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TUNABLE LASERS FOR WASTE MANAGEMENT PHOTOCHEMISTRY APPLICATIONS

Compi li>d by

F. T. finch

ABSTRACT

A review of lasers with potential photochemical applica-
tions in waste management indicates that dye lasers, as a
class, can provide tunable laser output through the visible
and near-uv regions of the spectrum of most interest to
photochemistry. Many variables can affect the performance
of a specific dye laser, and the interactions <>i these
variables, at the current state ot the art, arc complex.
The recent literature on dye-laser chara.-terisi ics has been
reviewed and summarized, with emphasi-s on those parameters
that most likely will affect the scaling of dye lasers in
photochemical applications. Current costs are reviewed and
correlated with output power.

A new class of efficient uv lasers that appear to be
scalable in both energy output and pulse rate, based on
rare-gas halide excimers and similar molt-<u l«s. i.s certain
to find major applications in photochemistr\. Because the
most important developments are too recent to he adequately-
described in the literature or are the likely outcome of
current experiments, the basic physics underlying the class
of excimer lase-vs i.̂  described. Specific cost data are
unavailable, but these new gas lasers should reflect costs
similar to those of existing gas lasers, in particular, the
pulsed C0_ lasers.

To complete the survey of tunable-laser characteris-
tics, the technical characteristics of the various classes
of lasers in the lr are summarized. Important developments
in ir laser technology are being accelerated by isotope-
separation research, but. initially at least, this portion
of the spectrum is least likely to receive emphasis in
waste-management-orientfd photochemistry.

I. INTRODUCTION

Tunable lasers of one type or another

are available which operate from the near-

ultraviolet, the visible, the near-infrared.

and through the middle-infrared portions

of the spectrum. Research is under way to

extend the range on both sides of the

spectrum, deeper into the infrared (ir)

and ultraviolet (uv).

The definition of tunable lasers has

been somewhat arbitrary. At one extreme,

fine tuning of the cavity of a normal gas

laser over the Ooppler-broadened width of

a reflected line may achieve continuous

tuning over a very restricted range

(- 0.003 cm" ). However, few applications

exist for such restricted tuning ranges,

and The lnclusicn of such lasers in our

assessment of tunable-laser performance

and costs would have been an unmanageable

task.

Tunable lasers are usually defined as

lasers tunable over a range of 50 to 100

cm or more. The tuning may not be

continuous over the entire range.



The literature on tunable lasers

mostly refers to lasers with very high

resolution for applications in spectroscopy,

which are not necessarily suited for

photochemistry or isotope separations. In

this evaluation of tunable lasers for

photochemical applications in waste manage-

ment, emphasis is placed on lasers with

output wavelengths in the uv and visible,

where most photochemistry occurs, rather

than on those in the near- and middle-

infrared. Also emphasized are types of

lasers that may be scalable to industrial-

size devices, particularly dye and excimer

lapprs. Dye lasers constitute the most

versatile class in the spectrum of in-

terest, providing coverage from the uv to

the near-ir with further extension into the

ir using optical parametric oscillators(OPO)

and into the uv with frequency-doubling.

Excimer lasers represent a new class of

lasers with relatively narrow tuning ranges

for any single laser, but with potentially

broad coverage of the uv region as a class.

There are growing indications that the KrF

excimer (cr, more precisely, exciplex)

laser may come to occupy a rol*» in the uv

region analogous to that of the C02 laser

in the ir.

Tfae tuning ranges for most of the

important types of tunable lasers are

indicated in Fig. 1. While this figure

essentially covers the complete spectruir,

it does not contain information on the

characteristics of laser light at the

various wavelengths. These characteristics,

which include laser energy, line width,

pulse width, beam quality, efficiency, and

others, vary considerably over the spectr-tm.

II. CHARACTERISTICS OF DYE LASERS

General

Dye lasers are the most versatile

class of lasers for laser photochemistry

applications. They are available for

wavelengths from the near-ir to the uv

semiconductor lasers U

spin-flip Racaui lasers
optical paraaetric oscillators C

difference frequency fenerators

sixers I

I I

i i krypton halide lasers

iii i xenon halide laser.:;

• omine djres

i—i rhodaaine dyes

rin dyes

dye-laser piaped OPO

frequency-doubled d/e laser

I I lasers

lasers

0.2 0.4 0.6 0.8 1.0 2.0 4.0 6.0 tJO 10.0 20.0

Wovettngth (pm)

Fig. 1. Ranges of tunable lasers.



(Fig. i). They can be continuous wave (cw),

modelocked to give picosecond pulse chains,

or pulsed at intermediate rates. They can

be of simple design with fair beam quality

or tailored to give specific beam charac-

teristics by more complex design. Liquid-

dyi- lasers are optically pumped, usually by

flash lamps or by other lasers. Vapor-phase

dye lasers could be pumped electrically. A

desired wavelength may be obtained by

•AC 1 ect ing the proper dyr- solvent, tempera-

ture, optical cavity design, or a combina-

tion of these possibilities. The physical

eonfiguration of dye lasers may vary widely,

depending on the qualify of the output.

Many variables are involved in the chemical

composition of the dye solution and in

optical construction of the laser. The

interaction of so many variables makes an

analysis of dye-laser performance diffi-

cult.

Dye-laser characteristics are surveyed

in this report. The literature has been

reviewed, representatively but not neces-

sarily exhaustively, from 1973 to present,

mill some significant earlier references

included. Characteristics of lasers useful

in systems analysis and for a projection uf

future dye-laser capabilities are stressed.

N<> attempt is made to assemble a compendium

•>f laser dyes. Extensive listings are

available elsewhere. and new laser dyes

;ir>' iicinR developed almost daily. Several

i-i.••, .<•».-, ..I) dye lasers have been puti I ished. 6" 1 '

Ijut none had been prepared specifically to

fii'Tic us a reference base for systems

studies of photochemical applications.

Original publications have been used as far

as possible. Some patents and foreiRn-

lanffuage articles are referenced through

Chemical Abstracts.

The versatility of dye lasers derives

from the diversity of organic compounds

available as laser dyes and the complexity

of their interactions with solvents and

with each other. The photophysics and

Hhoi .i.-hemistry of laser dyes will be dis-

. us-., il tirst. Pumping sources and their

vjj - CH-CH-CH-CH-CH-CM-CH-

"I"

Fig. 2. Typical laser dyes: (a) rhodamine
6G. (b) -1-methylumbel 1 iferont'. (c)
disodium fluorescein, (d) 1,4-di 2-
(5-phenyloxazolyl) benzene (POPOP).
(r ) 3.3'-dimethyl-2,2'-oxati icar-
bocyanine iodide (DOTC). (f) cresyl
violet.

effects on laser output will then be des-

cribed, followed by discussion of optical

cavity design and tuning mechanisms. The

interaction of these design and operating

options provides the versatility and poten-

tial of dye lasers.

Dye Characteristics

The Iasine dye is a complex organic

compound, often having twenty or more atoms

per molecule and usually displaying a high

degree of unsaturatmn ("-bonding). Figure

2 shows structures of several typical laser

dyes. Many compounds used originally in

solution lasers were of the class conven-

tionally called dyes. However, many pro-

perties of conventional dyes, such as

affinity for fibers, are not relevant to

laser dyes. On the other band, many laser

dyes do not absorb in the visible part of

the spectrum and are therefore colorless to

human vision. Ti.e common characteristic of

laser dyes and .onventional dyes is a
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p-terphenyl

PBDC

POPOPd

7-amino-'»-methy lemimnrin

7-dietl iylamlno-4-met h v l -
counarln

4-mett"/1 'imb*111111'rone

rhodaoine R

cresyl violet perchloratc

DOTC,e

gDTTC

5,^'-dichloro-ll-diphenylamlno-
3,3'-diethyl-10,l.1-ethy!^•netri-

perchloratp

1,1* -dtethy 1-1 , )-,ui-l oxv-J ,2 ' -
quinotetracarbovanine I ml Mr

TABlh I
I'F.KFOKMANCK OK DYES I-ASINC. Al VARIOI'S WAVK1.KNGTHS

a

Solvent

cyclohexane

toluene

vapor phase

dioxane

toluene

methanol

ethanol

ethanol

ethanol

ethanol w/
1 N nrlo4

tnethunul

me I harm 1

OMSO1

DMSl)

DMSO

DMSO

Molarlty

9

5

2

1

5

5

- •

7

2

5

1

..

-'

-•

>

1

x 10" 3

x 10' 3

x 10- 4

x 10- 3

x 10' 4

x 10~ 4

--

.5 x 10" 4

x a ) " 4

x ID*'

.4 x 10' 4

.5 x in"4

x 10"'*

x 111"

, - '•*

., X in"'

Pump ing Source

xenon plasma

nitrogen laser

nitrogen laser

fl.ishl.imp

Nd:YAR laser
3rd harmonic

flashlamp

f lashlainp

flashlamp

Nd:YAC laser
3rd harmonic

nitrogen laser

Nd:YA(i laser
2nd harmonic

NdiYAC laser
2nd harmonic

f l.ishl.imi'
60 mm long

]1" mm lung

flash lamp
f>0 ran long

110 mm l»ng

f la.i hi amp

ij-swl tilled
rubv Inner

Sonne
Energy
(-0

',.hb

0.001R

0.004

1.5

0.0005

1500

___

5

0.025

bOO

0.240

0.24(1

---

...

...

...

128

0.62 5

Pumping
Threshold

—

...

5 x 10" 4

0.0 7 1

—

...

12

...

.._

...

...

7. r.

l.'

10. H

17

...

max

Output

(jim)

UO

—

393

420

—

435

436

460

500

592

647

H15

...

885

...

950

10711-

1120

Tuning

Range

—

357-376

...

—

415-410

...

—

...

440-490

460-550

586-598

642-652

KKI-HI7

H2 5-H37

HH 1-HK7

HKi-H87

— -

lll.'d- 1 lull

Output at A
max

0.010 J

^ 202 eff.

3 H 10~ 4 .1

...

1 x 10"' mJ

2 J

2.7 kW

0.35 kW

50 J

118 nJ

102 m.l

6 x 1" eff.

1.5 x l(f4 eff.

10"" H f .

2 x 10"h eff.

0.05 1 .1

1.5 MW

Ref

21

t

22

23

24

25

26

27

24

28

29

29

10

10

10

HI

: » F o r l a s , o r s u u n e s , l . i s i r " i t p v i t I s l i s t i ' d ; l . u f l . i s h l . i m p H ,
' T O ^ J l a s e r p u h i t 1 e i i e r g \ t o p r ^ . i ' u f [ ' l . i s m . i ,

' J l , - 4 - l l i | . ' - • ' I - ; ' K - l i v l o x i / ' 1 1 1 ! ) . • < " ! < •
i l f u x l d i -

l e i t r l • a l I n p u t 1 . ' . I i ! e i l .
2 - p l u n v l r i - ( '. • '• I p h i - n v t v 1 ) - I , l , ' ( - . > x a d 1 « z n l e

" ! , ! ' .!!:•:. :!;••: . ' , . • ' x . i t r I , . i r S o , y . i . i i i n ' l . u l i . l ,
' . 1 , 1 ' - H i - f l > v l -"• , 1 l ' M i i r I . i r ^ " r - v i n l i i e i o i l i d i



TABLE II

SOLVENT EFFECTS ON PUMPING THRESHOLD

Compound

arhodamine B

a-amino-M-methyl-phthalimide1"

4-amino-N-methyl-phthalimidec

6G

Solvent

methanol
1:3 mixture of
CF3CH(OH)CF3

and water

water
acetic acid
isobutane
ethanol
isopropanol
cyclohexanol
acetonitrile
Oimethy1formamide

glycerine
ethanol
isobutanol
isopropanol
cyclohexanol
dimethyl formamide
acetonitrile
ethyl acetate
acetone
dioxane

ethanol
methanol

Pumping Source

ruby laser
(second harmonic)

ruby laser
(second harmonic)

flashlamp

Threshold

1 . 0 0 b

0.72

i

1
1
]
1
]

i :

i
r
f

1 . 3 5
I . 7 6
I . 1
1 . 0
1 . 0
1 . 6
i . 2 8

! . O
) . 7 2
) . t i l

0. 55
I
0
0
0
1
0

1
0

>.52
1.47
1.44
1.92
. 5 0

i. 55

. 0 0
1.77

"Kef. til.
bF'"- each compound, the threshold is given in relative- units.

' Ke I . <i2 .
d R e l . H:i.

55.56

"n U s i n g properties. The interaction of

the functional groups with the parent

n» • 1 <•( u i < has bt-»'n stud ied in some detai 1 .'

These systematic studies suggest that

improved laser dyes can be synthesized.

other correlations between molecular struc-

ture and dye performance have been inves-
2 57 58

tigated. ' ' The large number of atoms

in a dye molecule precludes calculation of

its properties by quantum-mechanical methods.

Solvents can interact witb dye mole-

cules in several ways that affect laser

action. Electronic interactions between

.solvent and dye molecules affect the spacing

of energy levels in the dye molecule, and

therefore the transitions between energy

levels. The solvent can provide or inhibit

relaxation or loss mechanisms that inter-

fere with laser action. There may be a

reorientation of solvent molecules about

44
the dye molecule as the dipole moment

changes for the ground and excited states.

In addition, the solvent provides a medium

in which chemical changes can take place,

and it may influence such chemical changes.

Acid-basp, monomer-diner. and isomerization

equilibria have been observed for laser

dyes. These microscopic changes result in

macroscopic changes in laser properties.
59Dye-tuning ranges depend upon the solvent.

The solvent also affects the polarizaliun

of the emitted light. Solvent effects on

threshold pumping energies and wavelengths are

given in Tables 11 6 1" 6 3and III. 6 4" 6 6 Threshold

pumping energy is the minimum input energy

requiied to produce lasing.

Although the most, common type of dye

laser uses a liquid solution of the dye in
— 3 -5

- 10 to 10 molar concentration, both

solid and vapor dye lasers have been



TABLE III

SOLVENT EFFECTS ON LASER WAVELENGTHS

Compound

9-hydroxy-l-methyl-3H-naphtho(2,
1-b]pyran-1-one

9-hydroxy-l-trifluoro«e£hy]-3H-
naphtho[2,1-b]pyran-3-one

Solvent

basic
ethanol
cone acid

basic
ethanol
cone acid

Puaplng
Source

nitrogen
laser

max
Absorp-
tion
(nm)

420
346
3M8

5 10

36 5

415

max

Output

615

460

550

6iO

520

600

Tuning

Range

(nm)

616-6H6

5 39-581

Ref.

64

64

64

64

64

64

8-hydroxy-4-methyl-2H-naphtho[1,
2-b]pyran-1-one

8-hvdroxy-4-trifluoronethyl-2H-
napthol1,2-bJpyran-2-one

basic

ethanol

cone acid

basic

ethanol

cone acid

402

358

382

440

380

39«

5 30

6 35

485

5 10

52H-S7j

4K4-529

485-560

6-

64
64

8-hydroxy-4-phenyl-2H-naphthof1,
2-b]pyran-2-one

4-methyluubelliferone

basic
ethanol
cone acid

ethanol
+ 3J water
+ 42 water
+ 6% water
+ 9Z water
+ 20? water
+ HC1

+ 10* water
+ 401 water
ethanol
+ 0.1/0.24*
+ 0.5/1.0
+ 1.0/2.4
+ 1.5/3.6
+ 2.0/4.7
+ 3.0/7.1

lO"2

1 x 10
-2

420
365
333

nitrogen
laser

ruby laser
2nd harmonic

ruby laser
2nd harmonic

325
32 5

610
470
480

400

6-

490

—

—

4904525
1454''82
470
52 5

490
490
485
480
i.50

106-^ i5
402-ji'.

406-52 '
42 5-505
480-54")

«443-490
450-481
520-530

480-500
IKO-iO'i
175-4 "1

t-.imtno-N- mc-thylphthal i

4-amino-N- methviphthalimldc

rhodamlne B

cresyl violet perchlorate

1,1'-diethy1-4,4'-quinotrlcarbo-

cyanine Iodide

water
glycerine
acetic acid
lsobutane
ethanol
isopropanol

r"clohexanol
acetonicrlle
dioethylformaalde

glycerine
ethanol
isobutanol
Isopropanol
cyclohexanol
diaethylformamlde
acetonltrile
ethyl acetate
acetone
dioxane

ruby laser
2nd harmonic 512

ruby laser
2nd harmonic

aethanol
ethylene
glycol

•ethanol
DMSO
acetone
DMSO

1.4 x 10

2 x 10

2.5 x
2.5 x

-4 Nd:YAG
doubled

-4

1 0_ 4 Sd.-YAG
10_4 doubled

1 x 10"3 ruby laser
2.5 x 10-3

49M
500
498
501

500

576
539
5 36

533
528
509
509
480
180

592

605

64 7

665
1000-1100
1050-1110

—

486-598

599-611

642-652
658-672
970-1125
1020-1140

>•}

'• 1

' .3
'•3
M

',3
63
• I

.'9

2 9

29
29
31
11

- First nuaber is aolarlty of HC1O4; second number is nolarlty of water.



operated. In the solid lasers, a dye-doped
67—fiQ

polymer has been the lasing medium.

Solid-dye lasers have found limited appli-

cation because of heating damage to the

matrix and rapid degradation of the dye.

The dye 1,4-di!2-(5-phenyloxasyl)lbenzene

(POPOP) was the first to be made to lase in
22 70 72tiie vapor phase; ' p-terphenyl has

also been reported to lase in the vapor

phase. With dyes that vaporize without

decomposition particle densities comparable

to these in solution can be obtained.

giving comparable power output. The output

of vapor-phase dye lasers can be tuned in

rhe same manner as that of solution lasers.

Their output wavelength is shifted toward

the blue relative to the solution lasers.

A potential advantage of vapor-phase dye

lasers is the use of electrical pumping,

leading to higher efficiencies in converting

input energy ;j laser output. Electrical

pumping has oeen proposed for solution dye

lasers, •'•"' but there are no reports of

it-, success, and decomposition of both dye

and solvent appears to pose a formidable

obstacle. Conditions required for lasing

in the vapor phase may be more stringent

than those l«r the liquid phase. ' Gas-

phase dye lasers are reviewed in Ref. 78.

Kquations for determining solvent

effects on energy spacing have been de-

veloped. However, many needed molecular

parameters are not available either for

the laser dyes or for the solvents. A

maximum energy <lifferenco between excited

and ground states implies a minimum thresh-

old pumping energy. A change from proton-

ated solvents to deute'-ated solvents has

marked effects on lasing properties,

probably because of changes in energy-

transfer rates. Changes in solvent are
59 79

known to affect fluorescence yields.
79

Triplet population can also be changed.

Viscosity of the solvent apparently affects

the populations of the various states.

For cw lasers, solvent requirements

are more stringent than for pulsed dye

dye, being chemically stable and easy to

handle (reasonable vapor pressure and low

toxicity), the solvent must be able to

dissipate the heat resulting from the high

pumping power densities required and must

have goiJ viscosity properties for rapid

flow (10 cp or higher at room temperature).

For example, a mixture of ethanol and water

gives better results with rhodamine 6G than

ethanol alone, presumably because of the
80higher specific heat of the water.

The concentration of a dye in solution

affects laser characteristics. Lifetimes

of the various states are related to con-

centration, and self-absorption of the

emitted light may take place. Concentration

effects have been ntudied both theoretically
81and experimentally for rhodamine-B and

81.82
rhodamine-6G. Values for the variation

1asers.
79 In addition to dissolving the

of pumping threshold with concentration are
81 —S3

given in Table IV. Typically, thepumping

threshold is high at very low concentrations,

decreases to a minimum, then increases

again at the highest concentrations.

The optimum concentration differs for

different dyes and different cavity con-

figurations. The wavelength of laser

output is also affected by dye concentra-

tion in solution. The amount depends on

the dye. The wavelength shift for rhodamine-

6G is 30 nm for a change in molarity from
— ft — fi

8 x 10 to 2 x 10 M, whereas it is only
842 to 3 nm for pthalimide derivatives.

Chemical equilibria can play an im-

portant part in dye-laser performance. Dye

molecules contain functional groups that

may participate in acid-base equilibria,

such as KH2> -OH, and -COCH. In addition,

the excited states of the molecules may

have different acidity properties from the

ground state and form complexes (excimers)

that do not exist in the ground state. The

dye 4-methylumbelliferone lases from several

species in solution, giving a tuning range

of 176 nm. Complete details of the species

involved in the fluorescence and the mech-

anisms of their formation have not been

determined.63,61,85-91



TABLE IV

CONCENTRATION DEPENDENCE OF PUMPING THRESHOLD

Dye

perylene

rhodamine B

Solvent

benzene

water

methanol

Concentration (M)

rhodamine 6G water

methanol

3 x 10

6 x 10

5 x 10

5 x 10

5 x 10

5 x 10

5 x 10

5 x 10

5 x 10

5 x 10

5 x 10"

5 x 10

5 x 10

5 x 10

5 x 10

5 x 10

5 x 10

5 x 10

5 x 10"

5 x 10

-3
-3
-6

"5
-4

-3

-6

-5

-4

-3

-6

r5

-4

-3

-6

-5

-4

-2

Pumping
Threshold

22.5 keV

19.5 keV

4 2 a

Pumping

nitrogen

doubled

Source

laser

YAG laser

Ref.

83

81

25

12"

124a

27a

27a

58"

I0a

70"

' Normal ized to 1 for rhodamiu..- 6G in methanol at 2.5 x 10-4 M.

Dye molecules may associate to t?rm

dimers or high clusters. Monomer-dimer

equilibria are believed to be important for
92 93la.sing action in rhodamines, ' but

tlii'se effects have also been attributed to
94—96

acid-base equilibria. Lasing emission

from 7-alkylaminocoumarins has been attri-
96buted to a dimer exciplex. The observed

improvement of lasing action by the addi-
92 97

tion of surfactants ' has been attri-

buted to the breaking up of dimers by the

formation of micelles containing the
92individual dye molecules, but micellar

formation will affect triplet properties

and acid-base equilibria as well. Mixed

aqueous-organic solvents are found to give

improved laser action with rhodamine-6G

because of water's thermal properties

combined with the organics' solvation

properties. Superradiant emission bands

have been observed in concentrated aqui-ous

solutions rf rhodamine-B and rhodamine-fiG

that are attributed to the dimrr; addition
98of a surfactant quenches these bands."

Another reaction that may occur is

isomerization: its equilibrium is affected
18by the solvent. If laser emission occurs

from one isomer but not another, solvents

favoring the lasing isomer will give better

performance.

Temperature effects in dye lasers are

related to solvation. Polymethine dyes

have been studied in several solvent?, at
99

temperatures as low as 4.2 K. Generally,
lowering the temperature leads to emission

at shorter wavelengths and •<. lower pumping

threshold. In some solvents, the quantum

yield of fluorescence may increase Below

temperatures at which the solvent viscosity

reaches 10 P, the lasing spectrum becomes

a series of lines.



Sensitization, or energy transfer, a

technique used in organic photochemistry,

can also be applied to dye lasers. If a

light source for the absorption band of the

compound of interest is unavailable, a

sensitizer can be used to absorb the

available light and transfer the energy to

the compound of interest. The transfer may

result from fluorescence of the sensitizer

in the absorption band of the compound of

interest ;radiative transfer), from col-

lisional transfer, or from long-range

electric dipcle or quadrupole interaction.

Sensitizers may be used either to enhance

absorption with a laser source having a

wavele.igth that is poorly absorbed by the

dye from which laser action is desired, or

to improve the operation of a flashlamp

pumped laser. Laser dyes themselves are

excellent sensitizers for other laser dyes.

Radiative transfer can take place if

the sensitizer and lasing dyes are in

separate containers or if they are mixed in

the same solution. Dye sensitizer solutions

have- been circulated between flashlamp pump

and the User dye.67'101'102 Two dye

lasers can be inserted in a single optical

cavity, wjth independent tunability of both
103beams. Because not all dyes have the

same optimum solvent, a double-compartment
90dye cell is vseful. The efficiency of

energy transfer may be improved when the

sensitizer and the dye are present in the

same solution. ' In a dye mixture with

multiple-wavelength operation, radiative

transfer is the dominant energy-transfer

mechanism. To give a particular case,

cresyl violet is a poor laser dye unless it

is pumped by rhodamine-6G.6'106p107 The

pumping thresholds of other dyes have been
83

reduced by the addition of a sensitizer.

Degradation of laser dyes is a poten-

tial problem that will affect the operation

of industrial-scale lasers in photochemical

applications. The literature is somewhat

inconsistent on this issue, and contains

ambiguous terminology and unclear distinc-

tions between transient and permanent

108effects. Hole-burning is a transient

effect that results in limited absorption

of the pumping radiation and lessened

efficiencies. "Photobleaching" has been

used to refer to this effect and to another

phenomenon that apparently results from

photochemical and thermal reactions of the

dye to produce nonlasing species or species

that absorb at the laser wavelength. Of

these two effects, photochemical decomposi-

tion may be more serious with regard to the

economics of laser operation. With photo-

chemical decomposition, the absorption

spectrum of the laser dye changes neg-

ligibly, indicating that only small amounts

of the degradation products are present in

the solution. However, small quantities of

impurities are knows to have large elfects
109

on laser performance. Decomposition

products are likely to be fairly similar to

the dye in molecular structure, resulting

in high energy-transfer rates aad quenching

the excited states of the dyes. Small

changes in structure can also change the

light absorption properties significantly,

leading to absorption at the laser wave-

length. Rates of dye degradation have

been studied, ' and the triplet state

has been suggested as an important pathway

for dye degradation.113'114 Additional

studies of the degradation products and £he

probable mechanisms of their formation are

needed to produce information on designing

dye molecules to resist degradation. Some

dyes are known to degrade differently from

pulsed flashlamp irradiation and irradiation

bv a mercury line.115 The photochemical

degradation products of one dye, 7-diethyl-

amino-4-methylcoumarin, have been isolated

and identified.110

The effects of dye degradation can be

minimized in several ways. Large quantities

of solution circulated through the laser

provide for dilution of the degradation

products and their possible regeneration,

if the reaction is reversible. Addition of

surfactants increases the stability of some
97

dyes. The most effective way to eliminate

10



degradation may be to develop less reactive

d y e s . 2 7 ' 1 1 0 - ' 1 5 . 1 1 8 A solution of a

fluorinated coumarin in dioxane, circulated

through a dye cell pumped by a 5-J flash-

lamp and cooled, has produced 3 x 10 5

pulses from 500 ml before the pulse power

declined to half the original power. The

corresponding unfluorinated coumarin pro-

duced VK as many pulses before the pulse

power declined by half.

Optical Pumping Methods

Flashlamps or other lasers are gene-

rally used to pump liquid dye lase s.

Flashlamp pumping is suitable only for

pulsed lasers; cw lasers require laser

pumping, usually with an argon-ion laser.

Flashlamps must produce a pulse of light

with a risetime on the order of nanoseconds

to pump dyes efficiently. While many dyes

can be pumped with flashes having slower

risetimes, the energy-conversion efficiency

is lest Lhan optimum. Although flashlamps

have several disadvantages relative to

lasers as pumping sources, they are simple,

'•fftcient devices producing high optical

( I uxr-s.

A coaxial geometry in which a flash-

lamp is an annuius around the dye channel
e* 1 1 7 7 1 ft

is fav-ed, ' ' although linear and

spiral flash lamps are also used. Ideally,

the dye is illuminated uniformly by the

flashlamp, requiring a uniform discharge

throughout a coaxial flashlamp, but this is

seldom achieved. A number of gases can be

used for filling the flashlamp. Xenon is

common, but krypton, argon, and air are

also used. The gas pressure in the flash-

lamp must be high enough to prevent pre-

mature breakdown, but flash intensity
119

varies little with <»as pressure.
Increasing pressure increases the flash

23
risetime. The fast risetimes required
are achieved by using low-inductance capaci-

tors with short connections to the flash-

lamp. Pyrex is a suitable material for the

fla.snlamp and dye cell if the laser is to

be pumped with visible light,119'120 but

tiuartz is necessary for uv pumping.

Flashlam^s have been designed with epoxy-

resin seals, or as all-glass or all-quartz

systems. The all-quartz systems give the

longest lifetimes. A rapid repetition

rate can be obtained by thyristors. Flash-

lamp life is prolonged by operating the

flashlamp with a continuous simmering

current and triggering by thyristors rather

than spark gaps. Large coaxial flashlamp-

pumped dye lasers have been built. Outputs

of 100 and 400 J have bei?n reported, using

rhodamine-6G.121'122

The efficiency of a flashlamp-pumped

dye laser depends on the flashlarop driver

circuit, the characteristics of the optical

cavity, the characteristics of the dye, its

concentration in solution, and the dye—cell

size. Dynamic mathematical models have

been formulated to evaluate the effects of

these parameters.36l38'82>117 Efficiencies

for conversion of electrical energy are on

the order of 1%. ' Rhodamine-6G per-

formance with pumping by flashlamp and by a
122—124

xenon plasma is given in Table V.

Some dyes require a high energy density

for pumping, and high energy densities can
124

lower pumping thresholds. A small-

diameter dye cell with a coaxial flashlanp

is useful in these cases.

Shortcomings of flashlair.p-pumped dye

lasers are the propagation of inhomogeneities

caused by heating through a dye solution

and the formation of shock waves from the

discharge.92'117'123'125"128 Inhomogenei-

ties can also result from turbulence as-

sociated with a fast flow rate. In-

homogeneities shorten the pulse and distort

beam quality, particularly in the dispersive
61

cavity required for tuning. Repetition

rates may be limited by the time required

for the inhomogeneities to disappear.0

Using a transverse laser cavity is one

approach to minimizing this effort. An

elaborate solution to the problem is to

flow the dye solution through a zigzag

channel in an array of prisms, with two
123linear flashlamps outside the array. A

simpler solution is to introduce an annuius

11



TABLE V

RH0DAMINE-6G LASER CHARACTERISTICS WITH INCOHERENT PUMPING

Rise Ti

280C

800-iiOO

800-1S00

200-300

10

-5

4000

8000

8000

3000-4000

3000-4000

500-3500

50

500

700

550

600

1 500

1 090

100

50 000

5.6b

590

590

570-620

599

595

587.5

15.3

230

330

22

0.036

Output
Energy

0.22

0.35

15

12

Efficiency

0.04

0.06

1.0

1.1

"Electrical energy Input to flasblaap.

between th<- dye channel and the flashlamp

annulus, through which a coolant can be

flowed.5'101'1 The annulus also inhibits

the propagation of a shock wave, but the

temperatures of the coolant and dye solu-

tions must be matched before they enter the

laser tube, or thermal inhomogeneities will
1 30

result. The addition of an appropriate

dye to the coolant to provide fluorescence

conversion of the flashlamp output to

absorption wavelengths of the laser dye
69

increases efficiencies and changes the
120

spectral distribution. Water, as P.
solvent, minimizes thermally induced inhomo-

93geneities. However, water cannot be used
with all dyes.

Flashlamp pumping gives a laser output

shifted toward the red from the output for

the same dye with laser pumping.

A xenon plasma produced by a C02 laser

had been used to pump p-terphenyl and

rhodamine-6G.21 The high spectral radiance

and fast risetimes of plasmas may allow

pumping of uv dyes that cannot be pumped by

flashlamps.

Fixed-frequency lasers with proper

wavelengths are used to pump dye lasers.

Doubled41-64,66,71,131 a n d u n d o u b i e d

ruby, 3 1 ' 1 3 2 " 1 3 4 doubled29 '81 and tripled

GaAlAs

OA
Nd:YAG, doubled Nd:glass, '

diode,136 nitrogen,2'22'106'137"151

argon-ion,53>152>153 xenon-ion154 and

Solvent

ethanol

ethanol

ethanol

•ethanol

•etbanol

etbanol

•thanol

ethanol

ethanol

•ethanol

Molarlty

n-3

5 x 10

10

10

io-4

10~4

4 X 10~!

ID"3

5 x 10~4

2.2 x 10

- 5

,-5

~3

Ref.

119

123

124

25

25

61

23

118

122

21

0.400 0.4

400 0.8

0.2 aethanol 10

Energy of COg laser pulse.

dye ° lasers have been used. More recent-

ly, a KrF laser has been used to pump dyes

in the ultraviolet. Different lasers

impart different characteristics to the

dye-laser output. The polarization of dye-

laser output is affected by the nature of

the optical pumping source. Pumping in-

tensity also affects polarization,156 but
does not affect the wavelength of dye-laser

38output. Higher pumping powers increase
p

light-to-light conversion efficiency.

Table VI lists some performance character-

istics for pumping with various lasers.

Although laser pumping can give light-

to-light conversion efficiencies as high as

50%, the net efficiency for conversion of

electrical energy into light energy has

been higher for flashlamp-pumped dye lasers,

because the laser pump sources have gene-

rally been relatively inefficient.

Optical Cavity Design

The optical cavity provides the feed-

back that controls the laser output. Its

optical elen, 3nts can vary widelj . Super-

radiant emission depends only on the medium
41and its container. Both superradiance and

laser action may occur simultaneously.15

The properties of the output can be con-

trolled by the insertion of minors, prisms,

gratings, and electro-optical and acousto-

optical elements. The tunability of dye

lasers results from the broad-band

12



TABLE VI

DYE-LASER CHARACTERISTICS WITH OPTICAL PUMPING BY OTHER LASERS

Dye

Nd:YAG laser, third haraonlc

POPOPa

DAMCC

4-methylumbelliferone

MADCd

Solvent

toluene

ethanol

water
(HaOH)

ethanol
(HC1)

Pumping
Energy

5x10

2x10

5x10

" 4

-3

5x10

5x10

5x10

r4

.-4

,-*

2x10" 3

Ruby laser,second harmonic •ode-locked

POPOPa toluene

DAMCC ethanol

4-methylumbelliferone basic

rhodamine-6G nethanol

7-iiydroxycoumarin • water (pH 9)

fluorescein methanol

Argon ion laser
f _

rhodao>ine-6G + Ammonyx LO water 2x19

5x10

0.08

0.08

0.08

0.08

0.08

0.08

"*

acetone

DMSO8

-3
Ruby laser, Q-swltched
1,1'-d iethy1-4,4'-quino-
tricarbocyaiiine iodide

1,1' -diet:hyl-13-acetoxy-
2,2'-quinotetracarbo-
cyanlne iodide
Nd:YAG laser oscillator-amplifier chaLn, second hamonic

DMSO,8

1x10
2.5x10

1.4x10

- 3

,-3

0.625
0.625
0.625

disodium fluorescein

rhodamine-6G

acridine red

rhodamine-B

cresyl violet perchlorate

3,3'-diethyl-2,2'-oxadi-
carbocyanine iodide (DODC)
+• rhodamine-B

cresyl violp<- perchlorate
+rhodamine-b

Xenon-dye laser

rhodamine-6G
+5% ammonyx L0

cresy]. violet

Rhodamine-6G dye laser

cresvl violet

-3
racthanol

ethapjl

methanol

nethanol

ethylene
glycol

methanol

4x10

1.1x10

1.6x10

1.4x10

2xl0"4

2.5x10

DMSOB 2.5x10

-4

-4

ethanol 5x10

1x10

,-5

Repeti-
tion
Rate
(Hz)

50

50

50

50

e

e

e

e

e

methanol

Water

ethanol

1.7x10
8xlO"5

5xl0"4 4.5xl0"5

6.75x10-5

4.5xlO"5

6.75xlO~5

10

120
120

120

120

Output
Wave- Output
length Energy

(J)

415-430

440-490

442-467

1x10

7x10

6x103
430-520 6x10

420

450

455

570

470

530

"6

Efficiency

(2)

0.2

1.4

1.2

1.2

10

10

10

10

10

10

10

10

547-564

562-576

578-594

586-598

599-611

642-652

658-573

628-638

0.068

0.140

0.105

0.118

0.114

0.102

0.041

0.080

29

51

44

48

48

43

17

33

63?-644 0.102 43

Ref.

24

24

24

41

41

41

41

41

41

53

594.2

597.4

970-1125

1020-1145

1020-1140

148 mV

141 «W

0.03b

O.O625b

0.035

25

16.4

4.8

10

5.6

31

31

31

29

29

29

29

29

29

29

29

29

1.8x10 "
3.6x10

3xl0~6

6*10~6

4
5

6

8

.3

.7

.9

154
154

154

154

0.600 0.100 16.7 155

13



TABLE VI (continued)

Dye Solvent

Clam-pulse, single-node ruby laser

3,3'-dimethy1-2,2'-oxatr1- acetone
carbocyanlne Iodide

CaAlAs diode laser

5,5'-dichloro-ll-dipheny1-
amino-1,3'-diethyl-10,12-
eThylenethla-trlcarbo-
cyanlne perchlorate

Nitrogen laser

PBD

BBD

POPOP

DAMC

TMSOh

toluene

diox-ne

dloxane

etbanol

9x10

5x10

2x10"

2x10
2x10

r3

- 3

Pimping
Energy

(JJ

0.45

1.4xlO~3

1,4-di(2-phenyloxazolyl)benzene.

pulse length assumed the same as pumping pulse.

7-diethylamino-4-methylcoumarln.

7-methylamino-4,6-dimethylcoumarln.

train of pulses lasting "v 90 ns; separated by 7.4 ns.

1.5%; surfactant

%lmethyl sulfoxide.

tyetramethylene sulfoxide.

Repeti-
tion
Rate
(Hz)

Output
Wave-
length

Output
Energy

(J)

Efficiency
(Z)

200

720-750 1.5x10

985 2.4

Ref.

133

136

0.00185

0.00185

0.00185

0.00185

2

2

2

2

357-376

372-405

415-448

438-491

^20?

^20*

1-20%

2

2

2

2

fluorescence of organic compounds; the

method of tuning is to alter the optical

properties of the cavity to obtain the

desired frequency.

Many configurations are possible for

dye cells. The t most common are a long

cell, which will ma. ze gain, and a short

cell with minimal surface area, which will

maximize energy density. The long cell is

commonly used for unspecialized applica-

tions. With coaxial-flashlamp pumping, the

cell is in the form of a long cylinder;

with laser pumping, a rectangular prism may

be used. The light from the pump laser is

focused by a cylindrical lens into a line

the length of the dye cell, transverse to

the direction of dye-laser output. Occa-

sionally, a longitudinal pumping arrange-

ment has been used.48,71,76.131,133,151

Longitudinal pumping has lengthened dye

laser pulses in a case of pumping by a

41modelocked ruby laser. It causes greater

excited-state absorption losses than trans-
14

verse pumping.

Higher energy densities are necessary

for pumping some dyes, which are also

reported to lower the lasing threshold.23'124

High energy densities are necessary for cw

lasers. Their dye cells are small, with

circulation of the dye through the cell.

In the cw dye laser, the pump-laser light
53

is focused to a point. Focusing to a

point is also desirable for superradiance.41

For power outputs greater than 1 *, the

pumping intensity required for cw dye

lasers is high enough to damage the windows

of the dye cell. A free jet stream of the

dye solution flowing through the resonator

of the laser has been used to eliminate

this problem. The jet stream must have an

optical quality similar to that of other

laser components, so that the flow properties
14



are critical to its operation. Thickness

fluctuations have been investigated for

jet-stream lasers, and linewidths have been

found to be comparable to those of other cw

dye lasers.158 Jet-stream cw dye lasers

have been used for high-resolution spec-
153troscopy.

Waveguide dye lasers have very narrow

dye channels to take advantage of focusing

and refraction of the laser beam by refrac-

tive-index gradients in the dye solution

and by reflection from the walls of the

channel. 6,144,1»9 They may be construc-

ted with thick films of polymer containing

a dye and deposited on a substrate with a

refractive index greater than that of the

polymer.160 High-output energies, Rood

efficiencies, and long pulses have been

reported for waveguide dye lasers. ' '

Waveguide lasers can be tuned by alteration
144of the- channel thickness. Reference 162

reviews waveguide dye lasers.

The simplest arrangement of optical

elements outside the dye cell consists of

one mirror on each end of the dye cell, one

of which is partially transmitting to allow

for cutput. The mirrors may be planar or

curved. Both distance from the dye cell

and reflectivity of the output coupler

affect the output power.142 Glass-

fiber bundles have also been used to provide

feedback and output.

For tuning the wavelength of the laser

light, a wavelength-selective element must

be included in the cavity. Gratings are
commonly used>5,30,61.139,143,150 b u t t h e i p

losses may be too high for high photon

fluxes, which way be necessary for photo-

chemistry applications. Prisms can be used

and will allow for higher photon fluxes
24than gratings. More than one prism is

usuallv needed to produce sufficient dis-

persion for satisfactory tuning. ' An

array of prisms has been used in a ring

configuration giving greater control of

mode structure and allowing for traveling-

wave operation. ' An oscillator-

amplifier combination of two dye lasers has

been used, in which the oscillator is tuned

with a diffraction eratinp and the power is

generated in the amplifier, to compensate

for the low power densities required by the

diffraction grating. Tuning has also

been accomplished in a superradiant laser

by use of a wedge-shaped dye cell , which

can be moved ti. give a continuous chance of

path length. ^ Fiibry-Percil etalons. '

acousto-optic filters, ' electro-optic

filters,152 Christiansen filters.170 and

thin nitrocellulose membranes (pellicles)

either coated with multilayer dielectrics

or uncoated have been used for tuning.

The method of tuning affects the laser

characteristics; for example, the pumping

threshold for rhodamine-6G tuned with a

grating was 15 J. but was 22 J with a

prism.

The output frequency can be stabilized

by locking to a stable reference. " '

Dye lasers stabilized in this way have been

used for ultraprecise spectroscopy.

Extremely short pulses (picosecond

duration) can be obtained from dye lasers
32 41 175by pumping with a modelocked laser '

or by passive mode locking with an appro-
32 41 175priate dye solution. ' ' Pumpifg

sources for passive modelocking are generally

cw dye lasers, but the possibility of

passive modelocking with flashlamp-pumpine'
176

has been investigated analytically.

Repetition rates of up to 10 Hz have been

obtained with peak pulse powers of several

kilowatts (energies of several nanojoules).

An extensive review literature exists on
178—181the theory and practice of modelocking.

Another technique for the production

of subnanosecond pulses with high repeti-

tion rates is to make use of rpsonator

transients that result from an inte1. action

between an excess population inversion and

photons within the cavity. D Pulses of

600 to 900 ps have been obtained from

rhodamine-6G, disodium fluorescein, and two

coumarins by pumping with a nitrogen laser.

Multiple-wavelength operation, of

interest mainly in holography, can be

15



obtained in several ways. Several aligned

cells can be p'-imped simultaneously by a
138

nitrogen lasc-r. Acousto-optic beam
' 39

dt-t lectors, * composite holographic dif-
28 182

fraction gratings, ' coupled cavities
104 148

with different dyes, »*•»» multiple-dye
183 128

jet streams, and Fabry-Perot etalons

have been used.

Feedback within a dye solution can be
substituted for external mirrors.184

nonlinear self-induced mirror has been
185

formed in the laser solutions; the

addition of a cholesteric liquid crystal

also gives internally distributed feed-
. , 186
baok.

The design of the optical cavity and

the method of tuning also affect threshold
energies, ' pulse length, mode

140
.selection, suppression of background

189
fluorescence, and structure in the

135

emission spectruw.

Dye laser Efficiency - Wavelength Relation-

ships

Dye-laser efficiency cannot be related

to wavelength by a simple relationship.

Each dye has its own characteristic tuna-

bility range and emission efficiency. The

laser emission efficiency varies over the

range of tunability.

Statements have been made to the effect

that tuning methods do not decrease output

power of the laser. ' For example. C.

V. Shank states, "With the insertion of

frequency selective elements into the

optical cavity, the bandwidth of oscilla-

tion can be reduced to a small fraction

of an angstrom without appreciable loss in

power." In other words, the integral under

the output curve for broad-band oscillation

(Fig. 3) may be only slightly greater than

the integral under the output curve for

tuned oscillation. At an upper limit on

tuned output efficiency, the integrals are

the same.

The configuration of the optical

cavity has a strong effect on efficiency.

Results obtained with one laser configura-

tion may not be reproducible in another.

Wovctengttt

Fig. 3. Spectral condensation Curve a
represents the broadband output of
a dye laser without tuning. Curve
b is the output with tuning. Area
c might be expected without feed-
back.

Absorption of pumping radiation is

another major factor affecting the effi-

ciency of dye lasers. Obviously, only the

radiation that is absorbed can produce the

necessary inversion for lasing. Because a

strong singlet-singlet absorption is char-

acteristic of laser dyes, there is an

optimum wavelength range for absorption of

pump radiation by laser dyes.

Because flashlamps have a broad-band

output, the use of fluorescence converters

in flashlamp-pumped c*./e lasers to convert

light at unusable wavelengths to wave-

lengths in the absorption band of the dye

can improve efficiencies. Many variations

on this method are possible,which were

discussed in the section on Dye Character-

istics.

The emission spectrum of a dye is

nearly a mirror image of the absorption

spectrum, separated from it by the Stokes

shift. The dye is generally tunabie over

the range of the emission spectrum. How-

ever, the emission spectrum alone does not

determine the efficiency of laser output.

Other factors, such as radiationless decay,

excited-state absorption, and nonlinear

effects enter into the efficiency. Some of

these effects have been studied analyti-
42

cally. The complexity of these inter-

actions is discussed in Ref. 58. The

16



relative positions of the emission and the

excited-state absorptions are different for

different dyes. These relationships have

been studied systematically by Pavlopoulos

and Hammond,55''56 who conclude that more

efficient laser dyes will probuoiy be

developed.

In a given liquid-dye laser, the

relationship between light-to-light energy

conversion efficiency and wavelength can be

quite complex. Figure 4 gives the wave-

length-efficiency relationship for a cw dye

laser.54 Figure 5 shows power ratios for

selected dyes in the uv and blue. These

power ratios are equal to the efficiencies

if the durations of the input and output

pulses are the same; they are equivalent to

relative efficiencies if these durations

differ but the pulse lengths are the same

for different dyes. Selected values of

efficiency from Table VI are plotted in

Fig. 6 as a function of wavelength.

MOO

Fig. 5.

saoo 4000 4200

(A)

4400 4CO0

Relative power ratios for several
dyes in a N2 laser pumped dye laser
between 3600 A and 4600 A. (1)
butyl-PBD in toluene, (2) PPF in
toluene, (3) BBD in toluene, (4)
-NND in toluene, (5) BBD in toluene
(74%) and POPOP in p-dioxane 126^).
(S) POPOP in p-dioxane, f7) di-
methyl-POPOP in p-dioxane, (8)
coumarin 120 in ethanol.

Fig. 4. Efficiency:wavelength relationship
for a dye laser using different
dyes between 420 and 760 run; (1)
carbostyril 165, (2) coumarin 2,
(3) 7-dimethyl amino-4-methyl cou-
marin, (4) coumarin 102, (5) cou-
marin 7, (6) sodium fluorescein,
(7) rhodamine-110, (8) rhodaraine-
6G, (9) rhodamine-B, (10) cresyl
violet perchlorate, (11) nile blue-
A perchlorate.
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Fig. 6. Efficiency:wavelength relationships
for selected dye lasers.
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III. CHARACTERISTICS OF EXCIMER LASERS

General

A research program,largely sponsored

by the Department of Defense,to investigate

high-power high-efficiency gas lasers has

developed a class of lasers that will find

important applications in laser photo-

chemistry. This class of lasers is based

on excimers. i.e., atomic dimer aggregates

which are unstable in their ground state

but are stable when electronically excited.

The emission from an upper bound state

to the dissociative ground state, which is

characteristic of an excimer, is continuous

over a range that is characteristic of the

particular molecule. Excimer lasers can be

tuned continuously over a portion of this

continuous emission band, as has been

demonstrated for several excimers. For

example, in the xenon excimer—the subject

of active research for several years—the

fluorescent band has a width of ~ 15 A or

one-third of the continuum width. A

broader tuning range would be expected if

cavity losses were reduced.

The characteristic emission spectra of

rare-gas excimers have also been observed

in other materials including rare gas-

halides, halide excimers, and the vapors of

metals with closed shells such as zinc,

cadmium, and mercury.

The use of the term "excimer" has becj

commonly extended to describe dimer mole-

cules that contain different monomer species

and which would more properly be called

exciplexes. In this discussion the term

excimer loosely applies to exciiaers proper,

to exciplexes, and to other metastable

molecules with the characteristic emission

of an excimer. Selected excimer lasers and

promising species receiving attention are

listed in Table VII, with reported tuning

ranges, output energies, and conversion

efficiencies representing the state of the

art. As important as the high energies am

high efficiencies that can be attained with

these lasers, is their potential scalability

to high energies and high pulse rates.
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Laser

XeF

XeCl

XeBr

*XeI

KrF

•KrBr

ArF

ArCl

I2

* C 12

* B r2

Ar-N2

* X'- N2

*Hg

TABLE

HIGH-POWER

Wave-
length

3540

3080

2828

2535

2480

2030

1900

1750

3430

2600

2800

3577

3130

3350

Tuning
Range

50

40

70

200

800

300

200

500

VII

UV LASERS

Pulse
Energy

1

O.*i5

100

6

100

—

1

—

—

0.2

___

Efficiency

0.3-3

3

15-25

1-3

Of the rare-gas halides, KrF (at 2480

A) and XeF (at 3540 A) lasers have produced

the highest powers and efficiencies.

Lasing has been achieved in both KrF and

XeF under excitation with electron beams,

with electron-beam-sustained electrical

discharges, and with electrical discharges

alone. In an electron-beam-pumped KrF

laser, more than 100 J has been produced in

a 55-ns pulse with a laser efficiency of

3.5%. The output of morj recently devel-

oped discharge-pumped KrF lasers has been

more modest, ( =r 100 mj). Discharge-pumped

lasers are of particular interest for

photochemical applications becuase of their

scalability to high pulse rates. Net

efficiencies near 10% appear possible.

When successfully developed, these

lasers will find applications in photo-

chemistry, in laser-isotope separation, in

pumping other lasers, and, possibly, in

laser fusion. The molecular data and the

knowledge of reaction kinetics acquired in

this effort will lead to new pumping

techniques for other laser systems. For

example, the energy stored in rare-gas

atoms and excimers can be transferred to

other molecules or atoms through eollisiona1

transfer of excitation energy or through a

photoprocess induced by the fluorescent

emission of a rare-gas excimer.

Because this class of tunable lasers

has been developed only very recently, it

has not been mentioned in other reviews of

potential uv potochemical light sources.

The following discussion will provide a

general background for evaluation of recent

and future excimer laser developments.

Relevant Molecular Physics

In the excimer systems, the radiative

emission of interest occurs in an electronic

(or more precisely, a vibration-electronic)

transition of a molecular complex. For

such a transition, let (AC)* denote an

upper energy state of the complex and (AC)

the lower energy state, where A is an atom

and C is either another atom or a molecule.

The electronic state of (AC)* is one for

which the molecular complex is not bound in

most cases. If (AC) is the ground elec-

tronic state of the complex and is unbounj,

the potential surface for fragments A and C

(1) is either repulsive (except for a small

van der Waals minimum at large separations)

or is too weakly attractive for binding,

and (2) correlates at large separations

with the fragments in their respective

ground states. In some cases, (AC) has an

excited electronic state that is repulsive

and correlates with the atom A in its

ground state and with the particle C either

in its ground state or its first excited

state. The other case of interest is that

in which the molecular complex (AC) is

weakly bound. The rare-gas monohalide XeF

(which combines the heavy noble gas xenon

with the lightest halogen fluorine) appears

to be weakly bound in the ground electronic

state, with a potential-energy well deep
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enough to support some few vibrational

levels. There is evidence that XeCl in the

ground electronic state is also bound.

The bound complex (AC)* is called an

exciplex (excited complex) when C is a

molecule, and is called an excimer (excited

dimer) when A and C are atoms of the same

kind. Generally, the term excimer has been

extended to the case of a diatomic molecule

whose atoms A and C are different.

Typical, potential-energy curves for

various excimer systems are shown in Fig.

7. Many homonuclear diatomic excimers AS,

as typified by the argon dimer shown in

Fig. 7a, are bound by covalent bonding

forces. For the rare-gas exciroers, the two

lowest bound electronic states are the
3 +

lowest-lying triplet z and excited

singlet z* configurations of the molecule.

At large separations, these states corre-

late respectively with one atom in the

metastable 3Pg or the
 3P. level of the

first atomic doublet term and with the

other atom in the S ground term. The

singlet-triplet splitting is due to spin-

orbit coupling, and is relatively small for

argon. For a heavier rare-gas excimer,

these bound singlet-triplet states lie

lower relative to the ground-state poten-

tial but have a larger splitting. The

ground-state potential-energy curve relates

to two closed-shell atoms and is repulsive.

Radiative transitions occur from the dis-

crete vibrational levels (or, more pre-

cisely, from the rotational sublevels of

the vibrational levels) of an excited

electronic state to the unbound ground

state. According to the Franck-Condon

principle, transitions from a vibrational

level take place (1) only to a spread of

points on the lower potential curve corres-

ponding to internuclear separations ac-

cessible to the initial vibrational motion,

and (2) with transition intensity propor-

tional to the square of the overlap integral

between the initial and final wave func-

tions of nuclear motion. Because the

potential energy (for nuclear motion) in

the lower electronic state lies on a con-

tinuous dissociative curve, the spectrum is

continuous and has a frequency width pro-

portional to the slope of the repulsive

potential curve. The spontaneous emission

from such bound-free transitions is a

Argon dimer

Xenon atom

o a 4
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Fig. 7. Potential energy curves for (a) argon dimer and xenon atom show ng resonant trans-
fer, (b) xenon iodide, and (c) xenon fluoride. For simplicity only the lowest-
lying excited states are shown.
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continuum band centered approximately at

the emission center of the lowest vibra-

tional level (~ 1300 A in the case of the

argon dimer). The band width includes the

energy spread of the occupied vibrational

levels (~ 2 kT) plus the width attributable

to the slope of the lower-state potential.

The exciroer spontaneous emission for the

rare gases typically has a 10% band width

(ii/ ~ 0.1 i' ) - For a list of experimentalsp o
studies of continuum emission by the rare

gases in the vacuum ultraviolet see Ref.

2.

Excimer systems similar to the rare-

gas excimers occur for the closed-shell

metal atoms zinc, cadmium, and mercury, the

best known being that of mercury. The

first and second excited state of the
3 - 3mercury dimer ( 0 and 1 , respectively)

are bound, while the ground state ( £*) is

repulsive. Bound-free transitions from the

excimer states to the molecular ground

state produce broad continuum bands centered

at 4570 and 3500 A. These bands have

usually been identified with mercury ex-

cimer transitions to the ground state, but

the spectroscopic assignments are not
4

firmly established.
The excimer states of homonuclear

diatomic molecules with repulsive ground

states are formed mainly by associative

combination of a metastable atom A* with a

ground-state atom A in a three-hody col-

lision ,

A* + A + M A* (1)

wtture M is a third heavy particle.

Emission continua due to bound-free

transitions are also observed for homo-

nuclear diatomic molecules whose ground

electronic state £ is tightly bound. In

such cases a continuum spectrum corresponds

to transitions from a bound triplet elec-

tronic state to a lower repulsive triplet

state arising from two ground-state atoms.

Even though the ground state and the re-

pulsive triplet state both correlate at

large separations to two normal atoms,

radiative transition to the triplet is

favored from a bound triplet state. The

continuous spectrum of the hydrogen mole-

cule, which extends from 1600 to 5000 A, is
3

a well-known example. This spectrum con-

tains contributions from vibrational levels

of the lowest bound triplet state 3i:* to the
3 +repulsive state 1 resulting from two

ground-statf atoms. The great width of the

continuum emission is caused by the steep

potential curve in the lower state and by

the number of contributing vibrational

levels in the upper state.

Certain physical and chemical proper-

ties of the roetastable states of the heavy

rare-gas atoibo which arise from the first

excited configuration np (n<-l)s are

similar to the corresponding states of the

nearest alkali atom in the periodic table.

The excited states of a rare-gas monoh »ide

are closely analogous to the nearest alkali

halide both in binding energy and in gross
5—7

structural properties. Examples are

shown in Fig. 7b for Xel and in Fig. 7c for

XeF. The lowest states of the rare-gas

halides are van-der-Waals and, in some

cases, covalent bonded. The ground-term

doublet 2p3/2>
 2pi/2 o f t h e halogen atom,

which has a much larger splitting in iodine

than in fluorine, forms upon approaching

the ground-state noble-gas atom the states
2-l/2' 2lI3/2" 2 l Il/2' W h e r e 2-l/2 i s t h e

ground molecular state. The deeply bound
excited states of a rare-gas monohalide RX,

where X is the halogen atom, are predomi-

nantly ionic with tho polarity R+X~. The

ionic excited states have the symmetry

species h1/2,
 2 H 3 / 2 , or

 2 H 1 / 2 . and are

shown in Fig. 7c with the same ordering as

the lower states (on the assumption that

similar molecular orbital arguments apply).

The ground state of Xel is only weakly

attractive (possibly only van der Waals

attraction), but the attractive well depth

and covalent character probably increase in

the sequence Xel, XeBr, XeCl, XeF due to
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the greater electronegativity of the lighter

halides. The lowest II states are always

repulsive.

The 22 1
+/ 2 -

 2ri/2 e m i s s i o n b a n d f o r

Xel and for XeBr is asymmetric, with a

fairly sharp peak at the red edge (corres-

ponding to the lowest vibrational level of

the ionic upper state), and is shading off

into the blue with a diffuse vibrational

structure superimposed on the continuum

(corresponding to emission from various

vibrational states of the ionic upper

state). In Xel, the emission band edge is

at ~ 2549 A and -- 95% of the emission is

found between 2510 and 2549 A. The narrow-

ness of the band indicates that the lower-

state potential curve for this bound-free

transition is not changing rapidly with

internuclear separation in the neighborhood

of the transition. The corresponding band
2 + 2

for XeBr is much wider. The 2, .„ — II,,,.

(3250 A) band and the z
1 / 2 —

 Ixi/2

(36C0 A) band of Xel are broad and fairly

symmetric, indicating strongly repulsive
lower-state potentials.

9 2
The £ - £ band of the XeF molecule

peaks near 3530 A and shades off to the

blue, with a general shape similar to that

of the corresponding bands of the other

xenon halides. However, much more struc-

ture appears with spacings smaller than the

vibrational spacing of the upper ionic
2 2

state. This is expected if the £ "* 2

transition in this spacies is bound-bound

and terminates on bound vibrational levels

of the lower-state potential well. The

chemical binding of the upper and lower

states differs (ionic and covalent, respec-

tively), and the potential minima of the

two curves are therefore expected to occur

at different inte^nuclear separations, with

the upper state having the larger separa-

tion. Kence, the vertical transitions

required by the Franck-Condon principle

terminate on vibrational levels located

near the top of the lower-state potential

well.

Continuous emission bands have long

been known for I_ and Br_. ' Recently,

laser action has been obtained on the

stiong I2 band whose broad spectrum extends

from 3000 to 3450 A.11"13 The electronic

states responsible for this band have not

yet been identified. It appears that the

upper electronic state of this I_ transi-

tion is a bound ionic state (the 3II O or
1 + ^

D ru), which correlates to the separated ion

pair I +1", whereas the lower state is one

of the covalent states (the unbound 3II 2

or the bound X £* ground state, respective-

ly) that correlates to two ground-state

iodine atoms. Wideband emission of Br_

peaked at 2920 A, as just reported, appears

by comparison to I2 to be significantly

jess efficient with evidence that output

energy is severely limited by lower-level

bottlenecking.

The ionic excited states of the rare-

gas monohalides can be formed by various

kinds of reactions. The halogen molecule

X2 or other halogen donor compound CX

(where C denotes the other molecular con-

stituents) can react chemically with an

electronically excited rare-gas atom R*

to produce the excimer state (RX)*,

R* + X2 -. (RS)» • X;

R* + CX - (RX)* + C, (2)

with a large reactive cross section. The

ionic excited state (RX)* can also be

formed by rapid (at high pressures) three-

body Thompson recombination of X" ions with

R+ ions:

R+ + X" + M - (RX)* + M; (3a)

or by excimer exchange:

(R'X)* + R - (RX)* + R', (3b)

where R' is a different rare-gas species in

the mixture. Three-body ion recombination

appears to be the dominant production

mechanism of the !„ excimer:

28



+ I + M - I2 + M ;

H - I* <• C + SI (4)

In general, the excimers are also formed in

a state of vibrational excitation, but at

higher pressures vibrational relaxation to

lower vibrational levels proceeds rapidly

by two-body collisions with the heavy

particles in the gas.

The rare gas-monohalide formation

reactions, Eq. (2), are the only known

exothermic bimolecular chemical reactions

that give electronically excited products

with visible or uv emission. The large

cross sections and favorable branching

ratios of theŝ > reactions (comparable to

the analogous alkali-plus-halogen reactions)

contribute to the high potential liser

efficiency of these systems. Moreover,

excimer formation processes involving two-

body collisions can have rapid kinetic

rates at lower pressures than the molecular

formation processes ind cated by Eq. (1)

and hence are more suitafe for electric

discharge excitation.

Oxygen atoms in the metastable 0( SQ)

excited level in three-body collisions

involving a ground-state rare-gas atom

R( SQ) can form the rare gas-oxygen excimer
4"), which correlates at large nuclear

separations to R(1So) + 0(
1S o), where R is

xenon, krypton, or argon. The most tightly

bound of these is the XeO(2XS+)14'15 ex-

cimer, which still has a relatively shallow

potential well (~ 0.06 eV). Various spon-

taneous emissions oi:cur from the 2 £*" state.

The green-band emissions are bound-bound

transitions to two lower exciffier states,

the more tightly bound (~ 0.34-eV) 1*2:+

and the very weakly bound (~ 0.025-eV) I1II

state, bo h of which correlate to Xe(*So)

+ 0( D 2). The generally used band assign-

ment for the major green bands (4800 to

5600 A) is 2h+ - 11£+ , and for the minor

green bands (5600 to 5800 A) is 2*2+

-» 1 II. Another emission is a uv continuum

band (centered at - 3080 A) to a repulsive
3

lower state, probably ] II, which corre-

lates to both xenon and oxygen atoms in

their ground terms. These emission bands

correlate with the various dipile forbidden

transitions in the oxygen atom, namely the

auroral green line at 5577 A between the

oxygen metastable states 0( SQ) — 0( Dg)

and the transaiiroral line at 2972 A between

0( S ) — O( P ). The emission bands of the

rare gas-oxygen excimers may be interpreted

as -shifted, broadened, and intensified

(induced dipole) forms of the pure atomic

lines, resulting from the perturbing effect

of the molecular binding. The green and uv

bands of the XeO excimer holds promise of

efficient laser operation. ' '

Excimer emission from ArH has been
1 o in

observed, ' as well as the emission
continua from excraiers of HgXe. Hn(H,,O) .

20-°3 ~

and Hgf.VH.,). *" Laser systems based on

continuum emissions from ex~'niers <>i alkali-

rare gas diatomics ard from excited alkali
24 25dimers have been predicted. Recently.

strong ^ — X- omission bands of the cesium-

rare gas excimers have been observed, with

prominent peaks at 5615 A (CsAr), 5650 A

(CsKr), and 5725 A (CsXe) and widths of

~ 50 A. Similar emissions occur from the

rubidium-raro gas excimers. The

alkali-rare gas molecules of the lighter

alkalis sodium and potassium are expected

to have stronger binding in the excimer

state and greater repulsion in ihe ground
28

state. The observed emission spectra
from the latter excimers confirm that the

corresponding bands are broader and more

red-shifted from the forbidden 4s -» 3stransition of the relevant alkali atom.28

Efforts to attain lasing in an alkali-rare
nn

gas system are in progress.

Another recently observed emission

band extending from 2200 to 3000 A has

been assigned to a bound-free transition of

the Cl2 molecule and shows promise for an

efficient tunable laser in the uv. Gas-

phase emission bands of interest for laser

applications are listed in Table VIII.
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TABLE VIII

EXCIUER EMISSIONS

Observed

Molecular
Species

X e 2

Ar 2

Hg2

XeF

XeCl

Xe3r

Xel

KrF

ArF
I

2

XeO

KrO
ArH

NaAr

NaKr

NaXe

KAr

XKr

KXe

HbAr

RbKr

RbXe

CsAr

CsKr

CsXe

HgXe

Hg(H2O)

Fluorescent
Emission
Peak (A)

fFWHHl

1720 [150]

1460 [140]

1260 [80]

4850 [1300]

3350 [600]

4500

3330 [25]

26.50 [15]

4250

3080 [23]

4650

3530

2820 [34]

3600 [540]

3250 [160]

2540 [20]

3050

2486 [20]

1933 [40]

3420 [50]

2870 [20]

5680 [35]

5450 [140]

5578 [25]

7670

4239 [185]

4299 [220]

4407 [220]

5082 [200]

5119 [245]

5205 [260]

4960 [20O

5000 [20]

5017 [26I

5616 [45]

5648 [45]

5723 [60l

2700tl503
2890[25O3

Laser
Emission

Xavelengtl
(A)

1720

1457

1261

3532,3511

3081,3079

2828

2484,2491

1933

3425,3424.
342",3420

5530,5470,
5390

5578

Hg(NH3)

Laser Action on Excimer Transitions

Laser action has now been demonstrated

on many excimer transitions. Lasing can

occur when the excimers are produced in

sufficient density within an optical cavity.

In the first demonstration experiments,

mirrors at each end of an excitation cell

have provided sufficient feedback for the

buildup of amplified spontaneous emission.

Pulsed lasing occurs at one or more oscil-

lation frequencies, which are generally

near peaks in the fluorescent emission

band. Early experiments led to only limited

optimization of optical cavities, molecular

mixtures, and operating conditions for

maximum efficiency. Thus, present efficien-

cies are in most cases well below attain-

able values. Earliest developments in

excimer lasers are discussed in various

reviews.31"34

Laser action is characterized by the

simultaneous occurrence of (1) spectral

line narrowing. (2) spatial coherence of

the directed output beam. (3) a sharp

oscillation threshold for the onset of

laser emission, (4) a time dependence of

the radiation pulse (onset time and nar-

rowed pulse duration) that differs markedly

from that of the spontaneous emission, and

(5) a large increase in axial light inten-

sity within the optical cavity (accompanied

by a dip in spontaneous emission when the

laser emission is relatively strong).

When the lower state is unbound, the

spread of Franck-Condon vertical transi-

tions from the bound upper state corres-

ponds to a range of positions on the dis-

sociative lower potential curve and hence

to a range of final energies for the mole-

cular complex. The energy range increases

directly with the slope of the dissociation

curve in the neighborhood of the transition.

Thus, a bound-free transition gives a

continuous emission band and has the poten-

tial of continuously tunable laser opera-

tion over a part of the band.

Tunability has been demonstrated in

the case of the xenon excimer transition,
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whose lower state is the repulsive ground
35state of Xe2. The fluorescent band is

centered at 1720 A with a width - 150 A. A

prism acting as a dispersive element in the

optical cavity enabled the laser emission

to be tuned over a range of 50 A (1700 cm"

around the central wavelength. The tuning

range would increase to a higher fraction

of the continuum width (150 A) if cavity

losses could be reduced. Similar tuning

ranges are expected for the krypton and

argon lasers. In the case of an emission

.spectrum that shows considerable structure

du<- to closely spaced vibrational bands.

such as the bound-bound transitions of XeF

centered at 3540 A or the mixed-type

transitions of I2 at 3420 A, the laser

emission Dresumably could be discretely

tuned over the series of peaks.

Lasers based on an excimer transition

to an unbound state are called molecular

dissociation lasers. because the molecular

complex dissociates after emission.

(AC)* - (AC) + hv .

(AC) - A + C .

(5a)

(5b)

The molecule in the lower electronic state

disintegrates in a time comparable to one
-13vibrational period (10 s). The position

<>( (AC) on the dissociation curve following

the transition (namely, the height above

the separation asymptote) determines the

kinetic energy of fragments A and C after

separation.

When the unbound lower state is the

ground electronic state, the inverse pro-

cess to that of Eqs. (5a) and (5b) must

also be considered. Ground-state particles

A and C in a binary collision approach

along the ground-state repulsive potential

curve of A+C and are said to be in the

state of collision (state of the quasi-
3

molecule). If the internuclear separation
on the lower potential curve reaches the

region corresponding to the radiative

emission from (AC)*, then absorption of a

photon hr at that position in the state of

collision causes a vertical transition to

the bound excimer state (AC)*. Thus. some

fraction of the quasi-molecules formed

during thermal collisions can absorb the

) photons emitted by the exciners and consti-

tutes an effective lower-state population.

At hign pressures, the collision frequency

is large and the density of quasi-molecules

having large Franck-Condon factors with the

excimer state (AC)* could be quite large.

However, if the radiative trans.tiens

terminate at points on the lower curve at a

distance appreciably greater than kT above

the separation asymptote, the thermal

population in the lower state will be

small. Furthermore, the dissociation <>!

the excimer molecule following stimulated

emission is rapid on the time scale of

laser pulses. 10~ s or longer. fnder

these conditions, ground-state absorption

is negligible, and the population invorsim

for the las ing transition is equal to the

number of excimer molecules. Thus, unde •

these conditions, bound-free excimer transi-

tions have the advantage that all the

enprgy (above the threshold inversion)

deposited in the excimer molecules can be

extracted as photon energy.

Even in the case of bound-bound ex-

rimer transitions, the conditions for

population inversion are generally favor-

able. The upper and lower potential curves

are usually displaced, with the minimum ot

the upper .-urve at a larger internuclear

separation. Vertical transitions from

lower vibrat-onal levels of the upper

potential will terminate on higher vibra-

tional levels of 'he lower potential.

Thermal occupation of the latter levels is

small, and fast vibrational relaxation at

high pressures will empty them rapidly and

thus prevent bottlenecking in the lower

laser level.

The primary consideration in evalu-

ating a particular excimer transition for

laser application is the relative proba-

bility for photoabsorption and stimulated
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emission from the exciroer state. Many

excimers have either (1) higher electronic

states (bound or repulsive) of the complex,

or (2) a photoionization or photodissocia-

tion continuum that can be reached from the

excimer state by absorption of a laser

photon. During laser action, photoabsorp-

tion from the excimer state (AC)* competes

directly with stimulated emission to the

lower state, and the net gain coefficient

i* directly proportional to the difference

between their cross sections. Of course,

;>hotoabsorption by rare-gas metastable

HI >ms or by other species (including im-

purities) in the mixture will reduce the

^:un as well as the efficiency.

Excimer state photoionization certain-

ly occurs in the rare-gas excimers. The

rjre-gas molecules have an electronic

• •r.f-rgy-level structure similar to that of

the rare-gas atoms. The first excited

ievels " s* or E * lie high above the ground

state -*, followed by a relatively narrow

scries of Rydberg levels (energy levels of

an electron in the field of the bound ion

core R*) to the first ionization limit.

Hence the photon energy from a. Z* -» Zt

transition is sufficient to photoionize the

l* state. The efficiency in laser emission

(defined as fraction of electron-beam

energy deposited in the gas that is con-

verted to laser optical output energy)

obtained with the rare-gas excimers has

been somewhat disappointing (~ 1%) in view

of their good fluorescence efficiency

(defined as ratio of excimer fluorescent

energy output to e-beara energy deposited in

the gas) of ~ 6 +o 25%. Excimer photo-

ionization accounts for much of the lowered

efficiency. Over much of the visible (4850

A) band of the mercury diroer (or possibly

trimer), which has generally been assigned

to transitions from the 0 u excimer state

to the ground state, the photoabsorption

cross section in the upper state appears to

exceed the stimulated-emission cross sec-

tion resulting in negative gain.4,36-38

Thus, laser action on this band can occur,

if at all, only at selected regions of the

band and probably with low efficiency.

However, efficient laser action on the uv

(3350 A) band appears highly promising.

In the hydrogen molecule photoionization

from the lowest bound triplet state a -*

appears to overwhelm the stimulated-emission

gain throughout the 1600-to-5000-A continuum.

The first excited state R* of the

rare-gas atom R lies high above the ground

level, but the level structure above R* and

the low ionization energy fro' R* are

similar to the excited level structure of

the alkali atom .-i nearest to R in th«'

periodic table. The excited electronic

states of the rare-gas monohalide RX e/e

mainly ionic, and the ion pair R*X~ is

analogous to the alkali halide A*X~. For

a heavy rare gas R, the first excimcr state

of RX lies considerably lower than that of

R_. and photoionization by excimer emission

is either eliminated or substantially

reduced, which contributes greatly to the

higher efficiency of many rare-gas mono-

halide lasers. Also, the rare-gas mono-

halides emit in the near-uv, where the

optical problems (particularly at high beam

flux) are much less severe than those in

the vacuum-uv.

An excimer state decays either by

spontaneous emission or by collisional

deac"ivation. In the dense media of in-

terest., eacimer state lifetimes are gene-

rally less than 100 ns. For a rare-gas

dimer, the fully allowed radiative decay of

the singlet excimer has a lifetime of

- 5 ns, whereas the triplet excimer is con-

siderably longer lived, e.g., - 100 ns for

xenon and - 2 us for argon. At high gas

pressure, continual mixing of singlet and

triplet states occurs by excimer collisions

with atoms and secondary electrons. The

excimer states of the rare-gas monohalides

have radiative lifetimes of the order of

50 ns. In the case of the rare gases,

excimer-excimer annihilation by Penning

ionizatir oi

39
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R* R* - R* • R R 4 e (6)

is the dominant collisional deactivatiou

process at high excimer densities. For

rare gas monohalides and Ig, kinetic de-

activation of the excited state occurs

mainly by two-body collisional quenching to

the ground state by ground-state rare gas

atoms or by molecular species in the

mixture:

(RX)* + M - (RX) + M . (7)

Because the energy separation between the

excimer and ground state is large at all

internucl--ar distances, the rate constant

for rare-gas excimer quenching to the

ground state by superelastic collisions

with ground-state atoms is expected to be

small compared to excimer quenching by

Process (6). But, in the case of rare-gas-

monohalides, excimer quenching by ground-

state atoms appears to be large for krypton

ana xenon. Also, quenching by halogen

donor molecules SI with bond rupture of H

can be large.

We mention that the primary collisional

loss mechanism of rare-gas metastable atoms

at high densities is the atomic analogue of

Process (6), namely, mutual annihilation of

metastables by Penning ionization:

R» R» - R+ R • e (8)

Rare-gas metastable atoms and excimer

molecules are also lost through excitation

or ionization by relatively low-energy

electrons ( ; 3.8 eV for ionization of xenon

metastables). The electron-impact ioniza-

tion cross section of R* by low-energy

electrons is generally large compared to

the electron cross section for excitation

of the ground state R. Under the high

electron-density conditions of laser pump-

ing, deactivation by electron collisions is

expected to be important.

The total line strength of an excimer

emission, although large, is spread in the

case of a bound-free transition over a

continuum with a large bandwidth (Ac

- 100 A). Accordingly, stimulated-emission

cross sections for bound-free transitions

are several orders of magnitude smaller

than comparable bound-bound transitions.

Stimulated-emission cross sections (at line

center) for continuum transitions. OgE. are

typically in the range 10"19 to 10~l8

cm2, whereas for XeF, where the 2I — -

transitions are discrete, aCE. ^2 x 10"
2cm .

In view of practical limitations on

laser pumping rates, the mean lifetime of

the upper lasing level (for spontaneous

emission and nonradiative decay processes)

limits the attainable inversion density in

the medium. Hence, the short decay life-

time of excimer states restricts the

energy-storage capability in these systems.

I'ecause the cross section for stimulated

enission associated with a wide continuum

band is small, excimer density must be high

for adequate small-signal gain. But to

obtain large excimer densities with short

excimer lifetimes, a high-density lasing

medium is required. Hence, sufficient gain

for laser operation generally requires a

high-pressure gas or a liquid. In such

high-pressure media, collision processes

are generally fast compared to spontaneous

radiative processes, including the three-

body collision processes required for rare-

gas excimer formation. A small cross

section for stimulated emission with a

short upper-level quenching time implies a

large pumping-power density to produce the

threshold-inversion density for initiating

laser action on the transition. The ex-

tremely high pumping-power density required

for the low-gain dissociation lasers will

probably limit their operation to short (40

to 100 ns) pulsed excitation of dense

media. On the other hand, quasi-cw opera-

tion is possible for the higher-gain lasers,

particularly those based on bound-bound

transitions (such as XeF and I,,), provided
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bottlenecking does not occur at the lover

level.

Operating densities are United by the

rate of collisional loss processes (6) or

(7) and (8), which deplete the excitation

energy stored in the excinters and rare-gas

metastables. Moreover, in a rare gas-

monohalide laser, the desired exclwr

formation , Process (2), must compete with

termolecular rare-gas dimerizatlon. Process

(1), which is a loss process in the kinetics

and becomes increasingly important at

high partial pressures of the rare gas.

Formation of rare-gas excimers reduces the

efficiency of converting energy deposited

in the gas into laser emission, and may

even block laser emission at high pressures

if the rare-gas excimer absorbs photons at

the laser frequency. Pbotoabsorption by

the xenon excimer formed in the Xe-Br2

mixture probably accounts for the blockage

of the XeBr excimer laser *iat occurs at

pressures above ~ 1 atm.

From the lowest pressure at which

laser action occurs, total laser emission

has generally been observed to increase

linearly with pressure over some range of

pressures (under conditions of e-beam

excitation where the energy deposition per

unit volume is 'ery nearly proportional to

the density of the gas mixture). In this

range, laser efficiency increases with

pressure because of favorable rate in-

creases of desired energy transfers in the

kinetic chain. As the pressure increases

beyond the region of linear output, the

rate of the collisional deactivation

processes (6) or (7) and (8) will have

increased sufficiently to cause laser

efficiency to decrease. With relatively

small additional pressure rise, totai laser

emission begins to fall off as collisional

decay of the excimer dominates the kinetics.

In the rare-gas excimers laser emission at

elevated gas densities decreases further as

a result of the mixing between the rela-
3 1

tively close I u and £ u excimer states by

collisions with low-energy electrons (rate

ar p tending to equalize the populations)

.and with heavy particles (rate * p favoring

electronic relaxation to the triplet level).

The small stimulated-emission cross section

for the partially forbidden transition from

the triplet level may even be exceeded by

the photoionization cross section. At very

high pressures where heavy particle col-

lisions dominate, the shift of populations

to the triplet state lowers both the opti-

cal gain and the laser emission.

Laser emission generally peaks near

the pressure and mixture with the greatest

fluorescent emission. In the case of the

rare-gas excimers under e-beam excitation,

optimum pressure for the xenon laser • 4 0~ 4 D

is about 15 atm in pure xenon (and about

the same partial press_re of xenon in Xe-Ar

mixtures), for the krypton laser about 30

atm, and for argon about 55 atir. The

molecular xenon laser has the highest

output power and efficiency. Approximately

the same respective pressures of xenon and

krypton (with 5 to 10 torr of 0_) give

optimum performance of the XeO and KrO

lasers. Gain in the ArO system has only

recently been reported for mixtures with up

vo 40 atmospheres of argon and a ft* torr

of !»2O.
4 At high pressures (5 10 atm) the

discrete rotational-vibrational lines

broaden and overlap into continuous emission

bands. For the rare gas-monohalides
11—13

and iodine lasers under e-beam excita-

tion, optimum total pressure of the gas

mixtures are considerably les^ ( ~ 2 to

5 atm), e.g.. output of the KrF laser 5 0 l 5 4 5 5

peaks at 3 to 4 atm and of X e F
5 1 - 5 2 - 5 6

 at

about 1.5 to 2.5 atm.

In the rare-gas excimer lasers, photo-

absorption by ground-state quasi-molecules

(formed during collisions of ground-state

atoms in thermal motion) not only increases

with density, but also increases rapidly

with temperature rise of the gas mixture.

Ground-state absorption lowers the extract-

able part of the deposited energy density

and thereby degrades laser performance. It
44

has been demonstrated in the xenon laser
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R2 - R2
R • R • e (6)

is the doMinant collisional deactivation

procr'ss at high excimer densities. For

rarf gas monohaI ides and I_, kinetic de-

activation of the excited state occurs

ma nly by two-body collisional quenching to

ihe ground stale by ground-state rare gas

atoms jr by molecular species in the

(RX)» • U - (RX) • M . (7)

Because j he energy separation between the

excimer and ground state is large at all

lntcrnucIear distances, the rate constant

fur rarp-gas excimer tjuenchinK to the

ground state by superelastic collisions

with ground-state atoms is expected to be

small compared to excimer quenching by

I'|IICI.S> ((-; i . Iiui. . in the case of rare-gas-

nonoha1icie> . excimer quenching by ground-

~tate atoms appears t" be large for krypton

.mil v n o n . Also, quenching by halogen

ilonor molecules M with bond rupture of JJ

ran be large.

We mention that the primary collisional

loss mechanism of rare-gas metastable atoms

at high densities is (he atomic analogue of

Process (f>). namely, mutual annihi'alion of

metastables by Penning iunuali"n

R* - H« - H* K (8)

Hare-gas metastable atoms and excimer

molecules are also lost through excitation

<>r KinizalKin by relatively low-energy

electrons ( • n.H eV for loni/ation of xenon

metastables). The c l e d ron-impact lor.iza-

t ion cross section of R* by low-energy

electrons is generally large compared to

the electron cross section for excitation

of the ground state R. I'nder the high

electron-density conditions of laser pump-

ing, deactivation by electron collisions is

ex.iected to be important.

The total line strength of an excimer

emission, although large, is spread in the

case of a bound-free transition over a

continuum with a large bandwidth (.Ir

- 100 \ ) . Accordingly, st.mulated-emission

cross sections for bound-free transitions

are several orders <>f magnitude smaller

than comparable hound-bound transitions.

Stimulated- lission cross sections (at line

center) tor continuum transitions, i ., . ar<
1Q -1R

typicalIv in the rant. 10 " to !O

cm", whereas N.r XeF. nhere the *"- ~~ ~-

transitions are discrete, n ... '2 x 10~

cm"".

In view ol practical limitations ..n

laser pumping rates, the moan lifetime t

the upper lasing level (lor spontaneous

emission and nonradialivp decav process'--, >

limits the attainable inversion density in

the medium. Hence, the short decay 111*—

time of excimer states restricts •he

en. '_ '-storage capability in these -̂ \ -1 err.-..

Because the cross section for s t l rru . i J ••<!

• mission ass.i<-J a ted with a * i de ,-uni r. m r

hand is small, exeirm-r densitv must In- \w c\\

for adequaje small-signal gain. But t*

obtain large excimer densities with sh> rt

e x n m e r lifetimes, a high-density lasim:

medium is required. Hence, sufficient gain

lor laser operation generally requires a

high-pressure gas >r a liquid. In sue:

high-pressure media, collision processes

are generally fast compared to spontaneous

radiative processes, including the three-

bodv I'ollision processes required f T rare-

gas excimer formatl >n. A small cross

section for stimulated emission with a

short upper-level quenching time implies ;l

large pumpi ng-pow<r density to prnd'.u e the

thri .->ho id-inversion density f,~.r initiating

laser action on the transition. The ex-

tremely high pump ing-power densi-y required

for the low-gain dissociation lasers will

probably limit their operation to short ( lo

to 100 ns) pulsed excitation of dense

media. On the other hand, quasi-cw opera-

tion is possible for the higher-gain lasers,

particularly those based on bound-bound

transitions (such as XeF and I 9). provided



bottlenecking does not occur at the lower

level.

Operating densities are limited by the

rate of collisional loss processes (6) or

(7) and (8), which deplete the excitation

energy stored in the excimers and rare-gas

metastables. Moreover, in a rare gas-

monohalide laser, the desired excimer

formation , Process (2), must compete with

termolecular rare-gas dimerization, Process

(1), which is a loss process in the kinetics

and become^ increasingly important at

high partial pressures of the rare gas.

Formation of rare-gas excimers reduces the

efficiency of converting energy deposited

in the gas into laser emission, and may

even block laser emission at high pressures

if the rare-gas excimer absorbs photons at

the laser frequency. Photoabsorption by

the xenon excimer formed in the Xe-Br2
mixture probably accounts for the blockage

of the XeBr excimer laser that occurs at

prnssures above ~ 1 atm.

From the lowest pressure at which

laser action occurs, total laser emission

has generally been observed to increase

linearly with pressure over some range of

pressures (under conditions of e-beam

excitation where the energy deposition per

unit volume is very nearly proportional to

the density of the gas mixture). In this

range, laser efficiency increases with

pressure because of favorable rate in-

creases of desired energy transfers in the

kinetic chain. As the pressure increases

beyond the region of linear output, the

rate of the collisional deactivation

processes (6) or (7) and (8) will have

increased sufficiently to cause laser

efficiency to decrease. With relatively

small additional pressure rise, total laser

emission begins to fall off as collisional

decay of the excir.er dominates the kinetics.

In the rare-gas excimers laser emission at

elevated gas densities decreases further as

a result of the mixing between the rela-
o 1

tively close £ and Z u excimer states by

collisions with low-energy electrons (rate

112.a- p tending to equalize the populations)

and with heavy particles (rate « p favoring

electronic relaxation to the triplet level).

The small stimulated-emission cross ^action

for the partially forbidden transition from

the triplet level may even be exceeded by

the photoionization cross section. At very

high pressures where heavy particle col-

lisions dominate, the shift of populations

to the triplet state lowers both the opti-

cal gain and the laser emission.

Laser emission generally peaks near

the pressure and mixture with the greatest

fluorescent emission. In the case of the

rare-gas excimers under e-beam excitation,

optimum pressure for the xenon laser '

is '̂jout 15 atm in pure xenon (and about

the same partial pressure of xenon in Xe-Ar
43

mixtures), for the krypton laser about 30
atm. and for argon about 55 atm. The

molecular xenon laser has the highest

output power and efficiency. Approximately

the same respective pressures of xenon and

krypton (with 5 to 10 torr of O ) give

optimum performance of the XeO and KrO

lasers. Gain in the ArO system hvs only

recently been reported for mixtures with up

to 40 atmospheres of argon and a few torr
47of N-0. At high pressures (? 10 atm) the

discrete rotational-vibrational lines

broaden and overlap into continuous emission

bands. For the rare gas-monohalides
11-13

and iodine lasers under e-beam excita-

tion, optimum total pressure of the gas

mixtures &,re considerably less ( - 2 to

5 atm), e.g., output of the KrF laser50>54-55

peaks at 3 to 4 atm and of xeFol>52'56 at

about 1.5 to 2.5 atm.

In the rare-gas excimi_r lasers, photo-

absorption by ground-state quasi-molecules

(formed during collisions of ground-state

atoms in thermal motion) not only increases

with density, but also increases rapidly

with temperature rise of the gas mixture.

Ground-state absorptiJn lowers the extract-

able part of the deposited energy density

and thereby degrades laser performance. It
44has been demonstrated in the xenon laser
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provides an efficient process for the

generation of xenon metastables. This

makes it possible to operate the xenon

laser at low densities of xenon atoms just

sufficient for rapid formation of the xenon

excimer by process (]) . The argon diluent

also reduces the temperature rise in the

gas during e-beam irradiation. The lower

density of xenon atoms and smaller tempera-

ture rise eliminate the detrimental effects

of ground-state absorption and increase the

output intensity of the xenon laser.

More renerally, the energy residing in

t'-beam-excited, dense, rare gases can

excite by energy-transfer collisions an

additive species of atom or molecule in the

gas, producing thereby an inversion on an

electronic transition of the additive

species. Energy-transter pumping of the
3 3

second positive band (C - — B - ) nitrogen

laser has been demonstrated for Ar-JJ2

mixtures. ' ' ' ' The analogous pumping

of metal atoms or rare gas-metal rxcimers

(which have electronic states lying below

rare-gas metastables or excimers) has been

suggested. In the Xe-Hg system, fluores-

cent emission bands, corresponding to

perturbed emission Iron the 7" S-6~P normal

atomic transitions uf mercury (at 4047.

4358. and 5460 A) have been observed. The

xenon metastables (at 8.3, 9.-15 eV, and

higher) preferentially excile the Hg7 S

level at 7.75 eV on a faster time scale than

she lower P level? are excited by the

Xi'o excimer and produce an inversion on

these transitions. At low partial pressures

of mercury ( - 30 torr), e—.»»sion bands

(peaks at 2100 and 2700 A) from XoHg excim-

ers are also observed. When the partial

pressure of mercury is increased, XeHg

excimer emissions decrease and are replaced

by the emission from an even lower energy

excimer, the mercury dimer. The long

radiative lifetime (-14 |i.s) and relatively

small quenching losses"' of the mercury

pxcimer suggest that it will be useful as

an energy storage reservoir for transfer to

other radiative species.

Argon is the most generally useful of

the rare gases for energy transfer. The

somewhat larger ionization potential of

argon (15.7 eV) compared to that of the

heavier rare gases (- 1.3 times that of

xenon 1 corresponds to a higher energy of

its excimer level, which permits resonant

energy transfer from the argon excimer to

krypton and xenon atoms. In the XeF and

KrF lasers, the largest laser output is

obtained with several atmospheres of the

argon buffer and low partial pressures of

xenon or krypton. This mixture has generally

been interpreted as indicating that ground-

state argon deactivates the rare gas-

halogen excimer imich less than xenon or

krypton. The smaller excimer quenching by

argon more than compensates both for the

slightly lower conversion efficiency of

deposited beam energy in argon ( li'.ie To its

larger lonization potential) and l • >r the

l«ss-than-perlcct (but very high) energy-

transfer efficiency.1' In th<- XeBr <x<imer

laser, the us,- of argon/xenon mixtures

rather than xenon will probably only im-

prove Iaser action, because the observed

cutoff at high pressures has been attributed

to phot oalisorpt ion of laser emission by the
.lq

Xe^ excimer. *

Argon is als.. the buffer gas used with

an iodine donor mo].-r j]e in the gas mixture

of the I laser. The reaction kinetics

leading to I,; formation in this system are

relatively complicated. The I" ions re-

quired in reactions (1) are produced by

dissociative attachment of low-energy

electrons *o the iodine donor molecules Cl.

The positive ions I* and Cl* are formed

directly by Ar* and Ar* in charge-exchange

reactions or hy Ar* and Ar» in Penning

ionization. 'iowever. the reaction kinetics

require further study to identify the

production mechanism in complete detail.

After the start of the e-beam pulse,

the time required to reach the threshold

inversion density AN for laser oscillation

depends on the speed of the reaction kinetics

that govern the flow of energy from the
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primary beam excitation to the excimer

level. The growth of population density in

the upper level during pumping can be

monitored by the fluorescent Si.de emission

from the optical cavity, which is relatively

unaffected by photoabsorption and is essen-

tially proportional to the excited-state

density. With increase of the gas pressure,

collisional energy transfers speed up and

the time delay for the onset of laser

emission decreases. As already discussed,

laser efficiency and output increase with

pressure up to an optimum value for a given

gas mixture.

In a low gain system, the time required

for the growth of observable laser emission

from the spontaneous emission background is

appreciab- ;. Lasers operating slightly

above oscillation threshold, with a large

time delay between the peak of fluorescent

emission and the peak of amplified spon-

taneous emission, show a highly nonlinear

dependence of laser emission on the pumping

rate. During the buildup of laser emission,

the transient inversion density rises above

the threshold value A N t and is not saturated

to a steady value = A N by the stimulated

emission until the laser intensity has

attained its potential steady level. As a

consequence of the slow growth of laser

intensity, the loss of upper-level energy

in a low-gain laser through collisional and

fluorescent decay can be high. The excimer

decay rate may be high enough to dissipate

much of the inversion energy and thus to

terminate stimulated emission well before

the oscillation level can reach the steady

intensity that balances the pumping power

input. Under these conditions the laser

pulse peaks long after ( a 50 ns) the fluo-

rescent emission, has a very short temporal

duration, and has a low efficiency.

In a high-gain system, the laser turns

on soon after the e-beam reaches full power

and quickly thereafter attains the steady

intensity at which in.ersion density is

held near the threshold value A N . The

loss of inversion energy from quenching of

the upper laser level is thereby kept to a

minimum. Provided there is no buildup of

population in the lower level and no blocking

of laser action by the growth of absorbing

species, the laser intensity continues

steady with the pulse level until beam

turnoff. On the othe". hand, bottlenecking

in the lower level reduces the extractable

power from the excimer energy and causes a

steady decline <-if laser intensity. The

production of an absorbing species in the

reaction chain may also result in early

termination of the laser pulse.

The efficiency attainable in the KrF

laser can be estimated from the approximate

efficiencies anticipated in the various

energy-transfer processes. In the slowing-

down of energetic electrons, the average

electron energy transferred to the stopping

material (by primary beam electrons and by

the cascade of energetic .secondary elec-

trons) per ion pair produced is almost

independent of the energy of the primary

electron. For fast electrons in argon gas,

the average energy deposited in the medium

per ion pair is 26.2 eV, of which on the

average 22.6 eV is expended to produce an

argon ion and the remaining 3.6 eV is left

as excitation of argon atoms, with one

argon atom produced at a mean excitation of

13.2 eV per 3 5 ions. Practically every

argon ion ends up as an excited neutral

atom by molecular ion formation and recom-

bination, so that -20.5 eV of electron

energy is used for each metastable Ar*

(- 11.5 eV) created. Energy transfer from

Ar* to krypton appears to occur with almost
fifi

100% efficiency. The small amount of

krypton in the mixture (-= 10%) can also be

excited directly into Kr* by the electron

beam (with somewhat less average energy)

through the processes analogous to those in

argon. The large cross section of the

Kr* + CF reaction and the favorable yield

of KrF excimer (the measured branching

ratio is near unity in the analogous Xe*

+ F_ -» XeF* + F reaction ) indicate that

most of the krypton metastable energy can
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be transferred to the exciraer KrF*. The

soasured rate for formation of KrF* from

the reaction Kr* + NF, is 26 x 10"11 cn^-s"1
-1

•mol .in general, fluorine donors with the

minimum bond-dissociation energy produce

the exciroer most efficiently.

If lasir.B action is not blocked by

reaction products and it bottlenecking in

the lower laser level does not occur, the

laser emission can extract all the excimer

energy produced by the e-beam excitation

beyond the excimer energy lost by decay in

maintaining the threshold inversion. The

KrF system appears to be free of both of

these undesirable properties, as well as

having negligible photoabsorptive losses by

the excimer or donor molecule at the lasing

frequency.

The KrF laser radiation at 2485 A cor-

responds to a photon energy of 5.03 eV.

About 20.5 eV of e-beam energy is required

to produce an argon metastable, which may

result in a KrF* excimer, so the quantum

efficiency is about 24*. An estimate of

the energy transfer efficiency in excimer

production from argon metastables is 50% at

the optimum pressure (a few atmospheres)

for the gus mixture. Hence a KrF laser

operating well above the threshold region

is expected to show an efficiency up to

12%. For the fast '•ise time (- 10 ns) e-

beam pulses required for these lasers,

state-of-the-art design for pulse forming

networks can achieve an efficiency of - 75%

(ratio of electron kinetic energy emerging

from e-beam gun to energy stored in capaci-

tors). It is anticipated that axial e-beam

excitation can ultimately attain uniform

deposition of - 90% of the e-beam energy in

the optical cavity, which would result in

an overall electrical to optical efficiency

of - 8%.

The highest output pulse energy ob-

ts ned at this time with the KrF system is

117 J in a 55-ns pulse with peak power

~ 1.7 x 109 W and laser efficiency of

~ 3.5%. About 3.2 kJ of e-beam energy

were deposited within the optical region in

a mixture of Ar:Kr:F2 at partial pressures

of 3000:150:6 torr. At low krypton pressures,

laser emission from the ArF exciner transi-

tion occurred simultaneously with KrF

emission. At a krypton partial pressure of

25 torr, half the laser energy output was

from ArF, but above 100 torr the ArF emission

ceased. In an Ar:F_ mixture under the same

e-beam bombardment conditions, laser pulses
9

up to 92 J with peak power - 1.3 x 10 W at

the same 3.5% efficiency were obtained.

These results indicate that in the reaction

kinetics of the KrF laser, excimer produc-

tion by excimer exchange (3b) with (ArF*)

is important.

The average power from a pulsed laser

is equal to the product of pulse energy and

pulse repetition rate. The high peak

powers obtainable from the high-gain ex-

cimer lasers indicate that repetition rate

will dominate their average power output.

The single-pulse energy of an e-beam-puraped

laser is limited mainly by the pinching of

the beam due to its magnetic self-field,
o

which for a given current density (A/cm ;

constrains the transverse dimensions of the

beam. Beam pinching is believed to impose

a limitation on beam currents to i. 200 kA

or on magnetic fields i 1 M . The limit, on

total beam current places an ultimate

limitation on the gas volume that can be

pumped and hence on the total pulst energy.

The principal constraint on the repe-

tition rate of e-beam-pumped lasers is beam

heating of the foil separating the electron-

gun vacuum chamber from the hi^h-pressure

gas cell. The foil is bombarded by pulses

of reiativistic electrons at current densi-

ties of hundreds of amperes per square

centimeter for pulse durations of 50 ns or

more. Although thermal loads of 100 W/cm2

have been sustained in small beam foils,

current state-of-the-art for large area

beams limits the maximum average power

deposition in the foil *o about 10 W/cm^
p

With a 200-A/cm , 100-ns e-beam pulse that

loses 40 keV energy in the foil, tne upper

limit to the pulse repetition rate is
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- 20 pps. Increases much beyond this rate

may not be possible unless significant

progress in foil cooling technology is

made.

Electric-Discharge-Excited Excimer Lasers

Demonstration experiments and scaling

investigations ;-f laser action in excimer

systems to date have used e-beam pumping.

However, the bimolecular formation pro-

cesses (2) of the rare gas-monohalide

excimers permit laser operation at suffi-

ciently low pressures that excitation by

fast electric discharge is possible.

Recently, a few of these lasers, the bigh-

gain KrF and XeF systems, have been operated

successfully by electric-discharge excita-

tion. As yet, discharge excitation has

been accomplished for relatively small

(- 10 to 100 mJ) devices, but this approach

is now under active development. An exten-

sive technology base exists for high-

pressure (̂  1 atm) gas-laser systems excited

by pulsed transverse discbarge, and avail-

able state of the art can be applied to the
32

excimer systems.

Electric-discharge pumping (EDP)

offers the promise of much higher average

power and somewhat greater efficiency than

e beam pumping (EBP). Even with e-beam-

con trolled discharge, the primary beam

current densities are less than one-tenth

those in EBP and foil-heating limits on

average laser power are greatly reduced.

In addition, the total pulse energy obtain-

able from a single laser unit may be greater

for self-sustained EDP, because the limita-

tion on gas volume imposed by e-beam pinching

does not apply.

The efficiency of converting capacitor-

storpd electrical energy to energy deposited

in rare-gas metastable atoms may be higher

for EDP. Electrical pulse generation tends

to be more efficient at the lower voltages

used in discharges. Also, electrical

energy is transferred (by the conduction

current) only to the gas in the volume

defined by the discharge electrodes; good

matching with the load impedance in the

discharge is usually possible. Even with

an e-beam sustainer, electron energy losses

in penetrating the foil and scattering out

of the optical volume constitute only a

small fraction of the total electrical

energy. Moreover, Boltzmann-equation

calculations of metastable production by

electrons in a discharge plasma predict

efficiencies of - 70% of the deposited

energy. The potentially greater metastable

production efficiency in EDP compared to

- 50* in EBP is a result of the larger

fraction of energy-efficient direct atomic

excitation compared to atomic ionization in

a stabilized discharge.

The most serious limitation on laser

energy with EDP is imposed by the allowable

density of metastables that can be sus-

tained under stable discharge. The energy

required to ionize an excited rare-gas atom

is much less than the excitation energy of

the atom. Moreover, the cross section for

electron-impact ionization of the excited

atom is usually much larger than the cross

section for ground-state excitation.

Hence, lower-energy electrons in the dis-

charge plasma can readily ionize rare-gas

metastables. There are many more of these

lower-energy electrons than there are

electrons in the high-energy tail of the

distribution that produce the ground state

excitation. When the metastable density is

sufficiently large, impact ionization of

metastables will dominate the electron

energy-loss processes and will lower the

efficiency. Steady controlled discharge is

impossible for electric fields large

enough to build up metastable densities at

which metastable ionization can avalanche

and produce arcing. Initial studies indi-

cate that EDP of metastables other than

rare gases such as mercury, are much less

limited by allowable metastable densities

in the discharge.

In e-beam-controlled EDP, the KrF

system has used a gas mixture with an argon

buffer (- 98%) and a few percent krypton.

Let us anticipate that 70% of the energy
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deposited in the gas is channelled into

rare-gas metastables Ar* (- 11.5 eV) and

Kr* (~ 9.9 eV) in the KrF system. If the

energy-transfer efficiency from roetastables

to KrF excimers is 50%, then laser emission

(5.03-eV photons) well above the threshold

region can attain an efficiency up to

- 15%. An anticipated efficiency of 80% in

the pulse-discharge circuit would result in

an overall electrical-to-optical efficiency

of - 12% in this system. The main uncer-

tainty in realizing efficiencies of this

magnitude centers on achieving the large

excimer densities required for laser opera-

tion in the region of efficient hig .-ener~y

output.

Laser action has been achieved with

pulsed e-beam controlled discharge pumping

of the KrF system.70 A mixture of

0.1:2.0:97.9::F2:Kr:Ar lased at total

pressures ranging from 0.75 to 3 atm, but

when self-sustained (no e-beam) discbarge

in the mixture was attempted, arc discharge

always occurred immediately with no observ-

able laser emission. Optimum laser perform-

ance was obtained at 1 atm and a discharge

electric field of 3 kV/cm with a 90-ns

'FWHM) pulse of 4 mJ energy at an efficie- cy

of - 0.2%. Efficiency is defined as the

ratio of laser output energy to discharge

energy deposited in the gas during the

controlled (no arcing) portion of the

discharge pulse. It is estimated that

under these conditions, efficiency can be

increased to 1% by optimizing the optical

output coupling and eliminating photoabsorp-

tion of the laser beam by Fg in traversing

the large length of gas mixture outside the

discharge volume (2 by 20 by 2 cm).

In these experiments, the discharge

was initiated ~ 35 ns after turnon of the

135-ns (-25 ns rise time) e-beam pulse

(150 keV, 8 A/cm2, 2 by 20 cm). The dis-

charge is controlled by e-beam ionization

until beam turnoff, followed by a transi-

tional period, and terminates with the

onset of arc discharge. The "stable"

portion of the discharge pulse extends up

to the start of discharge arcing. In the

e-beam-sustained discharge, plasma impedance

is much lower than circuit impedance

(which includes a series resistor to pro-

tect the laser cavity by absorbing the

capacitor energy during arc discharge).

During this time (- 100 ns) the discharge

voltage remains nearly constant and the

discharge current builds up (E - 3 kV/cm

and peak I - 100 A/cm2 at 1 atm, 0.2%

efficiency). The transitional discharge

begins with e-beam ti'-noff: rapid attach-

ment of discharge electrons to F2 causes

the plasma resistivity to increase; the

inductive increase in voltage across the

gas due to the changing discharge current

results in eventual avalanche ionization of

metastables and arcing. Operation of the

controlled discharge at larger electric

fields, with attendant larger discharge

currents, causes larger inductive voltages

after e-beam turnoff and faster transition

to arc discharge. However, increased pumping

power produces a larger inversion density

and reduces the onset lag, defined as the

time interval between discharge turnon and

the onset of laser emission. With in-

creasing pumping nower, laser efficiency

rises rapidly after oscillation threshold

is reached, peaks at some value of the

discharge electric field, and then with

further increase of electric field, rapidly

decreases (probably from the losses accom-

panying high metastable ionization at large

metastabl* densities) even though total

energy output increases somewhat. With

increasing gas pressure (minimum operable

pressure, ~ 0.75 atm), gar kinetics speed

up and both the onset lag and the laser-

pulse duration are reduced. Laser output

in this small system always peaked after

the stable portion of the discharge, indi-

cating an absence of bottlenecking 'as

expected for a bound-free transition).

Self-sustained electric discharge pump-

ing of a XeF excimer laser has been demon-

strated. In this approach, a stable dis-

charge is maintained throughout the discharge
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period by (1) shortening the discbarge time

(in this case, 30 ns with a 20-ns risetime)

relative to the arc-format ion time, and (2)

limiting the discharge-current density by

using a large discharge area and a small

discbarge length. Laser emission was

obtained in mixtures of He:Xe:NF3 at total

pressures between 300 and 1000 torr

Maximum laser energy of 7 mj was obtained

from a 0.5:1.5:98::JTF3:Xe:He mixture at a

total gas pressure of 300 torr. Maximum

energy output was obtained with pressures

between 300 and 600 torr, if the partial

pressure of NF3 remained at about 1 torr.

The electrical-to-optical efficiency was

- 0.1%. The laser pulse had a width of

~ 20 ns and always began near the end of

the current pulse. The long onset lag

indicates laser operation near the threshold

region. Because the XeF excimer has a

large cross section for stimulated emission,

the slow buildup of gain must be attributed

tc the kinetics of excimer formation in the

discharge.

Coisparable laser performance was

obtained when neon was substituted for

helium. But when argon was used as the

buffer gas, rapid arc formation with no

laser emission was observed. Arcing in the

discharge also occurred when the proportion

of xenon in the mixture exceeded 10%. The

higher metastable energies (helium, 19.8 eV,

neon, 16.6 eV) and the larger ionization

energies of the helium and neon metastables

(larger by - 1 eV) compared to the meta-

stables of heavier rare gases inhibit meta-

stable formation and ionization of the

buffer gas in the discharge. In the dis-

charge the electrons experience essentially

only elastic collisions with the buffer

(helium or neon) gas, which thus serves

mainly to equilibrate and distribute the

electrons uniformly and thus to stabilize

the discharge. The observed decrease in

energy output for NF3 concentrations above

0.5% probably arises from quenching of the

XeF excimer by NFg.

With no gas flow through the cell,

laser energy bogan to fall off after - 10

pulses. The likely cause is NF_ depletion

due to production of free fluorine in the

discharge (excited neutrals by dissociative

excitation of NFg or ions by dissociative

electron attachment) and its subsequent

reaction with cell materials. With gas

flow through the cell, stable pulse repeti-

tion was demonstrated up to 10 Hz in this

system. With a fixed gas flow rate, the

average pulse energy begins to decrease

rapidly as the repetition rate is increased

above the stable level. This results from

NF_ depletion and indicates an optimum flow

rate for a given pulse rate. The superior

efficiency of the XeF system compared to

the ii2 laser (3371 A) is indicated by the

maximum laser pulse energy, 3.5 mJ, pro-

duced by the same apparatus with an N2:SF_

mixture.

With a similar gas mixture a smaller

XeF system has produced laser emission in

self-sustained fast discharge at pressures

between 200 and 400 torr. The 1-mJ

pulses of - 40-ns width were obtained at

350 torr total pressure with an electrical-

to-optical efficiency of 0.2% using a

Blumlein fast-pulse generator. At the

pressures required, a more uniform trans-

verse discharge is obtained with the fast

Blumlein-type circuitry. The absence of

laser emission below 200 torr is attributed

to the slow vibrational relaxation of the

excimer level, as shown by the large

frequency spread of the fluorescent emission

at the low pressures. Above 200 torr,

laser output energy increases with pressure

and reaches a maximum at 400 torr. With

further increase of pressure, excessive

arcing with resultant lowered output occurs.

At the low concentrations of xenon meta-

stables and excimers that prevail in this

experiment, a simple model predicts the

observed excimer density and threshold

gain. The electron density and mean velocity

are estimated from the measured discharge
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voltage, current, and pressure. In the

simplified kinetics of the model, it is

assumed that

• the only roles played by the buffer

molecules are to help maintain a

uniform discbarge by elastic scattering

of the discharge electrons and to

relax the excisner vibrational energy

by two-body collisions,

• excimer formation is dominated by the

bimolecular process (2), and

• excimer loss occurs muinly by radiative

decay.

Laser action has also been achieved

for KrF by unaided Blumlein-type fast-
73 74discharge devices. ' Careful design of

the discharge electrodes dramatically

improves discharge uniform-+.y and efficiency.

However, for both XeF and KrF, preionization

vastly increases (by 30 to 50%) the maximum

laser energy output compared to the maximum
74obtainable without preionization.

Preionization improves uniformity of the

discharge at higher pressures (- 700 torr),

so that optimized gas mixtures containing

larger concentrations of fluorine donors

(NF3) at higher total pressures can be

utilized. With a mixture of 1.2:1.2:97.6

(NF3:Xe:He) at a total pressure of 750 torr,

a XeF laser produced 4-ns pulses with

maximum energy of 100 mJ at an overall

efficiency of - 1%. Moreover, a linear

increase of pulse energy with input energy,

typical of pulsed lasers operating above

saturation intensity, was observed. With

the same device and a mixture of 0.1:6.0:93.9

(NFg:Kr:He) laser pulses from KrF of ~ 25 ns

(FWHM) and 30 mJ were obtained at 0.3%

efficiency, and most recently performance

on KrF has been improved to 130-mJ pulses

at greater than 1.0% overall efficiency.

The difference in pulse shapes between the

XeF and KrF is probably due to differences

in kinetic rates and in stimulated-emission

cross sections.

The more direct kinetics of excimer

production in self-sustained discharges

imply that the projected efficiency for

this type of laser operation is somewhat

higher than for e-beam-controlled dis-

charges. For the KrF system, direct meta-

stable production of Kr* (9.9 eV> gives a

quantum efficiency for laser emission

(5.03-eV photons) of - 50%. If metastahles

are produced from discharge-energy deposi-

tion with 701 efficiency, and subsequent

excimer formation kinetics occur with 75%

efficiency, then an ultimate laser efficien-

cy of - 26% is obtained. An 80% efficiency

in the discharge for depositing the capacitor-

stored energy into the gas gives an overa]1

electrical to optical efficiency of - 21%.

However, scaling of the discharge-pumped

excimer lasers to very high energy outputs

may require e-beam control of the discharge.

The pulse energy, average power, and

overall efficiency that can ultimately be

obtained from discharge-pumped excimer

lasers depend on their scaling properties

to larger gas volumes and gain lengths,

which are necessary for efficient high-

energy output. At present e-beam pumping is

much further advanced in demonstrated

scalability to high energies. With dis-

charge excitation, the e-beam-controlled

version appears to have the greater poten-

tial for large pulse energy and average

power. However, the greater simplicity of

self-sustained discharge systems encourapes

their further development for many appli-

cations. In all these systems, high repe-

tition rate and large average power will

require fast gas flow to remove from the

optical cavity the heat and side products

generated in the excitation kinetics.

Extensive experience with rapid gas recir-

culation in large lasers such as CO- is

available for application to the newer
32 76systems. ' Further research in basic

kinetics, and the development of operating

techniques and devices for excimer lasers,

will provide the experimental data and

detailed modeling that fully characterize

the performance to be realized from these

systems.
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IV. CHARACTERISTICS OF TUNABLE IR LASERS

The ir spectrum is characterized by

several very attractive high-power and

high-efficiency lasers, e.g., the CO,,, CO,

and HF laser systems. Each, while not

tunable, can be made to lase on a number of

discrete lines over a reasonable range.

The range may be extended by isotropic

substitution, as in the DF laser. One or

more of the lasing lines of one of these

lasers may be utilized in some isotope

operation or photochemical applications.

However, in general, where tunability is

desired, other types of lasers or frequency

shifting devices must be considered.

General classes of tunable ir lasers

include:

• Semiconductor lasers covering 0.6 to

34 ntu;

m Spin-flip Raman lasers covering 5 to 6

nm (CO laser-pumped) and 9 to 14 pm

(CO2 laser-pumped), with other fre-

quencies possible with other pumping

lasers;

• Nonlinear optical devices such as,

optical parametric oscillators

with wavelength coverage from ' I

to 16 cm;

difference-frequency generators

covering 2 to 6 tin;

two- or four-photon mixers cover-

ing 2 to 24 pm;

• Gas lasers, such as Zeeman-tuned

lasers covering 3 to 9 fim and high-

pressure C02 lasers covering 9 to

11 fim.

Semiconductor Diode Lasers

Semiconductor diode lasers have become

a major class of tunable lasers since

stimulated emission has been first observed
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in GaAs in 1962. Stimulated emission has

been obtained from direct band-gap semi-

conductors by optical or e-beam excitation,

by forward-biased p-n junction injection,

and by carrier generation via avalanche

multiplication. The injection (diode)

lasers (SDL) are the simplest to operate,

are the smallest known lasing devices, and

have received the widest application.

There is a large literature on diode lasers.

Literature reviews have been published by

1,
4

1 2 3Adams and Landsberg, Stein, Kressal, and

more recently by Colles and Pidgeon,

and by Hinkley et al.5

Developments in heterojunction diodes

have led to power-conversion efficiencies

approaching 50% at low temperature. Most

diode lasing is confined to cryogenic

temperatures. However, continuous-wave

operation has been obtained at 300 K with

GaAs diodes producing about 100-mW average

power.

The wavelength range over which a

diode lases is determined by the composi-

tion of the material. Wavelength-tuning

within the spectral range is accomplished

by varying pressure, magnetic field, or

temperature. These parameters affect the

band-gap energy and the refractive index.

In the evaluation of the tuning range

of SDL (and of SFR) lasers, the difference

between spectral range and continuous

tuning interval must be understood. The

spectral range of a single diode represents

the frequency or wave-number interval over

which the laser can operate. In diode

lasers, which have narrow gain spectra that

can be tuned over relatively wide spectral

intervals, cavity resonant frequencies are

well separated. As the tuning parameter

changes the cavity resonance and gain

spectrum (at different rates) there are

abrupt shifts in laser frequency known as

"mode hop".

Mode hopping occurs with all three

tuning methods. Vrue continuous tuning is

accomplished over limited ranges of 0.1 to

2 cm" by temperature variations mainly

affecting the refractive index. The tem-

perature variations are controlled by-

changing the current across the diode.

A list of diode and other semicon-

ductor lasers is given in Table IX. The

spectral ranges for several semiconductor

lasers are shown in FIR. 8.

The major drawbacks of SDLs are l«iw-

teniperature operation, limited lifetimes.

and poor reliabilities. In addition, a

major limitation for isotope separation <>r

photochemistry is that average output power

of tunable diodes is low (cw outputs ol

tunable diodes at 77 K are typically on

the order of 10 D W) requiring arrays of

diode lasers to attain higher energy out-

puts. Table X summarizes selected diode

laser characteristics.

Spin-Flip Raman Lasers

Interest in spin-flip Raman (SFR)

lasers has been spurred by the development

of high-power CO and CO2 lasers, and by the

desire to use these high-energy. but fixed-

frequency laser outputs over a wide fre-

quency range. Spin-flip Raman lasers are

not primary lasers, but are really optically

pumped frequency-conversion devices.

Stimulated spin-flip Raman scattering

is characterized by inelastic (Raman)

scattering of incident photons from mobile

charge carriers in a semiconductor crystal.

Scattering photons lose (Stokes shift) or

gain (anti-Stokes shift) an amount of

energy proportional to an applied magnetic-

field strength, and tuning is accomplished

by varying the magnetic field strength.

Spin-flip Raman scattering has been observed

in several materials, including n-type

InSb. PbTe. and Hg^Dj^Te.

The magnetic field strength needed for

SFR scattering is largely dependent on the

mobile charge-carrier concentration in the

crystal. Typically, magnetic fields of 25

to 100 kG are reported. An InSb crystal

with an electron density of 1016/Cm
3

requires a minimum of 24 KG. Reducing the

concentration reduces the magnetic field-

strength requirement, and
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TABLE IX

SPECTRAL IANGE COVERED BY SELECTED SEMICONDUCTOR LASERS (INCLUDING AVALANCHE
BREAKDOWN. OPTICALLY PIMPED, E-BEAM PUMPED, AND INJECTION LASERS)

Pumping Method

Lasing Material

ZnS

ZnO

ZnSe

CdS

ZnTe

GaSe

CdSe

CdTe

GaAs

InP

CdSnP2

OaSb

Cd3P2

In As

Te

PbS

InSb

PbTe

PbSe

PbSnTe

PbSnSe

Frequency
(MB]

0.33

0.37

0.46

0.49

0.53

0.59

0.675

0.785

0.83-0.91

0.91

1.01

1.55

2.1

3.1

3.72

4.3

5-2

6.5

8.5

28.

8.-34.

Optical

x

X

E-Beam

x

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Injection Avalanche

x

X

X

X

X

X

X

• •*...'.

*•.*•..«»

1 _ . , . I , I
0.4 0.1 0 4 IJO

I
*a «e we

Fig. 8. Tuning ranges of semiconductor
lasers.

TABLE X

CHARACTERISTICS OF DIODE (INJECTION) LASERS

Advantages - Wide spectral range, small size,
high resolution, may be arrayed.

Disadvantages - Poor reliability, limited
lifetime, low average power, requirement for
cryogenic temperatures to obtain high ef-
ficiencies and high average power, mode-
hopping.

Applications - Spectroscopy, communications.

Tuning Methods - Pressure, temperature, mag-
netic fields.

Operation - Predominantly cw, pulsed.



400 G is sufficient if the electron density

in InSb is reduced to - 10 /cm . However,

stimulated Raman power is also reduced at

lower electron densities.

Continuous-wave operation of InSb is

allowed when pumped with a CO laser at the

temperature of boiling helium because the

band-gap energy corresponds to a wavelength

of 5.3 urn. High power (kilowatt range) and

high conversion efficiencies (40 to 50")

are possible in pulsed operation at 5.3 Mm

with relatively low magnetic fields (900 G)

using the frequency-doubled output of a CO

TEA laser.

While a spin-flip Raman laser is very

valuable for spectroscopy applications, the

requirements for cryogenic cooling and

superconducting magnets will limit iis usf

in laser-themistry applications. Table XI

summarize.-; selected SFR characteristics.

Optical Parametric Oscillators

An optical parametric oscillator (OPO)

nia<ps use of nonlineai optical effects

caused by the interaction of three (or more)

high-fr.>quency electromagnetic waves to

achieve a tunable emission. In a material

with the necessary nonlinear inc! of re-

fraction, a high-frequency, high-power,

electromagnetic wave (the pump) interacts

with a pair of lower-frequency (tunable)

electromagnetic fields (called the signal

and idle), amplifying them. The high-power

pump field, in effect, modulates the linear

TABLE XI

CHARACTERISTICS OF SPIN-FLIP RAMAN (SFR)
LASERS

Advantages - Wide tuning range, very narrow
1inewidth,

Disadvantages - Liquid-helium cooling, super-
conducting magnet.

Applications - Spectroscopy, communications,
nonlinear optical systems.

Tuning Method - Magnetic field.

Operation - Continuous wave (near 5.3 m ) ,
pulsed (5.3 or 10.6 m).

dielectric constant seen by the lowi-r-

frequency waves, providing coupling between

them.

The low-1 r<--iueniy signals arc ;un<-d by

rotating the m-mlinear crystal, by changing

ihe temperature <>1 the crystal (and hem-t-

its refractive index), by applying pressure,

or by applying electrical fields.

Theoretical efficiencies ar< high »ith

internal conversion el 1 iciencies approach-

ing 100" for both s.ngly resonant oscil-

lators (SRO) and doubly resonant oscilla-

tors (DRO) in nriR configurations. W t

average power-conversion efficiencies

between 10 and lol have been reported lor

several pumping-laser and OPO combina-

tions. " A conversion efficiency <>l - 70'.

has been reported for a y-s»itched VAG:Nd

laser and a LiNbO OPO operating near

2.1 um.fi

The spectral tuning range i'>r an OPO

material is limited by the mirror coalings,

by the basic transparency of the material.

by rhe ranee of control o! phase matching,

or by an increase in threshold with longer-

wavelength pump sources. Transparent

ranges for prospective OPO materials are

listed in Table XII, OPO operation has

been observed to II nm with CdSe pumped by

a Nd:YAG laser and beyond 16 i/n with Cd^e

pumped by a HF laser. Within the spectral

range of an OPO material, the actual tuning

is characierized by frequency hopping.

The OPO materials that have received

most attention to date are CdSe. Li.VbO_.

KDP. ADP. and Ba^Na.Nh.Oj.. Procestite and

p y r i n g n t e are being investigated. Impor-

tant requirements lor nonlinear OPO mate-

rials are that they (a) lack a center of

symmetry, (b) possess a large figure of

merit (Table X I I ) . (c) are phase-matchable.

(d) are transparent for all three frequen-

cies, and (3) are homogeneous, of good

optical quality, and resistant to damage

above the operating threshold.

Two general types of OPOs are the

doubly resonant oscillator (DRO) and the
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TABLE XT I

TRANSPARENCY RANGES FOR
SELECTED OPO MATERIALS

Material

KDPb

ADPC

LiIO3
LiNb00

CdSe

HgS

Se

Te

Figure
of Merita

0.4
0.55

28.

14.

95.

50.

50.

300.

500.

104

4 x 104

Transparency
Range (*>m)

0.25-1.2

0.25-1.15

0.4-4

0.4-4

0.4-4

0.65-10

0.70-10

1-20

0.6-13

0.8-25

5-25

a 2
d /

3 18n x 10 csu, where d is the second-
order nonlinear coefficient and n is the
index of refraction. A large value is
desired.

Potassium-dihydrogen phosphate.

cAmmoniura-dihydrogen phosphate.

dProustite.

eP"rargrite.

singly resonant oscillator (SRO). The DRO

is characterized by a low relative threshold,

a single-mode pump bandwidth requirement,

and relatively poor stability. The SRO has

a relatively high threshold, multimode pump

allowed, and good stability.

A major advantage of OPO frequency

conversion relative to diode lasers and

spin-flip is the room-temperature operation

of the OPO. Selected characteristics of

OPOs are summarized in Table XIII.

Other Nonlinear Techniques

Tunable ir laser outputs have been

obtained by mixing a fixed-frequency laser

beajti with a tunable dye laser, both inputs

operating in ihe visible. Pulsed laser

outputs between 3 and 4 I'm were observed

when a tunable dye laser was mixed with a
g

Q-switched ruby laser.

Two- and four-photon mixing lasers

have been demonstrated. Two-photon mixing

TABLE XIII

CHARACTERISTICS OF OPTICAL PARAMETRIC
OSCILLATORS

Advantages - Wide spectral range, room-
temperature operation, high conversion
efficiency.

Disadvantages - Frequency-hopping: limita-
tions on pump lasers by power thresholds,
linewidth, broadening, stability in doubly
resonant oscillations.

Applications - Spectroscopy, photochemistry.

Tuning Method - Rotating crystal, tempera-
ture, pressure or electric field.

Operation - Pulsed only in singly resonant
oscillators, c* in douDly resonant oscil-
lators.

of pulsed C0_ and CO laser beams in a

CdGeAs2 crystal has produced beam energies

greater than 75 microjoules per pulse at
Q

16 urn. A four-photon mixing experiment in

alkali-metal vapor has produced tunable

output between 2 and 24 *im. Mixing has the

advantage of a very broad spectral tuning

range, but output powers have been low and

operational requirements have been very

restrictive.

Gas Lasers

If one of the natural transitions of a

conventional CO CO, o- IIF laser is at the

right frequency for a photochemical appli-

cation, then such a laser should be used

directly. While these lasers are not

considered to be tunable by the usage

usually accepted because the transitions

are fixed within a very narrow frequency

range, there are a large number of poten-

tial transition frequencies associated with

each of these powerful and efficient gas

lasers. It is usually desirable to utilize

one of these lasers when possible.

Useful tuning ranges may be obtained

with gas lasers by shifting the frequencies

of the lasing transitions with magnetic

fields or by operating at high pressures to

broaden the gain profile.

Historically, the first tunable ir

laser spectroscopy was performed by Zeeman

tuning the 3.39-j/m line of a He-Ne gas

laser. More recently a tunability of

7 cm" was obtained with axial fields of
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70 kg applied to a He-Xe gas laser operating

at 3.51 n"-- This technique is limited in

application, as it is difficul* to separate

single modes and mirrors must be adjusted

simultaneously with the Zeeraan tuning of

the atomic gas transition to avoid mode-

hopping. The scarcity of high-gain laser

lines and las«r complexity will continue to

restrict applications of Zeeman tuning.

Tunability of C02 laser output has

been achieved by raising the pressure of

the lasing gas. However, it is difficult to

pump the gas and achieve lasing in high-

pressure gas mixtures. Electron-beam pump-

ing has been used with a 20-atm CO^ laser.

Optical pumping has been studied for high-

pressure gas lasers.
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V. LASER SYSTEM RELIABILITY

Las-er-system reliability is of funda-

mental importance in assessing the economic

viability of laser-induced photochemistry

and operating characteristics.

The past decade and a half of inten-

sive laser development has witnessed the

evolution of several types of experimental

lasing devices into industrially rated and

commercially available syster.s of relatively

high average power. The experience gained

with existing laser systems, to the extent

that it applies to the tunable laser system

chosen for a photochemical application, can

be used as a basis for evaluating potential

maintainance demands, operating require-

ments, and de.sign options.

Welding Lasers

Welding lasers have been developed

with heavy-duty industrial ratings and with

average output power levels of the same

magnitude as projected for large-scale

laser photochemistry applications.

The mean life to failure has not been

determined accurately, but is of the order

of a year or more (10 h), after which the

pumps and blowers require repair or re-

placement. Beyond these annual maintenance

requirements, data are not available on

projected lifetime limitations of these

systems.

One large industrial laser system

currently in servici , a 20-kW metal-

processing installation, is available more

than 90% of the time.

In a continuous 20-h test of another

laser system, a nominal 6-kW CO open-ioop,

self-sustai.ied electric-discharge laser,

the power stability was maintained within

± 5% over the duration of the test (+ 2%

in any 15-min interval). In this test the
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mode structure, measured by burn patterns

in Lucite plates at 15-min intervals,

remained unchanged for the duration of the

test-

Manufacturers of welding laser systems

indicate that the most critical components

with regard to system reliability are pumps

and blowers.

Pulsed High-Power C02 Lasers

Properly designed short-pulse high-

energy C02 lasers normally fail in their

pulser circuit. Erosion of spark gaps in

the electric pulse-generating circuits is a

primary mode of failure. The loss of

material due to erosion requires that the

spar*-gap spacing be adjusted after 10

shots with replacement at lifetimes of

- 106 shots.

For e-beam-pumped lasers, failures in

experimental systems have frequently oc-

curred in the pressure-vacuum window due to

an arc directly hitting the window or to

flying debris from an indirect arc.

Specific e-beam foil-window lifetime

test data are not available. Foil windows
g

have survived more than 10 shots in tests,
and designs exist on paper for foils that

are specified for 10 shots or more.

Windows normally survive C0_ laser system

tests involving more than 10 shots at 50

pps continuous operation. The foil window

in a LASL CO laser has survived more than

105 shots.

Nitrogen Lasers

Nitrogen lasers, being used to pump

tunable dye lasers, represent a class of

commercially available lasers with appli-

cations in laser photochemistry.

One manufacturer warrants its lasers

for more than 10 pulses. These lasers

utilized solid-state timing and triggering

circuits incorporating a hydrogen thyratron.

The duty factor for these water-cooled

lasers is high.

The nitrogen lasers of slightly higher

average power marketed by another manufac-

turer use a water-cooled two-electrode

spark gap for energy switching in place of

a thyratron. The switches require cleaning

after - 10 pulses. Test spark gaps are
8claimed to have delivered more than 3 x 10'

pulses without failure.

Dye Lasers

The lifetime of a dye-laser system is

essentially determined by the mean lifetime

of the pumping laser or of the flashlamps.

Compared to laser-pumped dye-laser systems,

flashlamp-pumped systems are much less

reliable. Because the time constants

associated with maintaining an inversion in

dyes are short, the flashlamps are operated

at high performance. Consequently, the ir

lifetimes are relatively short. However,

LASL has operated flashlamps for 45000 to

60000 shots without failure. Commercially

available flashlamps are sealed systems.

Indications are that flashlamp lifetimes

could be extended by periodically replacing

the gas. Flow-through flashlamp systems

are being developed, but no reliability

data are yet available.

Irreversible photochemical processes

can occur in dye solutions, which lead to a

gradual loss of laser efficiency, affecting

the effective duty factor of the laser.

Dye degradation is generally much more

severe in broad band f lashlarop-punijjed dyes

than for laser-pumped systems. Detailed

chemical analysis of a flashlamp-pumped

coumarin lasing dye indicated that optical

absorption in a product of photochemical

reactions accounted for the loss in laser

efficiency with operating time- In systems

with dye recirculation and impurity fil-

tration and removal, the effects of dye

degradation should be avoided or greatly

reduced. A staged laser system in which

the flashlamp pump energy is deposited in

an intermediate dye (which, in turn, fluor-

esces at a wavelength that pumps the lasing

dye with minimum breakdown) should also

substantially reduce the efficiency loss

due to dye degradation.
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Solid-State Lasers

Solid-state (glass or YAG) lasers have

off-the-shelf expected lifetimes exceeding

106 pulses. Lifetimes of 5 x 107 pulses

are obtainable by derating the devices.

The limiting components are the flashlamps

for these optically pumped systems. The

pumping pulse need not be as short as

required for dye lasers, and the lifetime

of solid-state laser flashlamps is there-

fore longer than that of lamps associated

with dye lasers.

VI. LASER-SYSTEM SAFETY

All lasers present safety hazards

peculiar to their high-voltage power sup-

plies and their intense beams of radiant

energy. The high-voltage hazards can be

handled like those of any other high-

voltage installation.

Containment of the laser beam and, for

higher energies, remote operation are

commonly used to protect operating person-

nel. The latter option, when required,

obviously has an economic effect. Several

organizations have set up standards for

exposure to laser light. OiSKA has adopted

the American National Standards Institute

standard Z136.1.

Electron-beam-pumped lasers may pro-

duce x-rays in large quantities and may

require biological shielding.

Laser media may be toxic, e.g., fluorine

in XeF and KrF systems. The toxicity of

dyes and of dye-solvent mixtures is less

obvious. Many dyes, especially cyanine and

carbocyanine compounds used for generation

of ir and near-ir wavelengths, are quite

toxic; other dyes may be carcinogenic. At

least one common solvent for these dyes,

dimethylsulfoxide (DMSO), is readily ab-

sorbed through the skin and can carry any

dissolved substances with it. Such mate-

rials will have to be contained and their

spillage controlled in industrial environ-

ments. This is particularly important for

pumped dye lasers, because flaehlamps may

fail violently, which would lead to dye

spillage.

Failing flashlamps can ignite the

highly flammable solvents used for the

dyes. However, this problem can be over-

come by flowmeter interlocks that shut down

the power supply and the dye pumps if flow

is interrupted.

The demand for safe operation of laser

facilities will increase capital costs in

some systems, affecting the ir scalability.

Safety considerations in a large industrial

laser photochemical plant could also in-

crease operational costs, by, for example,

requiring more time for maintenance than

may be extrapolated from experience with

small systems.

VII. PROJECTED LASER COSTS

Capital Costs

Unit capital costs, in dollars per

watt (average output power), are shown as

a function of average output power in Fig.

9. This curve is based on current (1976)

prices for a large number of commercially

available cw and pulsed, fixed-frequency,

and tunable lasers. The lasers include

pulsed N_, pulsed and cw C02, copper vapor,

cw krypton, pulsed Ar:Kr, and cw and pulsed

dye lasers. They represent a wide variety

of manufacturers and operating character-

istics. There is relatively low scatter.

considering the variety of lasers and their
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Fig. 9. Generalized relationship of pur-
chased unit cost ($/W) to average
output power (W) for commercially
available pulsed and cw lasers.
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Fig. 10. Purchased unit costs ($/W) for
pulsed dye lasers as a function
of output power (W).

performance characterises. Deviations by a

factor of two or more may be produced by

changing the dye in a given dye laser, 'or

example. Figure 10 indicates that this

cost relationship may be extrapolated to

lasers with lower average powers.

The relationship in Fig. 10 shows

capital cost scaling for the major class of

tunable, pulsed dye lasers. The dotted

line represents the relationship given by

C = 5671 ( P ) 1 1 6 where C is unit cost ($/W)

and P is average output power (W).

This scaling relationship is based on

costs of 19 lasers. It may be applied over

the range of average power shown in Fig.

10. The chart represents high-pulse-rate

but low-pulse-energy N.-pumped dye lasers

as well as high-pulse-energy, low-pulse-

rate flashlamp-pumped lasers.

Unit costs of tunable cw lasers,

primarily dye and diode lasers, may be

represented by a similar scaling relation-

ship, C = 6257 (P)"0-93, which applies for

average output power (P) in the range

0.0002 to 2.0 «.

The values of the coefficient of

determination, used as a measure of quality

of the fit to the power curve, are 0.92

and 0.99, respectively, for the pulsed- and

tunable-laser unit cost functions.

Within the precision of the data,

these scaling relationships for cw and

pulsed tunable lasers can be considered to

be essentially identical and to extrapolate

identically (Fig. 9).

The cost of a laser system is also

sensitive to characteristics other than

output power. Parameters that can be ex-

pected to affect costs significantly in-

clude laser efficiency, wavelength, line-

width, and beam quality.

The unit cost data do not indicate a

high sensitivity to laser pulse rate. The

lasers in Fig. 10 have pulse rates ranging

from 1 in three seconds to 2000 per second.

A good correlation of cost per joule with

pulse energy in joules, Fig. 11, indicates

that cost is insensitive to pulse rate for

these data. In addition, the cost data

also show low sensitivity to the type of

laser as well as to the mode of operation.
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TABLE XIV

DYE LASER COST BREAKDOWN

Component

Laser tube, associated
equipment

Power supply, flash-
lamps

Optics, mounts, etc.
(including three
tuning prisms)

Dye circulation and
coolant equipment

Total

Cost
($)

550

2650

3050

1300

7550

Percent
of Total

7.3

35.1

40.4

17.2

100.0

However, this insensitivity of costs

to pulse rate and other laser character-

istics is likely to be more apparent than

real for a laser requirement with a

particular combination of specifications

that do not overlap with the inherent

characteristics of any specific laser

system.

Progress is being made in designing a

specific laser to satisfy a specific photo-

chemical reactions rather than performing

the photochemistry made possible by existing

lasers.

A oreakdown of costs associated with

functional subsystems of a dye laser is

given in Table XIV. These costs are based

on a recently assembled noncommercial dye-

laser system, to which only $600 would have

to be added for a coolant pump and refriger-

ator to allow sustained operation at one

pulse per second. This laser has an output

of -1 J/pulse with a courmarin dye, and of

- 2.5 J/pulse with rhodamine-6G. At one

pulse per second, then, the output can vary

between 1.0 and 2.5 W of average power.

The spark gaps for this laser, which

require replacement, cost $350 or 4.6% of

the total cost, while the capacitors cost

$200 or 2.6% of the total. The dye and

coolant recirculations pumps, cost $200

each or 5.3% of the total.

Operating Costs

Operating cost must include electrical

power costs for the laser and for auxiliary

equipment, the costs of replacement parts,

and the costs of special materials such as

cryogenic coolants and makeup dye.

Electrical power costs art important

where the net efficiency of the laser is

low or in those photochemical applications

where excess laser power is required be-

cause the absorption or reaction cross

section is low. A simple relationship for

annual cost of electricity may be of the

form

0.175 fd(P/>i + Paux),

where

C = annual cost of electricity,

fd = annual duty factor,

P = laser average output power (W),

Paux = power required by auxiliary

equipment (W), and

1 = laser efficiency.

The unit cost of electricity is assumed to

be 20 mills/kWh.

The cost of replacement components

depends on the system, its inherent relia-

bility, and on the relationship between

operating parameters and rated performance.

Generally, if the components of a laser

system are operated well below their rated

performance level, mean life to failure

will be substantially enhanced. In the

absence of reliable data from a specific

system, annual replacement costs have been

estimated at 25% of the original cost.

The costs of special materials will

depend entirely on the nature of a specific

laser system and its operating conditions.

With dye lasers, makeup dye must be pur-

chased to replace losses due to dye degrada-

tion. Depending on, e.g., the type of dye,

solvent, and optical pumping source used,

this cost could vary from a trivial expense

to a very substantial one. With recircula-

tion and filtering, the dye replacement

expense should not be excessive. Unfortun-

ately, the design of most dye lasers does

not provide adequate qualitative information

about dye replacement. With gas lasers,
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including rare-gas exclmers, the gas may REFERENCES

be regenerated and recirculated, otherwise 1. "1976 Buyers' Guide," Laser Focus
replacement gas costs could be prohibitive (February 1976).
* -,„..„ o™,n...•<„-*, 2. K. A. Brown lee, Statistical Theory and
in many applications. Methodology in Science and E5gi5ieYi5g

(John Wiley and Sons, 1965).
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