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I. Introduction

Recent developments in ultraviolet laser technology should open new

mu.Ltiphoton pathways of selective excitation of excited inner-shell atomic

configurations which are virtual ly impossible to excite at an appreciable

rate by any other means. Direct .zcitstion of such states , which decay

primarily by radiation in th. soft X-ray range , is a possible method for

frequency conversion into that spectral r egion. States with depressed

Auger rates naturally fall in this class 7 th. subclass of this group con-

sisting of core excited Rydberg states is explicitly considered . An

essential element in developing th. laser methods for excitation of atomic

inner-shell configurations centers on the suppression of unwanted reactions

leading to losses into modes of ionization. It is her. that dynamical can-

cellations such as that arising in the formation of the Fano minimi~~ can
- 

S play a critical role . The consequences of the coincidenc, of the Fano

mininuan in Na with the wavelength available from the ArF3 laser at 193 .5 nm

and a similar minimum in Rb at 248 n.m 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 enabl. the existence of greatly en-

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

order process at 193.Snjn at an intensity ~io~° W/cm
2 a cross section

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

corresponding fourth order process at 248 om, a cross section of I4Q~~~~~~~~ ~~2

is obtained at an intensity of ‘~4O7 N/cm2. Cross sections of this magnitude

would allow the production of excited inner-shell species at densities in

th. range of ~‘l015 cm~~, a value sufficient for the generation of stimulated

emission.
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A major factor enabling the study of thes processes is the availability

of the recently developed rare gas halogen laser technology . At the m~~snt ,

several, wavelengths can be conveniently generated at megawatt power levels,

as shown in Tabls 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 Wavelen gth (na) Ener gy (mj ) Power (Z~f)

XeC1* 308 100 10

lCrF* 248 500 50

ArF* 193 250 25

~~2
* 158 15 1.5

The efficacy of this type of instrumentation for the study of a wide

S 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 na, the study

of multiquantum excitation rates for a variety of systems [Na , Rb, N2. ND,

N2 , CO. Ar, Kr, and Xe) , and (3) photoionization loss mechanisms of excited

states. As discussed in previous documents~ these matters are of central

S importance for efficient upconversion to the X-ray region by multiquantum

J processes .

I
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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 parameter. With this

thought in mind, we have developed over the past year a source at 248 n.m

(XrF*) whose properties approach the fundamental limits in terms of both

spectra l linewidth and divergence . Furthermore , this source , which is •

discussed thoroughly in Appendix A, combines tunability over the KrF* gain

profile with accurate (‘~l part in 1O~ ) frequency control . The linewidth

of this source has been measured as ~l5O ± 30 MHz and focussed intensities

>io14 N/cm2 have been obtained. In terms of the quality of the radiation

for multiquantum studies, the stated properties represent an improvement in

the ultraviolet laser technology of ~.l0
9.

B. Excited state photoionization

Photoionization of excited states can be an important loss mechanism,

particularly in circumstances under which the ambient radiative flux is 5
5

high. Certain classes of states , however, display significantly reduced

photoionization cross sections2 , namely Rydberg states and states ext~ibiting

a Fano minimum.

In light of the importance of these photoionization 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 hydrogen. 3 The measurements involving krypton are described in

Appendix 8. It should be noted that this techniq ue is simple , selective , and

S generally applicable.

~ ,
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C. Multiquentum excitation processes

Mul tiquantum processes have demonstrated their utili ty for the cx- S

citation of states in the 10-20 eV range.1 The details of our estimat es

for a wide range of materials have been given elsewhere )” 2 
it is en-

coureging to note, however, that in two cases (N 2 and Kr) for which vs

have been able to measure absolute values of the coupling coefficient, the

measured and estimated magnitude s agree to well within a factor of two.

The measurem ents dealing with krypton appear in Appendix 3; the corresponding

discussion of hydrogen is given in Appendix C.

Molecular systems can exhibit complicated patterns of dissociation as 4

a result of imiltiquantum excitation. Since certain diato mics such as B2 ,

CO , and N2 have properties that may be suitable for optical conversion to

short wavelengths , stud ies on these systems are in progress and interesting

results have been obta ined in CO at 193 n.m. In this case , isotopically

selective two quantum dissociation was observed . In was , in addition ,

possible to detect the influence of spin-ixchange electron collisions on

excited atomi c carbon atoms . From these results we have concluded that S

a selective analysis of electron collisions can be made by simple optical

means. Electron collision s may , of course , represent a limiting mechanismS 
in media that optically upconvert to the X-ray region . Appendix D contains

the detailed discussion of the results on carbon monoxide.

Higher order processes (three and four quantu m) have also been con—

sidere d . Three quantum excitati on at 248 n.m of argon atoms has been

• observ ed . 4 Four quantum excitation of Rb core excited states 5 has also

been estimated , since the Pane minimum6 in that case falls very close r ’

the available XXP wavelength (248 na) . In the case of rubidium , the

I 
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Rydberg scaling law previously estimated 2 was assumed to derive a C~~O5S

¼ section of om2 at an optical intensity of ~4xl0
6 w,’cm2 . 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 Append ix E.

Experimental measurements of both photoionization and multiquantum S

excitation in Rb at 248 n.m will be performed shortly under atomic beam con-

- ditions. A beam machine is now operating in which high quality atomic beams

of both Na and Rb have been generated at ~~~~ cm”
~ density. The beam current

to background, as detected by a hot wire , has been measured to be well over

one hundred.
4

( III. Conclusions

5
. - . Multiquantum processes in the ultraviolet can be used to generate copious

inversion densities in the 10—20 eV range . A key factor in this applicati on S

of the rare gas halogen technology is the development of an ultrahigh spectral 5
S brightness source with output parameters approaching the fundamental limits. I

Such a source 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

extrapolated to excitations in the 20-50 eV range . Excited inner—shell

j configurations lie in this spectral region .

I As noted in earlier discussions , 2 an essential element in the development

of laser methods for excitation of excited atomic inner-shell configurations I
cente rs on th . suppression of unwanted re action s leading to losses into modes

of ionization . It is hers that dynamical cancellatio ns such as that arising

5 
5
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in the formation of the Fano minimum can play a critical role. Several

systems exhibit this feature . The consequences of the coincidence of the

Pano minimum in Na with the wavelength from the ArF source at 193 n.m show

that this process should be suppressed by a factor of 4Q6, with a cross

section a ‘~‘ i& 23 om2. A similar circumstance is present for Rb at
pi

248 n.m. Other loss mechanisms, such as two quantum photoionization , appear

to be sufficiently weak at currently available intens ities.

The use of Rydberg states features in three important ways for the laser

production of inner—shell excitation s. 2 First , they have greatly suppressed

Auger rates , and considerable evidence supports the conclusion that a sub—

stantiai. 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

multiphoton coupling . ‘~‘1e plan to test the features in the near future with

experiments on Rb at 248 n.m.

I
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A tunable , ultrahigh spectral brightness S

KrF* excimer laser source

a. T. Hawkins, H. Egger, 3. Bokor ,

and C. K. Rhodes

Oepartment of Physics

University of Illinois at Chicago Circle

P. 0. Box 4348, Chicago, Illinois 60680

Ii

ABSTRACT

An extremely high spectral brightness KrF (248 nm) excimer source is

described . This instrument combines the property of continuous tunability

over the full. gain profile with the following output pulse cr~araCteristics:

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 .

S Within the uncertainty of measurement, the spectral. width of the output

- 

- I
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radiation is Fourier transform limited , and the beam diver genc, corres ponds
S 

to the diffraction limit of the radiating aperture.

f

Also affi]~iated 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) Nevertheless, the utility of these

sources in such studies could be considerably enhanced. Heretofore , limi-

tations of available sources have been Cl ) a broad (i’. 100 cm~~) emission

profi le , (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 order s of magnitude in spectral brig htness , the

J key parameter in multiquantum processes, is achievable if the output

parameters of these sources are made to conform to the most stringent

limits funda mental ly possible.

To specifically illustrate the desirability of these improve ments , we

may briefly consider the optica l. excitation of an atomi c system . Optical

excitation rates have been demonstrated 2 to be prop ortional to ~v / (n~ v~~ +

where Av is the atomic linewidth , Av is the laser bandwidth , and
A. a

S n is the number of photons absorbed in the excitation process. Since

Doppler-free excitation allows ~v to be taken as the homogeneous width of

the atomic transition, which is often ‘
~‘ 1O~~ cm 1, an enhancement in the

coupling strength of approximately a factor of l0~ can be achieved through

the reduction of the laser bandwidth to ~~~~~~ We note that the typical

discharge—pumped rare gas halide excimer laser has a pulse duration of

“~ 10 ns, which corresponds to a Fourier transform limited spectral band-

width of ~ 2x10
3 cm~~. 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

~ 3—5 mrad , while the diffraction limit corresponds to ~ 30-50 ~rad.

4
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Previous studies3’4 have shown that substantial improvement in

source properties can be obtained by using the output of a tunable, intra—

cavity etal. on line-narrowed , discharge—excited oscillator to injection lock

a high—energy, unstable resonator oscillator. The best linewidth reported

was 10 1 à 1 in a beam with a divergence approximately twice the

diffraction limit.4

In this Letter, we report the properties of a KrF excimer source ~uiith

performance parameters which closely approach the fundamental. limits gover-

ning spectral width, beam divergence , and absolute wavelength control. The

basic laser system is illustrated schematically in Fig. (1). The output S

of a frequency-stabilized, ow dye laser (Coherent 599—21, ~~ 5 MHz, ~“ 30 mW

S at 500 na) is pulse amplified in a 3-4 stage XeF* pumped (30— 50 n~7 at

351 nut) dye amplifier, producing a 7 ns visible pulse with an ener gy of
‘

5 “. 3 m.~ at a repetition rate up to 1 sec 1 (limited by thermal recovery ~

time in the dye cuvettes) . The linewidth of this visible radiation was
4,

L examined with a scanning interferoineter (Tropel 240) and was found to be

85 t 10 MH z. Frequency doubled radiation corresponding to any wavelength

within the KZF* gain profile may readily be generated in a temperature-

t tun ed, 90° phase— matched ADP crystal., producing “.. 5 ns second harmonic

pulses with energy > 100 )IJ . This spectrally narrow (120 : 20 MHz FWHM,

Fourier transform limited) second. harmonLc radiation is subsequently

amplified in a single pass through a discharge-pumped i(rF* amplifie r

(Lambda Physik 5MG 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 irad . We note

___ - . -_ _ _ __ _ _ __ _
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that at the peak measured power, % 6 MW , focal intensities at 248 nut itt

excess of L01~ W/cm2 can be generated with fi optics. In preliminary

studies, we have observed optica l breakdown in pure helium at pressure s

above 1.85 bar with a KrF * laser intensity of “.‘ 3x1014 W/cm2 .

Furthermore , since the frequency of the ow dye laser can be d cc-

S 
- tronically scanned over 1. cm’

~~, continuously tunable coverage of the

ultraviolet radiation over a 2 interval is readi ly accomplished. S

tn addition, the dye laser frequency is known to within 300 ~4Hz by inter-

ferometric comparison with a stable Het~e laser source .5 
~n our current

experiments, we have observed amplification at wavelengths 
S

in the range 248.2 nut ‘C ‘C 250.3 nut. In this range, the output

pulse energy was observed to utonotonically decrease with increasing wave—

length. In contrast to previous reports of a stron g absorption centered

at ‘~‘ 248.8 nut in both c—beam pumped KrF amplifiers6 and discharge-pumped

tunable l(rFt 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 ineerfero—

metry has been used. A 1 0Hz FSR Fabr y—Pero t interfe romete r was con—

structed with two dielectric coated mirrors of 98% reflectivity. Analysis

shows that this interferometer will exhibit a finesse of “. 20 for our

S typical 10 ns pulse duration.. The radiation transmitted through this

Fabry-Perot was recorded directly on hign contrast (Type 47 Polaroid Land)

fil m at ~‘. 10 in 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 
~
v
~~F

lSO
~
3O MHz.

Th. subsidiary ring patterns appearing in Fig. (2) nay arise from multiple

--
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reflections in beam steering optics between the int er ferom eter and the

fila,as well, as eta].on effects elsewhere in the optical system. We

observe that this measured lin.width of 150 t 30 MHz is equivalent,

within our experimental uncertainty , to the Fourier transform limited

Linewidth 
~~SHG 3.20 ± 20 MHz of the second harmonic output of the S

ADP crystal.

In order to further verify the narrow linewidth of the laser output,

a preliminary study of the xenon (6p (~i] 0 
1S) two—photon absorption at

249.63 nut was performed under Doppler-free conditions through detection

of the resulting (6s(~ 1~ 6p(½)0) fluorescence at 828 nut. Upon scanning

S the KrF* source frequency across the resonance , a single f eature was

observed , centered at 80118.73 ± 0.10 cm 1, with a width of ~w 450 MHz

( FWHM , at the 1~rF* f requency) , as shown in Fig. (3) . These measurements

were made a~t a xenon pressure of 0.2 5 torr and an ultraviolet intensity

of ~ S x 10~ W/crn2 . Although this width is a factor of three less than
S the Doppler width , the resonance is still a factor of ~‘ 3 broader than

would be expected with a source ].inewidth of ~ 150 MHz . Since we

f experimentally determined the pressure broadening coefficient 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 have concluded that

unresolved isotope splittings (five xenon isotopes with natural abundances

> 3%) lead to the observed width . An estimate8 of the isotope shift for

such a (5p6 
-
~~ 5p56p) transition yields a relative shift of “ 50—100 MHz

for two Xe isotopes whose masses differ by 1 anna . This estimate agrees

well, with both the Linewidth of the observed absorption, and the absence

of additional resonances within ± 6 0Hz of the one observed.

S I 4 f l*4 - - 5_ - , - s 5, .~~~~,~~~~ - - 

.~i 
-I



- ._.. _S_~~~__ _S _5_ 5 5 S_~~~~~~~~~~_~~~ 5 5 5 5

5 5 5 5 —~~~ S . 
-
~

1.7

In concluaion , we stats that an ultrahigh spectral brightness

ultraviolet source, continuously tunable over the KrF~ excimer band , has

been constructed with the following demonstrated performance characteris-

tics : P “. 6 MW , — 150 ± 30 MH z, pulse repeti ti on rate “. 1.

and divergence eD SOura d.

I

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

of Ene rgy through agreemen t E~—7 8— S—08- ], G O3 , and the National Scian ce Founda-

tion through grant NSF78-276l0. One of us (Bokor) also acknowledges support S

by the Fannie and John K. Hertz Foundation .

_  

_  -

~~~~~~~~~~~~ 
I

~~~~~~~j

• ~~~~~~~~~~ ~~ ~~~~~~~~~~~~~~
-~-—~~~ 

..,
~~ ——— ~~~~~~~~~~~~~~~~~ ~~— — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- __________________



-~~~~ ,- -- 
—-- 5 5 5 5

18

REFERENCES

1. W. K. 3ischel, J .  Sokor , 0. J . KligLer, and C. K. Rhodes , IEEE J.

Quantum Electron. QE— 15, 380 (1979) ; C. K. Rhodes and P. W. ~off in

Excimer La sers , edited by C. K. Rhodes (Spri nger-Ver lag , Ber lin , S

1979 ) p. 175.

2. B. -R. Marx , J. Simons, and L. Allen , J. Phys. 3 11, L273 (1978) .

3. 1. Goldhar and J. R. Murray , Opt. Lett. 1, 199 (1977) .

4. J. R. Murray , J. Gol,dhar , and A. Saöke , Appl. ?hys . Lett. 32, 551

(1978).

5. F. V. Kowaiski, R. 1’. Hawkins, and A. L. Schawlow, J. Opt. Soc . An .

66, 965 (1976) .

6. A. H. Ravryluk , J. A. Mangano , and J .  H. Jacob, Appl. Phys. Latt . 31,

164 (1977).

7. T. R. Loree, K. B. Butterfield, and D. L.. Barker , Appi.. Phys. Lett.

32 , 171 (1978) .

8. I. I. Sobel,’zuan, Introduction to the Theory of Atomic Spectra

(Pergauton Press , New York, 1972).

~~~~~~~~~~~~ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.S .- S

~~~~
S 



5- ----- 
5

19

FIGU RE CAPTIONS

1. Ultraviolet laser system illustrating the ow dye laser, the dye 
~

- 
S

amplifier chain , the ADP doubling crystal , and the final KrF ~
amplifier stage . S

2. Transmission of 1 0Hz FSR Fabry-Perot at 248 nut , recorded on high
1 -

contrast film.

3. Observed fluorescence at 828 nut following two-photon absorption in

S Xe (6p (~d 0 ~~- 
1S) at 249.63 nut , at 0.25 torr Xe pressure and ~~ SxlO 5 S

U/cm2 1CxF* intensity (un focussed) .
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Multiphoton ultraviolet spectroscopy

of some 6p levels in krypton
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(Recei~red:

ABSTRACT

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

krypton atoms using tunable ArF * laser radiation at 193 run is reported.

-
-
I
i 

_ _ _ _ _  

_ __ _  

I

— _____ -S -- ~~~~~~~~~~~~~~~~~~~ ~ ss ~ 5 5 ~~~ S --



55 -S

25

Using time resolved detection of visible fluorescence lines in the

vicinity of 430 nut arising from 6p—5s transitions , radiative lifetimes

for the 6p (~ )
0 
and 6p(~ 1 2 

states of 123 : 5 rtsec and 115 t 5 nsec , and

collisional self-quenching rates of (4.1 ± 0.4) x 10~~o cut3/sec and

(6 .7 t 0.7) x l0~~o ca3/sec, respectively , have been determined . By

carefully measuring the visible fluorescence intensity as a function

of incident laser intensity, the photoionization cross section of the

6p~~.]2 state has been established as (3.2 ± 2.0) x l0~~~ ~~2 The two-

photon transition rates for both states have been theoretically calculated

and good agreement is found with measurements of the relative excitation

rates for the two transitions.
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I. INTRODUCTION

Multiph oton spect roscopy is an extremely useful technique for

studyin g the properties of excited states in atoms and molecules. Given

an intense laser source , the technique allows one to obtain highly de-

tailed information Ofl States lying at excitation energies two, three, or

more times the available laser photon energy . For example , with visible

dye lasers , a wealth of information has been autassed on the properties

of high—lying Rydberg states in atoms ,1 including level positions, fine S

structure and hyperfine structure , Zeeman and Stark effects, collisional

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 S

S elements .2 The recent advent of intense , tunable , ultraviolet exciner

lasers has opened up a new region of the spectrum to detailed 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 11+ state in molecular hydrogen ,3 and isotopic effects in

S two—photon photolysis of CO molecules. 4 A number of other multiphoton
S spectroscopic and photochemical studies have also been carried out~

’6

utilizing untuned excimer lasers.

In this study , we have used a tunable ArF’ laser , operating at

193 nut , to excite discrete fine structure components of the 4p56p con-

figuration in Kr by a two-photon absorption process . The population

densities of the excited states were monitored via the Gp—5s fluorescence

-
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signals at ~ 430 nut. Using time—resolved spectroscopy , we have directly

measured radiativ, decay lifetimes. Our results are compared with theo-

retical calculations, ~‘ 8 as well as other experimental measurements. ~~‘ ~~

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.,10 who studied collisional

deactivation of 5p states in krypton in collisions with argon atoms.

As discussed in Refs. 3 and 5 , often there is an important additional

loss channel for electronically excited atomic and molecular systems ex-

cited by multiphoton ultraviolet absorption processes. This is due to
S excited state photoionization by the intense ambient radiation field.

As has been demonstrated in molecular hydrogen,
3 this process may be

studied in detail to yield numerical values for excited sta:e photo—

ionization cross sections. Ia this manner, we have measured the cross

L section for photoionization of the 6p state in krypton at 193 r.m. Hyman 11

has calculated photoionizatiort cross sections for the Sp and 5s states in

S krypton and the 4p and 4s states in argon , while Dunning and Stebbings

S 
have made measurements of the photoiortization cross sections for meta-

stable krypton ~5s 3P0,2 ) and argon (4s 3P0 2
) atoms. Our data for the

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

sults. A quantum defect model of atomic photoion.ization’3 may be used

to estimate directly the Gp phetoionization cross section. We also note

that Stebbings, Dunning , and Rundel14 used a two-photon ionization

technique to study photoionization of Me ( np l~3~) atoms which is, in

many respects , quite similar to the one used here.
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II. EXPERIMENTAL TEC~*~ QUE

The experi mental arrangement used here is identical to that used in

sever al 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. Ccl]. 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 f 1 magnesium fluoride Lens and

imaged Onto the slit of a 0.3 meter spectrometer equipped with an optical

multichannel analyzer (014A). For visible fluorescence detection, the

spectrometer was equipped with a 1200 groove/mm grating blazed at 500 run.

The OMA was interfaced to a POP 11/34 computer which was used for the

S 

- 
data reduction and analysis. Time resolved spectroscopic measurements

were performed by replacing the OMA detector with a variable slit and a

photomui.tiplier tube, converting the spectrometer to a standard mono—

chromator configuration . The photontultiplier signal was processed by a

transient digitizer which was also interfaced to the computer.

The ArF laser was line—narrowed and tuned by means of two high—

quality fused silica prisms inserted in the laser cavity. 15 This laser

produced pulses of up to 30 mJ in energy at the peak of the tuning

curve , with a 13 ns pulse duration . The laser bandwidth was 0.1 run and

th. eff ective tuning range was from 192.7 nm - 194.0 run . The laser wave-

length and linewidth was monitored during the experiments by a second 1

meter spectrometer/OMA combination. Wavelength calibration was con-

veniently provided by the 02 Schumann-Rung, absorptions.~
6

- ,  
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III. TWO—PHOTON EXCITATION ESTLMATES

Fig. 1 shows a partial energy level diaçram for krypton , indicating

the states which are involved in this experiment. Three sublevels of the

4p56p configuration lie within the tuning range for two-photon excitation

by the ArF* laser: namely (½]~~ (+
~2 and ~

+]l~ 
Here we use the j i.

coupling scheme notation , in which the orbital angular momentum 2. of

the excited electron is strongly coupled to the total angular momentum
-p

j  of the core, producing a resultant angular momentum k. The spin s of
-p

the excited electron is weakly coupled with k to give the total angular

momentum J. Terms are designated by ni (kI J or rtL ’ (k~~~
J

I cqrrespon.ding

S to the 2P½ and 2P~ core states, respectively. These states may decay

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

Using the perturbation theory technique described in Ref. 5, we

( may estimate the two—photon transition probabilities for each of these
I

S three transitions. We write the two—photon absorption parameter ~ for

S light at f requency ~ with intensity I

- ~ 

a — 
c2

~~
3
~ l M fg :

2 g ( v )  . (1)

Appearing in (1) are the lineshape factor g( ’~) ,  which contains the line—

width of the transition, and the two—quantum matrix element M~ , which

is written in the form

Mf 2 . . (2 )g k & - h v

~~~~~ ~~~~~~~~~~~~~~~~~~ ~~:i~J
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In this expression t denotes the polarization of the optical wave,

represents the electric dipole operator , and g, k , and f denote the

ground, intermediate , and final states , respectively.

The laser output may be tak en to be linearly polarized , due to the

presence ~f several Brewster angle reflecting surfaces within the laser

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

using the Wigner Eckart theorem,17 in order to derive angular momentum

selection rui.es. First consider the matrix element 
S

— 
~~ ~. ~~

(_ l) J]c~ tk <‘
~k~k ’ L~I I Y gJg>( 

-

Here, the ground State is 1S0 , hence Jg — M
5 

— 0. From the properties

of the 3—j symbo1s ,~~ we immediately derive the Selection rules M, 0 ,
S a 1. With a similar factorization of the matrix element

we obtain the selection rules on the final state quantum numbers M f = 0 ,

Jf — 0,2.  The transition to Jf — 1 is forbidden, since

/1 1
) 0 .  (4)

S \O 0 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 6p(~ ], state

by the linearly polarized laser radiation. With a circularly polarized ,

or unpolarized laser , of course, this state may also oe excited.

I-
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S 
In order to estimate transition strengths for the 6pC½ 1 0 and 6p(~ 3 2

states, we use the “ single-path approx imation ” , in which only one dcxi- S

nant intermediate state is considered, and the sum in expression (2)

S collapses to a. single term. The appropriate state is 
~~~~~ 

which is

the lowest excited state in Kr with the appropriate parity and total

angular momentum. The dipole matr2.x element for the 5s - 4p C S3)

resonance transition may be der ived from the oscillator strength . f—0.2l9,

measured
8 

by Irwin et al. The matrix elements for the 6p(’i] 0 -

and 69(+] 2 - Ss transitiâns are obtained by using our measured values

for the 6p(~]3 and 6p &.~] 2 radiative lifetimes (see section IV) and pre—

viousl.y measured radiative branching ratios . 19 The lineshape factor
‘I . 5 ,20

S g(v) may be wtLtten as

0.939 -
2 2 ’~(2 A

S 

at linecenter , if the laser spectra]. intensity may be assumed to be gaus-

S sian, and A and are the 1.aser linewidth and transition Doppler width

(FW ~~) respectively. Using our measured laser lthewidth of 25 ca 1, and

the intermediate state detuning va lue of 29 ,000 cm 1, 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
1) it was possible to obtain completely selective excitation

of the 6p( ½] 3 and 6p (-~] 2 states. As predicted in section III , no excita-

-- 
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ion of the 6p (~ I 1. state was detected. Laser excitation spectra for the S

6p(¼ 1 0 and 6p(
~~~ states are shown in Fig. 2 for a Kr pressure of 26 torr. S

These plots represent time integrated , fluorescence emission signals at S

437.6 nm and 427.4 xun,respectively. The secondary peaks appearing 
S

both spectra arise due to collisional intramultiplet energy transfer. S S

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

of the laser tuning range. S

The time dependence of these emissions was investigated in order to 
S

extract radiative lifetimes and collisional quenching data . The laser

frequency was ad~usted to line center for the transition under study , and

the monochromator was tuned to the appropriate visible emission wave- S

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

as a function of Kr pressure for pressures in the range 0-5 torr. The

data obtained are ~hown in Fig . 3. For each data point in Fig. 3, the

L decay signals were averaged over 50 laser shots , and the decay rates

~~~~ obtained from a linear least-sq uares fit to the log of the averaged

S 
fluorescence signal . Good fits were obtained using a single exponential

S decay curve . The pseudo first-order fluorescence decay rate is given by

ln(N (t ) /N(0) ) — (T rad~~
• + k~ (Xr)) . (6)

Here, N ( t )  is the ni.unber of excited atoms , T d is the radiative lifetime
S of laser excited level, and k is the collisional self-quenching rate.

q

S 
- The solid lines in Fig. 2 are linear Least-squares fits of the data to the

- 
S 

right hand side of Eq. 6. The intercept gives the radiative decay constant

b rad ’ and the slop, dete rmines

5- — ~~~~~~~~~~ ~~~~~~~~~ 
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The measured radiative lifetimes are listed in Table II, along with

other experimental and theoretical results for comparison. For the 6~ 2
level, our results are in good agreement with the measurements of Fonseca

and Caznpos,
7 
and the dipole velocity calculation of Gruzdev and. Loginov.8

For the 6p(~)0 level, however, we find rather poor agreement with Fonseca

S and Campos, but again reasonable agreement with the dipole velocity cal-

culation of Gruzdev and Loginov. We find poor agreement in both cases
9w~.th the measurements of Delgado , et a].. Both prev~.ous exper~.menta].

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 our optical. excitation method ,

such procedures are unnecessary, and a more dir~ct measurement is ob-

tained. Beyond this , the disagreement between the present results and

previous experiments is not explained.

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

S are : for 6p(½1 0, kq — (4.1 ~ 0.4) x 10 10 cm3/sec , and for 6p (4] 2 , k —

(6.7 ± 0.7) x 1.0 10 cm3/sec. These states may quench by both intramul—

tiplet and intermu].tiplet relaxation . Due to the presence of the nearby

44’ 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 Sets•r 21 for self—quenching of 3p states in

neon , and the results of Chang et ai.2 0 for quenching of 5p states in

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

gon quenching of Kr(Sp) Level s10 varied over th. rang. of ~0. C~5 - 3) x l0~~~

_  _
_ _  

_ _ _ _ _  
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In addition to radiative decay and collisional quenching , 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-
S ionization cross sections . The method involves making a careful measure-

ment of the dependence of the two—photon excited fluorescence signal , 3,

on the excitation laser intensity, I. In the absence of photoionization ,

S is expected to vary as 12 . The photoionization loss modifies this be— 5

havior in a manner which we now describe .

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

S depletion. We write

— ~~~~ - M~ ~~rad~~ 
kqN Ø + . (7)

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

1 Jr ~I2N 0S 

( N* (t) — Cl - e ) ,  0 .4 t ~~ T~~~ (8)

where the parameter B is defined as 3 - Trad kqN 0 + and 
~~~S3

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

( proximation 3T ~ 1 holds , and we obtain

N C r  + k ~ + ~~~~~~ . (9)S 0 rad g o  ~ft~i

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

that the expected quadratic behavior of the fluorescent signal with I

k ~

_______ 
_ _  ~~~~~~~~~~~~~~~~~~~~
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will. saturate and go over to a linear behavior when S

1 I > 
~~

- ~~~~ 4 k N 0
) . (10)

We r ewrite Eq. (9) in the form S

~~~
— m1 1 + , (11)

and notice that S

~~~ (t 
-l 

~ k N )~~] . 
- (12)• p1. \m/  rad

The parameters 3 and m are derived from the experimentally measured de- 
. 

S

pendence of the visible fluorescence signal S on the laser intensity ,
- 

and Trad and kg have been experimentally determined as well , as described

• 
above. We , therefore, obtain an experimental value for the cross Section

S for phototionization of the two—photon excited level , at the wavelength

of the excitation laser. Note that neither the absolute number of excited

r atoms produced , nor a value for the two-photon coupling parameter ~ are
* - needed for this measurement. These parameters cancel out in the ratio

3/tn .

This procedure was carried out for 6p (.~.12 level in krypton at 5

S eorr , 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 su~sti-

_ _  

_ _ _  
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S tutthg the appropriate values into Eq. 12 is — (3.2 ± 2.0 ) x

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 larg. number

of transverse modes, geometrical optics was used to estimate the dimen-

sions of the focal spot. ~tost 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 S

assumed in the analysis of Eqs. 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 ditner laser systems. ayman ’ s calculations11 for

the first s and p excited states in krypton and argon indicate that

S losses due to the p level photoionization channel in these laser systems S

S “ is significant. The experimental results of Dunning and Stebbings 12

support this theoretical. result. S

We know of no detailed calculations or other experimentaJ. results

for photoion.ization 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 applied 22 to a variety of cases of excited state

photoionization for which experimental. data already exist , including the

rare gases. 12’ 14 Excellent agreement is found , considering the simplicity

of the model. S

We write the photoionization cross section for a given atomic level
22

S as

if

LIi. ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~ S 5 _ .~ ~ ~~~~~~~~~~~~~~~~ •~~__ .. .~~_ — S
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(13)
S 

Z fip\~ f h v \ 3
~Ry) ~ Ip)

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

the ionization potential. for the atomic level in question, hu is the

incident photon energy , and Ry is the Rydberg constant. Using thi.s

formula we obta~.n the cross section for photoionization of the 6p level.

in krypton at A — 193.5 nm as — 1.8 x l0~~~ cm2, which is in good

agreement with the experimentally determined value .

With the important loss mechanisms characterized, it is now poss ble

to test the theoretical two—photon absorption rates calculated in section

III 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 rim

fluorescence intensity to 427.4 fluorescence intensity when the 6p[½3~ and

6p

~~

.]
2 levels were excited at line center , respectively , was determined

S as 0.45. Using the two—photon coupling parameters derived in section

S III, the measured laser energies of 3.5 ~~ and 8.5 mJ, and properly
S accounting for radiative/nonradiative branching and photoionization

using our measured parameters (we assume equal. photoion&zatiori cross

sections for Gpt+i2 
and Gp(½1

0
), we arrive at the predicted ratio of

0.42 , in good agreement with the experimental value .

_ _ _ _  _  .-s~~~~~~~~~~~~~
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V. CONCI.USIONS

Several multiphoton absorption processes nave been observed in 
S

krypton atoms using ArF* laser excitation at 193 nm. Since the ArF*

laser was tunable , a detailed spactroscopic investigation of the 6p(½]0
and 6vE-~] 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 6p (412 
state at 193 rim.

The relative two-photon excitation rates for the two states have also been

S measured.

• The results on radiative lifetimes are compared with other experi-

mental and theoreti l results. For the 6p(+]2 state, we find agreement

with one of two alternative experimental values, while for the 6pt ½]
0

s-tate, we are in clear disagreement with both of the other experimental

values. The photoionization cross section determined for the 6p (-~.j2

level, when compared with a simple model of atomic photoioniza-tion, was

found to exhibit good agreement. Finally, the data on the relative two-

photon excitation rates conforms well with rates calculated using a

single path approximation.

S It is clear , from expressions Cl) and ( 5 ) , that an enor~tous increase

in excitation strength is to be gained by further narrowing the laser

bandwidth. KrF* laser bandwidths better than 0.1 cm~~ have already been

achieved 23 
using injection locking techniques. ArF* laser liriewidths 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 l0~~ W/cm2 with a laser fluence of 3—5 ~/cm
2
. Such

S S S~~~
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con&t~ons would result ~n essent~al.1y full ~on~zat~or~ of a sample of

krypton atoms and plasma densities of the order of iol6 cm~~ may be

readily achieved in this manner.

1 ’ .
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TABLE I

Estimates of two—photon excitation parameters for Gp states in Kr

4stat e wavelength u1(debye) ~2 (debye ) ~ (cm /W)
(nm)

6p(½10 192.75 1.39 0.806 1.31 x l0~~~

6p (4~2 3.93.49 1.39 0.763 1.17 x
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S TABLE II

Radiative lifetimes (in nanoseconds) for some 4p56p levels in Kr I S

Experimental. Lifetimes Theoretical Lifetimes

Level A(r .m) This work Ref. 7 Ref. 8 Ref. 7 Ref. 8 (a) 
S

6p(¼1 o 437.6 123 ± 5 72 ± 3 74~ 3 ± 1. 67.3 92.5 133.

427.4 115 ± 5 118 t 3 198 ± 4 80.4 79.8 117

(a) U L 
- results obtained using dipole length integrals. 

~~ 
- results S

ob~ained using dipole velocity integrals . - I

- S
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FIGURES

1. Partial energy level diagram for krypton showing states excited by
S 

two-photon excitation and some radiative decay transitions of the

excited states. S

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

fluorescence from 6p(~ I 2 . (b) 437.6 run fluorescence from

The solid line in (a) is the laser output energy versus wavelength .

Pressure in both cases is 26 torr.

3. Fluorescence decay rates for two—photon excited krypton. The S

square~ are the experimental points. The solid lines are linear

S least squares fits to the data. (a) 427.4 tim fluorescence from

5 J 6p(f12 
state. (b) 437.6 tim fluorescence from 6p (½]0 state.

4. Dependence of 427.4 tim fluorescence intensity on laser intensity

S plotted in the form of Eq. 11. The solid line is a linear least

- squares fit to the data points.
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S CCLL SI~~iAL AND R~DIATIVE PRCPE3’~IZS CF TEE H2 ~~~ l~.# 5 ’r’

-‘ *Dan iel S. Kligler and Seffrey Bokor
Department of Electrical Engineering

Stanford University , Stanford, California 94305

and

Charles l(. Rhodes
Depar~~ent of Physics

I University of Illinois at Chicago Cirole
Chicago , Illinois 60680

S ABSTRACT

Collisional and photoabsorption properties of electronically excited

- molecular hydrogen are studied by means of selective excitation of the

L H, (E ,F 1
~t~ ) double minimum state . The v~ 2 leve l of the inner well of the

S 

~~, F state is populated by two-photon absorption of ArF* laser radiation at

193 tim. Intracavity prisms are used to narrow the laser linewidth and tune

the laser to excite single rotational levels selective ly . 3oth 
~2 and MC

have been excited in this manner , but the D2 absorption lines are outside

the laser tuning range . The population densities of the E, F rovthratiortal

levels are measured by monitoring the near infrared E , F  ~~~ 3 fluores-

S cent emissi on. The E,F state radiative lifetime, electronic and rotational

collisional relaxation rates , and photoioni:ati on cross section at 193 r.m

are measured. The large electronic quenching cross section (~ 100 ~2 )

cbserved is co~~ared to a Born approximation calc-u laticn of inelastic

scattering in the CE , ? ~~~~~~) system and ~.s found to be due to collisional

p~~ ui.a-t~on of the C state. ~~ser~ations of vacuum ultraviolet c l.i

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  —~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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exru.ssi.on support this conclus~.on. The rotational relaxat.Lon cross S

sections are ~ 0.2 for H
2
, but are much larger in MD (‘~. 10S 
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I INTRODUCTION

In an earlier letter 1, the first sele tive population of a gerade ex-

cited state of H 2 , the E ,F state was reported . In that work it was

demonstrated that Inultiphoton absorption of ArF* laser radiation at 193 rim

could be used to create substantial populations in states whose excitation

ener gies were far in the vacuum ultraviolet (VUV) - corresponding to single—

photon wavelen gths below 100 run . Two—quantum absorption in the reaction

H2 (X )  + 2y(193 rim) H 2 CE, ? ~f) (1) 
S

was used to excite the E , F state arid its near infrared Ci :) fluorescen t

‘ emission ~ -

H
2 

( ,-c 
1Z~

) 
~2 

(31~~) + y(’..SOO rIm) (2)

was monitored to make the first measurements of collisional and radiative

properties of that state .

Kinetic studies of the hyøroqen molecule are of particular interest

and importance because of hydrogen’s central position in the theory of

molecular physics arid quantum chemistry. Molecular hydrogen has been

studied extensively from a theoretical. point of view , but few experimental

data on the collisional properties of the excited states exist because of

the difficulty of selective excitation . Therefore , we have here extended

az-id refined the studies of the K ,? state discussed in Ref.  1, as well, as

made fur ther comparisons of our results with theoretical predictions.

5 4 ?  
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This report will, present both experimenta l arid new theoretical results S

concerning the relaxation and photoabsorption properties of the K,?

state. Section II will first discuss the manifold of states excited in

these experiments. Section III will out line the experimental apparatus and

procedures . Measurements of radiative and collisional electronic relaxation 
S

S rates of the K, ? state will be reviewed in Section IV, and the mechanism

of electronic quenching will be discussed and compared to a Born appr oxixna—

tion calculation of the electronic quenching cross section derived here. S

Section V describes experimental determination of the cross section for

S three—photon ionization of g~ , which again is compared with theory . Finally , 
S

results obtained using rotationally resolved excitation arid f l uorescence

detection to measure rotational relaxation rates in H 2 arid HD are presented

S in Section VI.

S]f

J 

- 
-
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II EXCITATION MANIFOLD

As shown in fig . 1, K,? is the first excited gerad e singlet state

of the hydrogen nolecule2. This state was originally thought to be two S

separate states3, until Davidson pointed out its double—minimum character4. 
S

S Kalos and woiniewicz5, Woln iewic: and Dressier6, and Alemar—Rivera and

S Ford have performed accurate calculations of the if,? potential curves and

vibronic states.

The double minimum of the K,? State arises from the avoided crossing

of the K 1sa2~c and the F(2pa ) 2 curves~. Thus, in terms of molecular or—

S bitals , the K,? electronic wave function is almost exclusively lsa2sc in

S the inner well, while in the outer well it is mostly (2p~ ) 2 . At larger

S internuclear separation, the state has ionic character in the separated—

atom representation (correlates to if1’ + i f ) .  However , due to an avoided

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

Two other states are important in these studies, 3 arid C ‘fl .

The 3 1’Z state serves both as the dominant inter mediate State Lri two—

photon absorption to K,?  l~+ and as the final state for near ir emission

originating from if,? 1’t . At small internuclear separation , 3 has

lac2p~ character 8 while at larger separations the state is mainly ionic

and nearly degenerate with K,?. It dissociates to H(ls )  + H (2p ) . The

C ~‘Tç state9 is almost purely the lsq2pir Rydberg level. In analogy to the

degeneracy of the 2s and 2p atomic levels , C ~‘TI~ (2p’Tr) and the K

inner well, of the E,? state are nearly degenerate. The 3 and C

states may relax radiatively to the K ground state in the well—k nown

VUV Lyman arid errier bands , respectively . However , K,? K radiation is S

— - —_ _ _ _ _ _  L
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strict ly forbidden by the g u selection rule ( except in the isotopi.cs.Uy

mixed species, such as 3D) 10 ; thus , the if ,? state may radiate only in the

near ir to B and is consiquently quasimstastable.

As we shall discuss later , the Ar? Lase r used in these experiments had

an untuned linewidth of i, £70 om’
~’ center ed at 193.4 nm; arid by means of an

S intracavity prism system could be tuned from 192.6 to 194.2 rim . It is thus S

expected that transitions in the energy r ang e ~.L03,000 to £03,800 cm”
~’ may

be excited by two—photon absorption. For the K ~ K,? transition in

hydrogen, with the B 1Z•” dominan t intermediate state and using linearly

polarized light , Q branch rotational transitions are generally strongest,

though 0 and S branch transitions are also a~,lowed11’. Table I Lists the

- . energy ranges for the 0, Q and S branch transitions from the lowest three

j rotational levels (which are populated at 300 of the ground vibrational

stats of if2 to the K,? (v 2) level. From the energies listed , we expect

S 
strong twO pho ton excitation of several K,? (v—2) rotational levels in H2

,

weaker excitation in aD, where the transitions are to the red of the laser

H l ine center , and no excitation in D2, whose levels are outside the laser ’s

S turi ng range . Note that all other states in the vicinity of ~. 12.8 eV are 
-

S forbidden for two—quantum excitation from the ground X stats by either

parity, spin, or both; and Franok-Condon factors for ansorption to the outer

minimum are unfavorab le. These points are clearly evident in Fig . 1.

____ - ~~~~~~~~~~~~ ~~~~ 5 : 5 —_
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1

III EXPERX~~NT

S The exper imental apparatus used in this work has largely been descr ibed

elsewhere 1’2’13 . The focused beam of a transverse -d ischarge—pumped argon

fluoride laser Lambda Physik UIG—500) was used to excite hydrogen samples in S

th . exper imental cR3.1!. Tb. sample fluorescence following irradiation was

collected at right angle. to the laser beam . When time—resolved detection was

desired , the fluorescent emission was focused onto the photocathode of a RCA

C31034A photomultiplier tube 12 ; 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 discr imination was provided by 10 ruit—bandpass

interference filters. Better wavelength resolution (1. 2 ~ ) in detection was

achieved , at the expense of temporal information , by using an optical multi—

channel analyzer (CMA ) to observe the fluorescence spectrum13 . This appa ratus ,

which was also interfaced to the computer , generated a plot of t ime—integrated

5 
emission intensit y versus wavelength, but with lower overall detection eff i—

ciency than the photomu ltip lier system.

The untuned Ar? laser emitted 100 mj pulses of ~ 10 risec (!W~ 1) duration

in a band about 7 wide . Because of the high gain of the laser medium , the

beam was oblong . (about 2 x 3 .7  cm) and had divergence ~ 5 mrad . In orde r to

S excite singl. rotational levels of hydrogen selectively , a laser line—narrow—

S trig arid tuning system of the type first described by Lores ‘ !.~_i~~~ s~~
4 
con—

S sisting of two intracavity fused silica prisms, was constructed . A slit of

ad~usta b1e width was placed at the opposite end of the laser civity from

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

~~~~~~~~~~~~~~~~~ S S  5- — --—- -~ —- .5 — _____________

~~~~~~~ - — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .5_ __S -5——~--’5- - 
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modifications , the Laser Linewidth was reduced to ~, 1 (25 cm 1), with a

tuning range i~ 16 1, roughly the r ange of the Ar! spontaneous emission. laser

energy near Line center (193.4 rim) was between 30 and 50% of the untuned energy ,

but dropped off to a few percent far in the wings . The lase r wavelength was S

S 

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

of th. dips in the Laser emission spectrum due to 
~2 absorption lines in the

(4 ,0 )  vibrational band of the Schumann—Rung, system (B K
tJsing this apparatus , samples of if 2, 3D, and 0

2 
were irradiated at pr es—

S sures ranging from 10 mtorr to several atm . As predicted by the sp.ctr oscopic

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

were observed in ~ 
~~
, weaker emissions in HO , and none in When the Laser was

S tunef nto closer resonance with the ED K ,? + K 14 (2 ,0 )  absorption band ,

-~ ir emissions nearly as stro ng as those in if 2 were observed . At low laser in-

tensity ~ i.o8 W/cm2) ,  the intensity of the fluorescent signals was deter-

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

S signature of a two—photon absorption.

The near infrared emission observed in thi s manner is attributed to radi—

S ative decay from the initially excited v 2 level of the K,? state ( inner

S minimum) at i, 12.8 eV to the B 1
E •’

~ (v~0 and v~1) vibrational levels in rea ction

(2) . The approxi mate wavelengths of the (2 ,0)  and (2, 1) emission band s are

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

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 coefficients 17 giving A2,1/A2,3 - 1.51.

A rotationally resolved K,? B (2, 0) spectrum , ob%e rved following excitati.ân of

by the unturied laser is shown in ?ig . 2. Zmissiori originating f:om J’ • 0,1 ,

and 2 is observed , but J ’ — 3 is riot excited . More than 90% of the emission is

_ _  _ _  
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in the P (2)  and R (O) lines, indicating that J’ • 1 is predominantly populat-

ed by the untuned l aser • The reasons for this b havior , as well as resu lts

of excitation using a Line—narrowed source , will, be discussed in Sec. Vt of

5 this paper . S

Fina lly, we should make mention of the vibrational bands that we did riot

observe in these exper iments . Any emissions emanating from v—O or v.1 of the

inner well. of K ,? 1Z ,  which might aris , due to vibrational re laxation of v • 2,

as well, as emissions from vibrational levels in the outer well, would be

outside the spectral sensitivity of our photomultip lier and were not detected.

However, Fink and co—workers3’8 have measured vibrational relaxation rates

for the B state in HO, and they are approximately two orders of magnitude

smaller than the total quenching rate for if 2 (K,? ~‘E ;  v.2) measured in

Ref. 1. Assuming that vibrational relaxation is not markedly different in

the K , ? state in H2 we expect that it does not play an importan t role in 
-

the collisional deactivation of H 2 (K ,? 1’Z ;  v—2) . Similarly , our system

S 

was insensitive to emissions terminatin g on v ’ ).2. This is not of conse-

quence, since the probabilities for these (2 ,v ”) transitions, calculated S

from the ?ranck-Condon factors of Spindler~
’9 , are negligible by comparison

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

L _  
_
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S IV ~~~HP.NISMS Of ELZCTRONIC RELAXATION
4

S In earlier works’ the decay rate of the if2 K,? • B fl uorescence was

measured as a function of pressur e and the radiative and collisiona l cisc—
S tronic relaxation rates of the K , ? state were determ ifled from these data . S

The K,? state radiative lifetime was found to be 100 + 20 risec, in cx—

cellent agreement with the calculated value1’7’~
9 of 90 nsec . The total de-

activation rate due to collisions with ground state H2 molecules was found to

be (2.1 + 0.4) x l0~~ cm3/sec; with helium as the collision par tner , the rate

was (0.8 4’ 0.4) x ~~~~~~~~~ cm3/sec. On the basis of the large (nonreactive)

helium quenching rate , it was hypothesized that the dominant electronic re—

laxation channel was

E2 (E ,? 1r~’) + E~(X ~‘Z
4’ )

~ E2 (C2’tI~
) •+ H2 (X 

~‘t~
’) (3)

followed by the rapid radiative decay (~ . 1 risec) of the C 
~
‘
~u ~~~~~~ In

this section we shall, calculate the cross section for reaction ( 3 )  for com-

parison with the measured 
~2 quenching rate . S

The K,! (inner minimum) mC transition in is remarkable In its

resemblanc. to the hydr ogen 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 K ,? + C transition

requires only a small perturbatio n in the nuclear motion. Calculations by

Kolos and ~foi.niewicz5’9 indicate that at the internuc lear separations of in-

terest here (‘
~
. 1 ~

) ,  the E(2s a ) and C (2plT ) molecular orbita.La maintain a

strong resemblance to their atomic counterparts . Consequently, scattering

in reaction (3) should resemble the atom—molecule interaction

.5- 
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E(2s) + if 2 (X 14) !(Zp) + if 2 (IC 1 ) (4)

S 
This atomic quenching has been stud Ied both experimentaUy20 ’2

~’, and theoreti—

caUy22’23.

Since the 2s and 2p states of hydroge n are connected by a strong dipole

moment (~ — 3ea0) ,  while ground—state H2 has a permanent quadru pole moment , a
S 

dipole—quadrupole potential is used for the transition Eamiltonian for react—

ions (3 ) and (4) . Because of the Long range of this interaction (if 4 ) and

the near—degeneracy of initial and final channels, the problem may be treat-

ed by the first Born approximation. We shall now outline a Born approximation

calculat ion of the scattering matrix for the dipoi.e—quadrupole interaction of

i f *  and if2 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 ~ to state

• c~’ as

5c&’czL’Zm ’O — 

~~‘ct
0Z’Z0m ’0 (5)

where S is the standard scattering matrix relating the amplitude of scatt ered

waves in channels (~~‘ ,1, ’ ,m ’) to that of the Incident wave in channel ~~,Z,0).

Here ~, (~~‘) and m(m’) give the initial (final) orbital angular nomwntu m of the

pro~ecti1e relative to the target; but we set m.0 by taking the initial velocity

parallel to the z axis. Taking interaction potential V, we wr ite

V , ~~~~ , t V ~ , > (6 )

_ _ _ _ _  _ _ _  
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where ~~~~~~ is the initial (final) state of the system , including .1cc—

tronic, vibrational, and rotational components. Now we write the first

Born app roximation expression for the T matr ix 2
~ :

— 4 mi ( kk ’Pf~~ , ( k ’ R ’ )  
~~~~~~~~~~~~~~~~42 J S

if ’ 2 dl.’ d~ ’ (7)

In this expression k ( k ’)  is the initial ( final) projectile wave vector,

and the j 2, are the spherical Bessel functions.

The classical. dipola—quadrupole expression26 for the interaction of

the excited electron ’s 2sa-’2p-~T transition dipole moment with the 
~~ 

ground S

state quadrupole moment is S

Vdq ±~2L ~ CU. 
2 3; ~z —

~.t) ~~~~~ ~~~ ~~2”~2~ . 
(8)

Here Q is the ground state quadrupole moment , R is the intermolecular sepa—

S 
ration, r is the coordinate of the excited electron, C is a Ci.ebsch-Gordon

coefficient, and (Ge e4~e
) and (G 2,~ 2) give the angular orientations of the

excited electron position and the ground state molecule’s internuclear axis,

respectively, referred to the ( time—varyin g ) intermolecular axis. Vd~ pro—

portional to R
4

, S  is the longest-range possible potential in our system ;

dipole—induced dipole and Van der Walls potentials both vary as R 6 .

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

. 5 . 5 5 5  - .5-5 5- 55555 - S 
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electronic and vibrational states of the ground—state if 2) :

(9)

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

primed symbols. ~~~aI2sC> ; ~~ ‘>.j 2pIT ; and ~~~~~~ are the vibrational.

states. arid indicate the molecules’ internal, rotational states , where S

subscript 1(2) indicates the excited (ground state) molecule. S

Inserting expressions (8) and (9) into Eq. (7) and transforming the 
S

angular coordinates from the time—varying collision frame to space—fixed 
~S

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

T a - 4~i j . 1~~ Qi~ < ~)~ , )~)<Z lR jL> -

E E (_l,)
m
1

+n1
2 C(l 2 3; m1’ m2’) < lMfImIOO>

m m1’, m2 ’

< 
~l 

MllD m,m1
u l u lMl >< 

~2 ’ M 2 ’ ;2  m2 ’j i 2 M2

•<Z ’m ’ 13 in1’+m 2 ’j 2.0 >• (10)

Her e ~ 3.a0 is the 2s~ 2p dipole moment , and < 4,~,’ Y is the Frarick— 
- -

Condon factor 
~~~~~~~ 

~~~~~~~~~ is a rotat ion—matrix clement 27 . The radial

integral is

< L’ (a ’j 2. > B ( k k u ) ½ 1; j
~

,(k’R) if~~ j~~(kR) R2dR, ( 11)

which contains the resonance dependance of the scattering . The in

_  _  
_ _  

_ _ _ _  

A
LTI:lii __________



64

Eq. (10) arises from the fact that the M — 0 term would connect ~2s~ )  to

(2p > , which is the B state , not included in this calculation . We note

that scattering to B is allowed , but un important compared to reaction

(3 ) due primarily to the substantially smaller ?ranck-Condon factors19 for

K — 3 transitIons of small energy defect.

If we define the impact par ameter as b a (22 ,+l)/2k , then we may obtain

the scatterin g probability for a given b by summing 1T~ I~~~t~ m 10 t
2 over final

angular momentum states and averaging over initial rotational pro~.ctions

(M1 and M2 ) .  The result obtained is a simplified sum over 2 ’~ independent

of initial rotational states arid j
2
:

P(b) a(~~~~~!) 32 E C(L3 L’’ C0)
2 

<V
~
R
~
4
~t>

2 (12)

This expression is identical to the probability for atomic 2s • 2p scattering 25

except for the Franck— Condon factor , ç1~ 
arid an additional factor of 2/3 here .

This latter factor arises from our consideration of transitions only to the

two 2p~ states , while in the atomic case transitions to all, three 2p levels

(Ma+l and 0) are included .

The cross section for the inelastic scattering process is now found

by integrating

~(k) • ~~ 2~~ (b) b db. (13)

However, 2(b)>]. for small b , because the Born approximation breaks down at

close range . Hence , as suggested by Cross and Gordon25 and by Slocomb , at

we set ?(b)  • 1 for b<bh . where bh is given by ?(b . ) a 1 from Eq. (12) . Now
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a + Zirf 9(b) b db. (14)
h 

-

S A simple computer progr am was written to calculate scattering probabii.—

S 
ity from Eq. (12~ and cross section from Eq. (14) as functions of initial

projectile momentum and detuning of initial and final states. Tb. radial

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

function25’28. The energy detuning was obtained from spectroscop ic data

on the energies of the rotational levels in the E,F (v.2) and C 1T1 
~~~~~~

manifolds. These data, shcwn graphically in Fig. 3, indicate that the J a1

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

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

that must go into calculation are the H2 ground state quadrupole moment
29,

Q 0.484 a.u., the Frarick Condon factor 30 , q • 0.794, and the projectile

vel.ocity. Averaging the product of velocity arid cross section over a Bcltz—

mann distribution of kinetic energies gives a rate constant for process (3) -

of 2.3 x 10~~ cm3/ sc  at 300°K. This result agrees remarkably well with

the experimental determination of (2.1 t 0.4) x .1O cm /sec, and suppo ts

our hypothesis that reaction (3) is the primary mechanism in collisional

deactivation of if2 (if,? 
1
Z~
’; 7~2).

These theoretical conclusions are lent further support by experimental.

observation of C • X 1Z~~vuv Werner band emissions following two—photon

excitation of the if,? state. Fig. 4 is a spectrum of this emission near

125 nm , showing the (2,6) and (2,7) vibrational bands of the C • X fluorescence.

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

of our optical system). These observations of emission in the Werner 3ands

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~:.. . 
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confirm that large populations are created in the v.2 level of the C

state following K,? ~t~ (v~2) two—photon excitation. The absence of emis-

sion from other C—state vibrational levels confir ms our model of electronic S

quenching , as well, as the contention that vibrational relaxation is much

slower than the electronic.

Because of the near-degeneracy of the if and C states, at pressures above

~ 20 torr these levels will, reach thermal equilibrium with ~‘4 rtsec of exci-

tation . (The principl, of detailed balance requires that the C • if quench-

ing rate be nearly equal to the if 4 C rate. ) under these circumstances ,

when other losses are neglected , the probability that a H2 molecule in the

z,~ ’ state will radiate in its if,? • B ER bands is simply ‘
~C”~E ’ where

and are the radiative lifetimes of the H and C states , respectively.

From the theoretical calculations of Allison and Dalgarno for the

c ~ transition probabilities31, we obtain tc
(va 2) a 0.88 risec.

The effective radiative lifetime of a molecule excited to the if,! state at

high pressure is given by a rate equation analysis :

~eff . (15)

In our case , for Tif >> t~~~ Teff C ~~~ This analysis will be important

in our later estimates of rotational. relaxation and photoionization rates.
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V PHOTOIONIZATION OF THE if,? 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 halid , lasers , because three ArP photons (a 1.9.2 eV) are sufficient S

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 sLgnal. “ saturates ” and grows

only linearly with intensity; meanwhile the laser energy is increasingly

channeled into ion production.

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

the two—photon excited state density N* :

I~1 ~F”~ C~~2]~~ 
~~~~~-. N~ (16)

I ~ Her e ~ • ~iI (cm4/W) is the two—photon absorption coefficient~
’2, I is the

laser intensity (W/cm2) , w  is the laser frequency, and 
~pi 

is the photoion—S ization cross section for the excited state. At high pressure arid high laser

intensity , radiative and ionization losses are fast enough so that we can

assume a steady state solution to Eq. (1 6) :

2
— 

____________ 
. (17 )

+ 
~pi 1
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As noted earlier , 
~ 

1.9 risec at high pressure. This solution clear ly

shows the saturation of N* at large I. (As a further note , while photoiorti—

zation is a broadband process , two—photon absorption tarm inates on a discrete S

state . Hence, decreasing the laser linewidth, much broader in our case than 
-

the transition Doppler width, will increa se ~ but riot 
~~~ 

and , thus, will.

increase the excitation efficiency and excited state density.13’32)

If we can measure the saturation of the two—photon signal with lase r
S 

intensity , we can extract from these data the photoionization cross sectthn

for the excited state. We begin by using the fac t that the ir fluorescent

signal. is simply S a N*/2~rif to rearrange eq. (17):

~~~~ 4cL: .L~ 
c7~~~

S 2T~~{H 2] 
I

• m1 1’ + 3. (18)

The significance of this equation is that if we now plot the quotient I/S

front our data as a function of- I’d’, we can extract the photoionization

cross section, 0’pi’ from the ratio of intercept to slope , K/tn , in our plot:

~~~~~~~~~~~~~~~ ~~~~~~~~ (19)2’r0 m

Fig. 5 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 photcioniration losses lead to the ex-

pected saturation of the signal at high laser intensity. On the basis of

these data , we estimate that 8 ‘C 10 ’~~ cm
2 
~ ~pi ~ ~ 

x l0’~
18 cm2. This

4 5
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large uncertainty ar is.s primar ily from the uncer ta inty in converting the

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

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

Cohn 33. 
- 
For photoionization from U2 (K.? ~

‘
~~~~; v— 23 to U 2 ~~ v.23 at

6.4 ~V (3.3 eV above threshold) , Cohn calculates 0’pi — 2.6 ~ l0~~’~ ~~~~

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

the K,? State photoionization cross section, but rather the cross section

for photoionization of the collisionally mixed K, ? and C states .

I

1

j4
S 

- S - 
~~~~~~~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~ ~~~ ~S• 5 _~~~~ _SS. 5 S S

~~~_ S _ 5 S _  S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- 

- 

70

VI ROTATICNALL~ SELECTIVE RZ~4~ ”S

S Whil e we have observed very rapid electronic dc—excitation processes -

in the H2 K,? state , rotational, relaxation is considerably slower . If the

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

¶ rotational lines in a vibrational band in thermal. equilibrium11, it is found
- 

that even at the high pressure (20 psig) at which this spectrum was taken, the

rotational levels are riot equilibrated2’3. On the contrary. Table 2, which

lists the ground state equilibrium rotational populations and two—photon

S X • K,? transition energies for J — 0 — 3 (populated at 300~~), demonstrates S

that the relative intensities of the H,? • B rotational lines are due to a

nearly total. absenc e of rotation—chang ing collisions in the excited state.

Thus, since only the Q(0) and Q(1) excitation transitions fall squarely

within the two—photon laser band , only J — 0 and J a 
~ levels are seen to

emit substantially in the spectrum of Fig . 2. 5

In order to measure the rate of this very slow rotational. relaxation ,

we insta lled the prism system and tuned the laser to excite selectively each

of the first four rotational. levels of H 2 (K, ? ~~~~~~ v.2) in turn. We then

attempted to observe emission front I—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 ~lO% noise level in the measure ments .

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 odd - . even re—
4 11laxation because of the strict ortho/ para separation in homonuclear diato tn ics)

S Assunttng that the lase r is tuned to excite the ~+2 Level and that the ~th

level is populaced 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:

— 
. (20 )

In this equation, ~~, ~~~~~~~~ + l/(2r~) ~ ~ nsec is the electronic ioss

rate , and kR~~
’2’

~ 
is the two—body rate coefficient for rotational transitions

S from level J+2 to level I. The ratio of rotational level populations is also

related to the fluorescent emission intensities $ of the P lines or iginating

in the 3 and 3+2 rotational. levels

s[P~ I+1]
1

v3 \ 
(J+i~~2J+5\ ri ,1. (2 1) 5

s[P (J+3~ I~~J+2) \J+31\2J+1/ rt~3.~2

where and ~j  are the respective tr ansition frequencies 34 . Finally , we
p 

3+2 r , r r ~i r 1
observe in Fig. 6 that ~ LP2J /sL ?( 4 )J and ~ L P l~ /SLP(3~j ~ 0.1, leading

us to conclude on the basis of equations (20 ) and (2 1) that kR
2 ’° c 3 x io~~

2

cn3/sec and kR
3’1 6 x l0~~

2 cnt3/sec These rate constants are nore than

two orders of magnitude smaller than the observed electronic quenching rates

t for the K,? state.
S Rotational relaxation will. be greatly enhanced in the isotopica.Lly tnixed

species of hydrogen as shown by Heu kels and Van de Ree . Firstly , the shift

of the center of mass away from the center of char ge has the net effect of

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

S importantly, however , additional channel s open up in the mixed species that are

forbidden in the homonuclear species. Speciftcally, 13 • 1 transitions are

_ _  .5 .5—-——-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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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. AJ—l transi-

tion cross sections are calculated35 to be roughly one order of magnitude S

larger than the lJa2 cross sections for He — UT collisions in the ground

electronic state , and the 13—2 transition cross section for He — D2 collisions

is ca.tculated35 to be roughly forty percent smaller than for He — UT collisions.

S Figure 7 shows the lower rotational levels of the RD E , F (v.2, inner

well) and C “~I~(v—2) states, with + and — signs to indicate the parities of the

— levels~
2 . The rapid electronic collisions (studied in Sac . IV of this paper)

that equilibrate the K ,? and C levels of opposite symmetr ies are shown by

bold arrows. The parity—changing rotational collisions, forbidden in if 2 and D2 ,

are indicated by the fine arrows. We shall now describe a measurement of the

I collisional rate of this latter process in RD.
S 

In this experiment, the laser was tuned to the Q(0) arid Q ( l ) two—photon

excitation lines in RD. at 103,221 and 103,173 cm respectively . Because

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(l) and 2(2) H,? • 3 ( 2 , 0 )

emission lines was measured as a function of RD pressure as the laser was

tuned to excite predominantly Q(0) or Q(l) in turn. The results of these

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

a clear tendency toward equilibrium at high pressure.

In order to extrac t rate conStants kR°’
~

’ and k~
2”° from these data ,

w examine a rate equation model that includes both 1. • 0 and 0 • I rotat-

ional transi tions:

-

~ 
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a — R~
0
~ n0 

— 4’1LHDJn0 + k~ ’0 [RDJ r%1 (2 2)

— R
~
’)EH~J 

— R~
12 n1 — k~ ’°[HDJn1 + k~

’1[H~Jn0 (23 )

Here and ~~~~ are the two—quantum production rates of the 3—0 and 3—1 5

rotational levels , which will vary as the laser is tuned through the levels

excitation frequencies, and the are the corresponding electronic loss S

rates . We assume that the excited system is in quasi—steady state and that
( 1) (0) — -I

- 

— = 3 risec —
, as above , and solve for the ratio

n0 k~ ’° [ff dJ + (R~
0
~/R~~~ , (24 )

- S 

- 

k~ ’~~ H~] + (R
~~~/RP

)R L . 

-

S 
- where R • ~~ 

(0 ) 
+ R From a formula similar to Eq. (21) , we have

S S[P(l)3/s[P(2)J — 1.5 n0/n1. A three parame ter f i t  (k 1”0 , k~ ’1’/k~ ’0 ,

-~ S and ~~~~~~~~~~ of Eq. (24 ) to the data of Fig. 8 gives k
~
1’° • (3 + 1) x

S io ”1~ cm3/sec and kR°
’1/kR”° ~ 2.1 + 0.5. The fit is showt~ by the solid

lines in the figure.

Thee. rate constants do- riot refer simply to rotational transitions

within the K,? manifold, but rather must be thought of as composite rates
Si

for all the transitions in Fig . 7 that are indicated by the fine arrows .

However , the ratio k
~
’
~
’/k

R
1”° is rigorously fixed theoretically by the

pr inciple of detailed balance36 at 2.46, in good agreement with the experi—

mental result.

For comparison with other exper imental resuLts , we tra nsform the rate

.
4
1
*
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constants we have measured to average cross sections (by dividing by the mean S

thermal. velocities at 300 0 K ) and list these results in Table 3. Our results

in are quite similar to the ground state rotational relaxation cross

sections found by 3onkaan, at a137. The reasons that these cross sections

are so small are that (1) these 13 - 2 transitions can proceed only through

a quadrupole moment (in contrast to the strong electric—dipole electronic

transition that we studied) anc (2) the energy defects between initial and

final stat as are comparable to or ‘ greater than thermal energies at the

temperatures studied.

On the other hand , the cross section we measured in ED for 13 - 1. trans-

itions is on the order of gas dynamic. Akins , et ~i.
38, also measured large

collisional cross sections for rotational. transitions in ED , although their

results for the ~ 
lr + state were still smaller than ours for the H , ? state .

The faster relaxation rate that we measured may be attributable tO the con—

tribution of coupling of the H ,? levels through the C state manifold ; rio

comparable coupling exists in the B or X states .

_  _  _ _ _  

__  
_ _ _
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VII CONCLUSICUS

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 quasi—

metastable K ,? 1t
4 
state in U2 and RD. By line—narrowing and tuning the Ar ?

.5 laser excitation source , we have excited single -rotational levels in H2, and

also achieved some rotational selectivity in ED. We have measured a number of

the properties of the H, ? state , including radiative lifetime , rates for

collisional electronic quenching and rotational. relaxation , two photon

absorption cross section, and photoionization cross section. The radiative

lifetime, electronic quenching rate for U; + 
~2 collisions, two—photon excitation

S cross section , and excited state photoionization cross section agree well with

theoretical predictions . The rotational relaxation rates are roughly in line

with other experimental results. These experiments demonst:ate 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 electronic de-

activation of U 2 (H, ? to the C state. Our Born approximation c*lculat—

ion of the cross section for this reaction gives very close Agreement with

the experimental. determination of the quenching rate. Observations of VUV

Werner band emission further supports our model of the coLlisional processes

H involved here.

This experimental technique may be extended to further spect:oscopic and

collisional studies in excited U2. Starting with two—photon—excited H,?

mol cules, a tunable dye laser can probe higher unoerade states; while from

L _________s~~~~~~ .$.5 S . ‘~~~ ..aS. ..~~.. ~~~~~~~~~~~~ ~~
_ _

~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5 5 5 5 5 5 5 S~~~~S
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C molecules created by collisional quenching of U2 (H ,? 1’t ) higher gerade

- states may be reached as well.. A two—photon—ptunp d laser operating on the if 2
Werne r bands near 120 run between C (v 2) and high vibrational. levels of S

~ is also feasible 13 . Finally , it may be possible to study such exotic S

processes as para—ortho conversion and production of ED* in four—center re-

actions of and D2 by this technique.
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TABLE 1

H2 Transition Frequencies

32
a) ~~b) o c)

Two—photon transition Q branch 103292— 103532 102926— 10322 1 102555—10274 1

energy range in S branch 103674—103869 103239— 103370 102817—102855

cm~~’ for X (v— 0) • 0 branc h 102893—103198 102729— 1.02954 102410—102561.

E,F (v 2), 3’ 0—3

Wavelengths of

E,F”- B emission

~ 1 ; bands in nm

~; I- )  (2 ,1) 830 850 890

(2 ,0) 750 780 830

a) Ref. 34.

b) Ref. 10.

C) 0. 3. Dieke and S. P. Cunningham , .7. MC].. Spectrosc. 13, 288( 1965) .

• 5 5 ~~~~~~~~~ 4
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TABLE 2

Rotational level populations (relative to J~0) and frequencies (in cm
1) =

of x (vzO ) • E ,F (v—2 , inner well) two—photon transitions.

5

.

I BRANCH

.3 nIJ)/nCOj 0 
______

0 1. 1.03,552 103,68 2
I
’ 

3. 4 . 9  103,479 103,869
2 0.83 103,197 103,323 103,797

3 0.52 102,892 103,282 103,673

S 
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I

TABLE 3

M2 and HO rotational relaxation cross sections

A2
STATES S

This work 02 (E,F; v 2 ,  J’ a3, J”~ 1) ~ .12

(J’a2, .7”~ 0) ( .24

S Jonkman, et ai~~ 02(X; v~0 , J’.2 , .rC) 0.10 (para U2, 170°X)

0.26 (ortho 
~~ 

77 °K)

This work UO (E ,F; vsZ , J’ *L , 3” zO) 14

/ (b )
Akirts, et al HD(B; va3, J’a2, J” l) 

5 3.0

( a) Ref. 37.

(b ) Ref. 33.
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FIGURES

1. Ener gy level diagram of H 2 showing the K , B , C, and E ,P states of in-

terest in this experiment, as well. as other state s in this energy range ,

based on potential curves in T. E. Sharp, Atomic Data 2 1.19 (1971) .

Note the change in vertical scale above 10 eV. 
S

2. E,F • 3~ (2,0) fluorescence spectrum detected by~the 0~A following ArE’

laser broadband excitation. Five rotational lines are observed. Re-

solution is 4 g; 
~2 

pressure 2 atm .

3. Energies of rotational levels in B2 E,F (inner minimum , v~2) and

C (v~2). Ref. 34.

4. 
~2 

C1TL~ x VUV Werner Bands fluorescence spectrum detected by cMA

following ArE’ laser excitation of the E,F state. The (2,6) ar.d (2,7)
S S~ j  S S

vibrational bands are observed , but the (2 ,5 )  band is beyond the

wavelength cutoff of the detection system. The rotational structure is

not resolved.

5. Ratio of laser energy (193 nm) to fluorescent signal (E,F • 3, 830 .im),

plotted as a function of the reciprocal of laser energy. Ratio of

intercept to slope of straight line f i t  to data is 0.05

6. H2 E,F • 3 (2 , 0 )  fluorescence spectra detected by OMA following ro—

S tationally selective excitation by a line—narrowed ArE’ laser.
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pressure is 20 pu g. Excitation line: (a) 0(0), (b) Q(2. ) , (C)  0(2),

Cd) 0(3) . Appearance of R(1) emission in (d) ar ises from direct cx— S

citation of the Q(2) absorption line, due to the presence of som

laser oscillation at this frequency when laser is tuned to Q(3),

not from rotational relaxation.

7. Energies of lower rotational levels in 3D (E ,F inne r well , v— 2) and

c v~2. Bold arrows indicate rapid electronic quenching collisions ,

while fine arrows show slower rotational quenching paths . Lambda—doubling S

4 in the C state see Pau l S. Julienne , 3. Mo).. Spectrosc . 48, 503( 1973) 5

is exaggerated for clarity .

3. Ratio of fluorescent intensity, S , of P ( L )  line to that of P( 2 )  in the

HO E ,F • 3 (2 ,0) band following rotationally selective excitation by

Ar? laser . For upper curve (boxes) laser was tuned to excite primarily

JaO , while for lower curve (triangles) laser was tuned to J~1.
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Isotope effect in ntultiphoton ultraviolet photolysis of Co

J. Bokor~ , 
-

Department of Electrical Engineering

Stanford University

Stanford , CaLifornia 94305

3. Zavelovich and C. IC. Rhodes

Department of Physics

- University of Illinois at Chicago Circle

P. 0. Box 4348, Chicago, Illinois 60680

?~BSTRACT

Two—photon dissociation of carbon monoxide near 193 nzn with a tunable

ArF* laser to yield excited C(21D) atoms is reported. The atoms are de—

tect.d by subsequent absorption of a third Laser photon to C C 3 k P 0)  followed

by emission of 248 run fluorescence to C(21S). The process is found to be

13 16 12 18
~.sotopi.cally sensitive; the C(2 D) yield from C 0 and C 0 ~.s a :actor

of 6 greater than from 
12
C
160. The isotope effect is attributable to an

enhanccment in the two-photon matrix clement du~ to the shift in the near

resonant a ~ i , v—2 intermediate state. C
2 
Swan band emission is also ob—

served, arising from association of the free carbon atoms, and exhibits a
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corresponding isotope effect. ~ina.Lly, 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. 0. Box 4348, Chicago , Illinois 60680.
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I INTRODUCTION

In recent years , a great deal of research has been conducted on multi-

photon photoch.aistry using infrared lasers. These studies have exploited

the strong c~~pling 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 boron1 from BC1
3
, nitrogen2 from NH3. sulfur

3

frets and osrnium~
& front 0s04 all derive their selectivity fr~ t isotopic

shifts in the vibrational/rotational motions. It has been well established5,

particularly in the work on SF .., that multiquantum processes involving in-

frared excitation of molecular vibrations can have strong isotopic signatures.

A rich variety of isotopic processes, however, is also expected to be

- 

- 

characteristic of molecular electronic spectra even tho~zgh the purely d cc-

tronic isotope shifts are normally quite small. The isotopic character of

the electronic bands can arise from two sets of basic phenomena. The first

is associated with the isotopica.Uy shifted vibrational and rotational fre—

quencies; these usually greatly exceed the electronic contribution. The

second gronp arises fr~~ perturbations , particularly those which mix d cc-

tronic states at crossings of mo lecular potential energy surfaces. These

• crossings give rise to patterns of predissociation6’7 which can exhibit ex-

tremely sensitive isotopic behavior. The vibrational analogue of these

perturbations has already been analyzed8.

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

rnultiphot on ultraviolet dissociation of the CO molecule. CO is an attrac-
tive candidate for this study for a number of reasons. Witn three isotopic

-

~~~ I
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choices available for both carbon and oxygen, there are nine possible iso-

tcp~.c molecular variants providing a rich assortment for the examination

of isotopically dependent properties. Furthermore , since the C-O bond in

carbon monoxide is the strongest chemical bond found in nature (D° — 11.091

eV) 9 , 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 fundam ntal 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 systems1° by multiquarttum processes. For example, two-

photon excitation of has been used to studyU 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 distributions of electronically excited photo

fragments. The relevant theoretical considerations are reviewed in Ref. 10,

with special attention paid to the crucial issues of linewidth effects and

excited state photoionization. M estimate for two-photon excitation of CO

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

state. For a free—running ArF* laser, with a linewidth of “~10O cm
1, the two

photon coupling parameter, a — a/I, is given as 5x10 ~ cnt4/W. However, ab

initio calculations13’14 indicate that in the region of 12.8 ~V (the energy

of two PrF laser quanta), there are, in fact, several Rydberg states of

appropriate symmetry for two—photon excitation from the X ~‘Z
’ ground state.

Note that this energy is approximateLy 0.44 cv above that of th~ excited

C(1D) + 0( 3P) asymptote9. (See Fig. 1.)
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II EXPERIMENTAL RESULTS

The apparatus used in these experiments has been largely described

elsewhere 10’ 15 . Only a brief description will, be given here.

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

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

two intracavity fused silica prisms16. This laser was capable of producing

approximately 30 ~3 in a 10 nsec pulse at the maximum of the tuning curve

(i’. 193.4 rim) in a bandwidth of “~ 0.05 - 0.]. tim, and was tunable over a

range of ~ 1.6 rim about the peak. Samples of 12C160 (99.99% purity),

13 1.2 18 lB(90 atomS C) and C 0 (99 atomS 0) at pressures rang~.ng from 50 mtorr

to ‘t. 300 torr were irradiated with the focused output from this laser at in-

tensities in the range of ~~~ - tO
9 W/cm2 . The isotopically normal CO sam-

pies were f.lowed 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 preclude

spurious effects due to impurities, or the buildup of photolytic

products. Laser induced fluorescence was collected at right angles

to the laser beam , and focused onto the slit of a pol.ythromator (~tcPherson

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

obtained were further processed by means of a PD? 11/34 computer to which

• the ~4A was interfaced. In order to obtain temporally resolved information ,
I-

the polychromator could be converted to a mcncchronator by removing the OMA

~~~~~ 
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and installing a slit and a photomultiplier (PNT). 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 rim radiation. This aspect, which involves the fully

allowed C(210) -‘ C(31’P°) transition at 1.93.1 run, is illustrated in Fig. 1.
Owing to the accidental correspondence of this transition frequency with the

PixF* laser frequency, it is apparent that any C (2~
’D) atoms that may be pro-

duced by two-quantum excitation of CO by ArF* laser radiation will, be rapidly

excited to the C(3 1P°) state . Two convenient diagnostics are available; the

-
~~ C (2~

’P) transition at 248 rim which provides a means to detect C( 1P’)

and the c(33P’) • C(23?) transition at 166 rim which furnishes an equivalent

means to detect the excited c(33p0) state, which lies close to the C(31’P)

Level. As noted above, two ~.rF’ Laser quanta nave sufficient energy to pro-

duce C(2~’D) in the dissociation of ground state CO.

Intense carbon atom emissions at 248 nm and 166 run were indeed observed

in CO irradiated with intense 193 rim radiation. A laser excitation spectrum

of the 248 rim 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 rim emission. The peak of this spectrum occurs at 193.1. nm, which

corresponds exactly to the C(213) -
~~ CC3~

’?°) transition.

The dependence of the 248 rim emission intensity on CO pressure is shown

in Fig. 3. The plot is linear from 50 mtorr to about 10 torr, which we take

as evidence that the production of C(21’D) proceeds via a collisionless pro-

cess. Additional support for this interpretation was obtained by exa~Tu.n~.ng

the temporal behavior of the 248 rim emission. Within the time resolution

- ‘  
:-

~ 
~~~~~~~~~
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of the ~rr (10 risec) , the signal directly followed the laser pulse.

Normally, the signature of an n-photon absorption is a fluorescent

signal which var ies as I~, where I is the excitation laser intensity.

Since the production of C(31.P’) proceeds via a collisiorii.ess process , a

minimum of three quanta from 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 CO (see Fig. 1). However, the data of Fig. 2 indicate that C(2~
’D)

is first produced as an intermediate, followed by the resonant absorption

of a thi rd quantum on the fully allowed C(2 1D) -. C( 3~’?’) transition. This

final absorption is strongly saturated and power broadened at the laser

intensities used in these experiments (lO~—l0~ W/cm 2). Hence, if C(2~~)

is produced by a two-quantum photolytic absorption, the C(31’?°) -
~~ C(21’S)

• f luorescence at 248 ~~t would be expected to vary only as the square of the

incident laser intensity. To check this the 248 run signal was measured

as a function of laser intensity , for laser intensity in the range of

~~~~~~~~~~~~~~~~ N/cm
4. The- quadratic behavior observed confirms this model.

In order to assess the isotopic selectivity of the dissociation

process , the experiments were performed separately with 1’2C1’60, 1’3C~
’6O

arid C 0. Results obtained with C 0 are shown together with the
12C160 results in Fig. 2 and Fig. 3 . The laser excitation spectra

of 248 rim C atom emission for the two isotopes both peak at 193.1 run.

However, as can be seen in both Figs. 2 arid 3 , the yield of cC2~3) is

substantially greater for the heavier isotopo. The ratio of the ].ow pres-

sure (~ 10 torr) slopes of the pressure dopcndcncc data shown in Fig. 3

gives the isotopic ratio of the quantum yields for production of ~~Z 3).
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This ratio is dete rmined as 6.2 + 0.5. Results obtained with 12C183 were

essentially identical. The laser excitation spectr um exact ly matched that

of 13C160, and ths quantum yield isotopic ratio relative to 12C160 was

6 + 1. note that the reduced masses of 12C~~0 and 13C1.60 are within

0.3% of each other, while that of 12C160 is 46% smaller. It is there—

fore reasonable that 12C180 and 13C160 show quite similar isotopic

effects.

As mentioned above, the 166 run emission from C(332°) showed a laser

excitation spectrum which matched that of the 248 run emission from

The pressure dependence of this emission was investigated and found to

increase faster than linearly for pressures below 13 torr . From this we • 

-

conclude that C(33P°) is created via collisional energy transfer from

• C(3 P°). Such a process is expected to be quite fast, due to the small

(endothermic) energy defect (~‘ 1.600 cm~~) between these two states. The

rate constant for collisional deactivation of C(21D) to C(232) ground

- i• - state atoms by CO has been measured 17 
as 1.6 + 3.6xlO ~~ cm

3/sec. The

rate for C ( 3
1?0) to C(33P ) collisions may be expected to be even larger.

In addition to neutral body collisions, charged particle collisions will

be effective in mixing C(31P°) with C(33?°). In pure CO, under these condi-

tions , electrons can be produced either by three-photon ionization of CC,

three-photon ionization of O(~?), or one—photon ionization of C(3 ?°). The

latter process is surely the most important by far, arid a substantial fraction

J.of the ~ (3 P°) atoms created w~l1 be pheto~on~zcd.

Singlet-triplet niixing18 20 and superelastic scattering’1 by free

electrons have received a great deal of attention recently in connection

~~~~~~~~~~~~~~~~~~ ~~~~ ~~~~~
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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 exoeriment, two—photon photoionization of

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

mentally studying these processes. For example, it has been demonstrated10’2°

that Xe atoms may be readily photoioni:ed by two-quantum absorption at

193 rim .

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 rim arid 166 rim. We first duplicated the experiments on pure xenon

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

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

sible autcionizing resonances22. At a high pressure (1000 torr) of pure

xenon, the Xe+ ions produced recombine to form Xe~ exciners with esseri-

tia].ly 100% efficiency10. We, therefore, monitored the Xe~ fluorescence

-

~ 

j continuum at ~ 172 rim 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 rim arid 248 rim emissions

upon the addition of xenon. For a fixed concentration of CO (2 torr), the

ratio of 1.66 run to 248 run emission increased mortotonically 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 Xe~ , formed by rocorn—

_ _ _  
~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~
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bination of Xe ions , cannot be responsible for this effect. The emiss~.ons

follow the laser pulse in time (% 10 risec), and at the pressures involved

here (S 10 torr). recembination will be quite slow
18 (tens of microseconds)

by comparison. Thus, the collisional process

C(31P ) + e -
~~ C(3

3
?°) + e Cl)

has been observed. With further refinements, including 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 Swat bands was

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

— 

- 
at pressures of about 10 torr and above . The observed spectrum showed the

selective excitation of v’ 6 , the characteristic signature of ~~e “high-pres-

sure” bands23 . A sample spectrum of this emission from 12C160 is presented

in Fig. 4. Shown there is the v’—v”al progression at about 470 run. The domi-

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

band observed upon irradiation of 13C1°O. This spectrum is quite clearly

‘3shifted with respect to the ~ C2 spectrum and matches the known spectru.it of

13* *

C2
. The laser excitation spectrum of the C

2 
emissions was measured in an

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

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

width from “. 476 rim to ‘~. 466 rim. The results are shown in ?ig. 5 for both
12 16 1.3 16
C 0 and C 0 w~.th the laser output energy curve also shown. Althougn
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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 C2 emission in-

tensity shows an isotopic behavior which is qualitatively consistent with

the results on the atomic carbon yield.

DISCUSSION

The carbon monoxide uto1~~ule has been extensively investigated -both

theoretically and experimentally. The data available prior to 1966 is

reviewed in the exhaustive compilation of ICrupenie9. New data were pub-

1.ished in 1912 by Tilford and Siamtons
24. Spectroscopic data on the states

of 12C160 and its isotopic variants in the range of 10 eV and above , how-

• ever, is not abundant. Ref. 9 includes data on several very high lying

Rydberg series in 12C160. Data for the A ~ ~ X
1t~ , and 31:

4

transitions in 
13
C~~O are included in Refs. 9 and 24. Kapa et al.25.

— 

report studies of the E ~ A
1
~T system in 

12
C
160, 

13
C
1
~0, and 

12c18o.

L Dentin et al.26 have observed the A1~ -~ x transition in 4C160. Til-

ford arid Variderslice
27 observed (in 12C160) the B ~ x 1Z~ arid C

f x transitions under high resolution arid discovered the ~ ~ x

28
- 

- transition. Brunt et a].., observed a number of metastable arid ultra-

violet emitting levels in this region by electron impact excitation.

Progress toward a theoretical understanding of the high lying states ~ri

CO has been made with the calculations of Lafebvre-Briori et al.,~~~ whose

Simp le configuration interaction wavo functions were quite successful ~.n

predicting the positions of several Rydberg levels arid resolving pre-

vailing ambiguities regarding state assignments. More recently , O’Neill

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ • ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ..
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arid Schaefer1.4 have performed a comprehensive calculation of the potential

functions for all. 72 valence states which dissociate to a 3~ , ~D, 
1.
S or

3 1 1• carbon atom plus a P , D or S oxygen atom.

The available spec-troscopic data clearly indicate that at an energy of

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

-

• 
Rydberg13 character. Although detailed information regarding vibrational

frequencies. perturbations. and predissociatiort 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 prev~.ous

section.

The coincidence of the 193 run laser ArF* laser wavelength with the
1 1 . .C( 2 0) -

~~ C(3 P.) atomic absorption is, of course, crucial to the detection

1
of C(2 0) excited carbon atoms. This same absorption has been exploited

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

quenching data on C(210) with a variety of collisional partners17 . The

• penalty for this coincidence is that , with the given laser bandwidth of

~. 0.1 rim , the C (2 1D) -
~~ 

C( 3 1P°) resonance confuses and obscures any possible

resonance in the two—photon photolytic process. Yet, we ob~erve a strong

isotopic selectivity at the peak of this excitaticr. 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 overal . two-photon

- - transition frequency .

We believe that this isotope effect is to be explained in terms of the

- 
• two—photon coupling parameter~

0,

2 )~a a 2 ) M f ~2 g(~ ) ( 2)
hc g
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<f It.~ k’<k I~~.~r ~g>Mf a 2  O~ O~ (3)g k !kg~~~
lW

In these expressions v is the optical frequency, ~ denotes the polariza— L

tion of the optical wave , represents the electric dipole operator,

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

Referring to Fig. I. , we see that one A F* laser photon is very close

in energy to the a3n ,v.’2~state , which is certainly the dominant inter-

mediate state, assuming that our final state is spin triplet. This is

a reasonable assumption since a 10 carbon atom plus a 3~ oxygen atom

correlate only to triplet molecular states14’29. We kriow of no measure-

ments of the isotopic shifts for the CO (~ - x 1t~~ tran5jtion (Cameron

bands); these may be simply estimated28 by

(u ’ (v ’+1i) — w”(v’~+½)1 C~ — 1) —
• 

~e
’
~e

’ (v’+½)2 — ~~x (v ”+½) 2 3 (~ 2 1) (4)

i iwhere o u/u ,and u and u are the reduced masses for normal arid isotopi-

cally substituted CO. respectively. For 13C160, a red shift of 68.9 cm

is predicted for the a3n—X 1Z~ (2 ,0) transition. The observed isotope

effect is easily accounted for by this variation of the intermediate state

detuning in the two-photon matrix element.

This leaves open the important question of the nature of the state

at 12.8 eV in CO leading to the dissociation of the molecule. 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. ~uite simply , for the former 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. rim.

An alternative diagnostic for the presence of carbon atoms is the

*
• C2 Swan band emission. The C2 

radical is formed from free carbon atom

association in the presence of CO either directly by three—body collisions
30

1.

c + c 4 M c;~~~M . (5)

31or, by the mechanism

C + C O + M - b - CCO+M (6)

c + c c o+ c + c o  - 
.

Note that in either case, one C2 molecule is formed front 
two free carbon

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

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

~ I 
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 rim and enhanced efficiency for for-

mation of C .  On the other hand , a careful examination of these spectra

• reveals a small, but nonetheless, definite shift between the two, which is

just at the resolution limit of our system. This f a ct 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 yield carbon and oxygen

_ _ _

-
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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 scneme involving ul-

traviolet photopredissociation of H2CO has been used
32 to produce CO en-

riched in 12C, and a method for enrichment of 13C in CO photochernistry has

been studied by Liuti et al.33. ~n the latter work , an atomic iodine~ lamp ,

emitting at 206.2 nn~ was used to preferentially excite the (0,0) transition

in the 13C160 Cameron band system. Subsequent chemical reactions of the

excited molecules led to isotopically enriched C
3
02 product. Due to

limited lamp intensity, coupled with the low absorption coefficient, the

absolute yield of enriched 13C was small. In 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

4 
emissions observed indicate a high yield of carbon atoms . Under the present

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

the production of C2, since, as discussed above, C2 is formed from two free

carbon atoms . The C
2 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

j  the cell walls.

4-
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SUMMARY AND CONCLUSIONS

The production of C(21D) atoms by direct two-photon photolysis of CO

at “~ 193 rim has been observed. The C(21D) atoms absorb a third photon at

193.1 rim to C (31’P’) and subsequently radiate to C (2~’S) at 248 rim. The

yield of C(21’D) from 1’3C1’60 and 12C180 is found to be a factor of 6 greater

than that from 1’2C160. Emission in the C2 “high pressure” bands is observed
,

arising from recombiztation of the free carbon atoms, and a similar isotope

eff ect 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

• I dominant intermediate state resonance . The application of this process for

the practical separation of carbon isotopes appears possible .
I

Preliminary results have been obtained using a new method for studying

• collisional processes involving free electrons. Small, quantities of a

suitable donor species, in this case xenon atoms, are photoionized by the

intense excitation laser to produce the free electrons. Collioional energy

transfer from C( 3 1’?°) to C(3 3P°) has been observed in this way.

The results obtained in these experiments clearly demonstrate the

enormous potential, of the tunable excimer laser for spectroscopic and

photochemical investigations. Further improvement of this technology will

clearly bring about the possibility of detailed investigations of molecular

dynamics involving highly excited electronic states , includi ng such impor-

tant subjects as sub-Doppler spectroscopy, both neavy body and charged

particle collisional processes , photochemical reaction kinetics, ~nd iso-

tope separation.
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FIGURE S

1. Partial ener gy level diagra m of CO showing the three lowest separated-

atom asymptotes, and the 193 rim two-photon excitation energy . The

inset shows tne atomic carbon energy levels ar.d radiative transitions

discussed in the text. Each level in the inset is labeled with its

energy (in cm 1) above the C(23?) ground state.

2. Laser excitation spectrum of 248 rim atomic carbon emission resulting

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

for 10 torn of ~
‘3C~

6O. The triangles are the data for 10 torn of

-

• 

12
C
160. The solid Line is the Laser output energy tuning curve.

3. Dependence of 246 rim atomic carbon emission on CO pressure. The tn-

angles are the data for l3~1.6~ me squares are the data for 12C160.

The ratio of the slopes of the two straight lines is 6.2 + 0.5.
a
/ 4. C2 Swan band emission spectra arising from two-photon CO photolysis.

The upper spectrum (a) was obtained with 10 torn of 12C~~O and corresponds

to 
12C .  The lower spectrum (b) was obtained with 10 torn of 13C160

1.3*and corresponds to C
2
.

5. Laser excitation spectrum of 470 rim C2 Swan band emission. Each data

point represents the spectrally integrated emission over the entire

band shown in Fig. 4. The squares are the data for 10 torr of l3~lo~

The triangles are the data for 10 torn of 12
C
16
0. The solid curve is

the laser output energy tuning curve.

6. Schematic of alternative dissociation dynamics for two-:hoton excited

CO. Case (a ) represents excitation directly into a dissociative con-

tinuum correlated with C(1D) - + O(3P). Case (b) represents excitation

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
__a_. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -~~ ~- -  - - --



- - -

1.1.5

to a discrete vibron ic state of Rydberg character , which is pra -

1 dissociated.

1-
/

I

/
t



116

— — 3P+ID

100,000 1D+3P

k~~~ .E1T1 
_ _3P+3P

1~
c ‘~~B

1
~~~~ - c+o

.~~~~~~~5/ ,/ 
_ _  

_ _

~ 

11982 

1 

m m247.8nm

• 
~~~ 50,000 

~~~~ 
j

~ 
193.lnm

~~3Tr/ 21S— 21648

0 I 10194
2D

~ 

‘
, 

193nm j 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

/ 
PARTIAL ENERGY LEVEL DIAGRAM

FOR ATOMIC CARBON

- 5 
X~~~

0
I 1

0.8 1.3 1.8 2.3 2.8
INTERNUCLEAR DISTANCE (~~~

) 
Fig. 1

-

- 

II_  
_j

- ~ - ~- ---•~- -~.-—-— ~~- - .-—-- —•- —  — — -• ~~- 
-.—

~~~

—- --

~

--

~~: ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 
- - —‘—‘ _____ iI -~

---
~~~

-.-- .-• - -

~~~



117

- 

248 NM EMISSION INTENSITY
(ARBITRARY UNITS)

(0
S I I I

0)

CO

r a

a
< M

D

I- 
-‘
(0Z (3 . D D

~~

_ CO

(0

“S

Co

UI’ 4

LASER ENERGY (mJ)

Fig. 2
-~~~ I

~~~ 

- 

~~~~~~~~~~~~~~~ •

_  -



- • -• 

• 

. 
• 118

_ c I
~,1

S

H

-C)

I

— (.0 ~~~~

C, ,

U)

LU

a.

0

(I..)

(s.uNn A~~~~JY ~~~~I1i~~~~~~~~~~~~~~Y)
NOISSIV~3 WU ~~~~~~~~

Fig. 3

— -_ _ _ _ _ _  — 
-- —

L ~~~-~•-.~~~~ — 
-~~_ ___ t~~~~~~~-- - - 

~~-•~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
_ . A  ~~~~~~~~~~~ S~ .~~~~~~~~~~~



_ _  • - -.••-—
.
•
.—w-

119

12 16 (6,5)
(a) C 0 photo lysis

Z~~ 
,~~13 16

w i... ~b) C 0 photo lys is
H

U)

(4,3)

(1,0). (2,1) 
(3,2) \

I I I I I

478 476 474 472 470 468 466

WAVELENGTH (nm)

Fig . 4

_ _  

_ _ _  

_____________  —

~~~~~~~~~~~~~~~~ • - - • -___ - - . ~- ~~~~•~~~ • -•- ~~~~~~~~~~~~~~~~~~~~~~~~ 



~
—

~
.- -—

~
—•—•—-——- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

- ~~~~~~~~~~~~~~~~~~~~~~~~

120

- (rw) A~~ 3N3 ~~SY1
It) C It) 0c~i ~~- p q

0)
1~~

0)

0) cJr
I DI =

• II N 4 C ) C~—

—IV a 4• V
I

V

a I
q ~~~~~

~~‘1I~ c•) C1)

I

(SJ.INn A~v~J.I8dv)
AILISN3.LN1 NOISS1V~NYMS u N  0L~- O3±V~JO~~ULNI

Fi~~. 5

L ~ 1~~ - 
. 

• • .



. 

121

C.,
LU 0

+I-Cl)

A8ieu3 I8RUQ Od

- I  C., •

+

C.) —

I I’

I •

2 C ~
I

I

ceJ.u3 IVUUØ Od

Fig. 6

_ _  _ 
_ 

_ _  

I

— — ~~~~~~~ —~~~~~— —



_ -~~
_

• APPENDIX E

I

_ _ _ _ _ _ _ _  

____________

_
_ _  

•1~-
~~~~ *j~~

_ _
~

•_ •
~~~

•
~~~~~~~~~~~~~~ •

____ 
—-  -- 

-- 
— -~~~~~~~~• --- - ~~-• - -- - -—* ---~~~~~

- • -
~~~~~~

•

~~~~~
-
•

- -• •

• - - - ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~



• ESTDIATE OF FOUR QUANTUM EXCITATION OF

RUBIDIUM COPE EXCITED STATES AT 248 ~(

First ionization limit in Rb of core excited states: 19.854 •V a 160

132 cm 1 a 4 hv~ •249~~
. If we assume n—3D at 248 rim we estimate the

single photon ionization cross section and the two photon ionization

cross section ~
(2) as

l&
20 cm2 and

~ 5x10
52 cm4 Sec • I (photons cm 2 sec~~)

The production rate by four quantum excitation can be written as

— dW~
4
~ 4t 

____ 
1 2 4

~46 
~~~~~ M~g • 

I (E—1)

/dt 
• (E—2 )

Mfg 
~~~~~~~~~~~~~~~~~~

. ;~~: 
(E-3)

Mfg (4)4 <4p55snflR~4p55snd> 
<4p55sndIRI4p

6
nd’

.<4p6ndI R~ 4p°rip> <4p6npj R! 4p
65s>

(E—4)

with

S 7000

47000 cm 1

AE
3 

6000 cm 1

_ _ _ _ _ _ _  
- - _ _ _ _ _ _
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Therefore ,

Mfg (
~)4 (4 n /2.~ ao)eo

_9

3) (!~~ ;: aø) (~:;~~3)~~~
giving a value of

3.16~1O~~~ n
5’
~
2 cm4.

24 (1,137)4 1 —91 4 5
dt 3 ~~ A A  1,~~~~~ — (1.OOx1O ) In —

(2ir) (1.055x10 )~ x(3x1O~~ )~ 
‘i”

28
— 3.04x.tO .

-
- 

• 

At saturation : 
_____• t — 1

T a 10 8 sac , hence :

tsat ~ 10
8 

(3.04 0
_28

n5)

¼

With Ava0 .O1
n 3 0

tsat 3.4x106 V/ca2

(4) dW~~ /dt 108 —17 2esat i — a (1.66±0.11) 10 cm
sat’ (4.8±O.3)x1O~/7.96xl0

Thus,

~ 1.7x1O~~~
7 cm2

for cone excitation with I ~ 4x10
6 V/cm2 at 248 rim.
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