g T M, (5)

C+C+M~+>C

or, by the mechanism31

C+CO+M>CCO + M ()

*
C + CCO » C2 +CO . (7)

Note that in either case, one C_ molecule is formed from two free carbon

2
*

atoms. We may, therefore, look to the C2 laser excitation spectrum in

Fig. 5 for information regarding the character of the two-photon excited

state in CO. The fact that the spectra of Fig. 2 and Fig. 5 are quite

similar suggests, however, that there may be a connection between the ex-
citation of the carbon atoms at 193.1 nm and enhanced efficiency for for-
mation of C;. On the other hand, a careful examination of these spectra
reveals a small, but nonctheless, definite shift betwecn the two, which is
just at the resélution limit of our system. This fact tends to suggest that
case (b) in Fig. 6 is correct. That is, the two-photon absorption leads to

a discrete molecular level, which predissociates to vicld carbon and oxygen




atoms. With improved resolution, it will be possible to map out the dis-
sociation dynamics in detail.

We now examine the potential of this process for practical separation
of carbon isotopes. We note that a somewhat similar scheme invelving ul-

traviolet photopredissociation of Hzco has been used32 to produce CO en-

riched in lZC' and a method for enrichment of 13c in CO photochemistry has

been studied by Liuti et a1.33. In the latter work, an atomic iodine, lamp,
emitting at 206.2 nm was used to preferentially excite the (0,0) transition
in the 13clso Cameron band system. Subsequent chemical reactions of the

excited molecules led to isotopically enriched C O2 product. Due to

3
limited lamp intensity, coupled with the low absorption coefficient, the
absolute yield of enriched ch was small. 1In addition, some of the iso-
topic selectivity achieved in the first step was lost in the subsequent
chemical reactions. The two-photon photolysis of CO studied here has the
potential of overcoming both of these difficulties. The extremely bright

emissions observed indicate a high yield of carbon atoms. Under the present

conditions, essentially no loss of isotopic selectivity may be expected in
*

t 3
2 since, as discussed above, C_ is formed from two free

the production of C 2

carbon atoms. The c2 radicals formed in this way will eventually precipi-
tate out as particulate carbon which is readily collected. We found, in
fact, that after static samples of CO were subjected to several hundred to

one thousand laser shots, a substantial quantity of carbon was deposited on

the cell walls.

TR N
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SUMMARY AND CONCLUSIONS
The production of C(ZlD) atoms by direct two-photon photolysis of CO
at ~ 193 nm has been observed. The C(le) atoms absorb a third photon at
193.1 nm to C(31P') and subsequently radiate to C(zls) at 248 nm. The
lsclso lzcle

and O is found to be a factor of 6 greater

yield of C(Zlo) from

than that from 12clso. Emission in the c2 "high pressure" bands is cbserved,
ising from recombination of the free carbon atoms, and a similar isotope

effect is observed in these emissions. No isotope shift is resolved in the

laser excitation spectrum of either emission. The observed isotope effect

is attributable to a difference in the two-photon coupling strengths for the

different isotopic species, arising from a shift in the position of the

dominant intermediate state resonance. The application of this process for

the practical separation of carbon isotopes appears possible.

Preliminary results have been cbtained using a new method for studying
collisicnal processes involving free electrons. Small gquantities of a
suitable donor species, in this case xenon atoms, are photoionized by the
intense excitation laser to produce the free electrons. Collisional energy
transfer from C(3l?°) to C(33P°) has been observed in this way.

The results cbtained in these experiments clearly demonstrate the
enormous potential of the tunable excimer laser for spectroscoric and
shotochemical investigations. Further improvement of this technology will
clearly bring about the possibility of detailed investigations of molccular
dynamics involving highly excited electronic states, iancluding such impor-
tant subjects as sub-Doppler spectroscopy, both heavy body and charged
particle collisional processes, photochemical rcaction kinetics, and iso-

tope separation.

(LA 7 i
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FIGURES

Partial energy level diagram of CO showing the three lowest separated-
atom asymptotes, and the 193 nm two-photon excitation energy. The
inset shows the atomic carbon energy levels and radiative transitions
discussed in the text. Each level in the inset is labeled with its
energy (in em™t) above the c(2°9) ground state.

Laser excitation spectrum of 248 nm atomic carbon emission resulting

from two-photon photolysis of CO at 193 nm. The squares are the data

for 10 torr of 13Clso. The triangles are the data for 10 torr of

lzcléo. The solid line is the laser output energy tuning curve.
Dependence of 248 nm atomic carbon emission on CO pressure. The tri-

angles are the data for 13C"GO. The sguares are the data for 1zclso.

The ratio of the slopes of the two straight lines is 6.2 + 0.5.

Swan band emission spectra arising from two-photon CO photolysis. 3

2
The upper spectrum (a) was obtained with 10 torr of lzcleo and corresponds

to IZC;. The lower spectrum (b) was obtained with 10 torr of 13c160
13 _*
and corresponds to cz.

Laser excitation spectrum of 470 nm c2 Swan band emission. Each data

of

point represents the spectrally integrated emission over the entire

cand shown in Fig. 4. The squares are the data for 10 torr of 133160. f

The triangles are the data for 10 torr of 12Cleo. The solid curve is
the laser output energy tuning curve.

Schematic of alternative dissociation dynamics for two=-photon excited
CO. Case (a) represents excitation directly into a dissociative con-

tinuum correlated with c(ID) + O(3P). Case (b) represents excitation




to a discrete vibronic state of Rydberg character,

dissociaced.

which is pre-
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248 NM EMISSION INTENSITY
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ESTIMATE OF FOUR QUANTUM EXCITATION CF

RUBIDIUM CORE EXCITED STATES AT 248 NM

First ionization limit in Rb of core excited states: 19.854 eV = 160

-1
132 cm " = & hvx_24gag. If we assume n=30, at 248 nm we estimate the

single photon ionization cross section c(l)

cross section 0(2) as

o'P 2 1072 m? ana

0? < 5%107°? cn® sec - I (photons en 2 sac™h)

The production rate by four quantum excitation can be written as

g W
at ‘2”)3 h‘cé Av

IZ 14

(4) dn“’ /at

g =

i> <i|R-€la>

ZEZ k|p-e|p <3|Ree 2-¢le
<¢|R-elx> Bl -3m) B, =20 Bla,. -2

ji ig
4 5 6
w. = (%) <ap3ssnt|r|apissna> S4R_3snd|R|dp nd>
£g 2 Ana
-<496nd|R!4psnp> <4psnpiai49653>
AE, A2,
with
2 L
Asl = 7000 em
4E, = 47000 on
AE, = 8000 ca v

and the two photon ionization

(E-1)

(E-2)

(E=3)

(E-4)

|
i
:
!
|
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Therefore,
4 -9 nv/ 2 -4
Meg * (%) (% w2,y ‘o)(lo 3) ( - :.o)(son 3%) (=32
g 6+10 4.7x10 7x10
giving a value of f
P
Mg 3.16x1074€ 2572 8, | 4
g 5
:
a2 s d Sk b AS
at 3 -33.4 TR o e ) Ags -
(27) (1.055x10 ~ ) x(3x10 ) :
4
-28 I° S
= 3.04x10°° I=n
At saturation: . dw(4) .
at s T =]

t = 1077 sec, Hences

8 Av 5
g 80T f i
i 3.04x10" 285>
With Av # 0.01
n < 30
£ 6 2
1, ® 3.4x10° wem
(4) 8
Oame = LBt . — 5 = (1.6620.11) 1077 e’
sat (4.8:0.3)x10°/7.96x10
Thus,
s 0 g net? 2

i
H |
sat i i

for core excitation with I 4x106 w/cu2 at 248 nm.




