
AD-Aj75 458 TUNABLE MOLECULAR LSSERS(U) ILLINOIS UNIV AT URBANA 1/
DEPT OF ELECTRICAL AND COMPUTER ENGINEERING

EDEN ET AL SEP 86 UILU-ENG-86-2556 RRO-28882 7-PH
UNCLASSIFIED DAAG29-8-K- 8i8 F/G 28/5 LIIBIBBBBBBBGB

MEEEEEEEhh
E|hhlhEEEEEEEE
mE......ggg



. : ..

Ll9-.

M.9

11111112.0

111111.25 i'

rqOCOPY RESOLUTION TEST CHART



,& .2o 0 . -7

TUNABLE MOLECULAR LASERS

0LL
Ln FINAL REPORT

I J. G. EDEN

SEPTEMBER 1986

Dr. B. D. Guenther
* "Physics Division

U. S. Army Research Office
P. 0. Box 12211

Research Triangle Park, NC 27709-2211

Contract No. DAAG 29-83-K-0108

Department of Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

1406 W. Green St.
Urbana, IL 61801

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.

SDTIfC
"J ELECTE

cw,~ S DEC 2 91986

L'6 12 29 13 3A
I.



UILU-EIIG-36-2556

TUNABLE MOLECULAR LASERS

FINAL REPORT

J. G. EDEN

SEPTEMBER 1986

Dr. B. D. Guenther
Physics Division

U. S. Army Research Office

P. 0. Box 12211
Research Triangle Park, NC 27709-2211

Contract No. DAAG 29-83-K-0108

Department of Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

1406 W. Green St.
Urbana, IL 61801

iAc .35 lon For

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION NITE.fSGAj
UNLIITE 1 DTIC TAB

Just ifir~ation

By-
Distribution/
Avalkability Codes

jAvail flnd/or
Dist Spoinl1



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS P2AGE (11ie Dat& Entered) A cz A 175~/ c

REPORT DOCUMENTATION PAGE BFRE INOTRUTINSOR

1. REPORT NUMBER Z.GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER

AC. ~o~~.'?-fiN/A N/AI
4. TITLE (and Subtitle) S. TYPE OF REPORT & PERIOD COVER Ff

8-1-83 - 7-31-86
TUNABLE MOLECULAR LASERS FINAL REPORT

6. PERFORMING WAG. REPORT NUMBER

_______________________________________ UILU-ENG-86-2556
7. AUTHOR(s, 8. CONTRACT OR GRANT NUMBERls

J. G. EDEN DAAG 29-83-K-0108

9 PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK(

Department of Elec. and Computer Engg. AREA & WORK UNIT NUMBERS

Univ. of Illinois at Urbana-Champaign N/A
1406 W. Green St., Urbana, IL 61801

1 1 CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT GATE

U. S. Army Research Office September 1986
Post Office Box 12211 13. NUMBER OF PAGES

Research Triangle Park, NC 27709 61
I4 MONITORING AGENCY NAME & ADDRESS(lif different from Co~ntrolling Office) IS. SECURITY CLASS. (of this iiprt

UNCLASS IFIED
ISe. DECLASSIFICATION DOWNGRADING

SCHEDULE

16. DISTRIBUTION STATEMENT (of tI.% Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the e.%tract erntertd '. Block 20. if different from. Report)

NA

lB. SUPPLEMENTARY NOTES

The view, opinions, and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy, or decision, unless so
designated by other documentation.

19 K(EY WORDS (Contirnue on reverse side if necessary end Idenit by block number)

A.~laser; visible' tunable; mercury bromide; dye vapor,'optically pumped

Z ) STRACT (Continue on reverse side It necessary end identify by block num~ber)

-- Experiments are described in which the potential of dye vapors and HgBr
as tunable visible lasers has been investigated. As a result of th s thrle
year effort, several significant results have been obtained. The BiE -X E
bsorption band of HgBr at 350 nm has been obtained and a near-;UV, optically-
umped HgBr laser has been demonstrated. The 502 rn HgBr laser has also been
uccessfully flashlamp-pumped. Charge transfer absorption from HgBr(B2Z) at
A 447 nm has been observed and the upper state tentatively identified.

(over'
DD I JiAN7 1473 EDITION OF I NOV 65 IS OBSOLETE UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (W't*n Dare Fnlr.-d

I~~~ ro 111 r111Jl
L:1



V

TABLE OF CONTENTS

Page

I.* INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . .... 2

Ho. DYE VAPOR EXPERIMENTS: POPOP AND CO(JMARIN 6 o . . . 3

III. HgBr ABSORPTION STUDIES . o o . . . . . . . . . . * 4

IV. OPTICALLY PUMPED HgBr LASER . .. . ... . ... .. . .. .. 10

V.* SUMMARY . . . . . . . . . . . . . . * * . * * . . . . . 12

VI. APPENDIX: Copies of ARO-Supported Publications * . . . . . . . . 13

Each publication in Appendix has its own pagination.

III,,~ ~ ~ ~ IVII* II " I



FINAL REPORT

1. ARO PROPOSAL NUMBER: P-20002-PH

2. PERIOD COVERED BY REPORT: August 1, 1983 through July 31, 1986

3. TITLE OF PROPOSAL: Tunable Molecular Lasers

4. CONTRACT OR GRANT NUMBER: DAAG 29-83-K-0108

5. NAME OF INSTITUTION: University of Illinois

6. AUTHORS OF REPORT: J. G. Eden

7. LIST OF MANUSCRIPTS SUBMITTED OR PUBLISHED UNDER ARO SPONSORSHIP

DURING THIS CONTRACT, INCLUDING JOURNAL REFERENCES:

D. P. Greene and J. G. Eden, "Injection locking and saturation inten-
sity of a cadmium iodide laser," Opt. Lett. 10, pp. 59-61 (1985).
D. P. Greene and J. G. Eden, "Origin of the 454 nm bound + free
absorption band of cadmium monoiodide (114 Cdl)," J. Chem. Phys. 82,
pp. 702-708 (1985).
J. G. Eden (Book Review), J. Opt. Soc. Am. B 2, p. 390 (1985).
D. P. Greene and J. G. Eden, "Transient absorption in a cadmium
monoiodide laser discharge," Opt. Comm. 53, pp. 263-268 (1985).
D. P. Greene, K. P. Killeen and J. G. Ed-en, "X2 E + B2E absorption
band of HgBr: Optically-pumped 502 nm laser," Appl. Phys. Lett. 48,
pp. 1175-1177 (1986).
J. G. Eden and K. P. Killeen, "12 amplifier in the green," Proc. SPIE
476, pp. 34, 35 (1984).
K. P. Killeen and J. G. Eden, "Coupling of the green (506 nm) and
ultraviolet (342 nm) emission bands of 12," J. Opt. Soc. Am. B 2,

pp. 430-432 (1985).
D. P. Greene, K. P. Killeen and J. G. Eden, "Excitation of the

1HgBr B2Z/ X2E/ 2 band in the ultraviolet," J. Opt. Soc. Am. B (to
be published).

8. SCIENTIFIC PERSONNEL SUPPORTED BY THIS PROJECT AND DEGREES AWARDED
DURING THIS REPORTING PERIOD:

J. G. Eden, K. P. Killeen, D. P. Greene, R. W. Herrick

Degrees Awarded: D. P. Greene, Ph.D. in Electrical Engineering

January, 1985.
K. P. Killeen, Ph.D. in Electrical Engineering

October, 1985.
R. W. Herrick, M.S. in Electrical Engineering

October, 1986.

J. G. Eden

Department of Electrical and Computer Engineering
University of Illinois

Urbana, IL 61801

-w~ ~ ~~~~~1 W16~ 2 A'J *:,q.rjW.-J~
dMp 'p '



2

1. INTRODUCTION

Over the last three years, the Army Research Office supported experimental

work in laser physics here at the University of Illinois. The goal of this

research program was two-fold: 1) to develop new sources of tunable coherent

radiation in the visible and ultraviolet and 2) to better understand the fun-

damental processes occuring in existing sources and particularly those that show

promise for improvement in efficiency and output power.

This work proved to be very fruitful in both areas. Specifically, the

following accomplishments were realized during the contract period:

1) Stable, streamer-free discharges were obtained in coumarin 6 and POPOP

vapors - glows were sustained at PRF's of 1-5 Hz for several hours with

no noticeable deterioration in fluorescence intensity from the active

region.

2) Excited state absorption of the cadmium monoiodide (Cdl) and mercury-

bromide (HgBr) molecules was observed and spectroscopically assigned for

the first time.

3) The X + B absorption band of HgBr was observed.

4) An HgBr laser at 502 nm, optically pumped at 351 nm (XeF) or 355 nm

(3 X Nd:YAG), was demonstrated.

5) A flashlamp-pumped HgBr laser was demonstrated.

Each of these results will be described briefly in the following sections.

S:
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II. DYE VAPOR EXPERIMENTS: POPOP AND COUMARIN 6

One of the goals of this research program was to investigate the excitation

of dye vapors in a UV-preionized, transverse discharge device. After con-

siderable effort and several iterations, the necessary discharge cell was suc-

cessfully built and demonstrated. This device has an active length of 50 cm, an

equivalent series inductance of -85 nH and is capable of sustained operation at

450* C. For a buffer gas pressure of - I atm, the cell routinely produces a

-3
specific power loading of the active medium of 2 - 5 MW-cm .

In experiments with the dye vapors it was found that stable and intense

discharges in POPOP and coumarin 6 vapor could be obtained. For coumarin 6, for

example, the fluorescence risetime was < 20 ns. Two interesting and encouraging

results of this work were that the discharges were completely streamer-free and,

secondly, that dye fragmentation was not as serious a problem as anticipated.

At a discharge PRF of I - 5 Hz, the dye fluorescence did not noticeably

deteriorate, even after hours of operation.

Preliminary gain/absorption experiments on coumarin 6 vapor with an Ar
+

laser probe revealed only net absorption. It should be noted, however, that the

only wavelengths available from the Ar+ laser lie to the blue of where one would

expect significant gain (x - 540 nm). These experiments are continuing with a

widely tunable probe.

%4
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III. HgBr ABSORPTION STUDIES

A broad-band absorption probe technique developed in this laboratory has

4 been applied to examining the structure of the HgBr molecule, and particularly

as it bears on obtaining an efficient, tunable visible laser. Figure 1 shows

the gain/absorption spectrum of the HgBr molecule as obtained in a discharge in

Ne, N2 and HgBr2 vapor. A highly structured absorption band, which peaks at

X - 447 nm, is clearly observed in the blue. As will be shown later, this band

is the analog of the Cdl charge transfer band previously observed in the

visible.

The absorption spectra for 427 X i . 457 nm and for time delays of 0 and

450 ns (after firing the HgBr discharge) are compared in Fig. 2. The spectral

region for this figure is the same as that of the boxed portion of Fig. 1. The

data are consistent with a relatively rapid depopulation of the B state, in part

due to the large B + X transition probability. These data suggest that the peak

at 447 nm is due to absorption from the HgBr B state, terminating on a previously

unobserved and, as of yet, unidentified upper level. An aside that is important

insofar as tunable lasers are concerned is that, at the same time these measure-

ments were made, we discovered that the HgBr B + X band exhibits gain as far to

the blue as 469 nm! Therefore, this oscillator is potentially tunable over as

much as - 30 nm.

The identity of the HgBr blue band was also confirmed by exciting the active

medium with a dye laser pulse of wavelength 444. X i5 454 nm while at the same

time monitoring the gain at 502 nm (peak of B + X band). As shown by Figure 3,

when the wavelength of the first dye laser pulse coincided with one of the

447 nm band absorption peaks of Figure 2, a strong suppression in the 502 nm

gain waveform was observed. At other wavelengths (between the absorption peaks

or outside the band), little or no effect on the 502 nm gain was detectable. Of

P. .... - .I
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Figure 1. Absorption spectrum of HgBr.
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Figure 3. (Top) Gain at 502 nm in HgBr laser discharge; (Bottom) Suppression of
gain when laser plasma is irradiated at 446.98 nm. Peak suppression
is 70% and the dye laser pulse was timed to arrive at the point of
peak gain. Time base: 50 ns/div.
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course, the strongest suppression was observed when X = 446.98 nm and the gain

suppression at other absorption peaks is proportional to the absorption

strength. The variation of B + X gain suppression with probing wavelength is

illustrated in Fig. 4.

By varying the laser fluence at X - 447 nm and measuring the transmitted

blue intensity, the "saturation intensity" of the HgBr excited state absorption

band was measured to be 710 kW - cm 2. Similarly, the absorption cross-section

-17 2
at 446.98 nm is 3.10 cm . Finally, it should be mentioned that the structure

of the band shown in Figure 2 is consistent with an HgBr absorption band orig-

inating from the B state - the energy spacing between alternate peaks in the

blue absorption band is close to the known we for B 2(- 139 cm-1).

In summary, excited state absorption in Cdl and HgBr has been observed for

the first time though the existence of such bands had been predicted theoreti-

cally for at least a decade. Details of our experimental results can be found

in the attached reprint which was published in the Journal of Chemical Physics.
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Figure 4. Results of gain suppression measurements (triangles) in comparison to
the absorption spectrum.
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IV. OPTICALLY PUMPED HgBr LASER

During this contract period, we uncovered a simple and efficient way to

pump the HgBr laser - a method which we believe is amenable to CW operation.

In the course of examining the transient absorption spectrum for the HgBr

discharge laser, we unexpectedly observed the HgBr X + B absorption band.

Figure 5 shows the X + B absorption spectrum of HgBr that was measured with a

pulsed lamp and OMA in the afterglow of a discharge pumped HgBr laser based on

dissociation of HgBr 2.

Because of the relatively low photon energies required to access the B2 r

state from ground (- 3.5 eV), one can quickly envision an optically-pumped HgBr

laser having a high quantum efficiency (2.5 eV/3.5 eV - 71%). Preliminary

experiments to explore this possibility have been conducted. An - 8 ns pulse

from a frequency tripled, Q-switched Nd:YAG (X - 355 nm) or XeF laser was

directed along the axis of a discharge-pumped HgBr laser (active length of 50 cm;

He/N 2 /HgBr2 gas mixture). Fired by itself, the discharge produces an - 40 ns

FWHM HgBr laser pulse. Once the 355 nm laser pulse arrives, a second HgBr pulse

is generated having a width of - 10 ns. The efficiency for converting XeF

radiation (X - 351 nm) into blue-green output is 23% which corresponds to a

photon conversion efficiency of approximately 1/3. These data are extremely

reproducible.

The obvious match between the peak in the X + B absorption spectrum of

Figure 5 and the spectral output of a xenon flashlamp prompted us to explore the

possibility of a pulsed, coaxial flashlamp-pumped HgBr laser. Several milli-

grams of natural abundance HgBr2 and 760 Torr of argon buffer gas were contained

in a quartz cell having Surpasil quartz Brewster windows. Lasing was obtained

with a high-Q cavity (1% output coupling) - larger couplings have not yet been

tried. A pulse of - 280 ns FWHM is produced.

i fo . f ..-..- ..- ., ..- .- ..- - , t-- .... -... . .- - . . .*., .'-, - • .. -, * . % % - . . .*-, . .

ft ft. . . . ~ ft .
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V. SUMMARY

Several significant accomplishments have been realized during the life of

this contract. The HgBr experiments show that this molecule is particularly

promising as an efficient source of tunable, CW visible radiation.

The Appendix contains copies of all of the papers published (or to be

published) with ARO support.
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) 12 amplifier in the green

J. G. Eden and K. P. Killeen

University of Illinois
1406 W. Green Street, Urbana, Illinois 61801

Abstract

The collisional coupling between the green (A - 505 nm) and UV (342 nm) bands of 12 has
been examined in electron beam-pumped mixtures of Ar and hydrogen iodide (HI). The strong
interaction between the two is evidenced by the large suppression (0 40%) of the 342 nm
D' + A' fluorescence that is observed when a green dye laser pulse ( ~ 503 nm) of
I > 4 MW - cm - 2 is injected into the medium.

Recently, gain on the green (505 nm) excimer Pand of r2 in electron beam-pumped mixtures
of Ar (or Ne) and hydrogen iodide was reported. At the time, it was noted that peak gain

coefficients of ~ 1.2 % - cm -1 were observed at
A- 506 nm despite the fact that the ultraviolet
band at 342 nm was superfluorescing. Secondly,

1.6 i I I preliminary experimental observations suggested
that the two bands were collisionally coupled
(indeed, earlier workers suggested that the two

1.4 bands shared a common upper state). If the two
4•.12 bands strongly interact with one another, then,

12"  =506nm of course, the gain on the green band could be
12 5930TorrAr considerably enhanced by suppressing entirely

0.3% HI the UV emission.

1.0 Interest in the green band of 12 stems from
the large spectral breadth ovur which an
oscillator could potentially be tuned (full

S0.8 width of band - 15 nm), as well as the position
of the band in the visible. Few excimer lasers
exist outside the ultraviolet with the C + A

. 0.6 band of XeF, Xe2Ct and Kr2F being obvious

- exceptions.
C

0 The purpose of the work briefly described
here was to investigate the degree of com-

02 petition between the 12 green and UV bands. The
experimental apparatus is quite similar to that
described in Reference I. A cylindrical

0 electron beam diode of 20 cm gain length was
0 5 10 15 20 25 30 used to excite the mixtures of argon and hydro-

gen iodide. The only addition is an excimer
ntracvitUV(342nm lntensit(MW-cm') laser-pumped dye laser which was used, in one

set of experiments, to saturate the green
transition.

Figure 1. variation of the green A simple way to examine the coupling between
band gain coefficient with the ultra- the upper energy levels for the green and UV
violet intensity in the optical cavity, bands of 12 is to artificially increase the UV
Note the steep slope of the curve at flux in the medium by installing an optical

M the lowest UV intensity studied cavity around the e-beam cell. By varying the
(1.8 MW - cm-2), reflectivities of the mirrors involved, the Q of

the cavity and, hence, the magnitude of the cir-
culating ultraviolet intensity could also

be changed. As illustrated in Figure 1, increasing the 342 nm intensity induces a dramatic
drop in the gain coefficient measured at 506 nm with a pulsed dye laser (CMX-4).
Amplification in the green has vanished for 1342 nm - 30 MW - cm-2 . Note also the steep
slope of the smooth curve drawn through the data at the lowest UV intensity examined (1.8 MW
- cm- 2 ). This also strongly suggests that the small signal gain coefficient for the green
band is considerably larger than the values measured to date.

34 / SPIE Vol 476 Excimer Lasers. rheir Applications, and New Frontiers in Lasers 0 984)
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490 nm

N' 503 nm

E 4 -

3
0 4 8 12

Dye Laser Inltensity (MW-CM- 2)

Figure 2. Dependence of the peak U3V intensity on the intensi. of a dye laser pulse
injected along the axis of the c-beam diode.

* -*In a second set of experiments, a green dye laser pulse was injected into the laiii nediam
at the peak of the green gain pulse. The effect of this injected radiation on tthe JV
emission i3 shown inl Figure 2. Again, the result is obvious as the Wv intensif lr)Ps uy
almost a factor of two (from its rgreen - 0 value) for an injected beam tntensity ;' 0 .
of - 5 MW - cm-2 . If, on the other hand, one tunes the dye laser to a poi, is- )ut*-Je

* the 12 excimer band (i.e., 490 nm), sucb a dramatic effect is not :ibservedi.

In summary, strong suppression of either the 12 D' - A' JV or green e,~r ands 's
*observed as the intensity is increased on the other transition. Thie . ) -slo

required to observe this effect indicate that the degree of collisiona. :n.;:'e ~
two upper states involved is high.
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Coupling of the green (506-nm) and ultraviolet (342-nm)
emission bands of 12

L P. Klleen and 1. G. Eden

University of Illinois. Urbana. Illinois 61801

Received July 31. 1984: accepted October 19. 1984

Collisional coupling between the electronic excited states of I that are responsible for the green and ultraviolet (D'
- A') bands of the molecule (centered at 506 and 342 nm, respectively) has been studied in electron-beam-pumped
mixtures of argon and hydrogen iodide (HI). The dependence of the temporal decay of the green and UV fluores-
cence waveforms on the buffer-gas pressure demonstrates that the two bands do not originate from a common
upper state. The interdependence of the two bands, however, is clear from the disappearance of gain at 506 nm,
when an optical cavity having a high Q at 342 nm is installed around the excited medium (Iuv - 30 MW cm-2).

. I Also, the peak intensity of the UV band is suppressed by more than 40% when a green dye-laser pulse (X - 503 nm,
12: 5 MW CM- 2) is directed along the ais of the active medium.

Gain has recently been observed' in molecular iodine (12) Representative temporal waveforms for the 12 UV and green
over a --13-nm spectral region in the green, when mixtures of bands are given in Fig. 1. For a gas mixture of 0.3% HI in
Ar and HI are pumped by a relativistic electron beam (e 5930-Torr Ar, the D' - A' band is superfluorescing, which
beam). Although this particular band had been observed in gives rise to the narrow emission pulse. Attenuation of the
prior experiments, 2- ' the use of 12 itself as the iodine donor UV signal by over 6 orders of magnitude was required to keep

in virtually all the early research precluded the realization of the two signal magnitudes comparable. Note that the peak
gain in the visible because of strong absorption by the homo- UV intensity of -2 MW cm- 2 coincides with a noticeable
nuclear molecule. HI avoids that obstacle, and the observa- decline in the green-band fluorescence. This phenomenon
tion of gain prompted a reexamination of the electronic states was extremely reproducible and is the first (indirect) indica-
involved. In a previous paper,' it was reported that the gain tion that the two bands are coupled.
coefficient at 506 nm was 1.2% cm- t despite the fact that the An examination of the amplitude and temporal half-width
D' - A' band was superfluorescing. Also, preliminary ex- (HWHM) of the green and UV 12 waveforms (Figs. 2 and 3,
perimental observations indicated that the two bands were respectively) shows that not only are the transition proba-
collisionally coupled (indeed, earlier workers had suggested bilities for the two bands completely different but their tern-
that the two bands shared a common upper state). The re- poral histories are dissimilar even at the highest buffer-gas
suits of an investigation into the degree of coupling between pressures studied (-6000 Tort). In the low-pressure limit,
the UV (342-nm) and green (506-nm) bands of 12 are described the half-widths converge since collisional relaxation of the
in this paper. higher-lying ion pair states is the rate limiting process.

For the initial experiments, the apparatus was identical to However, as the Ar buffer-gas pressure is increased (HI con-
that described previously,' except that a Tektronix 7912 AD centration held constant), the fluorescence half-widths for the
transient digitizer recorded the emission waveforms. Briefly, two emission pulses approach lower limits that differ by
a coaxial diode, 23 cm in length, -18 cm3 active volume, and roughly a factor of 2 and are related to the collisionaly
driven by a Febetron 706 generator (3-nsec, --600-kV pulses), quenched, effective lifetime for each upper electronic state.
provided the excitation for the gaseous medium. Research- The 5-nsec half-width of the 342-nm emission pulse for large
grade Ar and electronic-grade HI were used throughout, and partial pressures of Ar is not due to superfluorescence, as the
mixtures of the two gases were prepared in a steel cylinder, partial pressure of HI was intentionally reduced and held
Waveforms of the axial fluorescence were obtained with a constant at 1 Torr to avoid this possibility.
vacuum photodiode (S-20 photocathode), appropriate More direct evidence for the upper states of the two bands
bandpass (342-nm band: Xo - 350 nm, A?1 - 55 nm; 506-nm being distinct but closely coupled is obtained by artificially
band: ,o -s 500 nm. LA = 38 nm) and neutral-density filters, increasing the UV flux in the medium with an optical cavity.
and a Tektronix 7912 AD transient digitizer. For measure- Various intracavity intensities were obtained by using com-
ments of the gain coefficient on the green excimer band, the binations of uncoated quartz flats and dielectric coated mir-
beam from a flashlamp-pumped, tunable dye laser (Chromatix rors (2-m radius of curvature, R > 99% at 342 nm) to form the
CMX-4, linewidth -- 8 X 10-2 ni, pulse width - 0.8 Asec) was cavity. Thus either a flat or a mirror was placed at either end
directed along the axis of the coaxial diode, attenuated by of the cylindrical diode, and the cavity was aligned with the
neutral-density filters, and detected by the vacuum photo- dye-laser probe beam. By changing the cavity Q in this
diode. The arrival of the dye-laser pulse at the gas cell could manner, the intracavity UV intensity could be varied from 1.8
be continuously varied with respect to the initiation of the to -30 MW cm- 2. The effect of increasing the UV intensity
e-beam pulse by using digital-pulse and delay generators. on the gain coefficient of the green excimer band at 506 nm
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diagramed in Fig. 5, the converse effect is observed. In order
to saturate the green excimer band, several experiments were
conducted with a KrF-pumped dye laser having a linewidth
of 5 X 10-3 nm and a spectral range of 80 nm (470-550 ra) for

Green - Coumarin 500 dye. 5 The pulse energy (at 506 nm) was

100

1 Torr HIt_ -
Fig. 1. Waveforms for the green (X - 506 nm) and UV (342-nm)
bands of 12 that were recorded with a Tektronix 7104 oscilloscope and
a Hammamateu R1193U-03 photodiode. The temporal resolution 505-nm Band
is 2 nsec/division, and the 342-nm emission has been attenuated by M C C
6 orders of magnitude for the sake of comparison. The gas mixture 10
is 18-Torr HI/6000-Torr Ar. Note the depression of the green
emission at the peak of the UV intensity (-2 MW cm-2 ). E

I- ,342 nm

100 1 -
1 Torr HIO

10 0 2000 4000 6000
Argon Pressure (Torr)

Fig. 3. Ar pressure dependence of the temporal half-width of the
12 green- and UV-fluorescence waveforms. For all the data shown,
the HI partial pressure was fixed at I Torr. Limiting the HI con-

S 1 centration was necessary to prevent superfluorescence on the 12 D'
505-nm Band A' band at 342r.

. 1.6

1.4
0.1 0

X =506 nm
721.2 -5930 Torr Ar

0.3% HI

0.10 2000 4000 60 .

Argon Pressure (Torr)

Fig. 2. Relative peak-fluorescence intensity of the UV and green 0.8

bands of 12 as a function of the Ar-buffer pressure.

is shown m Fig. 4, where the solid line is simply a smooth curve 0.6
drawn through the data. In the absence of an optical cavity,
the peak gain coefficient is 1.4% cm - , but for 1342 n. (circu- 0
lating UV intensity) -30 MW cm- 2, amplification in the green -

has vanished. The steep slope of the curve at 1.8 MW cm - 2

supports earlier calculations,1 which indicate that the 506-nm 0.2
gain coefficient at this intensity is less than 20% of its small-
signal value. Although eliminating the UV radiation entirely
would be a preferable means of illustrating the deleterious 0 I I 1
effect of the D' - A' emission on the green band's gain, several 0 5 10 15 20 25 30
attempts to do this with intracavity absorbers (glass filters, Intracavity UV (342 nm) Intensity (MW cM- 2)
vapor additives to the gas mixture, etc.) were unsuccessful. Fig. 4. Variation of the gain coefficient at 506 nm. with the UV in-

When an intense, green dye-laser pulse is injected into the tensity circulating in the optical cavity. Note the steep slope of the
active medium (optical cavity removed) using the apparatus curve at the lowest UV intensity studied (1.8 MW cm- 2).
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nominally 10 mJ, and spatial filtering of the beam with irises 12 L
ensured reproducible results. In this experiment, the 20-nsec T
FWHM dye-laser pulse is timed to coincide with the peak in L
the UV emission. [ 490 nm

As shown in Fig. 6 for a dye-laser wavelength of 503 nm, a '0
pronounced effect is observed on the 342-nm intensity. For > 1
a green-laser-pulse intensity of-13 MW cm - 2, the peak UV
emission has fallen to -35% of its initial (Ikr..n - 0) value. 9
When the dye laser is tuned to a wavelength at the extremity .0

of the green gain band (490 nm-see Fig. 4 of Ref. 1) the effect, " 8

as expected, is considerably wpaker. The intensity at 490 rim a
that is required to suppress the integrated UV-band intensity c
by 25% is approximately three times greater than that nec- E 7

essary at 503 nm (-4 MW cm- 2). 503 nm
A rough estimate of the collisional rate constant necessary 6-

to explain these results can be found by letting aSE (the UV-
band stimulated-emission cross section) - 5 X 10- 16 cm2 and 5 -0
h =uv 5.8 X I0- 19 J. Therefore the stimulated-emission rate 0
at 342 nm is aSEIuv(h) - ' - 1.7 X 109 sec - ' for an intensity - 4 -
of 2 MW cm- 2 (no injected green-laser energy). Next,
quenching of the 12 D' state is ignored, and it is assumed that 3I I

, collisional transfer of excited 12 molecules to the upper state 0 4 8 12
* for the green band is the dominant nonradiative loss mecha-

nism for the D' level in the presence of the 503-nm optical Dye Laser Intensity (MW cm 2 )
field. Hence, defining k1 by the two-body reaction Fig. 6. Dependence of the peak UV-band intensity on the dye-laser

intensity injected into the medium. At 13 MW cm - 2 
and a probing

ki wavelength of 503 nm, the 342-nm intensity is depressed to 35% of its
12"(D') + Ar I2"" + Ar, (1) initial value (2MW cm-2). The -17% uncertainty in the UV inten-

,. sity for [G - 0 is indicated by the error bars on the vertical axis
where I, represents an excited molecule in the green band's
upper state, then k I[Ar - (0.8 - 1.0) X 109 sec-t or k1 -4 X poral dependence of their respective emission waveforms), but
10-12cm3 esec1. This value is an order of magnitude below the leeeinquestion probably lie within several KT of

gas kinetic and indicates that the intensities required to the leve i emqestion e ra -
suppessthe mision f ethe ban ar reaonale.one another. Temperature-dependent emission measure-suppress the emission of either band are reasonable. ments will be required to clarify the position of the two levels

In summary, the competition between the UV D' .a') further. The ability to deplete the D' population with a
and green exciner bands of 1.2 has been studied by examining strong opiical field at 506 nm suggests that an efficient, con-
the effect on each of the two transitions of increasing the in- tinuously tunable green-laser system utilizing 12 as the oscil -
tensity on the other The two bands clearly do not originate lator or amplifier is feasible.
from a common 1 electronic state (as indicated by the tem-
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X21-B21 absorption band of HgBr: Optically pumped 502-nm laser
0. P. Greene,al K. P. Killeen,'i and J. G. Eden
University of Illinois. Urbana Illinois 61801

(Received 17 October 1985; accepted for publication 10 March 1986)

The X "1 1 -7B 21,', absorption band of HgBr has been observed in the afterglow of a pulsed Ne-
N2.HgBr 2 discharge. Peaking in the ultraviolet (UV) near 350 nrm, this continuum degrades
slowly to the red and at 410 nm the absorption coefficient is 30% of its maximum value. Upon
exciting the X-B band with an XeF (351 nm) or frequency tripled Nd:YAG (355 nm) laser.
intense lasing is observed in the blue-green (A - 502 am). For A .PMp = 351 nm, the energy
conversion efficiency (UV to green) is 22% which corresponds to aphoton conversion efficiency
of 32%. The quantum efficiency for this four level system is 71%.

.',%

Below the ionically bound B excited state of HgBr profile in the green. As will be discussed in detail elsewhere,
lie two levels which correlate with Hg('So) - Br( '2.3 1 2 ) the apparent "gain" between the X-C and X-.D bands
in the separated atom limit. The ground state, X 2 ,-,, is (centered near 285 and 255 rm, respectively) actually arises
bound by 0.48-0.7 eV (Refs. 1-3) while the A 2111/2./ from the increased transparency of the medium in this spec-
curves are dissociative. Also, the Franck-Condon shift of B tral region due to depletion of the HgBr2 concentration by
with respect toXislarge (R, , + 0.6A). Owingtothe electron impact dissociation. The HgBr. (I I; -1 'IL)
large dipole moment between B(v' = 0) and high-lying vi- absorption continuum lies in this region.'I
brational levels (v = 22,23) of the X state, radiative decay Peaking near 350 nm, the X-B band of HgBr is broad
of the8 "2 level is dominated by a highly structured emission (FWHM - 60 nm), is slightly skewed towards the red and.
band peaking at A - 502 nm. Several groups 5 have studied owing to the small vibrational frequencies of both states. is
the B-X fluorescence spectrum in detail and Lapatovich et essentially a continuum. However, the obvious structure." I al. have observed the much weaker B-A continuum in the between 385 and 365 nm is real. Temporally resolved inca-red. surements of the X-B continuum show that it is most in-

Less is known of the absorption spectrum of the HgBr tense 80-200 ns in the afterglow and, at later times, decays
radical ground state. The C,D-X bands of HgBr were first with an exponential constant of - 1 Ms.
observed (in emission) in 1929 (Ref. 4) but X-C absorp- Because of the relatively low photon energies required
tion was not reported until much later.' Recently, Krauss to access the B '1 state from ground (-3.5 eV), one can
and Stevens' published theoretical predictions for the X-A quickly envision an optically pumped HgBr (B-X) laser
photodissociation spectrum in the visible (A,,. -650 nm). having a high quantum efficiency (2.5 eV/3.5 eV = 71%).

-- In this letter, the observation of the X-B absorption In subsequent experiments, therefore, a - 8-ns pulse from a
band and experiments in which the B state is pumped direct- frequency-tripled, Q-switched Nd:YAG (A = 355 nm) or
ly from ground by an ultraviolet (UV) laser are reported. XeF (351 nm, I 5-ns pulse) laser was directed along the axis
Figure I shows the visible and UV gain/absorption spec- of the Ne/N,/HgBr, discharge. An optical cavity having a
trum of a pulsed HgBr laser discharge containing a mixture moderate Q at 502 nm (first mirror: R = 99% at 502 nm.
of Ne (3.8X 10' cm -'), N, (3.2 x 10' cm -'), and HgBr, 10% at 351 nm; second mirror: R = 16% at 502 nm) was
vapor (4.1 x 1016 cm - 3; T'= 420 K) at a total room tern- installed around the discharge cell and a UV laser pulse en-
perature pressure of 760 Tor. Two spectra are given, one tered the plasma after passing through the first mirror. A

" acquired during the active discharge and one - 1 ps in the cylindrical lens telescope compressed the - 2.5 cm2 pump
'2-. afterglow. The transverse discharge device and optical de- beam so as to match the small cross-sectional area of the

,_ ., tection system were similar to those described previously for HgBr discharge ( -0.4 cm2 ). Digital delay generators al-
e studies of excited state absorption in the cadmium monoio- lowed for the external laser pulse to arrive at any specified

dide radical. Briefly, a pulsed xenon lamp having a tempo- time Wt with respect to the peak discharge current.
ral width of 300 ns FWHM produced a continuum which, Oscillograms of the HgBr (B-X) laser waveforms pro-
after being spatially filtered and collimated, traversed the duced as a result of this arrangement are shown in Fig. 2. A
length of the 50 cm. UV-preionized discharge region. An vacuum photodiode (S-20 photocathode) viewed the dis-
optical multichannel analyzer (OMA) and a 0.25-m spec- charge along its axis through a 500-nm dielectric bandpass
trograph (operated in first order) recorded the transmitted filter (A,:--495 nm, A = 40 nm). In theabsenceof external
spectrum. This system has a relatively flat response between radiation, the HgBr (B) state is excited by the discharge in
200 and 950 nm and a spectral resolution of -0,2 nm. the conventional way' 2 and a laser pulse having a -40 ns

The two most prominent features in Fig. I are the quasi- FWHM is emitted. The arrival of a 16.5 mJ, XeF (351 nm)
continuum in the near UV and the structured B-X gain pulse - 85 ns after the onset of the discharge current [Fig.
_ _. 2(b) I results in the production of a second laser pulse hay-

Viititing Remearch A.xiate. 1985 ing a FWHM roughly the same as that of the pump (16 ns).
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X-8 B-X FIG. I. Transient gain and absorp-
tion spectra of a pulsed Ne. N 2,

A. HgBrz vapor discharge from 230 to

530 rnm. Spectra were acquired: (a)

0.-- when the peak Xe lamp output coin-
cided with maximum discharge cur-

U' l" rent (and HgBr fluorescence) and

0 -0.5 - (b) 1.1 ps into the discharge after-

( 0 As Dea glow. The dashed line indicates me-
Sdium transparency. Portions of the

1. , 'trace above and below the dashed
.01 ---r- . . . line normally represent absorption

and optical gain (negative loss), re-

o 0.5- spectively. However, the excursion
of the curves in both (a) and (b) be-

c: -low the line between 260 and - 305
0.0 -D-.. .. nm is not due to gain in that region

but rather to the depletion of the
HgBr 2 number density owing to

-0 -5 r " electron impact dissociation in the
- (b) 1.1 jus Delay 1 discharge. HgBr2 absorbs strongly in

- . •, , , ,that spectral range. Also, note that
240 250 320 360 400 440 480 520 the B-X band exhibits gain even at

Wavelength (nm) wavelengths below 470 nm.

If the discharge is not fired, nothing is observed at the photo-
diode when the XeF (or Nd:YAG) radiation passes through
the HgBr. vapor column. These results confirm that the 351-
nm photons are directly exciting HgBr (B 21S) from X 21 and
that the discharge serves solely as a source of ground state
HgBr radicals.

As shown in Fig. 3, detailed measurements of the addi-
1*. ! l tional 502-nm energy produced for a known value of 351-nm

n " WhP l ul input energy yield a UV-to-green energy conversion effi-
' 1 ciency of 22% or a photon conversion efficiency of 32%.

Thus, the efficiencies that have been observed are approxi-
mately 1/3 of the theoretical maximum No effort has yet
been made to optimize the conversion efficiency through the
choice of cavity output coupling. Each data point in Fig. 3

a) 1 has a maximum uncertainty of + 10%.
Note that pumping the X--B band of HgBr at A = 350

nm populates high lying vibrational states of the B 21E level
v'z 50, lying -0.5 eV above T, but still -2 eV below the

M E N Hg (6 'P,) +- Br separated atom limit) because of the large
Franck-Condon shift between the two electronic states.
Since lasing is observed only from the v' = 0 and I levels andh5111 M M M M since the photon conversion efficiency is large (-1/3), one

i l MM l l concludes that, as observed by Roxlo and Mandl," vibra-
Mnn llN i n 0tional relaxation in the B state is both rapid and efficient.

Similarly, the rate coefficients for removal of the ground17,l state vibrational levels (u' = 22,23) are known to be gas
kinetic [for example, kQ (,N) = 4.8 1X 104 cm 3 

s -]."

ENNE Schimitschek er at. first photo pumped the HgBr laserin 1977 by photodissociating HgBr. at 193 nm. Despite the
fact that the overall quantum efficiency for this process (2.5

___U U U U U R -.I eV/6.4 eV=39%) is within a factor of 2 of that for the
hi.,scheme reported here, maximum energy conversion efficien-

FIG 2. HgBr laser waveforms that are observed: (a) without and (b) with cies of <5% have been reported to date. The loss of energy
a 351-nm XeFlserinjected intothe HgBrtasercavty Of the 16.Smlinthe from the transient intermediate species HgBr' to nonradia-
XeF pulse, 13 nJ (79%) was absorbed by the discharge and the energy in live channels other than HgBr* (B) + Br may account for
the second HgBr pulse is 3 mnl. Thus. the energy and photon conversion the comparatively low efficiency for the HgBr photodisso-
efficiencies are 22.8% and 32.6%. respectively. UV to blue-green conver-
sion efficiencies exceeding 20% were observed reproducibly Time base is ciation pumped laser.9 This conclusion is consistent with the
20 nsAarge division, quantum efficiency for HgBr (B-X) fluorescence of 26%
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S.. tion laser since, following stimulated emission of an HgBr
Time 0&uiy 90±8 8 n, molecule to ground, the radical is immediately available for
E fficiency 22t. re-excitation to the upper laser level. Also, contrary to other

well-known, optically pumped diatomic lasers, laser emis-
sion in the present experiments only occurs from vibrational
levels that are not pumped. It appears that pump radiation

a . can be absorbed over a broad spectral range by a large num-

-- : -- ber of vibrational states and funneled into one or two radiat-
0" --

2 - ing levels.
"" 2- The authors acknowledge the expert technical assis-

tance of K. Kuehl, Y. Moroz, P. Hayes, and D. Watterson.
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Origin of the 454 nm bound--free absorption band of cadmium monoiodide
(114 dl)

D. P. Greene and J. G. Eden

Universty of lllinoit Urbana. Illinois 61801

(Received 6 September 1984; accepted 11 October 1984)

The bound-free absorption band recently obser ed in a 114Cdl laser discharge (Greene and
Eden, Opt. Comm. (1985)] is shown to arise from absorption by the B 2X excited state of 1' CdI to
a previously unobserved level lying -4.3 X 10 cm-I above ground. Pumping of the absorptive
transition with a pulsed blue dye laser strongly suppresses gain (and, hence, laser output power) on
the B--*X band in the red (657 un). Therefore, this constitutes the first known report of an ionic
excited state-ecovalent absorption band (i.e., (M X - ) + &-oM* + X; M, X = metal and
halogen atoms, respectively] for any of the group IIB metal halides or rare gas-halide laser
molecules. Also, t, for the B 2Z state of' "1CdI is Z 110 cm' (considerably larger than an
existing value in the literature) and the terminal level for this blue absorption band is tentatively
assigned to a dissociative 'Z state correlated with the Cd(Sp 'Pj) + I separated atom limit.

I. INTRODUCTION However, it should be noted that the energy separation

The lowest-lying excited states of the group II B metal- between the undulation at - 462 nm and the next discern-
halidediatomic molecules areionicin character (M4 -X- ; ible one at 472 nm is - 588cm -  = 3(196cm- )and 192

M and X are group II B metal (Hg, Cd, Zn) and halogen cm- I is the average spacing between the other local maxima

atoms, respectively). Several electronvolts higher lie cova- in the spectrum.
lent molecular levels that correlate with an excited metal Figure 3 is a schematic diagram of the apparatus used to

atom (i.e., Me + X). A similar situation exists with the rare determine the temporal history of the blue absorption. Indi-

gas-halide molecules and shortly after the discovery of these vidual lines from an Ar ion laser traversed the

lasers, it was recognized' that absorption from the lowest- 1.7x0.15 X 50 cm 3 discharge along its axis and the transmit-

lying ionic state (B 2Z) to highly excited covalent states con- ted beam was dispersed by a 0.5 m monochromator and de-

stituted a potentially serious loss mechanism. Figure 1 is a tected by a photomultiplier. The oscilloscope was triggered

generalized energy level diagram for a II B metal-halide by the leadingedge of the signal from the "' CdI dischargeB

molecule' but could just as well also represent a rare gas- current monitor.
halide diatomic except that the ground states of the latter are Photographs of the absorption waveform forA = 457.9

much less strongly bound than is indicated by the figure. and 514.5 tu are given in Fig. 4. The discharge current (in-

It should be emphasized that excited state absorption creasing downwards) accompanies each absorption wave-

by any of the rare gas-halides or group II B metal-halides form and, in each photograph, both waveforms share a com-

has not been observed previously. This paper reports the first mon baseline. For the middle photograph, the probe

such observation in the metal-halides, and cadmium mon- wavelength is 457.9 un which lies near the peak of the first

oiodide ("' CdI), in particular. In recent experiments exam- undulation in Fig. 2. At this wavelength, the appearance of

ining the transient absorption in a 1" CdI laser discharge,2 a absorption coincides with the onset of discharge current and

.- broad absorption band peaking near 454 urn and exhibiting
-  distinct undulatory structure was observed. Several experi-

ments conducted since that time and described here lead one "-Covaent
to the conclusion that the absorber is the B 2 species itself \* +X-

(upper laser level) and that the terminal level is a dissociative A M" + X
portion of a potential curve that correlates with the J Pexcit- Absorption
ed state manifold of cadmium and a ground state iodine \
atom.

i ~ LaweTrnsition

II. 454 nm ABSORPTION BAND TEMPORAL HISTORY

Panoramic and expanded views of the 454 nm absorp- X(2nl-Risive. Covalent
.. \ tion band that was observed in a UV - preionized discharge M-X

of 50 cm active length and containing 1.6X 10" cm -3 He, MX(2,-._Strongly Sound
8X 10" cm - ' N and2.7X I0" cm - ' of"'CdI2 vapor at L
T = 710 "K (after Fig. 2 of Ref. 2) are shown in parts (a) and internucear oistance
(b), respectively, of Fig. 2. While the band peak and at least FIG. 1. Generalized energy level diagram for the group ii 1 metal-halide
three undulations to the red are clearly visible, some struc- molecules adapted from Ref. 1. A nearly identical one could be drawn for
ture is obscured by the two Cd atomic absorption lines, the rare pa-halide excimers.
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both waveforms reach maximum in - 100 ns. As demon- coefficient on oven temperature.' Below - 6 10 K, this band
strated by the results at 514.5 nm, the slow decay of the 457.9 is not observable and one concludes from initial appearances
nm waveform is due to optical distortion of the medium by that the band arises from the Cdl molecule itself.
the pulsed discharge. T'he green line at 514.5 nmn lies well On the basis of temporal history alone, however, it is
outside the blue band of interest here and the transient "ab- unlikely that the 454 rim band shown in Fig. 2 can be asso-
sorption" recorded at this wavelength was observed at all the ciated with the X21 (ground)-.A '17 transition of the
wavelengths studied. Therefore, if one subtracts the wave-
form in the top photograph from that observed at 457.9 rim,

*the result perfectly reproduces the temporal history of the1-7------
BL-.X fluorescence in the red (bottom photo). Aro oDirictg aaa~C

Figure 5 presents the dependence of the peak blue ab- Oscilloscop
sorption coefficient ott wavelength and "'CdI2 partial pres-
sure in the discharge. The dashed curve in the figre shows
the roughi outline of the 454 rim band and it is clear that the PT(.
coefficients measured at five of the Ar 'laser wavelengthsMocroao
are consistent with the band contour. Also, the temperature Mirror%--
dependent data clearly illustrate that this band is associated IrsIris
primarily with the "'CdI2 vapor and not the diluent gases
He and N2. In particular, these data are remarkably similar FIG. 3. Block diagram of the experimental setup for examining the tempo-

*to those showing the dependence of the small signal gain rl history of the 454 nm band.

j. Chem, Phys., Vol. 82. No. 2. 15 SJanuary 1985
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(a) [0"2Cdl] 00an
-
'
)

0.1 0.2 0.5 1.0 2.0 3.0

.-Currnt
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-0
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II
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-4-Currn FIG. S. Comparison of Ar ion laser absorption magautenenr in the blue
(&) with the approximate profile of the absorpuon band (dashed linel. Also
shown is the dependence of the absorption coeficient at 457.9 nm on the
partial pressure of '" Cdl2 in the discharge. For aUl of the dams shown, the
Heand N2 number densties were fxed at 1.6x 100 cm-' and 8x 10
cm- 3 , respectively. The error ban reflect the uncertainty in the absorption
coelcient owing to shot-to-shot variations in the power loading of the me-
dium.114 Cdl (9 "_ X0

O. Fluore e the low small bignal gain coefficient: 2% - cm -' peak at 657
S-= 657 nm rnm) increases the likelihood that even if the B state popula-

tion is only slightly diminished by the 454 am laser pulses,
the output power will change substantially.

FIG. 4. Discharge current (top waveform in each photograph) and absorp. Fthe 6 is a partial schematic diagram of the experi-
tion waveforms observed when the Cdl laser discharge was probed at two
separate wavelengths. Current increases downward and the vertical sem- mental apparatus designed to investigate the nature of the
tivity is 0.9 kA/arge division. The slowly-rising signa at 514.5 n (top) coupling (if any) between the 454 nm absorption band and
arise from an optical distortion of the medium due to the discharge. The the B-..X laser transition. An excimer-pumped dye laser,
result of probing the medium of 457.9 nm is shown in the middle photo-
graph. Absorption increases upward. For the sake of comparison, the tuned to 454 nm (peak of the absorption band in Fig. 2),

Cdl(B--X) fluorescence waveform is shown in the bottom photogrph. produced - 2 mJ pulses of - 10 s width (FWHM) from
coumarin 450. These pulses were injected into the "'CdIl

"'Cdl molecule. As pointed out by Krauss and Stevens for laser cavity through a 3 m radius of curvature dichroic mir.
HgBr (Ref. 3), the X IZ state population is expected to mon- ror (T = 0.18% at 657 ram, 92% at 454 nm). A flat dielectric
otonicaly increase throughout the current (pumping) pulse, mirror and a 650 nm interference filter (T. = 60%, A
leading to maximum X--A absorption well after the peak in = 20 rim) blocked the transmitted blue radiation and the
the B state population, red laser output was detected by a vacuum photodiode. The

454 and 657 nm laser waveforms were added in the vertical
IlL COUPLING OF BLUE ABSORPTION AND RED --X amplifier on one channel of a storage oscilloscope and the
BANDd SUPPRESSION OF GAIN AT 657 nm sum was displayed along with the discharge current. Neutral

The similarity between the "" Cdl (B-X) fluorescence density filters made it convenient to vary the blue laser inten-
in the red and the temporal history of the blue absorption sity injected into the Cdl discharge.
leads to the suspicion that the transient absorber in question Laser and current waveforms for three values of 454 nm
is the upper laser level for the "" Cdl laser, the B 2Z state. If intensity--400, 40, and 4 kW cm 2 -are presented in Fig.
this is indeed the case, then exciting the blue absorption band 7. In each case, the blue laser pulse is injected into the optical
with a saturating dye laser pulse will be accompanied by cavity 85 to - 130 ns prior to the maximum in the red laser
suppression of gain on the B-X band and, of course, a cor- output pulse. The correlation between increasing blue laser
responding decline in laser output power. The near-thresh- intensity and a dramatic decrease in the Cdl output power is
old operation of the "'Cdl discharge laser (due primarily to obvious and was consistently observed. The strength of this

J. Chem Pys .Vol 82, No. 2. 5 January 1985
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Mirrod Mirror

Iris-r7 y FIG. 6. Expenmenta apparatus for examin-
Ing the effect of a blue dye lawe pulse onth

Neta .1%T4.2% Photodiode Ired output of the "4Cdl discharge laser. The
Denit CdI Discharge - U mirror trsnsmlssios shown are those for AFilters Spitte 57rn

3m Flat 650 nm Storage - 657 am.intweren I Osclloce

i c uit  icuit !

effect is somewhat surprising considering that the dye laser top waveform in the figure is the B-.X gain waveform in the
beam cross-sectional area is only - 25% of the total dis- absence of the 454 nm pulse. Gain persists for - 60 ns

charge cross-sectional area but is roughly equal to the area (FWHM) and the waveform closely resembles the fluores-
that is lasing. Figure 8 summarizes the data that were ac- cence signal shown at the bottom of Fig. 4. In the bottom
quired for different time delays (4 t) between the arrival ofthe photograph, the effect of an 800 kW cm-' blue laser pulse
454 nm radiation and the onset of discharge current. The on the red gain is shown. It is apparent that the B -- X gain is
dashed horizontal line indicates the average normal (rela- suppressed immediately following the arrival of the 454 nm
tive) output of the s" Cdl laser in the absence of the 454 nm pulse. The - 10 ns delay between the peak of the blue laser
radiation. Clearly, the optimal time delay is - 50-70 ns pulse and the onset of the decline in the gain is not real but is
which places the blue laser pulse at roughly the point at due to the electrical arrangement of the experiment. The
which the discharge current (and, therefore, the CdI (B I ex- drawing shown in Fig. 11 is a superposition of the two gain
cited state production rate and B-X small signal gain) is waveforms and illustrates the gradual recovery of the B-.X
maximum. Note also that blue laser intensities < 4 gain such that - 20 ns following the termination of the 454
kW cm- 2 have no noticeable effect on the red laser. The 454 nm pulse, the gain has regained its normal (unperturbed)
nm intensity required to suppress the CdI laser pulse intensi- value. Similar effects are observed regardless of the point in
ty by 50% ( - 70 kW cm- 2) is consistent with the (125 ± 60) the B-.X gain waveform at which the blue laser is fired.
kW cm- saturation intensity for the CdI (B-X) band that One concludes, therefore, that the 454 nm centered ab-
was measured recently.5 The right-hand portion of Fig. 8 sorption band of Fig. 2 (Ref. 2) results in the direct (immedi-
shows the dependence of the suppression of the red laser ate) depletion of the B ' 2 state of' "4 CdI and therefore repre-
peak intensity for the three values of I and the time delay sents a bound - free excited state absorption band of the
fixed at 70 ns. molecule.

Although the data of Figs. 7 and 8 indirectly support
the proposed identity of the blue absorption band, these re- IV. ELECTRONIC STRUCTURE OF CADMIUM
suits could also be interpreted as suggesting that the 454 nim MONOIODIDE
pulse is simply removing a precursor to the CdI(B) state, thus A semiquantitative potential energy level diagram that
also explaining the optimal delay time of - 50 as. That is, was drawn for CdI and CdI2 from data available in the liter-
absorption of a blue (2.7 eV) photon by either a CdI molecule ature is presented in Fig. 12. The energy scales on the right-
in the B '2 state or by a precursor to the excited species and left-hand ordinates of the graph are referenced to the
could explain the data presented to this point and so the ground states of CdI2 and Cdl, respectively. Considering
evidence must be considered inconclusive. More convincing CdI2 first, the molecule is bound by 2.5 eV (Ref. 8) and the
support can be obtained by directly observing the B-.X gain equilibrium radius R, for the ground state (2.63 A) is nearly
in the discharge. As illustrated in Figure 9, these final experi- identical to that for HgI 2 (Ref. 9).
meats involved removing the Cdl laser optical cavity and
counter-propagating along the discharge axis a - 0. 8,us long
(FWHM) pulse from a flashlamp-pumped dye laser (Chro- A. X, C, 0 and Estats
matix CMX-4) and the blue dye laser beam. For the X2 1 state of the diatomic, the dissociation en-

Oscilloscope traces ofthe I"'CdI(B-.X) gainat 657nm ergy is - 1.4 eV (Ref. 10) and R, is assumed to be 2.8 A. the
recorded with and without the blue dye laser pulse are pre- same value as that for HgI (Ref. 11). Consequently, the shape
sented in Fig. 10. The baseline (i.e., no dye laser probe) is the of the Cdl ground state potential is also assumed to be simi-
horizontal line near the bottom of either photograph. The lar to those calculated' 2"-" for several of the mercury-ha-

J. Chem. Phys., Vol. 82, No. 2, 15 January 1985
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FIG. S. Variation of the red ' Cd laser output intensity with the intensity
and timing of the 454 nm dye laser pulse. The dashed line indicates the
intensity normally obtained from the "' Cdl laser in the absence of the blue
radiation. The drawing to the right shows the percentage suppression of the
peak 657 nm laser power for the three values of. 4 ,,_ and At fixed at 70 ns.

.m n Mwith the 5p "P excited states of Cd and a ground state iodine
atom. In a similar vein, it is reasonable to associate the E
state of CdI with the Cd ('P,) level which gives rise to the
resonance line at 228.8 nm. The relative intensities of the

t lue Law f-Red Law various E-X vibrational transitions' indicate that the E
() 4 kW--cm "2  state potential curve is only slightly shifted to larger internu-

clear radii with respect to the ground state.

S. 8 2Z state

The B-X band of CdI has not yet been thoroughly
analyzed and so the position of the B state is somewhat un-
certain. Patel et al.6 have interpreted a portion of the Cdl
emission spectrum in the blue and reported that J, (X 'Z)
= 178 cm-' which is very close to the value mentioned
earlier that was measured by other groups from an examina-
tion of the molecule's UV spectrum.

However, the value for the B state vibrational frequency
tBlue LaswLeRed Laser (wid) reported in Ref. 6 (74 cm') is suspiciously low for sev-

eral reasons. First of all, w. for the B state of HgI is - I I I
FIG. 7. Injected blue laser and "' Cd (B-X) 657 nm laser waveforms for cm- ' (Ref. 11) and one would expect the CdI constant to be
1.s," = 400kWcm-'(topl,4OkWcm-(middleland4kWcm-(bot- similar in magnitude. Also, it should be noted that theundu-
tom). The time base is 50 ns/large division and the current incres las down-
ward with a vernical sensitivity of 1. 1 kA.large division. Also, the blue law lations on the blue side of the Cdl (B---AX) fluorescence spec-
pulse was injected into the discharge - 85 to 130 ns prior to the peak in the trum (Fig. 4 of Ref. 7) have an average periodicity 4v of 109
657 M laser pulse.

lides, in which for R > R, the potential curve rapidly ap- KD

proaches the dissociation limit, having nearly reached the ,m
separated atom limit - 1.5 A beyond RA. Vibrational analy-
ses of the C, D and E-.X bands of CdI in the ultraviolet Fldm i  ...- - r ...... .7.
-240-358 nm) show that we for the X'Z (ground) state is Dve Low ,-

179 cm - . Similarly, the vibrational constants for the '5' 7 n..I
657 ftotodtode

C 217,2,, D 27112 and E states of Cdl have been determined ,
tobe 190, 197and 108cm- ', respectively."" The strongest w'-,,,erl
lines in the C-X and D-X bands have been assigned to ' - - -
v' = 0-v' = 0 transitions," indicating that Re varies little T" 4  , ,o
among the X, C, and D states. From the spectral positions of
the C-.X and D-.X emission bands (10 to 30 nm to the red FIG. 9. Schematic diagram of the apparatus for mesunng the "'Cdl
side of the Cd 'P,-'So resonance line at 326.1 nm), it is (B-Xlgiuninthepresenceofthe44nmdyelaserpulse. Thetwodyelaser

likely that the C' 17 and D '17 molecular states correlate pulses were counterpropagated along the discharge axis.

J. Chem. Phys.. Vol 82. No. 2, 15 January 1985
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(a" •Without

G ai B lu e L a se r

-4 Gain With

E U Baseline,_...- 1 _
(b) Loss

FIG. 11. Drawing of the superposition of the two gain waveforms iven in
Fig. 10. The suppression of the Cd[ (B -X) gain immediately foowing the

4. arrival of the blue laser pulse is obvious.

-4--Gain The resulting binding energy ofCdl (B), - 4.7 eV, com-

.,.-Blue Las pares favorably with the values of 4.95, 4.85 and 4.75 eV
measured previously for HgCI, HgBr and Hgl, respective-

ly 1.20

,-The A 21,/2 and A 2173/2 states are repulsive and, in
order to avoid predissociation of the B state, the A 2173/2
level has been drawn such that it does not intersect the B ,,

FIG 10 Oscillograms of the gaon the B-band of Cd in the senced free emission on the B-A band of HgBr has
(top) and presence ibottomi othe dye laser pulse at 454 un. The time base is sta
20 na/large division., been reported previously."3

± 10 cm where the error is one standard deviation in the
data. Furthermore, as mentioned previously, the undula- C. Identity of the 454 nm band terminal level
tions on the red side of the 454 nm peak in the blue absorp- The experiments described earlier involved only one
tion band (Figure 2) have an average periodicity of 192 ± 14 dye laser wavelength in the blue (454 nm) and monitoring the
cm-'. Therefore, while Tellinghulsen and co-workers' red Cd (B-X) band at only one wavelength (657 nm).
have pointed out the dangers in attempting to correlate W, Therefore, no effort has yet been made to examine the degree
with the frequency separations between undulations in the of V-T relaxation within the B state manifold. However, it
emission spectra of the rare gas-halides, 12 and CsXe, the can be said that the near instantaneous suppression of the
following conclusions appear to be justified: 657 nm gain coefficient shows that at least the population of

(l)aw, fortheB 2 level is - ll0crn ' (rather than 74 theB IX,v' = 0 state is being drained by the absorptive tran-
cm '), in excellent agreement with w, for the B state ofHgl, sition. From the v' = 0 level, a 454 nm photon lAw = 2.73

(2) the small "vibrational spacing" mentioned in Ref. 6 eV) has sufficient energy to reach a point just above the
reflects the fact that they are viewing high-lying vibrational Cd('P) + I ('P 312 ) separated atom limit. It is likely, there-
levels within the B state manifold. fore, that the terminal level for the blue Cdl absorption band

Verification of (1) wi require higher resolution studies is a dissociative state correlating with this limit which is pre-
of both the emission and absorption spectra for the B state. cisely the situation envisioned by Brau for the rare gas-ha-
The latter statement is reasonable since the spectra of Ref. 6 lides.'
were acquired using an RF excited discharge without buffer The 5p 'P states of cadmium and the 2 P3/2 level of
gas. Therefore, the B state vibrational manifold is undoubt- iodine together give rise to six doublet states and 12 quartet
edly not equilibrated and high-lying vibrational states would levels. Ignoring Z - J and doublet- quartet transitions
be expected to be observable and perhaps dominate the spec- and noting that the known C and D states are probably the
trum." The Cdl discharge experiments, on the other hand, two 217 levels correlating with CdO p) + 1, then one is
typically involve buffer gas number densities on the order of forced to the conclusion that the symmetry for the upper
(1-2) x 1019 cm - 3 and emission in the blue is extremely state ofthe 454 nm band is=T. A qualititative profile for this
weak. state and its interaction with the bound E level are shown in

As far as the position of the B '.Z potential well is con- Fig. 12.
cerned, the drawing of Fig. 12 assumes that, in keeping with Given this tentative identification of the Cdl bound -
the mercury-halides, R, - 3.3 A. Therefore, T, for the B free absorption band in the blue, it is now feasible to predict
state should be - 1.2 eV above the Cd ('S,) + I (2 P312 ) the peak wavelengths at which analogous transitions in sev-
separated atom limit or - 2.6 eV above the bottom of the X eral of the mercury monohalides might be observed. For
statewell. Also, the B state is a long range, ionic (Coulombic) HgCI, this band should appear near 345, 410, or 443 nm,
potential and thus approaches the Cd - -1 - limit at 5.9 eV depending on whether the upper state correlates with the
[above the Cd (I SO) + (2 P 3 2 ) separated atom limit]. 'P 2 , 'P, or 'Po states of Hg, respectively. For HgBr and
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ABSTRACT

The buildup and decay of the HgBr X2 r+  species during a pulsed discharge

in Ne, N2 and HgBr2 vapor and in its afterglow have been examined by monitoring
B2++ X2 +
B /2 1/2 absorption by the discharge at 351 nm. Also, the UV-to-green

conversion efficiency for the 350 nm-pumped HgBr laser is shown to be sensitive

to the 502 nm fluence circulating in the cavity when the XeF laser pump pulse

,*" arrives. The maximum observed efficiency (n) of 22% is obtained for intracavity
.''-2 -2

intensities of 1 to 2 MW- cm but n falls to - 10% for I 1 kW - cm
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I. INTRODUCTION

In an earlier paper , experiments were reported in which absorption by

diatomic HgBr radicals on the near-ultraviolet (UV), B + X band was exploited to

efficiently convert XeF (351 nm) or frequency-tripled Nd: YAG (355 nm) laser

radiation into the green (502 nm). Carried out in the active medium of a

discharge-pumped HgBr laser, these experiments reproducibly demonstrated

UV-to-green energy conversion efficiencies (n) exceeding 20%. This paper pre-

sents more detail regarding the temporal behavior of the HgBr ground state popu-

lation and the structure of the B + X absorption band.

Figure 1 shows the spectral profile for the B E/2 + X Z1/2 absorption band

of HgBr that was recorded in the afterglow of a pulsed, transverse discharge

containing Ne, N2 and HgBr2 (natural abundance) vapor. This spectrum was

obtained with an optical multichannel analyzer (OMA) and a pulsed xenon flash-

lamp having a pulsewidth of - 300 ns FWHM. Details of the technique used in

making these measurements can be found in ref. 2. Peaking in the ultraviolet

- - between 340 and 360 nm, the band falls off slowly towards the red and has a

spectral width of - 60 nm FWHM. While the majority of the profile is essen-

tially a continuum, the structure near the band peak is real.

II. HgBr (B + X) ABSORPTION BAND: VIBRATIONAL STRUCTURE

Table I lists the wavelengths, energies ( , in cm- ) and tentative vibra-

tional assignments for the 18 strongest features in the spectrum of Fig. 1.

(A detailed view of this region is given in Fig. 2). The average separation

between adjacent bandheads is 113 8 cm-  (uncertainty represents one standard

deviation). Using this value and the vibrational constants for the B state that
%"I. were reported by Tellinghuisen and Ashmore 3 yields an estimate of v' 45 for

L.?
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the vibrational quantum number of the upper state that corresponds to the

most intense peak in the B 4- X absorption band (Figs. 1, 2).

Table I also lists the energies calculated with the vibrational constants

of ref. 3 for transitions from v" - 0 of the ground state to the 32 < v' < 50

vibrational levels of the B state. If one tentatively assigns these transitions

to the bandheads observed in Figs. 1 and 2, then only the v' - 39 + v" - 0

transition appears to be missing from the progression. 1)wever, the average

value of Av(S calc i- V) for the first eleven transitions in Table I is unac-

ceptably large (A- = 39 ± 5 cm- 1) which may be due to an incorrect assignment.

Another possibility is to attribute the entire discrepancy to not having

accounted for weye (coefficient for the cubic term in the series expansion for

the B state vibrational level energies) in the computation of c If this is'. calc"

the case, the data for the v' - 50 + v" - 0 to 40 0 vibrational transitions

suggest that weye lies in the range 3.10 < W eye  6.10 cm- . Clearly,

higher resolution spectroscopic experiments will be necessary to resolve this

issue.

III. EXPERIMENTAL APPARATUS

A schematic diagram of the experimental apparatus used to examine the

buildup and decay of the HgBr ground state (X2 E/ 2 ) number density in an HgBr

laser discharge is given in Figure 3. A 16 ns FWHM, 351 nm pulse from a

"free-running" XeF laser was directed along the axis of the transverse discharge

and the energy in the pulse was measured before entering and after leaving the

A, cell. Untuned, the laser oscillates on two molecular transitions which lie at

351.1 and 353.1 nm. The majority of the total pulse energy is contained in a

-1
narrow peak at 351.14 nm whose spectral width is - 5 cm •

11 e



Design and construction details for the 50 cm active length discharge

'+5
device can be found elsewhere , • It must be emphasized that the major role of

the discharge in these experiments is to provide a pulsed source of HgBr(X 2E)

radicals. For all of the experiments discussed here, the gas mixture included:

Ne] - 3.8-109 cm , [N2] - 3.2-018 cm -3 and [HgBr ] - 4.1.1016 cm 3 (T

420*K). Also, the storage capacitance was 20 nF and, for a charging voltage of

30 kV, the peak current was - 10 kA and the maximum instantaneous power loading

of the medium was 1 to 2 MW - cm . A simple telescope composed of two

cylindrical lenses compressed the rectangular (1.0 x 2.5 cm 2 ) excimer laser beam

down to a cross-sectional area of 0.4 cm2 (1.0 x 0.4 cm2 ) so as to match the

area of the active medium produced by the discharge. The beam was also spa-

tially filtered before entering the discharge cell. Varying the timing between

the firing of the XeF laser and the discharge was accomplished with digital

delay generators. In the initial experiments described here (Figures 4 - 10),

the optical cavity shown in" Figure 3 was not in place. However, with an optical

cavity having a low Q at 502 nm installed around the discharge (RI = 99% at 502

nm, R2 - 16% at 502 nm; 3m radii of curvature, separated by Im), the laser nor-

mally produced 17 J, -40 ns FWHM pulses. As mentioned earlier, when acquiring

the transient absorption spectra described in the next section, a pulsed Xe lamp

was placed in front of the laser discharge and an OMA acted as the detector.

IV. RESULTS

A. Transient Absorption Spectra

The transient absorption spectrum of the HgBr laser plasma in the visible

and UV(240 < A < 520 nm) at different times in the afterglow is illustrated in

4
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Fig. 4. The time delay At between maximum discharge current and the peak in the

Xe lamp pulse is indicated for each spectrum. Also, the spectral profiles are

the result of time-integrating over the width of the Xe lamp probe pulse

(300 ns). Consequently, even the At - 0 spectrum samples -70 ns into the

afterglow (discharge current FWHM -60 ns, power pulse terminates -80 ns after

peak current).

-P The region above the dashed line in each of the three segments of Fig. 4

.1' represents absorption whereas excursions below the horizontal line reflect

optical gain. However, the latter does not hold for X 300 nm. That is, the

apparent "gain" between the C + X and D + X bands of HgBr (centered at 285 and

255 nm, respectively) actually arises from the increased transparency of the

discharge medium in this spectral region due to transient depletion of the

HgBr2 concentration by electron impact dissociation. The procedure for

acquiring spectra such as those in Fig. 4 involves normalizing the raw data to

the transmission spectrum recorded before the discharge is fired. However, as

indicated in Fig. 5, HgBr 2 vapor absorbs strongly for wavelengths below -300 nm

1 1 6-8
because of the I II continuum -

. Therefore, the reduction in the
u g

instantaneous HgBr2 density during the discharge and its afterglow yields

apparent gain in the UV. Finally, the C and D states of HgBr are also clearly

observed in emission as shown in Fig. 6.

B. HgBr(X) Kinetics

The temporal history of the strength of the X + B band of HgBr, monitored

at 351 nm, is illustrated in Figure 7. In taking these data, the 351 nm energy

absorbed by the discharge was recorded as a function of time delay (At) between

the firing of the discharge and the entry of a UV laser pulse into the plasma.

An XeF laser, rather than an incoherent source, was chosen as the optical probe

V.
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because of the difficulties associated with propagating an incoherent beam

through the small cross-sectional area, 50 cm long plasma. Also, the XeF laser

- -2
intensity was maintained at -0.6 MW-cm in order to avoid saturation effects

(cf. Fig. 8).

Probing the X + B absorption band in the vicinity of 351 nm ensures that

one is observing the lowest-lying vibrational levels (i.e., v" 0, 1) of the

ground state 9 ' 10 while, at the same time, producing v' a 40-50 levels in the

ionic B2/2 state Therefore, we associate the data of Figure 7 with the

buildup and decay of the population of the X2 Z (v" - 0,I) vibrational levels

*i during and immediately following the discharge. At this point, it should be

mentioned that since the relaxation of the HgBr ground state vibrational mani-

10
fold is known to be rapid , then early in the afterglow of the discharge, the

bulk of the X state vibrational population is expected to reside in the lowest

states. This conclusion is consistent with the observation that no noticeable

. change occurs in the B * X spectrum for At > 100 ns (cf. Fig. 4).

Clearly, the HgBr ground state concentration rises rapidly during the life

of the discharge and peaks shortly thereafter. Beyond At - 0.3 ps, however,

[HgBr(X)] falls rapidly, owing primarily to reformation of the HgBr2 "parent"

molecule. The decay of the X state number density in this region is well-

described by a single exponential having a time constant of r = 0.8 is.

Erlandson and Cool 9 have attributed the regeneration of HgBr2 in HgBr pho-

todissociation lasers to the bimolecular reaction:

HgBr + Br2  + HgBr2 + Br (1)

-1 3 -1and measured ± cm3 - s at 415*K. However, for reac-

tion (1) to account for the decay of the data in Figure 7 would require a

6
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Br2 concentration in the discharge of -12.1016 cm- 3 or approximately 0.7 Torr at

4150K. Attaining such a large Br2 number density only a few hundred nanoseconds

into the afterglow is not only unlikely but no evidence of Br2 transient absorp-

tion (in spectra such as Fig.4) has yet been observed.

Alternative explanations for the 0.8 us decay include the loss of HgBr

*. radicals by:

a) Three body collisions:

2 k2
HgBr(X E) + Br + Ne HgBr2 + Ne , (2)

b) Two body collisions involving pairs of HgBr(X) radicals:

HgBr(X2 E) + HgBr(X2 E) + HgBr2 + Hg (3)

c) Electron impact dissociation,

or

d) Dissociative attachment:

HgBr(X) + e + Hg + r . (4)

The rapid thermalization of electrons in the discharge afterglow suggests that

c) can be ignored. For an estimated Br density of 1014 cm- 3 and [Ne]

3.8.1019 cm- 3 , then k2 would be 3(±1) • 10- 2 8 cm6  - if reaction (2) were

totally responsible for the [HgBr(X)] decay shown in Fig. 7. It is more likely

that both (1) and (4) are responsible for the removal of ground state diatomic

radicals since (4) only requires the presence of cool electrons. Reaction (3)

becomes a significant loss mechanism only if its rate constant is gas kinetic.

7
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The dependence of the HgBr ground state absorption (at 351 nm) on the XeF

laser intensity is shown in Fig. 8. Note that At - 108 ns (i.e., corresponding

to the peak of Fig. 7) and that the data varies linearly with IXeF over the

intensity range investigated (as indicated by the linear least squares fit to

the data (solid line). The absence of any indication of saturation in Fig. 8 is

reasonable since, even at the highest XeF pulse energies studied (35 MJ), the

351 nm fluence is insufficient to significantly deplete the HgBr (X2 E) popula-

tion (estimated to exceed 1016 in the -10 cm3 active volume of the discharge).

It is expected, however, that for higher XeF laser intensities, ground state

depletion would become noticeable and the slope of the data (presently 0.2 for

the points given in Fig. 8) would tend toward unity.

C. Flashlamp and Laser Pumping of HgBr (B + X) Band

As illustrated in Figure 9, the gain spectrum of the HgBr (B + X) band was

also monitored, again using the pulsed Xe lamp and the OMA system. By varying

the time at which the lamp fired with respect to the HgBr discharge, the tem-

poral evolution of the gain spectrum could be observed. A UV-cutoff, glass

filter which passed only radiation of X > 395 nm was placed between the pulsed

lamp and the discharge. As expected, strong gain is observed at At - 0 (peak

discharge current) since HgBr(B) molecules are being produced in the discharge

by electron impact, dissociative excitation of HgBr 2. Also, the structure in

the gain spectrum replicates that of the B + X spontaneous emission profile

(Fig. 6) near its peak. However, owing to the -25 ns radiative lifetime of the

HgBr(B) state and the 50-60 na width of the discharge's power (V.I) pulse, all

evidence of gain has vanished at At - 450 na.

If one, however, removes the UV absorbing filter, then (as shown in

Figure 10) significant gain is observed at times late in the discharge afterglow

8



(At > I us). The logical interpretation of this result is that UV radiation

from the pulsed lamp is pumping the X + B transition of HgBr, leading to the

subsequent appearance of gain at 502 nm. As can be seen from Figure 7, the HgBr

ground state concentration at At - 450 ns is a large fraction (- 75%) of its

peak value.
Is

In subsequent experiments, the optical cavity shown in Figure 3 was

installed around the discharge cell. Both mirrors had a 3 m radius of curvature

and the XeF pulse was injected into the cavity via a mirror which transmitted

90% at 351 nm. In the absence of the external UV laser pulse, intense lasing on

the B 9 X band of HgBr occurred upon firing the discharge. In this case, of

4 course, the inversion between v' - 0, 1 of the B2 E /2 state and high-lying

vibrational levels (v" - 22, 23) of ground is produced solely by electron

impact, dissociative excitation of the HgBr(B) state from the HgBr2 parent mole-

cule. The dynamics of this mechanism, as well as the dissociative HgBr2

12-14
states involved, have been previously studied by several groups . The FWHM

of this first laser pulse is 40 - 45 ns. The arrival of the XeF radiation pro-

duces a second blue-green laser pulse having the same temporal width as that for

the 351 nm laser waveform

As was reported in ref. 1, the conversion of 351 nm energy into 502 nm pho-

tons is efficient (22 ± 1% for At - 90 ± 8 ns). Figure 11 shows the linear

relationship between XeF energy absorbed by the discharge and the additional 502

nm energy that emerges from the optical cavity. By "additional" we mean the

radiation above and beyond that produced by the discharge alone.

The UV-to-green energy conversion efficiency (n) is a strong function of At

as illustrated in Figure 12 (for E = 26 inJ). For At < 60 ns, n closely
XeF

follows the rapid rise in the HgBr ground state population. However, the energy

9
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conversion efficiency falls much more rapidly beyond At - 90 ns than one would

expect from Figure 7 (HgBr(X) concentration, [HgBr(X)]). At At - 180 ns, lasing

in the green has nearly vanished although [HgBr(X)] is still 92% of its peak

value. The discrepancy between the HgBr(X) population and the rapid drop in n

is illustrated in Figure 7 where the dashed line indicates the decline in n for

6
At > 90 ns. The problem is that, for At > 90 ns, the first HgBr laser pulse

(produced by the discharge) has been emitted (first pulse ceases at

At - 80-90 ns) and the residual 502 rim intracavity fluence I has dwindled to the

point where I <<sat -200 kW - cm (ref. 15). Therefore, as At rises, an

increasing percentage of the 351 nm pump fluence must be expended to reach

threshold by overcoming spontaneous and non-radiative (quenching) losses from

the B state. For the mirrors used in these experiments, the optical cavity

lifetime (at 502 nm) is -8 ns (cavity length - 1 m) and a second laser pulse is

observed up to - 10 cavity lifetimes beyond the termination of the first laser

pulse. The peak instantaneous intracavity intensity during the discharge-

produced laser pulse (i.e., first pulse) is typically 2 MW - cm- 2.

Consequently, it appears that the 502 nm fluence circulating in the cavity when

-2
the XeF pump pulse arrives must exceed - 1.0 kW - cm in order to obtain

conversion efficiencies above - 10%.

In conclusion, the buildup and decay of the X2 +  number density during1/2

and after a pulsed Ne/N 2/HgBr2 has been examined by monitoring absorption by the

plasma at 351 rm. Also, temporal studies of the 351 nm - pumped HgBr laser at

502 nm confirm that realizing the maximum UV-to-green conversion efficiency (22%

requires that the intracavity 502 nm fluence be sufficiently large to overcome

spontaneous emission and quenching losses from the B state.

10
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TABLE I.

OBSERVED BANDHEADS IN THE B 2E +(v) + X 2E+.(v") ABSORPTION SPECTRUM OF HgBr.
THE WAVELENGTHS GIVEN IN THE AWOND COLUMN OM THE LEFT WERE MEASURED IN AIR.

Bandhead No. X (nm) i (cm-) i - vi+l v'v" vcac (cm-) i -v
(i) +caic

1 338.05 29573.0 113.3 50,0 29611.6 38.6

2 339.35 29459.7 100.4 49,0 29501.1 41.4

3 340.51 29359.3 123.6 48,0 29390.1 30.8

4 341.95 29235.7 110.7 47,0 29278.6 42.9

5 343.25 29125.0 109.9 46,0 29166.5 41.5

6 344.55 29015.1 120.8 45,0 29054.0 38.9

7 345.99 28894.3 107.3 44,0 28940.9 46.6

8 347.28 28787.0 107.4 43,0 28827.4 40.4

9 348.58 28679.6 124.5 42,0 28713.3 33.7

10 350.10 28555.1 107.2 41,0 28598.7 43.6

11 351.42 28447.9 40,0 29483.6 35.7

- ------ 39,0 28368.0

12 354.05 28236.6 104.1 38,0 28251.9

13 355.36 28132.5 115.1 37,0 28135.3

14 356.82 28017.4 125.9 36,0 28018.1

15 358.43 27891.5 112.4 35,0 27900.5

16 359.88 27779.1 112.2 34,0 27782.4

17 361.34 27666.9 110.6 33,0 27663.7

18 362.79 27556.3 --- 32,0 27544.5

- - -1Ivi - vi+ 1 - 112.8 7.5 cm
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FIGURE CAPTIONS

Figure 1. Time-integrated spectral profile of the HgBr B2 E + X2 E+

1/2 +'1/2

absorption band recorded -1.1 us into the afterglow of the discharge.

The spectral resolution of the detection system is - 0.1 nm and the

structure near the band peak (330 < A < 370 nm) is real. The Ne,

9 -31
N2 and HgBr2 number densities are 3.8"10 cm , 3.2.1018 ci-3 and

16 -3

4.1"1016 cm , respectively.

Figure 2. Expanded view of the bandheads near the peak of the HgBr (B + X)

absorption spectrum (Fig. 1). For convenience, the individual peaks

are numbered according to the order in which they appear in Table I.

Figure 3. Diagram of the experimental apparatus. The relative timing between

the firing of the excimer laser and the HgBr discharge could be

adjusted with digital delay generators (not shown).

" Figure 4. Transient absorption spectrum of the Ne/N2/HgBr2 discharge for

240 < X < 520 n and at different times following peak discharge

current.

Figure 5. HgBr 2 11t + l1 e absorption spectrum in the ultraviolet2 iu g

(240 < X < 320 nm). These data were acquired with the same apparatus

used in obtaining Figs. 1, 2 and 4 and the spectral resolution is

-0.1 nm.

Figure 6. Spontaneous emission spectrum of the Ne/N 2 /HgBr2 discharge for

240 < X < 540 nm. The resolution is again -0.1 nm and key spectral

features are identified.
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Figure 7. Temporal variation of the HgBr ground state absorption at 351 nm

2 + 19 -3 18 -3
(X2E1/2 , ' 0,1) for [Nel - 3.8.10 cm , [N2 ] - 3.2-10 cm

' '. nd 4..116 -3
and [HgBr2] - 4.110 cm. The XeF laser pulse energy was held

constant at 26 ± 2 WJ. Note that absorption is nearly constant for

80 < ,t < 200 ns and, as shown by the solid curve, decays exponen-

tially with a time constant of - 0.8 us. The dashed line will be

discussed later in the text (in conjunction with Fig. 12).

Figure 8. Energy of the transmitted 351 nm pulse as a function of the beam

* energy incident on the Ne/N2 /HgBr2 discharge. The line (slope - 0.2)

represents the linear least squares fit to the data. The Ne, N2 and

HgBr2 densities are the same as those for Fig. 7.

Figure 9. Small signal gain spectrum for the B + X band of HgBr: (a) during the

active discharge and (b) 450 ns into the afterglow. In acquiring

these spectra, UV radiation from the Xe probe lamp was blocked from

reaching the discharge by a glass filter.

Figure 10. Same spectra as Fig. 9 but with the UV-absorbing filter removed from

the optical path. The gain now evident in the green for At - 450 ns

is due to the pulse lamp pumping the 350 nm-centered B + X band of

HgBr.

Figure 11. Conversion of absorbed XeF (351 nm) radiation into the green

0 - 502 rim). For these data, At was fixed at 90 ± 8 ns.

Figure 12. Temporal history of the 1V-to-green energy conversion efficiency

for EXeF fixed at 26 ± 2 WJ. Note the rapid decline in efficiency

beyond At = 90 ns. The termination of the first HgBr laser pulse

(not shown) occurs at At 80-90 ns.
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