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• ABSTRACT

This dissertation presents experimental studies on the

energy storage character istics of exc ited metastable species

and theoretical analysis of optical energy extraction schemes

based on stimulated two photon transitions.

Metastable states of atoms and molecules have recently

received attention as optical energy storage media for poten-

tial high power laser applications. ~Phe large energy capacity

and long lifetime of metastable states offer attractive pro-

perties for generating high energy optical pulses for laser

fusion and photochemical studies .

Recent experimental results on the metastable states of

• molecular mercury illustrate some of the important properties

of energy storage in a gaseous medium . In par t icular , colli-

sional deactivation of excited metastable species by mutual

two-body quenching and by molecular formation are discussed

in relation to storage limitat ions. The measured quenching

rate constant in the mercury dimer system suggests a maximum

storage density on the order of io17 cm 3 with a lifetime of

0.1 microsecond , which corresponds to an optical energy capa-

city of 50 joules per liter .

The optical extraction of energy stored in an inverted

metastable system using stimulated two photon transitions

offers nonlinear characteristics not available in the ordinary
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laser amplifiers. Since the extraction efficiency is an

important amplif ier parameter , the growth of an optical pulse

in the steady—state approximation is investigated theoretically

including the saturation of the medium . Analytical expres-

sions for the extraction efficiency of an ideal two—photon

emission amplifier are derived .

The feasibility of two photon amplifier is discussed with

two proposed systems in atomic mercury and atomic Iodine.

The semi-empirical methods of gain calculation are described

for the near-resonance case and the non—resonant case. The

use of spherical tensor operator algebra and the evaluation

of electric dipole matrix elements in the intermediate angular

momentum coupling scheme are discussed . The exper imental

requirements for the proposed systems based on the calculated

gains indicate that the currently available pumping methods

and trigger laser sources may lead to a demonstration of two

photon amplification and energy extraction .
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CHAPTER I

INTRODUCTION

This dissertation presents exper imental studies on the

energy storage characteristics of excited metastable species

and theoretical  analys is  of optical energy extract ion schemes

based on st imulated two photon t r ans i t ions .

Metastable states of atoms and molecules have recently

received a t tent ion as optical energy storage media for  poten-

tial high power laser applications. The large energy capacity

and long l i fe t ime of metastable states o f f e r  a t t rac t ive  pro-

perties for generating high energy optical pulses for laser

fusion and photochemical studies~

The energy storage characterist ics of metastable systems

at high population inversion densities of interest depend on

two decay processes. They are stimulated radiative decay

by amplified spontaneous emission , or superfluorescence ,

and non—radia t ive  loss mechanisms . Chapter I I  examines the

effect of the two decay processes on the storage capacity

and lifetime as well as on the scaling properties . Recent

experimental results on the metastable states of molecular

mercury illustrate some of the important properties of

energy storage in a gaseous medium s In particular colli-

sional deactivat ion of excited metastable species by mutual

two—body quenching and by molecular formation are analyzed .

— 1 —   
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The optical extraction of stored energy normally uses

a laser transition at a frequency within the gain bandwidth

of the inverted medium . An a l t e rna t ive  to th i s  approach

involves s t imulated two photon t rans it ions  when such t rans i—

tions are permitted .

The concept of a two-photon laser was first introduced

by Sorokin and Braslau 3 in 1964 , an d by Prokhorov in 1965.~

Several years later Letokhov 5 also proposed amplificat ion

by stimulated two-photon emission . Despite these early pro-

posals the two photon energy extraction schemes did not

receive much attention until its nonlinear properties were

recognized for potential applications in laser fusion .6

Chapter III presents the elements of the theory of two photon

amplificat ion and investigates the energy extraction effi-

ciency including the saturation of the active medium .

Chaper IV describes two proposed systems in atomic

mercury and iodine and discusses experimental feasibility

of each system . Frequency up-conversion in Hg using anti—

Stokes Raman scattering illustrates the near—resonance

enhancement of two photon gain.7 The atomic iodine system

represents a non—resonant gain medium for stimulated two-
6,8photon emission and anti—Stokes Raman scattering.

Chapter V summarizes the findings of this work . The

implications of storage limitations and the prospects of

demonstrating a two—photon laser are discussed .

— 2 —  
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CHAPTER I I

ENERGY STORAGE IN METASTABLE STATES

A . INTRODUCTION

The metastable states of atoms and molecules have

been considered for producing high densities of a long-

lived inverted medium for energy storage with potential

applications in high power laser systems ?~ The atomic
9 1 0  2 2iodine laser which operates on the P1,2 

— P3,2 tran-

sit ion is a demonstrated example of energy storage and

optical extraction from a metastable state. This chapter

describes various types of metastable states and the decay

properties that determine the energy storage characteristics.

Some of the representative characteristics of metastable

states are illustrated with data on atomic iodine and recent

experimental results on molecular mercury . The details of

the Hg2 experiments are presented in Appendices A and B.

B. CLASSIFICATION OF METASTABLE STATES

1. Atoms

The metastable states of excited atoms arise from a 
- 

-

lack of strongly allowed radiative decay channels for returning

to the ground state. Since the strength of radiative tran-

sitions depends on the matrix elements of the radiative inter-

action , strongly allowed transitions occur between states with



non—vanishing matrix elements of the electric dipole operator .

The geometrical factor in the matrix element gives the selec-

tion rules for strongly allowed transitions. The general

selection rules for the total electronic angular momentum , J

and its components , M , are given by

A J = 0 , ±1 ; J = 0 + J’ = 0

AM = 0 , ±1

Parity change ( 2 .l a )

For states described by the L-S coupling scheme the orbital

and the spin angular momentum quantum numbers change according

to

AL = 0 , ±1 and AS = 0 . (2.lb)

Radiative t rans i t ions  between states that  do not satisfy

H the selection rules generally have many orders of magnitude

smaller t ransi t ion probabilities. Such transitions in fluo-

rescence spectra are historically called “forbidden lines”.’2

H When the forbidden lines constitute the only radiative decay

channels an excited state may be considered metastable .

Since the selection rules for electric dipole transitions —

are derived from the angular momentum quantum numbers in the

Russell-Saunders (L—S coupling) case , weakly allowed tran -

sitions basically result from a higher order electromagnetic

interaction or a slight departure from the L—S coupling

scheme. Thus , a metastable state may be classified according

to the mechanism that enables radiative decay . For example ,

multipole electromagnetic interaction in the L-S coupl ing

— 4 —
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scheme leads to metastable states that can decay without

parity change by magnetic dipole , electric quadrupole , or

two photon interactions. Except for the parity change and

A L=± 1 rules magnetic dipole transition s obey Eqs.(2.la) and

( 2 . lb ) .  However , electric quadrupole t r ans i t i ons  are governed

by d i f f e r e n t  restrict ions on J : ‘~~
‘

A J  = 0, ±1 , ±2 ; J +J’ > 2 ( 2 . 2 )  —

In contrast the general selection rules for two photon tran—

sitions in the  e lectr ic  dipole approximat ion are given by

A J = 0 , ±1 , ±2

AM = 0 , ±1 , ±2

No parity change (2.3a)

Additional selection rules in the L—S coupling scheme are

AL = 0 , ±1 , ±2

an d AS = 0 (2.3b )

In heavier elements a small departure from the L—S

coupling due to spin—orbit interaction allows AS~~0 inter -

system (intercombinat ion ) t r ans i t i ons .  The 3P1 states of

atoms with two outer electrons belong to this type of meta—

stable states. Another type of departure from the L—S cou-

pling scheme arises from the hyperfine interaction between the

nuclear spin 1’ and the electronic angular momentum i. Meta-

stable states that decay due to hyperfine perturbation may

violate the J = 0  + J’ =0 selection rule of Eq.(2.la)

— 5 —

— .---- . - - ‘-=~
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since the selection rules in the (IJFMF) coupling scheme

are given by

A F = 0 , ÷1 ; F = 0 ÷f’
~ 
F’ = 0

an d A M F= 0 , ±1 . (2.4)

The 2656 A 3p
~ — 

1s0 t r a n s i t i o n  in the  odd isotopes of

mercury atoms is an example of e lectr ic  dipole decay via

hyperfine interaction and spin—orbit interaction .13

2. Diatomic Molecules

The metastable  states of diatomic molecules arise from

the similar restrict ions that prevent the radiative decay of

metastable atoms . However , si nce molecules have more degrees

of freedom , metastable states are characterized by a larger

set of quantum numbers. 14

In the Born—Oppenheimer approximat ion , the molecular

states are speci f ied  by the e lectronic , vib r a t i o n a l , and

ro ta t iona l  wave f u n c t i o n s  w i t h  the corresponding quantum

numbers . The angular  momentum of the e lectronic  state is

defined as the  component of the angular  momentum vector along

the internuclear axis. The orbital component of is def ined

by A = I M L I . and the spin component of is given by E =M
~
.

The total electronic angular momentum , c~ , is defined by

the  absolute value of the sum of A and ~ . This (A , S)

coupling is s imi la r  to the Russe l l—Saunders  case in that the

interaction between the orbital and the spin components is

- 6 -
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assumed to be smal l .  In analogy wi th  the atomic nomencla ture

the molecular states are denoted by 2S+1

When sp in—orb i t  in teract ion is large A and E are no

longer well  de f ined , and only ~ re ta ins  its meaning )’4

Such angular momentum states are denoted only by ~ following

15Mulliken .

The symmetry properties of a molecule leads to addi t ional

labels for  each elect ronic wave func t ion . For example , for

the special case of the E states the electronic wave function

is labeled if the phase does not change under the reflec—

tion of the coordinates of all electrons about a plane con—

tam ing the in te rnuc lear  axis ;  if a phase change occurs the

electronic  wave func t ion  is labeled E . Similarly, for

elect ronic states described only by ~ the ~~~ 0 states have

0~ and 0 labels.

In homonuclear molecules the inversion symmetry of the

electronic wave f u n c t i o n  about the midpo in t  of the molecule

introduces even (gerade , g) and odd (ungerade , u) states

independent of the angular momentum coupling scheme . If the

phase of the electronic wave function changes under the inver—

sion of the coordinates of all electrons the state is labeled

odd ; if the phase is invar ian t  under the  inversion operation

the state is labeled even .

The general selection rules for electric dipole transi-

tions between the electronic states of a diatomic molecule

- 7 —
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14are given by

AJ = 0 , ± 1

and J = 0 ~~~~J’ = 0  (2.5)

where J refers  to the total  angular  momentum . For homo—

nuclear molecules the additional symmetry select ion rules

are given by
g ~~~~~ u , g + g * u + u (2.6)

In the (A , S) coupl ing scheme the  e lectr ic  dipole I 
-

selection rules are supplemented by 14

A A = 0 , ± l

A S = 0 ,

Ml = 0 , ± 1
= 0 + ~l ’ = 0 for A J = 0

and , , 
~~~

+

+ ~~ 
. (2.7)

As in the atomic case metastable molecular states do

not satisfy the selection rules given by Eqs.(2.5), (2.6),

and (2.7) and may be classified according to the mechanisms

that  enable radia t ive  decay . Metastab le molecular  states

that  decay by a higher order electromagnetic inte rac t ion

within the (A  , S) coupling scheme involve magnetic dipole

and electric quadrupole transitions. The magnetic dipole
14t rans i t ions  are governed by

= 0 , ± 1 
*

J = 0+J ’ = o ,

and g ~~~~~ g , u ~~~ u , g + u . (2.8)

where the symmetry selection rules apply to homonuclear

molecules.
- 8 -
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The electric quadrupole transitions have the same

symmetry rules as Eq. (2.8) , but different restrictions

apply to the quantum number J

A J O  , ± 1 , ± 2

0+0 , , 1+0  (2.9)

When on ly ~l is defined , the selection rules for the

allowed transitions are given by

Ml = 0 , ± 1

and + + +0 ~~~~~ 0 , O~~—~ 0 , 0 + O (2.10)

The lowest excited states of diatomic mercury , Hg2 , are

examples of molecular states defined by cl 12 The 335 nm—

band emission of Hg2 ~
1 u 

-
~ O )  derives its transition

moment from the atomic Hg(3P1 
-* 1’S

0) intercombination

transition at 253.7 nm. Thus, a significant departure

of the Hg atomic states from the L-S coupling scheme is

reflected in the breakdown of the (A , S) coupling in the

molecular states of Hg2 .

C. ENERGY STORAGE LIFETIME AND CAPACITY

1. Introduction

Energy storage for high power laser applicat ions requires

high densities of metastable states . The lifetime of meta-

stable states depends not only on the intrinsic radiative

- 9 -
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decay but also on the externally induced loss mechanisms

such as collisional deactivation and molecular formation .

This section presents a brief summary of spontaneous

radiative decay rate for various types of metastable state s

and examines population Inversion density 11.mitations

imposed by stimulated one photon emission and non-radiative

loss mechanisms. Scaling properties are also discussed .

2. Spontaneous Radiative Decay

From the description of the kinds of metastable states

in Section B the basic radiative decay mechanisms are either

weakly allowed electric dipole transitions due to angular

momentum perturbation or higher order electromagnetic inter—

actions involving one and two photon transitions. The two

cases are distinguished by an important selection rule on

parity as illustrated in Fig. 1. In Fig . la the spontaneous

electric dipole transition rate from state I~~ J> to y ’ J’>

is given by 16

31. 1 4 w  \
= ( 3 )< Y J I I PE I I Y J >

2 J + l  \3h c /

(2 .11)
and

= — e  (2.12)
-
~ i

— 10 — 
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PARITY p — p— —

t~W
’

(El) t~WØ

~s�o
(MI) ~ (E2) (TPE)

- 
wo

— p — p—. —

( a )  (b)

Fig. 1 —— Radiat ive decay of metastable states:
(a) Intercombination electric dipole (El)
transition with a change in parity;
(b) magnetic dipole (Ml), electric
quadrupole (E2), and two-photon emission
(TPE) transitions wiLh no parity change .
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where w0 is the transition frequency in radians—sec 1.

The reduced matrix element of 
~E 

determines the strength

of the transition . For intercombination transitions the

reduced matrix element is a small fraction of that of the

corresponding strongly allowed transition as determined from

the amount of admixture of (SLJMJ) basis functions. The

ratio of transition rates for an Intercombination line and

the corresponding allowed transition typically ranges from

about 2 x iO 2 for mercury to 6 x ~~~~ for magnesium . 12

Since allowed transition rates are of the order of 1O~ to

1O9 sec~~ , the intercombination decay rates are approximately

7 —l 2 —l10 sec for Hg and 2 x 10 sec for Mg. The large

variation in the intercombinatlon transition rate is due

to a larger spin—orbit interaction and the increasing

departure from the L—S coupling in the heavier elements.

Hyperfine interaction In atoms with non—zero nuclear

spin has been suggested as a possible mechanism for certain

forbidden transitions.’3’17 However , the effect is

generally very small , and only in certain cases calculations

yield transition rates approaching those of spin—orbit

induced intercombinat lori transitions.

In case (b) of Fig . 1 higher order electromagnetic

interactions are responsblle for radiative decay . The

important one photon multipole transitions are magnetic

dipole (Ml) and electric quadrupole (E2) interactions. The

— 12 —
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transition rate formulas are given as follows : 16

A ( Y J ± y ’J ’ ) Ml = 
1 ( 4 w g

) 1 12
2J+1 3hc

(2.13)

and

— p
8(L +2S)/h (2.14)

where p8 is the Bohr magneton .

51 / 4w \
A(YJ+y ’J’)E2 

= ( 0
5 ) (‘rJm ~Q ‘~‘J’ m ’)

2
2J+1 \l5h c I * 

q
q ,m ,m

(2.15)

where the q—th component of the electric quadrupole

operator , Q , is given in terms of the spherical harmonics ,

Qq 
= _ e

~
J
~ ~~ r~ ~2q~~~i’ ~~~~~~ ) (2.16)

A comparison of Eqs.(2.1l), (2.13), and (2.15) shows

that the relative transition rates are roughly given by

AF1 
: AMI : AE2 

= 1 : 
~~~ 

/ ca)
2 : (a0 / A ) 2

L 

2.17

where a is the Bohr radius , and ~ is the wave leng th .
Thus , the relat ive lifetimes are abou t io 8 : : 1 sec .

— 1 3 —
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Metastable states that cannot radiate by one photon

m u l t i p ole  i n t e r ac t ion  may decay by a s imu l t aneous  emission

of two photons with energies hw 1 and !1w
2 

. The restric-

tion on the photon energies is that the sum must be equal

to the transition energy as indicated in Fig. lb. Thus ,

spontaneous emission is characterized by a continuum spectra

from near—zero frequency to w
0 

. The mechanism for this

radiative process was first analyzed by Goeppert—Mayer 18

as a second—order perturbation on the transition rate. In

the electric dipole approximation , exp(ikr) 1 , the two—

photon emission rate from Ib> to Ia> is given by 16

— 

lT
~~~~~ w1 w2(n1 +1)(n2

+l) v’ ‘

~~~~

‘ 
1
2

ba 
— 

2E 2 (L3)2 
~~~~~~~ 

L.1~ L.~ 
a1 ,2

b a

(2.18a)

where

a = ~~~~~~~~~~~ + 1~ak~~2~kb1 ,2 
k b (wkb

+ wl)

(2. 18b )

and
— 

= ó ( w
0 

— w1 
— w2 ) (2.18c)

* In Eq.(2.18a) n1 and n2 are the photon occupat ion numbers

for w1 and w2 * 
respectively, and L3 is the quantization

-14 — 
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volume . The matr ix  elements in Eq.(2.18b) are the usual
-~ _‘- * 1- —electric dipole matrix elements of 
~E 

, where c~ is

the polarization of the photon at

The spontaneous two-photon emission rate , ATPE , is

obtained by multiplying W~~~ (n1
i n
2~~0) by the density of

modes, p(w) , for w1 and w2 and integrating over all fre-

quencies and angles .

A~~
E 

= fw~
2) p( w1) p (w2 ) dw1 dw2 d~1 

dQ
2 (2.19a)

where 3 2

p ( w 2, ) = 2(—) —~ ( 2. 19b )
C

Breit and Teller 19 evaluated the integral arid the summation

in Eq.(2.18b) for the metastable 2S states of hydrogen and

obtained a rate of between 6.5 and 8.7 sec ’. Shapiro and

Breit improved and extended the calculation to the 2S states

of hydrogenic atoms~° For small values of the nuclear proton

number , Z, they obtained ATPE 
= (8.226 ± 0.001) Z6 sec~~~.

Dalgarno 21 treated the metastable 2 1S0 state of helium

and obtained ATPE 
= 51.3 sec ’ and the two—photon emission

spectral distribution .

Spontaneous two—photon emission has been detected in

He~ (2
2S) by Lipeles et. al .,22 and the two—photon emission

spectrum of Ne IX (21S) has been observed by Elton et . al.23

— 1 5 —
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If n1 >> 1 or n2 >> 1 the two—photon transition

rate is increased considerably over the spontaneous rate.

This condition is referred to as the enhanced two—photon

emission . Such effect has been observed in the potassium

62S — 42S transition by Yatsiv , Rokni , and Barak .24 En-

hanced two-photon emission in the mercury 6 3P0 
- 6 ‘S0

transition has been reported by Fornaca et. al.25 In both

cases a high power laser provided the source of intense

radiation for creating n1 >> 1.

If n1 >> 1 and n2 >> 1, stimulated two-photon tran-

sition rate may become comparable to that of strongly allowed

transitions. For a non—inverted medium this condition leads

to two-photon absorption (TPA) from Ia> to Ib>  . However ,

in an inverted metastable system n1 >> 1 and n2 > >  1 lead

to stimulated two—photon emission with optical gain at both

and w2. The optical gain at the TPE frequencies is the

basis of two photon amplifiers discussed in Chapter III.

3. Population Inversion and Superfluorescence

An inverted population in a metastable state is one of

the requirements of energy storage for lasers and amplifier

systems. Pumping mechanisms for creating population inver-

sion in metastable states vary from one system to another ,

but all systems have common requirements of a long storage

lifetime relative to optical extraction pulse length and a

large energy storage capacity. This section considers the

-16 -
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e f fec t  of stimulated emission on the energy storage capacity

of an inverted metastable system . The actual pumping mech-

anisms are described in Chapter IV for specific systems .

Here , a population inversion Is assumed for a two-level meta-

stable system which has a net optical gain at the transition

frequency .

In an inverted medium spontaneously emitted radiation

may be amplified by stimulated emission according to the

following equation which describes the intensity growth in

26the unsaturated case.

dI(z)
_ _ _ _  = y I(z) — a I ( z )  + ~ y (2.20)
dz

where y is the gain per unit length , and a is the loss

per un i t  length.  The parameter r~ is a geometry dependent

constant which describes the intensity contribution from

spontaneous emission . Since the unsaturated gain is assumed

to be constant for a uniform gain medium , direct integration

of Eq.(2.20) yields the solution for 1(z).

1(z) = 1(0) (y—a)z + 
fl y 

[e~~~~~~~ 
- 

‘1(y — a)

(2.21)

where 1(0) is the input signal intensity at z = 0.

— 17 —
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Since 1(0) 0 for amplification of spontaneous emission ,

Eq. (2.21) reduces to

fly I’ ! —
1(z) — Je ”1 

a1z 
— 1 (2.22)

(y — a) 1

This in ten s i ty  growt h is called superfluorescence.

The parameter r~ for a gain medium of length 9~ and

a cross—sectional area of w2 may be calculated as follows.

In a cross—sectional slab of thickness 6 Z spontaneously

emitted power , 6 P  , due to 6N number of excited species

is given by

6P = 6N hvA
= iSN hv/t5~0~t (2.23)

where t5~0rj.~ 
is the spontaneous emission lifet ime. Since

6N is equal to the excited state density, n , times

w26Z ,the intensity of radiation through the slab is

61 = 6P/w2

= n *hvA6 Z ( 2 . 24)

A fraction of the emitted radiation that can be amplified by

the full length of the gain medium is (ó~l/4~ ) , where 6~1

is the solid angle which is approximately equal to (w/R~)
2

— 1 8 —
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Therefore , the in tens i ty  growth due to spontaneous emission

In one direction is given by

2 *• l / w \  n h v A
fl~~ — (- -— J (2.25)

2 \~~ f 471

Henc e,

2 *1 Iw \  n h v A
fl — ( — I (2.26)

8ir \~~ J y

The intensity growth solution in Eq.(2.22) is valid

for intensities less than the saturation intensity , Isat

where 1sat is d e f i n ed as the intensity at which the deple-

tion of population inversion due to stimulated transitions

reduces the gain to one half of the unsaturated value . The

expression for ‘sat is given by

h v
I = (2.27)sat 2c - r

where a is the stimulated emission cross-section , and T

is the upper level lifetime .

If amplified spontaneous emission Intensity reaches

~sat 
. the gain medium can radiate most of the stored energy

without external control. This undesirable behavior is

present in many high power gas and solid-state laser systems
II

19
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and l imits  a controlled mode of operat ion to a certain

inversion density and dimensions .

The inversion density at which superfluorescence

reaches saturat ion can be estimated by equating Eq. (2.22)

and Eq. (2.27). Using fl from Eq. (2.26) the calculation

yields

/ f l
*~,7 \  ,2.\2 t

( J exp [(y — a)2.] — 1 4 it (—)
\y — a f  \w/ T

(2.28)

The unsaturated gain y * 
may be expressed as a product of

a and the inversion densi ty  A n  , and thus for a relatively

lossless (a << y) gain medium with An ~ n~ the above

expression simplifies to

exp (oAn 2.) ~~ ( .
~~

) spont

T

(2.29)

Eq. ( 2 . 2 9 ) assumes tha t  exp(’~~) is much larger than 1 .

This is a good approximation since ~~ product is typically

10 to 20. If A n is significantly smaller than n~ , the

right hand side of Eq. (2.29) must be multiplied by a

factor (An/n *)

- 20 -
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A typical gain medium consisting of metastable states

might have the following dimensions and lifetimes:

2. — 100 cm

w — 1 c m

t -. ~~~~ secspont

-r - lO
_6 

sec
(2 . 30)

These values yield

exp(aAn2.) e2° (2.31)

or

20 (2.31b )

which is a commonly used superfluorescence saturation

condition . Because superfluorescence gain is exponential

in aAn9., Eq. (2.3lb) is not sensitive to variation in

the assumed parameters. Furthermore , Eq. (2.31b) can be

modified slightly to describe the lossy case (a ~ y) . The

result is

a An p 9. 2.n(p) (2.32)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _  
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where

~~~~~
_ .—

~~~
-— > 0  (2.33)

Thus, for example , if a/cA n = 0.9 , aAn2. becomes 200.

This indicates that the superfluorescence saturat ion

condition can be increased substantially by reducing the

net gain.

In order to evaluate the inversion density limit imposed

by superfluorescence saturat ion an estimate for a is

essential . The numerical value of a may be obtained

experimentally or calculated from a formula given by 26

2A c
a (v) = 

2 g(v)
8rtv (2.34)

For a homogeneously broadened transition the spectral line—

shape factor , g( v )  , is a normalized Lorentzian funct ion

defined by

g(v) = (.

~
) 2 24(v — ‘

~~~~~~
) + ( A v )  (2.36)
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where the peak value at v = is (2/it ) times the

rec iprocal of the spectral width at the half maximum

points , A v . Using Eq. (2.34) and Eq. (2.35) the peak

value of a becomes

2A c

o — 

4rr 2u2Av (2.36)

The stimulated emission cross—section for metastable

states can now be calculated if A and A v are available.

Using 
~~ 

= 6 x iO14 Hz and Av = 3 x 1O9 Hz rough estimates

of a for two different types of metastable states in Fig. la

and lb yield the following results. For case (a), A ranges

from ~~~ to ~~~ sec~~ , which yields a range of a from

lO
_13 

to io~~
8 cm2 . For case (b) A is on the order of

l0~ sec~~ for (Ml) emission and 1 sec~~ for (E2) emission

and the correspondong values of a are lO
_17 

and l0 20 cm2.

Atomic iodine is an example of the case (b), and the

— 
2P3~,2 magnetic dipole emission cross—section has a

maximum value of 1.78 x 10—18 cm2 .~~o Using Eq.(2.31b) the

superfluorescence conditon for a 1 meter gain medium gives

A n  on the order of 1017 cm 3 which is a typically observed

Inversion densi ty achieved in a flashlamp pumped photo—

* 
dissociation iodine laser.’° In practice superfluorescence

— 23 — 
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can be suppressed by an order of magnitude by reducing the

cross—section with line broadening.27

An example of a metastabAe system belonging to case (a)

of Fig . 1 is the l~ — 0 bound—continuum transition of

Hg2 . Recent experiments on the Hg2 metastable system

showed that a0An is ~.5 ± 1.3 x lO
_6 

cm~~ at 335 nm

14 —3with a total inversion density of 6 ± 3 x 10 cm . The

data suggest a superfluorescence inversion density on the

order of 1019 cm 3 
, but stimulated emission appears to be

prevented by a competing transition to the upper states of

the molecule.2

In summary, superfluorescence depletion of population

inversion suggests a limit on the metastable state inversion

density at around 1018 to 1019 cm 3 for a 1 meter gain

medium . This inversion density corresponds to an energy

storage capacity on the order of 1 kilojoule per liter in

an excited vapor of metastable species .

4. Non—Radiative Loss Mechanisms

Collisional effects on the metastable lifetime become

significant at vapor densities of greater than 1016 cm 3

which is the lower limit of energy storage density considered

for laser applications. Reactions involving two - and three—

body collisions can significantl y reduce the storage durat ion

and place a pract ical  limit on the energy capacity. This

section examines collisional deactivation mechanisms and

— 24 — 

---_ ---- - - - - - - - ---- - ‘- -  - .-_-- - -—-~~~~~~~~— A



rates from experimental data in order to derive realistic

energy storage characteristics. This includes several key

findings from a recent experimental analysis of Hg2 meta—

stable states , which is presented in Appendix A.

The most common type of collisional deactivation is a

two—body reaction involving an excited metastable species

*M and a “quenching ’ agent , X , which may be an atom or a

molecule. The reaction is described by

*M + X M + X + AE (2.37)

The parameter k2 is the two—body reaction rate constant

c.’hich determines the decay rate of M according to

d
[M *] — k2 [M *~ [XI

dt (2.38)

The rate constant can be expressed as a product of the

effective quenching cross—section , a~ , and the radiative

collision speed .28

— 2 1SiiRT 1~ —k2 - eQ [m j

-25 -
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where H is the gas constant (8.3143 x l0~ erg.K~~ •mole~~ ),

T is the absolute temperature , and m is the reduced mass

of the collision partners given in units of grams—mole~~ .

mM mXm = (2.40)
(m M + m

~
)

At T = 300°K typical values of collision speed range from

1o4 cm—sec~~ for heavy diatomic molecules to 10~ cm-sec~~

for light atoms and molecules . Since is typically on

the order of molecular dimensions , the rate constnat , k2 is

—12 —10 3 —lon the order of 10 to 10 cm -sec . Experimental

values of quenching cross—sect ions have been measured for

many atomic metastable species in photochemical reactions.

In particular quenching of the metastable Hg(3P0 1 ) atoms

by various collision partners has been investigated

extensively. 28’29 Some of the representative measured

3 02 02cross—sections for Hg( P1) are 6 A for H2 , 0.19 A

for N2 , and -40 ~2 for unsaturated hydrocarbons.

At high densities of excited metastable species two-

body collisional deactivation can occur without any foreign

quenching agent. The process involves a reaction of two

metastable species which yields a highly excited state and a

ground state according to

*
* + * ~2 M** + M + A E ( 2 . 4 1 )

- 26 - 
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and

d * — *

(2.42)

Experiments with opt ically pumped metastable Hg2

states showed that the above mechanism is the dominant

* . 15 —3decay process at Hg2 densities greater than 10 cm

The reaction is assumed to be

*

* * k9 **Hg2 + Hg2 Hg2 + 2 Hg + AE
(2.43)

* —10 3 —lThe measured rate constant was k2 (2 ± 1) x 10 cm —sec

with the corresponding cross-section of a2 (2.5 ± 1.3)

—15 2 
~2x 10 cm or 25 ± 13 i’~ . This value is comparable to

~he mutual collisional deactivation rate for atomic Hg

rñetastable states . 30

The reaction rate , k~ , can be much smaller than the gas

kinetic rate if the reaction in Eq.(2.41) is endothermic .

This may occur for atomic metastable states that have less

than half the energy of the next higher excited state. The

metastable 2P~ state of atomic iodine is an example of

this case,and the mutual two—body collisional deactivation

rate can be expected to be smaller than the gas kinetic rate.

17 —3At densities greater than 10 cm three—body

collisions contribute significantly to metastable decay rate.

The primary mechanism is molecular formation involving

-27 — 
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metastable species and collision partners in various reac-

tions given by

* *M + M + M  —f (M2) + M + A E  (2.44a)

*r* (M,.,) + X ± A E
* I

M + M + X -
~~ 

(2.44b)
I *1’~ (MX ) + M + A E

*
~ (MX ) + X + A E  -:

*M + X + X --j (2.44c) —

I *
~ (X2) + M + A E

The corresponding rate equations are given by

d * a 2 *

~~- [ M ] = — k3 [~] [M ] (2.45a)

[M
*
] = — k~ [M][x][M

*] (2.45b)

d * c 2 *ai[M ] = — k3 [x] [M ] (2.45c)

where k3 is the rate constant which is typically on the

—34 —31 6 —1order of 10 to 10 cm —sec

The metastable states of atomic and molecular mercury

provide examples of three—body collisions leading to molecular

— 28 -
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formation in the following reactions.31’32

3 *Hg( P0) + Hg + Hg -
~ Hg2 + Hg + AE (2.46a)

* *Hg2 + Hg + Hg Hg3 + Hg + AE (2.46b)

The dimer formation rat e constant has been measured to be

k3 i.s~ x ~~~~~~ cm6—sec ’.3’ At atmospheric densities of

Hg (_10 cm ) the three-body collisional decay rate of

Hg(3P0) is on the order of 10~ sec
1 which is some five orders

of magnitude faster than the measured decay rate at low pres-

sures .
2The metastable iodine atoms also form molecules by

three—body collisions with various partners . Interest in the

atomic iodine laser has led to extensive study of the reac—

tions and rate measurements. Some of the inherent reactions

are given by 10

*
* 

k3 *I + I + 12 
4. 12 + 12 (2.47a)

* 
k

I + I~ ~ I + 12 (2.47b )

k3
1 + 1 + 1 2

4. 2 1 2 (2.47c)

* —32 6 —1The measured rate constants are k3 = 4.3x10 cm —sec and

kq 
= 1.3x10 ’4 x exp(1650/T) cm3-sec ’ for the excited atoms .

- 29 -
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For the ground state atoms the molecular recombination rate

constant is given by k3 
= 1.1x10~~

5 x T 5
~
9 cm6—sec~~~.

At T = 300 K , the b imolecular quenching rate constant , kq

is 3.2 x 10 ’2 cm 3—se c~~~, and the ground state recombination
. . -30 6 -1rate constant is given by k3 

= 2 . 7 x 1 0  cm -sec - These

rate constants suggest that the metastable lifetime becomes

sub—microsecond at vapor densities on the order of io18 cm 3.

In summary collisional deactivation of metastable states

becomes a dominant loss mechnism at vapor densities of interest

in high power laser applications. In particular mutual two-

body collisional deactivation of excited metastable species ,

as illustrated by the Hg2 system , suggests a limiting den—

sity for a practical storage duration . Since storage times

of 100 nanosecond or longer are desirable , the measured

bimolecular rate constant suggests a maximum metastable state

density on the order of io17 cm 3. In terms of photon energy

in the visible spectrum this density is equivalent to an

optical energy storage capacity of about 50joules per liter .

This storage limitation is likely to be present in many atomic

and molecular systems as an inherent property associated with

the mutual two—body quenching. Some atomic systems, such as

the metastable iodine atoms , are not density limited by mu-

tual metastable state deactivation . For these systems mole-

cular formation and two—body quenching due to the formed

molecules ultimately limit the storage lifetime and capacity.



5. Scaling

The results of Sections C.3 and C.4 suggest that

energy storage can be incre.~tsed by increasing the volume

of the inverted medium . However , to prevent the depletion

of population inversion the single pass net gain must be

reduced in order to suppress superfluorescence. In practice

with CO2 lasers dist r ibuted losses due to saturable absorber

provide a net a t tenuat ion for  small signal levels.33 At high

input intensi t ies absorption saturates , and the medium

a t t a in s  a net gain for large signal amplification and energy

— extraction .

Alternatively, the single pass loss can be made greater

than the gain at all signal levels and prevent superfluores—

cence altogether . This eliminates stimulated one photon

emission , but leaves a possibility for stimulated two—photon

emission at two frequencies for which the medium is trans-

parent . One possible system might consist of an inverted

metastable system in which two—photon emission is allowed

followed by a non—inverted two—level system with the same

energy difference but coupled only by an electric dipole

transition . Since two—photon transitions are not allowed

for the non—inverted species , stimulated emission may be

amplif ied through the combined system . This unique property

of two photon transitions is an attractive feature for a

large scale system and a mot ivat ion for  inves t iga t ing  theo-

retical and experimental aspects of two-photon lasers .
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In summary , population inversion of metastable

states in a vapor system provides a potential optical

energy storage medium for high power laser applications .

The energy storage l i fe t ime  and capacity are l imited by

supertluorescence inversion depletion and non-radiat ive loss

mechan isms . Both theoretical  and experimental studies on

the metastable decay properties indicat e a maximum realistic

inversion density of 1017 to 1018 cm 3 for vapor systems

in general . Scaling considerations for a fixed inversion

density show that superfluorescence inversion depletion

limits the dimensions of a one-photon gain medium . However ,

stimulated two-photon emission can occur in an inverted

medium which has no net one—photon gain. By eliminating

one—photon superfluorescence , energy storage scaling can

be extended to two-photon extraction schemes which are

discussed in Chapter III.
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CHAPTER I I I

TWO PHOTON ENERGY EXTRACTI ON

F 
A . INTRODUCTION

A recent demand for hi gh power laser systems in laser

fusion studies and photochemical applicat ions has generated

interest in laser amplifiers with large energy storage

capacities~ Concurrently nonlinear optical extraction of

stored energy has received attention as a method of gener-

a t ing  high energy laser outputs.6’34 In particular stimu-

lated two photon transition in an inverted medium has been

suggested as a potential scheme for not only amplifying an

input signal but also tailoring the pulse shape by the non—

3—6 34 35l inear  ga in .

The concept of a two photon laser differs from an ordi-

nary laser medium in two respects. First , the two photon

ampliftcation occurs at two frequencies that do not coincide

wi th  the energy d i f f e r e n c e  between the  i n i t i a]  and the f i n al

states of the t r an s i t i on . The only restriction is that the

photon energies and the transition energy are conserved .

Secon d , the  t r an s i t i on  rates of two photon processes depend

on the product of the  f i e l d  in tens i t i e s  in contrast to a

linear relat ionship in one photon transitions . Figure 2

.5 33 _
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shows two photon processes between two levels which are

separated by an energy ~~~~ Figure 2b shows two-photon

emission (TPE) at Tr W
1 

and such that =

holds . The presence of radia t ion  at can also generate

Raman scattering at w3. In an inverted medium the tran-

sition energy and the incident photon energy sum to yield

stimulated output at hw 3. This process is the anti—Stokes

Raman scattering (ASRS ) shown in Fig. 2c. Since both TPE

and ASRS involve optical energy extraction at a frequency

distinct from the natural transition frequencies , the two

photon processes are also interesting physical effects in

themselves .

This chapter describes some of the theoretical aspects

of two photon amplification and energy extraction in an

inverted system . The following sections give a brief review

of the theory and discuss the energy extraction properties

of an ideal two photon gain medium including saturation

effects.

B . THEORY

In the semiclassical perturbation theory two photon

processes are described by nonlinear induced polarization

of the medium and Maxwell’s field equations which are driven

by the polarizat ions. The nonlinear polarization is gener-

ated by the third—order susceptibility which can be derived

— 3 4 —
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— — — a

1~I C*)3

LOWER STAT E

( a)  (b) (c )

Fig. 2 -— One and two photon energy extraction schemes :
(a) Ordinary one photon laser transition at w~ ;
(b) stimulated TPE amplification at and w2

’
~
’ -

(c) stimulated ASRS amplification atW 3.
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from density matrix calculations using an electric dipole

interaction hamiltonian . However , since two photon transi-

tions involve actual transfer of population from an inverted

level to a lower level , saturation of the medium must be

taken into account. Accordingly the calculation must include

equations for the populatiDn difference and the oscillation of

the two—level system at the two photon resonance frequency.

This section briefly describes the derivation of the

equations of mot ion for the two photon processes . The deri-

vation closely follows the analysis of Carman ,6 and considers

the interaction of four electric fields in a two photon gain 
-

medium . Figure 3 shows a schematic two—level system with

TPE and ASRS transitions considered here. The two levels

are specified by the angular momentum quantum numbers , J and

M. The magnetic substates are assumed to be degenerate.

The intermediate states are assumed to be non-resonant so

that real transitions cannot occur.

The electric fields consist of an input laser signal

at w1 , TPE signal at w
2 , ASRS signal at w3 , and another

ASRS signal at due to . Higher order Raman transi-

tions and other coherent wave mixing processes may occur ,

but they are neglected here for simplicity. The four fields

are defined by

-
,~
- ~9.E9.exp(ik9.z— iw 9.t) + C.C.

(3.1)
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1
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Fig. 3 —— Two-level system for two photon extraction
analysis.
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The oscillation of the two-level system is given by

Q(it ,t) = ÷ q exp (ik0z— i U )0t) 
+ C.C. (3.2)

where q is the oscillat ion amplitude . The field frequencies

and the wave vectors satisfy the following relations:

k1 + k 2 — k 0 E A k 12 (3.3a)

• k3 — k 1 — k 0 E A k 31 (3.3b)

k4 — k 2 — k 0 E A k 42 (3.3c)

and
n

= (3.3d)
c

where n 9. is the refractive index of the medium at

The relat ionship between the electric fields and the

two — level oscillat ion is established by a differential
36equation for Q.

+ —p—- — + Q = - —
~
-
~

- (E EQ 0~~, ~C1 , 1(1)

(3.4)

where T2 is the usual dephasing or transverse relaxation

time , and ~C is the hamiltonian containing an electric

dipole interaction term , V . as given by

= + V , V = — . (3.5)
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Evaluating the right—hand side of Eq.(3.4) using Eq.(3.2)

and the slowly varying amplitude approximation yields

1 /iu~— + — q -(--— -) ~~ exp(ik0z—iu 0t) + C.C.
\4h /

(3.6)

where u represents the relative population difference

between the inverted state lb ) and the lower state a>

The term ~ contains the interaction of the electric fields

and the two-level system and is given by

= a1~2 E1E2 e
ht
~
ld12z 

+ a1
*
3 E~~E3 e~~

l
~31Z +

(3.7)

where a ’s are the polarizability tensor components defined

by the following expressions :

czl 2 = ~~~~[(
h12)a~~~~1

)kb 
+ 

ak(

~

J2 kb

I 
(3.8a)

k 
h

kb~~~ l) ~~~kb~~~2~

a1 
3)ak(1~1)kb + 

l~ ak~~3~kb (3.8b)

k 
h

ko
_ w

l)

a2 4  
= ___________ + 

ak~~~~kb] (3.8c)

where the summation over Ic denotes a sum over and M k and

other intermediate state quan t um numbers. The matrix
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elements in Eqs.(3.8a), (3.8b), and (3.8c) are the usual

dipole matrix elements of ~ . and . E

The time dependence of the population difference is
. 36described by

+ —~-_(u - U )  =(_~_)([u0~~ ~(]) (3.9)

where (l/T 1) is the longitudinal relaxation rate with which

the population inversion returns to its equilibrium value , U ,

in the absence of the applied fields . Evaluation of the

right-hand side of Eq.(3.9) gives

/ .1 ‘ 1 ’ * *— + —(u — u ) (—)(q ~ — q~ ) (3.10)
T1 

e \2h/

where q and 0 are defined by Eqs. (3.6) and (3.7).

The nonlinear polarizations arise from the third—order

terms in the density matrix and depend on the two-level

oscillation and the applied electric fields through the

polarizability tensor components. The nonlinear polariza-

tion has the form

~
NL
(~~~t )  = 

l e P N
~~e x p ( i kz i t ) + C C

(3.11)

The amplitudes for U)
1 

and are given by

= N [a i 2 E~~q exp( — iA k 12z) + a1
*
3 E3 q*exp(iA k31z)j

(3.12a)
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and

= N ~a1 2 E~~q exp(-iAk12z) + a2
*
4E4q* exp(iA k42z)j

(3.12b)

The ASRS polarization amplitudes a~e given by

N a1 3  E1 q exp(—iA k31z) (3.12c )

and

= N a2 4  E2 q exp(-iAk42z) (3.12d)

The equation of motion that governs the growth of

traveling—wave electric fields in a two photon gain medium

is the wave equation derived from Maxwell’ s equations.36

2 -~- a n ~ n2 ~~~ ~ ~2~NL
- V E + — — + = - 2 ~~c 3t c ~t c c  ~t

(3.13)

where the driving term is the nonlinear polarization of Eq.

(3.11). The refractive index , n , in Eq.(3.13) is the value

in the absence of the applied fields. The attenuation para-

meter , a , is the reciprocal of the distance at which the

field intensity decreases to e~~ of the initial value in

the absence of gain. Under the slowly-varying amplitude

approximation Eqs.(3.1), (3.11), and (3.13) yield the ampli-

tude growth equation for each frequency component. The
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results are given by the following equation :

____  
2 ~E2. n 2. ~ E2. a2. 

______— + — —  + — E  = _____

2ik ~ z c ~ t 2 2n cE2. 2. o

(3.14)

The first term on the left—hand side of Eq.(3.14) is the

transverse Laplacian of the field amplitude . The nonlinear

polarization amplitude , , of Eqs.(3.12a) through (3.12d)

drives the growth of the electric field in Eq.(3.14).

The electric field amplitude equations in Eq.(3.14) are

coupled with the equations of motion for the two—level os—

cillation in Eq.(3.6) and the population difference in Eq.

(3.10) through the nonlinear polarization amplitudes in Eqs.

(3 .12a) through (3 .12d ) .  This system of coupled d i f f e r e n t i a l

equations constitutes a general description of the TPE and

ASRS processes considered here. Unfortunately these equations

cannot be solved analytically and require numerical methods

to study the problem of two photon pulse amplification and

energy extraction . Nevertheless , certain approximations in

the coupled equations lead to a simplified set of equations

which help to illustrate the first—order effects of a two

photon gain medium . This includes pulse amplification and

energy ex t rac t ion  in the unsaturated and saturated regimes.

The approximations that lead to analytical expressions for

these properties are discussed in the following sections.
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C. TWO PHOTON AMPLIFICATION

A recent theoretical analysis of Raman scattering in

the t rans ient  response regime s’?’ indicates that the nonlinear

gain decreases roughly proportionally with pulse length for

pulse length shorter than the dephasing time . This evidence

suggests that the efficient use of a two photon gain medium

should be considered with relatively long pulses . However ,

the pulse must be short compared to the lifetime of the pop-

ulation inversion in order to minimize losses due to decay

mechanisms . These operating restrictions imply an optimum

condition for the two photon laser pulse length , -r

T2 < <  T < <  T1 (3.15)

The above relation also implies that steady—state approxi-

mation may be applicable in Eq.(3.6). Thus , the two—level

oscillation amplitude , q , may be considered as a slowly—

varying quantity provided that severe pulse shortening does

not occur during amplification .

The steady—state approximation in Eq.(3.6) and the pulse

length requirement in Eq.(3.15) significantly simplify the

two photon field equation s in Eq.(3.lO) and Eq.(3.14). Fur—

thermore , if the spatial and temporal characteristics of the

two photon pulse change significantly more slowly than the

ampl i tude growt h , then E q . ( 3 . 1 4 )  reduces to the fo l lowing

— 43 —
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equation :

1 ~ 
pNL

— + — a2.E2 (3.16)
2 2n cc9. a

where

NL /NUT 2\ * * *= 

~~ 
) a1 2 E~~0 exp (—i~~k12z)- a1 3 E3~ exp(iA k31z)~

(3.l7a)

NL /NuT 2\ * * *= 

~4 i h / “1 2  E1 0 e x p ( — i A k 12z) - cz2 4  E4 0 exP(iI~k42z)J

(3.l7b)

NL /NuT 2\P3 = 

) 
a13  E 10 exp( —i i ~k31z) (3 .l7c )

NL N u T
= 

( 2) “2 4  E2 0 exp( - i~~k42 z)  (3.17d )

The population difference equat ion is now given by

2u T2 1 0 1
— 2 (3.18)
~ t 4 h

The nonlinear polarization amplitudes in Eqs .(3.17a)

through (3 . 17d)  contain con t r ibu t ions  from both s t imulated

and coherent mix ing  e f f e c t s .  For example , E q .( 3 . 17 a )

-44 —

_ ---— - - - ---

~

-

~

-- 
- -



gi ves

= (:::i[ l a l , 2 1
2 1E 2 1

2 E1 - “1 ,3 1 1E 3 1
2 E1

+ “1,2 “2,4 E E~ E4 exp [i(Ak42 — A k 12)zI

- “1,3 “2,~ 
E2 E3 

E~ expi i(Ak31 -Ak42) zi

(3.19)

One can also express the nonlinear polarizat ion in terms of

the third—order susceptibility . In MKS u n i t s  E q .( 3 . 1 9)

becomes

NL TPE 2 ASRS 2
P1 

= c0~~ 1E 2 1 E1 + c
0~ 1 1E

3 1 E1

(3) * *
+ c0x1 2 2 4  E2 E2 E4 expi i ( A k 42 — A k 12 ) z ]

(3) *
+ c0x~~3 2 4  E2 E3 E4 expi i ( A k 31 — A k 42 ) z I

(3.20)

where ,
TPE (NuT 2 

)ia i 2 1 , (3.21a)
4 i h c  ‘

x
RS (NuT

2) 
2 

, (3.21b)
4 i h c  ‘

0

(3) /NU T 2 \ *
= 

k4 ~ ~ ~~
)“1,2 “2,4 (3 .21c)
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and

(3) /NuT 2 \ *
= 

~4 ih 
“2,4 (3.21d)

The f i r s t  two terms in E q . ( 3 . 19 )  and E q . ( 3 . 2 0 )  are independent

of wave vector and represent the stimulated processes . The

latter two terms containing 
~~~~~~~~ 

and 
~~~~~~~ 

corre—

spond to four-wavi. mix ing  processes , and they oscil late in

space unless the wave vector mismatch vanishes. Equation

(3.19) also indicates tha t  the st imulated terms can yield

ei ther gain or loss depending on the  f i e l d  ampl i tudes  at

and U)
3

The nonlinear polarization for the ASRS field at

also illustrates the contribution from stimulated and mixing

processes . E q . ( 3 . l 7 c )  gives

— 
N L ASR S 2P3 c0~3 1E

1 1 E3

+ c0x~
3
~~1 2  

E1 E1 E2 exp[ i(Ak12 —A k 31) z I

+ c0x~
3
~~2 4  E1 E E4 exp[ i(Ak42 —A k 31) z I

(3.22)

where ,

ASRS ASRS *
= , (3.23a)
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and the four-wave mixing suscept ibi l i t ies  are given by

(3) /N U T 2 \ *

3~5 1~j~ 2 
~4 i h c ) ~~~, 3 1 , 2 (3 .23b) 

—

and

(3) (3) *
x3,1,2,4 = x1,3,2,4 (3.23c)

An important aspect of E q . ( 3 .2 2 )  is that  the ASRS f i e ld  at

can be generated by w~ and w2 through four—wave mixing .

This means that  a TPE amplifier can generate and amplify

ASRS s ignals at and . If the ASRS fields are allowed

to grow at the  expense of TPE field amplitudes , the ASRS

process can eventual ly  dominate and terminate TPE amplifica—

t ion . For energy extract ion such competing processes are

undesirable , since the efficiency depends not on the stored

energy but on the photon flux at U)
1 
or

If the coherent wave mixing processes can be neglected ,

then the  f i e l d  equat ions in Eq.(3.16) can be converted into

intensity growth equations with intensity gain coefficients ,

~TPE and 8ASRS - The growth of the ASRS fields is given by

~I3 ASRS
— + a3 I3 

— 53 
I~ 13 ( 3 .24a )

and

al ASRS
— + a4 14 

= 

~4 
12 14 (3.24b)
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The in tens i ty  equations for U)
1 
and U)

2 
are given by

+ a~ ~ 
= 5TPE I~ 12 

— 6~ SRS 13 I~ 
( 3 .2 4 c )

and

P AS
+ a2 12 = s~ 

E I~ 12 
— ‘

~2 
RS 14 12 (3.24d)

The intensity gain coefficients in Eq.(3.24) are defined by

5TPE _I~2\5TPE2 \U)1 /1

— 

N u w 21a 1 2 1
2

— 

Fn n h~
2 c2 

‘ (3.25)
1 2  a

5ASRS J~1\5ASRS1 ~\~~)3

2Nuw 1 I~~1 3 1
= 

2 2 (3.26)
Fn 1n3hc c

and

5ASRS 
_ (
~2\6ASRS2 \U)4 / 4

2NuU )21a2 4 1
= 

2 2 (3.27)
rn2n4hc c

in the above definitions the FWHM transition frequency width ,

I’ (radian—second~~ ), has been substituted for (2/T2).

_



The intensity gain coefficients can also be expressed

in terms of the TPE and ASRS cross—sections. The Raman

scattering cross—section at U)~ due to U)
1 

is defined by

the following formula which includes the degeneracy of the

magnetic states of the initial and final states .38’39

3
fdo \ — 

W j U)j  1 ‘V ’ V’ 2
— 

(4n c )2 c4 2J +1 ~~~~~~ L_~
o b M Mb a

(3.28)

The TPE cross-section can be defined in the same way. A

direct substitution of Eq.(3.28) into Eqs.(3.25), (3.26).

and (3.27) yields the desired relations in terms of A9.= 2ir/k 9..

= 4A ~ r~~ 1 
(~~~)1,2 (3.29) -

S 

5~SRS = 4 
~~ ç~~

’ 

~~~~~ 
(3.30)

W
3

S~ SRS = 4 A~ F h ~~4 
(~~~)4,2 (3.31)

Since (dc/dQ) is an experimentally measured quantity,

Eqs.(3.29), (3.30), and (3.31) provide useful relat ions for

5TPE and 5ASRS If (da/d~) data are not available , approxi—

mate values may be calculated using Eq.(3.28). Appendices

C and D describe useful techniques for evaluating the sum-

mation in Eq.(3.28).
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D . ENER GY EXTRA CTI ON

The important parameters that characterize a two photon

amplifier are energy storage , intensity gain , and extraction

efficiency. These quantities are related by a system of

coupled differential equations derived in Section C. The

equations are nonlirear , and a general analytical solution

cannot be obtained even in the steady—state regime.

However , the equations are solvable under certain condi-

tions and approximations. For example , if linear absorpt ion ,

four-wave mixing, and medium saturation can be neglected , a

proper choice of initial conditions on the field intensities

provide the first—order approximation for the TPE or ASRS

process. This approximation describes the unsaturated reg ime .

The intensity equations in the unsaturated TPE case are

a1 1 TPE -

— = 
~~. 

I~ 12 (3.32a)

and

2 
= 5TPE 1., If) (3.32b)

I £~

where 13 
= 14 

= 0 is assumed initially. The exact solutions

to Eqs.(3.32a) and (3.32b) are

11(z) 
(l_p )(l+ peA )

_____ = A (3.33a)
1
~~
0
~ 

(1 — pe )
and

12(z) (1 — 
~~~~ 

eA

A (3.33b)
12(0) (1— c e )
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where

U)1 I~ (0)p = — (3.34)
~2 I~ (O)

and

A = 6TPE 11(0)z(1—p) (3.35)

The solutions show that when 12(0) << Ii(0) , the intensity

at U)
2 

grows exponentially , which agrees with Carman ’s

result 6

The unsaturated ASRS intensity growth can be solved

similarly using

= - 5ASRS I
~ 

13 (3.36a)

and

+ 5ASRS 1i 13 (3.3Gb )

where 12(0) = 14(0) = 0 is assumed . The exact solutions

to Eqs.(3.36a) and (3.36b) are

I1(z) (1+~~)
_____ = 

B (3.37a)
Ii(0) (1+~~e )

and

13(z) (l+~~)
_____  = 

B (3.37b)
13(0) (1+~~e )
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where
U)

1 
13(0)

= (3.38)
U)

3 
I~ (O)

and

B = 5ASRS I(0)z (i+~~) (3.39)

For a small input signal at w3 Eq.(3.37b) reduces to an

exponential growth provided that saturation remains negli-

gible.

The analytical solutions for the unsaturated ease de-

scribe the initial growth behavior in which a very small

amount of the stored energy is extracted . However , a two

photon amplifier must operate in the saturated regime for

efficient energy extraction. Thus , analytical intensity

growth formulas including saturation effects are desirable.

As mentioned earlier , the coupled nonlinear equations for

the fields and the medium are not generally solvable. To

alleviate this difficulty one can consider the saturation

problem for the special case of an ideal TPE amplifier.

An ideal TPE gain medium may be considered to have no

linear absorption and negligible nonlinear gain coefficient

for the competing ASRS processes . This also implies that

four—wave mixing terms do not contribute significantly.

These conditions are hypothetical , but they simplify the

equations to a point where analytical solutions including

saturation can be obtained . Of course the analytical

— 52 —

— ~- - 5- -



---5-~ --- -- ---~ -- - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

solut ions are only solutions to an approximate system of

equations and are subject to the validity of certain assump-

tions. Nevertheless , the analytical expressions can be

helpful in studying the approximate saturation characteris-

tics of an ideal TPE amplifier .

The equations that describe an ideal TPE amplifier are

Eqs.(3.22a) and (3.22b ) and

= - 

uT2 l~~1 2 1
1 1 2 

1E 2 1
2 ( 3 .40)

where Eq.(3.40) arises from Eqs.(3.15) aid (3.18) and the

following conditions:

2 2 2 2
l ” 1, 3 1 <<  “ 12 1 ; l cz ~~, 4 l <<  “1 ,2 1

(3.41)

If the field intensities are divided by the respective photon

energy , the equations are transformed into photon flux equa-

tions .

ax 1
— = 6x 1 x2 u , (3.42a)

ax2
— = ~ x1 x2 u , (3.42b )
az
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and

— = ex 1 x2 u , (3.42c)

where x~ = I
~ 

/ ~~~~~~~~ The parameters 0 and c- are given by

2 w 1 u2 a1 2 1
0 = 

3 ‘
2 (3.43)

Fn n c c1 2  a
and

0 = ~~N c  e (3.44)

Equations (3.42a) and (3.42b ) indicate that the photon flux

at and must grow sim u l t aneous ly  f r o m  the in it ial

values , and x~ , respectively. Mathematically,

x
1 

= x~ + x , (3.45a)

x
2 

= x~ + x , (3.45b)

and

ax 1 ax2 ax
— ---— — (3.45c)
az az az

Equations (3.45c ) and (3.42c) can be combined to obtain an

equation for u in terms of x:

u = u ( 1  - 
~~~~~~ ) (3.46)
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where u is the initial value , and x0 ~-Nu 0c is the

maximum photon flux that can be extracted from the medium .

Therefore , (x/x 0) in Eq.(3.46) 
corresponds to the extrac-

tion eff iciency. Substituting Eqs.(3.45) and (3.46) into

Eq.(3.42) yields an equation for the extraction efficiency,

f t. 1 f~
J 

O d z  —

~- J0 x 0 (~~~+r 1)(~~~
+r 2)(1 —

(3.47)

where the initial values of photon flux at and are

normalized to x0 
accord ing to

o 0xl x2
— r~ — ( 3 . 4 8)
x x
o 0

Direct integration of Eq.(3.47) leads to a relationship

between the extraction efficiency and the various parameters:

1 +r
G (1 + r1)(1 

+ r2) (r1 
- r2) 

t.n[l + 

~
-] - 2.n(1 —

/ 1 +r 2 \ r r 1
— ( J 2. n l l + —~2--- (3.49)

\r 1 — r 2 f L

where G = 0 9.x~ is a dimensionless parameter that determines

the gain of the amplifier. A quick check of Eq.(3.49) at the
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unsaturated limit (
~~~ 

<< 1) shows that the equation indeed

reduces to Eq.(3.33b). Equat ion (3.49) can also describe

the deger erate TPE case (w 1 
= w2) after a slight mathematical

man ipulation . The formula for this special case is given by

2 ~(1+r) 1+
G(l+r) = 2 r + 2.n r (3 .50 )

r (1+ -
~~
--) 1— ~

The relat ions derived in Eqs.(3.49) and (3.50) constitute

an approximate description of the saturation characteristics

of an ideal TPE amplifier operating in the steady-state regime .

The next step is to determine the parameters that opt imize

the performance of the amplifier under certain initial condi-

tions. The performance may be evaluated on the basis of the

extract ion efficiency and the amplification factor . . ci , wh ich

is defined as the ratio of the output energy to the input

energy at the same frequency. Ideally a near unity extrac-

t ion e f f iciency and a la rge  amp l i f icat ion factor are des irable .

Efficient extraction (
~~~ ~ 1) and large amplification

factors for both TPE frequencies require r1 <~~ ~ and

r2 << . If r1 > r2 , Eq.(3.49) simplifies to

I ~J 1

1 —  e ‘(— J (3.51)

\ r2/

Thus , efficient extraction requires G > 1. Conversely ,
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if G < 1 e f f i c i e n t  ex t rac t ion  may not be possible wi th

large amplification factors .

In another mode of operation TPE extraction uses an

intense “trigger ” field at U)
1 

in order to achieve ‘~
‘2 > >  ~

and E ~ I . In this case r1 is at least one and possibly

much larger . These conditions reduce Eq.(3.49) to

1 — exp(—Gr1)
- r2 (3.52)

r2 
+ exp(—Gr 1)

The corresponding amplification factor is given by

‘
2 1 + -a--- (3.53a)r2

or

1
(3.53b)

r2
+ exp(—Gr ,)

The expressions for E and .~ ’2 suggest that  if Gr
1 

<< 1

high extraction efficiencies are not possible with 
~

‘
2 > >  ~~

because r2 < <  1 must hold. On the other hand , if Gr1 > 1

such that exp(-Gr1) < r2 < <  1 , then reasonable extract ion

efficiencies can be expected . Therefore , the “trigger ”

pulse at with r1 > >  1 can operate a TPE amplifier with

G < 1 and still achieve high extraction efficiency and ampli-

f i ca tion at CA)
2 

. Figures 4 and 5 illustrate the behav ior
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1

Fig . 4 —— Ideal TPE ampl i f i e r  extract ion e f f i c i e n c y  vs.
normaP ‘ed input (trigger) photon flux at
for r2 

= exp(-l0).
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Fig. 5 —- Ideal TPE amplifier extraction efficiency vs.
normalized input ( t r igger ) photon flux at U)

1fo r  r 2 = exp(-5).
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of ~ as a function of r1 at various values of G

Figure 4 assumes r2 exp(—10), and Fig. 5 uses r2 = exp(—5).

A third method of energy extraction involves degenerate

TPE amplification . The saturation behavior as given by

Eq.(3.50) differs from the non—degenerate case. The ampli—

fication factor for the degenerate case is defined by

.4’ E 1 + c. (3.54)

For small input intensities , r < <  1 , efficient extraction

requires

G _c_ 
— t.n(1 — 

~ ) (3.55)

This implies that G > >  1 is necessary in order to achieve

a large amplification factor. On the other hand , r > >  1 in

Eq.(3.50) leads to

1 - exp(-Gr2) (3.56)

Thus, extraction efficiencies near unity can be achieved with

G << 1 . However , the amplification factor may be very close

to unity , since ~ << r . Therefore , experimentally the

degenerate TPE extraction is not very interesting if G < 1.

Furthermore , small values of G may pose detection problems

which would make a demonstration of TPE amplification difficult.
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Fig ure 6 gives a plot of ~ as a f u n c t i o n  of r at v a r i o us

values of G . The dashed lines i nd ica t e t h e  va lues  of , v I —  1

For example , if G = 0.1 , r = 1 yields ~ 0.1 and an

ampl i f i ca t ion  fac tor  of .4’ 1.1 . However , if G = 10~~

and r = 1o
2 

, then the ex t r ac t ion  efficiency is near unity;

but , the relative change in the field intensity after ampli-

fication is only one part in 102. The graphs in Fig . 6

suggest that the best performance is obtained when the opera-

ting point lies in the upper left corner where G > 1 , r < 1

and .4’> 1

In all three modes of operation of a TPE amplifier the

parameter G plays an important role with respect to the

performance characteristics. Since large values of G are

desirable in all cases , one must optimize parameters that

govern G . From the definition of G and Eqs.(3.25) and

(3.43) a formula for G is given by

G = 5TPE 
?‘1 U )

1
X t .  (3.57)

where

x = ~ N u c  (3.58)

TPE . . .In Eq.(3.57) 
~2 

is the unsaturated intensity gain coeffi-

cient given by Eq.(3.25), and 2. is the length of the gain

medium . The quantity x0 is the maximum photon flux that

can be extracted from the med ium , and h U )
1
X
0 

corresponds

to the intensity of the trigger field at which r1 
= 1
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Fig. 6 -- Ideal degenerate (w~~w2 ) TPE amplifier
extraction efficiency vs. normalized input
photon flux . Energy amplification factor
is given by 4 =  1+E

— 62 — 

--- - - - - - - -



r 
- -

TPE .Since both 
~2 and x are proportional to the inversion

density, Nu0 , G varies as (Nu0)
2 2. . Therefore , the inver-

sion density and amplifier length should be maximized in

order to achieve the largest possible values of G . Table I

shows typical calculated values of G based on 2. = 100 cm and

~TPE 
= io

_6 
cm/MW at Nu = 1016 cm 3 

. This value of ~TPE

is a realistic order of magnitude estimate which is discu:sed

in more detail in Chapter IV .

The s ignif icance of the numer ical estimates of G in

Table I is that realistic conditions exist for an efficient

TPE amplifier. From the discussion of energy storage capacity

in Chapter II population inversion densities in the range of

io17 to io18 cm’3 may be achieved under optimum conditions.

This suggests that the values of G in the range of 1 to 10

are possible and that the amplified field intensities may

reach on the order of ~~~ W/cm
2 wi th  a h igh e x t r a c t i o n

efficiency. For inversion densities in the range of io16

to io~~
7 cm 3 G rapidly decreases to much less than unity.

However , efficient extraction and TPE amplification of the

complementary field at are still feasible provided that

the trigger intensities with Ii(O) >> Ti are available.

Under these conditions the field intensity at U)
2 

may be

amplified to greater than 1O7 W/ cm2 . In the case of a

degenerate TPE amplifier G > 1 is a necessary condition

for efficient extraction and amplification . Hence , inversion

densities in the range of iol7 to 1018 cm 3 are required .
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Table I

IDEAL TPE AMPLIFIER PARAMETERS

Nu 2. ~TPE G x h U ) Xo 2 o 10

(cm 3) (cm) (cm/MW) (cm 2—sec~~ ) (MW/cm2)

io16 100 io
_6 

l .5 x 10 3 1.5 x10 26 15

io17 100 10~~ 0.15 1.5xl027 150

1018 100 10~~ 15 l .5x1028 1500

* Calculations based on a trigger field wavelength of 2pm.
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The discussion of an ideal TPE amplifier so far has

assumed that the competing ASRS processes are negligible

due to the conditions of Eq.(3.41). Howevor , in real cases

such conditions may not be easily satisfied . Figures 7a and

7b show schematic level diagrams for a two photon amplifier .

If the intermediate states lie below the upper state as in

Fig. 7b, the detuning, 
~12’ 

favors the TPE process. However ,

superfluorescent decay to the intermediate states can quickly

deplete the energy stored in the upper state. Thus , a level

structure of the type in Fig. 7b is not desirable. On the

other hand , if the intermediate states lie above the upper

state as in Fig. 7a , the detuning, t
~13~ 

may favor the ASRS

processes by the near-resonance enhancement. For an ASRS

ampl ifier this condition is advantageous , bu t such a level

arrangement may prevent TPE amplification . A possible way

of overcoming the ASRS enhancement is to pick such that

destructive interference among the intermediate states

- . . 40diminishes the ASRS gain.

In summary , this chapter briefly reviewed the theory of

two photon energy—extraction from an inverted metastable

system . The coupled d if f e r e n t ial equat ions tha t  govern the

growth and evolution of the optical fields and the medium

have been treated in the steady—state reg ime in order to

describe the optimum pulse lengths. An approximate descrip-

tion of the saturat ion characteristics of an ideal TPE ampli-

fier was considered for pulse lengths for which T
2 

< <  T
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Fig. 7 -— Energy level structure for two photon gain
medium : ( a )  In te rmedia te  states ) k >  above
the energy storage state Ib> ; (b) inter-
mediate states 1k) below Ib) in which radi-
ative decay from Ib> to 1k> is allowed .
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and -r << T
1 are satisfied . In the absence of competing

processes and severe pulse distortion the solution to a

simplified set of coupled equations led to analytical rela-

tions between the  extract ion e f f iciency and the TPE ga in

parameter G . The numerical estimates of G showed that

efficient TPE energy extraction and amplification are possible

with populat ion inversion densities achievable in a vapor

medium consistin g of excited metastable species. For inver-

sion densities on the order of io17 
to io

18 cm”3 the calcu-

lations suggested that amplified intensities on the order of

10~ W/ cm~ with high extraction efficiencies are feasible in

an ideal TPE amplifier . Although a brief consideration of

energy level structure did not suggest an ideal TPE amplifier

the analyt ical saturat ion behavior may provide a helpful

guide for studying more realistic systems in the future.
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CHAPTE R IV

PROSPOSED SYSTEMS AND FEASIBILITY ANALYSIS

A.  INTROD UCTION

An atom ic or molecular metastable species for a

potential two photon gain medium must satisfy a number

of requirements on the radiative and non-radiative decay

properties , as well as energy level structure for population

inversion. A careful survey of the periodic table shows

that not many neutral atoms have an energy level structure

that perm its energy storage and population inversion.

Moreover , in many of these candidates high densities of

metastable states are difficult to achieve experimentally.

For example , high temperatures are required to generate a

sufficien t vapor pressure in some metal vapor systems . Light

elements tend to form rrolecules readily. These physical and

chemical properties further reduce the number of potential

candidates to only a few neutra l atomic and molecular species.

A potent ial two photon ga in med ium selected f rom the

above considerat ions is also subject to certain bounds imposed

by the optical properties of the medium as shown in a recent

feasibility analysis by Carman . 6 The study indicates that

general considerations of the optical properties lead to several
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constraints on the optical intensities and pulse lengths

as well as device dimensions and inversion densities.

This chapter  il l u s t r a t e s  some of t he  prop ert ies of

two proposed atomic systems for potential active media

using two photon extraction schemes. The first system is

an ant i—Stokes Raman frequency up—converter in neutral

atomic mercury which is described in detail in Appendix E.

The second system is a two photon amplifier based on pop-

ulation inversion in atomic iodine. For each system a brief

feasibility analysis is presented in terms of experimental

requirements.

B. ATOMIC MERCURY ASRS FREQUENCY UP-CONVERTER

1. Populat ion Inversion and Storage Mechan ism

The low lying excited states of neutral atomic mercury

are the metastable 63P~ ~ 2 
states and the resonance 61P~

state. The singlet state lies higher than the triplet states

. . 1and radiatively couples to the 6 S0 ground state with a

185 nm resonance line as shown in Fig. 8 . The transition

has a near un ity  osc i l l a t or s t reng th  and exh ib i ts rad iat ion

imprisonment (trapping) effects even at modest atomic vapor

densities.41 The radiation imprisonment increases the

apparent radiative lifetime of the resonance state since the

radiation diffuses out from an excited region by a repeated

- 69 —
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Fig. 8 —- Abbreviated energy level diagram of atomic
mercury for ASRS amplifier. The radiation
trapped 185 nm transition gives energy
storage in the  61P? s ta te .
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process of emission and absorption . According to experi-

ments and a theory developed by Holstein 42 an increase in

the radiative decay by several orders of magnitude is not

uncommon for resonance transitions .28 This radiative property

of the resonance states suggests their natural tendency to

store energy in a volume of excited vapor with an effective

lifet ime on the order of microseconds.

The energy stored in the radiatively trapped 61P~ state

may lead to populat ion inversion with respect to the triplet

states under certain conditions. Since 61P~ and 63P~ states

have the same parity and a different multiplicity, only inter—

system magnetic dipole and electric quadrupole transitions

can contribute to one photon decay from 61P~ to 63P~

These transitions are only very weakly allowed because both

a higher order multipole process and a departure from the L—S

coupling are involved . In contrast two photon transitions

between 61P~ and 63P~ only require an intermediate state

which is coupled to both states by an allowed transition and

an intercombinat ion transition . Since intercombination

transitions in mercury are relatively strong, a population

inversion in the 61P~ - 6
3
P~~ system is a potential two photon

gain medium . The details of this proposed system are discussed

in Appendix E . The following section describes recent two

photon ga in ca lcu la t ions .
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2. Two Photon Ga in Calcu la t ions

The calculation of two photon gain in mercury involves

evaluating all relevant matrix elements for intermediate

states in the intermediate angular momentum coupling scheme .

However , in practice , such calculations may be simplified

for frequencies that are close to the one—photon transition

frequency of an intermediate state. The near—resonance

condition not only reduces the number of intermediate states

to just a few , but also enhances the two photon gain. Experi-

mentally such near—resonance enhancement in nonlinear optical -

processes has been observed in two-photon absorption ,
43

Raman scattering ,44’45 third harmonic generation ,46 and four-

wave mixing processes .47 Th is sect ion i l l u s t rates the use

of computat ional methods descr ibed in Append ices C and D

in calculating the ASRS cross—sections in Hg within the

near—resonance approximation .

The energy level structure of mercury as shown in Fig. 8

has two major contributions to the two photon gain from the

7 ‘S
0 

and 7 3S1 states ly ing above the 6 ~~~ state. Due to

the positions of th.? intermediate states anti—Stokes Raman

scattering dominates over two—photon emission . In particular

the ASRS cross—sect ion may be expected to increase dramatically

for  f r equenc ies close to the  6 1P~ — 7
1
S ( A =  1014 nm) and

6 ‘
~? — 7 

3
s
1 

( ) ~ = 1207 nm) transitions due to the near—reso—

nance enhancement .
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The ASRS cross—section , (dc/dQ), for the 6 1P~ - 6 3P~

transitions can be calculated from Eq.(3.28). Using  the

near—resonance approximation for the two intermediate states

a simplified formula is given by

= V’ ~~~R 
s~~ 

+ 

(..4)P S
—p 

2

\dQ/ASR S 3c4 

~~~ k 
k Ti kb~~~1

) 
~~~~~~~~~

(4.1)

where the summat ion over the intermediate states , k)

includes contributions from the 7 3S1 and the 7 1S0 
s ta tes .

Various parameters in Eq.(4.1) are given by the following

expressions using the abbreviations , (t> and fs) , to repre-

sent the triplet and the singlet intermediate states, respec-

tively. The upper level is denoted by I b >  = ~6
1
P~~ ) ; the

lower levels are represented by a) = J6
3P~ > , where J is

equal to 0, 1 , or 2. The reduced matrix element products are

given by

= <afl ~ ! Ik> ( bf l  ~ ¶ l k > ~ (4.2)

where k = s or k = t . The 3j symbol factors , S~ and

S~~ , are defined by

/ 1  1 
~k\ / ~ 1

s = 1  1 1 1 (4.3a)p 
~ /~~\-m 0 m / \-m-p p m
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and

/1  1 
~k \ /  ~ 1

S~~ = ) (,~ ) (4.3b)

\-m -p m+p / \-m-p 0 m+p /

where J 0 and J = 1 . The intermediate state tra’~i—5 t

sition energies are

hU )
b 

= E - E
b 

= 9859 cm~~ (4.4a)

and

t
~~~ tb  

= Et 
— Eb 

= 8282 cm 1 (4.4b)

The near—resonance approximation in Eq.(4.1) assumes that

the incident frequency, , is close to 
~sb 

or 
~tb

The ASRS frequency, w3 , is sh i f t ed  up by 10027 cm 1 for J = 2,

14657 cm’
~
’ for  J 1 , and 16424 cm ’ fo r  J = 0 . The

ASRS cross-sections for the polarized (p=O) and depolarized

(p= —l) cases can be computed by evaluating Eqs.(4.3a) and

(4.3b) with a proper value of p

The numerical  values of R
k 

can be obtained from experi-

mental data48’5° according to a procedure described in Appendix

D. The values of Rk for  mercury are l isted in Table I I , and

the relative signs are determined from the mixing coefficients

of the 6 ~~~ , 6 
3
P~~ , 6 1D2 , and 6 3D2 states in the inter—

mediate coupling scheme . The following coefficients are used
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Table II

THE VALUES OF R
k FOR MERCURY

Ia> 1k> sign Rk ~~~kb

(ea )2 (cm’~~)

63P~ 6 3D1 ± 0.2 17265

73S1 ± 13.0 8282

6 3D2 + 5.3 17327

6 1D2 - 4 . 0  17264

6 3P~ 6’So 
- 1.2 54069

7’S0 — 2.4 9859

6 3D1 0.6 17267

7 3S1 + 8.9 8282

6 3D2 + 7.8 17327

6~~D2 
- 6.5 17264

6 3P~ 6 3D1 0.7 17267

7 3S1 ± 5.6 8282

± indicates undetermined relative sign .
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to describe the perturbed wave functions:51’52

I6
’P~~)1 

aI6 ’P
~~>LS + 816

3P
~~
)LS ( 4 .5 a )

I6
3
P~~ > 1 

= aF 6 3P
~
)LS — 8I6

1P
~ >LS (4.5b)

a = 0.9849 , 8 = —0.1732 (4.5c)

16 ’D2 > 1 = a ’16 ’D2>LS + S ’ 1 6 3D2)LS (4.6a)

16
3
D
2 > 1 

= a ’1 6
3
D
2
> LS — 

~
‘l 6 ’D2>LS (4.Gb )

a ’ = 0.8067 , 8 ’  = 0.5909 (4.6c)

The ASRS cross—sections obtained from Eq.(4.l) through

Eq.(4.4) and Table II  are plotted in Figs. 9, 10, and 11 as

a function of the incident photon energy. The solid and

the dashed curves represent (do/do) for the polarized (II )

and depolarized (j) cases , respectively. The solid vertical

lines and the states labeled above correspond to the inter-

mediate states. The dashed vertical lines indicate the

frequencies at which two—photon absorption (TPA ) resonances

are expected , and the states labeled above each line indi-

cate the final states in TPA . The graphs of (da/d ~ ) clearly

illustrate the near-resonance enhancement of the cross-

section as the incident frequency approaches the transition

frequencies of the intermediate states. The frequency dif-

ference from the resonance is greater than 50 cm’” in
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these graphs , since smaller detun ing must be proper ly

described by resonance Raman and resonance fluorescence

phenomena. However , it is interesting to note that both

Fig. 9 and Fig .  11 show no enhancement f rom the 7 ~~~ state.

This behavior is due to the angular momentum restrictions

even though the incident photon has an absorption resonance

at the  t rans it ion f r e q u e n c y .

The polar ization dependence of (da/dc2 ) also reveals

interesting results in Fig. 9 and Fig .  10. In Fig. 9 the

Raman transition is only permitted for the depolarized case.

The polarized case leads to (do/dc2 ) = 0 iden t i c a l l y .  Th is

arises from the property of the 3j symbol factors in Eq.

(4.3). Figure 10 shows the behavior of (dci/dP) when two

intermediate states can contribute significantly. The cal-

culation reveals that the two states do not interfere with

each other. Instead , the states simply contribute indepen-

dently so that no cancellation of terms in Eq.(4.l) occurs .

This behavior also results from the 3j symbo~ factors.

The ASRS cross—sections for 1.064 p m  and 10.6 pm

input wavelengths are summarized in Table III. The calcu-

lations for the 10.6 pm case include additional contribu—

tions from the 6’S0 , 6 ‘D2 , 6 
3
D
2 , and 6 3D

1 
sta tes , but

these terms are found to be small compared to the value

obtained from the near—resonance approximation using Eq.(-l .1).

As expected the ASRS cross—sections at 10.6 ~im are on the

—28 2 -25 2order of 10 cm compared to 10 cm at 1.064 pm.
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Table I I I

(do/dQ)ASRS AT 1.064 pm AND 10.6 pm

FOR Hg ( 61P~ 6
3
P~~)

A
1 Ia> A

3 
(d o/ d

~~
)AsRS Polari-

2 zation
( p m) ( p m) (cm )

1.064 6
3P~ 0.5148 1.6 x io 25 II

6 3P~ 0.4157 4.6 x io.25 II

6 3Pg 0.3873 l.~ x io 25

10.6 6 3P~ 0.9116 1.4 x ,o
_28

( 6 ~~~ 0.6410 3.-! x io
_28

6
3
P~ 0.5758 4.5 x io 29
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The cross—sections for TPE in the Hg (61P~~-6
3P~)

system can be calculated from Eq .(3.28) employing the same

approximations used in the ASRS case. Unlike the ASRS case

the energy level structure does not allow TPE resonance

enhancement . Consequently the cross—sections are comparable

to the non—resonant ASRS for the 10.6 pm input wavelength.

The TPE cross-sections listed in Table IV suggest that the

typical values for the TPE process in atomic systems are on

—29 —28 2the order of 10 to 10 cm

3. Experimental Requirements

The calculated curves of (dci/dc~) suggest that the ASRS

gain enhancement is favorable for input wavelengths near 1 jim.

From Table III the value of (da/dc2 ) at 1.064 pm is equal

—25 2to 4.6 x 10 cm for the polarized case. Using Eqs.(3.26)

and (3.30) the above cross—sect ion yields an unsaturated

ASRS gain coefficient of 9 x 10~~ cm/MW assuming that the

linewidth is 0.1 cm~~ and the inversion density is i016 cm 3.

Thus an input intensity of 100 MW/cm2 at 1.064 pm yields

an exponential gain of e9 in a 10 cm length at the ASRS

wavelength of 0.4157 pm . The results of the ASRS and TPE

gain calculations are summarized in Table V . These esti-

mates show that the ASRS infrared up—conversion in the Hg

system may be demonstrated if the assumed population inver—

sion density can be realized .

One possible method of achieving population inversion

— 8 2 —
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Table IV

(do/d
~
)TpE AT 1.064 pm AND 10.6 pm

FOR Hg (61P~ 63P~)

Ä~ a) X2 (da/dIl)TPE Polari-

2 zat ion
(pm) (pm) (cm )

1.064 63P~ 15.94 2.0 x io
_31 Il

63P? 1.902 7.1 x io 29 ii

63P~ 1.423 2.3 x io
_31

10.6 63P~ 1.101 5.8 x io
_29 H

63P~ 0.7292 1.7 x io 28

63P~ 0.6460 1.5 x io 29
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Table V

TWO PHOTON GAIN COEFFICIENTS* AT 1.064 pm AND 10.6 pm

FOR Hg (61P~ * 63P~)

xi a> ~ASRS ~TPE Polari-
zat ion

(pm) (cm/MW ) (cm/MW )

1.064 63P~ 4.8 x 10~~ 5.8 x 1o 6

63P~ 9.0 x 10~~ 2.9 x 10~~

63P~ 2.2 x 10~~ 5.3 x io
_8 J ~

10.6 63P~ 1.3 x 10~~ 8.0 x 1O~~ It

63P? 1.6 1o~~ 1.0 x io~~ ii

63P~ 1.7 x 10~~ 6.9 x iø 6

~Eva1uated with Nu = i016 cm 3 and r = 0.1 cm~~ .
0
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in the mercury system involves opt ical pumping of the ground

state atoms to the 7 ‘S0 state by two—photon absorption

followed by a radiative decay to the 6’P~ level . This

pumping scheme is shown in Fig. 8. The required TPA photon

energy corresponds to 312.85 nm radiation , and the TPA

cross—section is estimated to be 2.7 x i0 20 cm2 at an

input intensity of 1 MW/cm2 assuming a linewidth of 0.1 cm~~ .

If the ground state density is io17 cm 3 
, 50 percent ab—

sorption in a 1 meter length cell requires an intensity of

3.7 MW/ cm2 . In order to ach ieve an inversion density of

io’6 cm 3 using a pump beam area of iO
.2 cm2 the pump

pulse must have at least 25 mJ at 312.85 nm in less than

0.67 microsecond . The use of shorter pulses increases the

pump intensity, and greater than 50% absorption can be ex-

pected . However , the energy requirement can be relaxed by

a factor of two at most . Furthermore, higher intensit ies

may cause other nonl inear effects  and reduce the TPA pumping

efficiency.

The TPA optical pumping method is not an energy eff 1-

d ent process for creating a two photon gain medium , since

It requires another laser for a pump source. However , it

represents one possible approach in an effort to demonstrate

the ASRS and TPE processes . Currently the requirement of

25 mJ of tunable ultrav iolet laser out put presents a major

experimental prob lem . A high power dye laser system with

second harmonic generation may provide a solution In the

future .
— 85 —
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C. ATOMIC IODINE TPE AND ASRS AMPLIFIER

1. Iodine System

Carman 6 has investigated two photon energy extraction

schemes using t he metastable state of atom ic iodine. The

system was proposed by Vinogradov and Yukov 8 based on a

populat ion inversion obtained between the 2P
112 meta—

stable level and the 2P
3/2 ground state . Carman and

Lowdermilk have reported an observation of an anti—

Stokes Raman gain in a flashlainp pumped active medium using

an intense input beam of 1.064 pm radiation .

Figure 12 shows an abbreviated energy level diagram

for atomic Iodine. As indicated In the figure , two photon

processes in iodine are far from being resonant for infrared

and visible wavelength. According to Carman ’s anal ysis , the

non—resonant character of the iodine system leads to two

different modes of operation for optimum performance. One

mode of operation is ASRS using a “trigger” photon energy

which is small compared to the transition energy (7603 cm~~ ) .

The long wavelength photon maximizes the energy gain per

photon , since ASRS generates one photon for each absorbed

trigger photon. In the second mode of operat ion the tr igger

photon energy is exactly equal to one half of the two—photon

transition energy . Under this condition stimulated TPE

- - dominates and the Intensity growth Is singular until saturation

sets in . Since energy extract ion by TPE is only limited by

—86 -
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the stored energy and not bounded by trigger intensity de-

pletion which occurs in the ASRS process , the degenerate

TPE extraction is considered more advantageous initially.

However , four—wave mixing process also generates the ASRS

signal which can eventually dominate over the TPE process.

One minor drawback of using the degenerate TPE process

is that demonstrating a convincing evidence of stimulated

TPE can be di f ficult exper imental ly.  From the saturation

characteristics of a degenerate TPE amplifier discussed in

Chapter III a demonstration experiment requires a population

inversion density in the range of ~~17 to io18 cm 3 in

order to achieve significant signal amplificat ion . The non—

degenerate TPE amplificat ion removes this experimental dif-

ficulty by amplifying a small injected signal at the comple-

mentary TPE frequency using an intense trigger field at

However , before such experiments can be demonstrated the

two—photon gain coefficient must be approximately determined

in order to define experimental requirements. A semi—empirical

procedure for calculating the non—resonant two photon gain

coefficients is outlined in the next section .

2. Non-Resonant Two Photon Gain

The energy level structure of atomic iod ine presents

theoretical difficulties in calculating the non-resonant two

photon gain coef ficients due to a lack of knowledge of the

re levan t matr ix elements. However , one can obtain rough
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estimates of the cross—sections and the frequency dependence

by considering a few intermediate states which are strongly

coupled to the metastable state and the ground state. The

formula for the cross—sections are given by Eq.(3.28), and

the computational methods are given by Eqs.(C.20a) through

(C.20e) in Appendix C.

The strongly coupled intermediate states are assumed to

be the 2P1/2 and 2P3~,2 states which lie at about 50,000

cm~~ above the metastable 2P~/2 
state. For input photon

energies much smaller than 50,000 cm~~ the frequency de-

pendence of the polarizability components in Eqs.(C.20a) and

(C.20b) can be factored outside the summation over the inter-

mediate states. Evaluating the 3j symbol factors for the

polarized case yields the following approximate formulas for

the cross—sect ions:

U) U)
3 1 2

1— 1 I + IR k t
2 (4.7)

16h C j~~U ) + U )
1 

w~~~2

and

Id ~~~~~~ w 1 1 12I—) 1
2
3
4 + I tR k l

2 (4.8)
16 ?i C U ) — t A )

1 
w + w 3J

where

I R k I = K 2P~/2 It~~tI ~112 >t I(2P?/2 It~~II Pl/2 >t
(4.9)
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The quantity U) in Eqs.(4.7) and (4.8) is the mean transi—

tion frequency between the intermediate states and the

state. In deriving Eqs. (4.7), (4.8) and (4.9) the

contributions from the 2P
1/2 and 2P3/2 intermediate

states are combined with the use of Eq.(D.9).

In TPE the frequency dependence can be simplified

further since << w an d w2 << U) .

TPE 3

(~~~)1,2 (4~~
1:4

2
2)IRk J

2 
(4.10)

Equations (3.43), (3.44), and (4.10) also lead to a simple

expression for the photon flux gain coefficient given by

Nu 8112

8 w1 U)
2(7~)(h2 2 C

2)I1~k I
2 (4.11)

Equation (4.11) shows that the photon flux gain coefficient

peaks at the degenerate frequency w1 = = Ubo/2  . For

non— degenerate (w 1 ~ w2) cases 8 decreases symmetrically

about the peak. This behavior indicates that the maximum

extraction rate per unit length occurs at the degenerate

frequency.

The frequency dependence of (da/d~2) in Eq. (4.8) gives

a relationship between the reduced matrix element product

term IRk ? 2 and the experimentally measurable scattering

-90 - —
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cross—section . Therefore , accurate estimates of (da/dc2 )

may be obtained once I R k ?
2 is determined from Eq.(4.10)

using experimentally measured values of (da/d~ ) at certain

frequencies . Unfortunately, such data are not available in

the literature at the present time.

An alternat ive to the above semi-empirical method must

rely on more approximations in Eq.(4.9). One approach con-

sists of evaluating the reduced matrix elements in terms of

the oscillator strength.39 Equation (D.3) of Appendix D

gives the relat ionship:

I<i~II~~II y ’J’>?
2 

= (2J+1) f(yJ+y ’J’)(ea )2 (+)
(4.12)

where R is the Rydberg constant , and v is the transition

frequency in cm ’ . For strongly coupled transitions the

oscillator strengths are on the order of unity. This approx-

imation yields the maximum value of IRk ?
2

I1~k I rnax 35(ea )4 (4.13)

The numerical computations of the ASRS and TPE cross—sections

and the gain coefficients based on Eq.(4.13) are only rough

est imates , but they provide an order of magnitude reference

for experimental measurements as well as the largest values

that can be expected . Table VI lists the approximate values

of (do/do) and 5 at various wavelengths . The intensity
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Table VI

I(2P0
‘ 1/2 3/2

*(da/dc~) AND INTENSITY GAIN COEFFICIENT 6

Anti-Stokes Raman Scattering (ASRS)

A1(pm ) A 3(pm ) (da/dc~) 63(cm/MW )

2(cm )

10.6 1.17 2.9 x io 30 4.5 x io 6

2.63 0.877 2.9 x i0 29 6.3 x io
_6

1.91 0.778 5.9 x io 29 7.2 x io
_6

1.064 0.588 2.6 x l0 28 1.0 x lO~~

0.532 0.379 ~..5 x 10
-27 2.0 x lO~~

0.355 0.279 1.5 x lO
_26 

4.4 x lO~~

0.266 0.221 1.0 x io
_25 

1.4 x lO~~

Two-Photon Emission (TPE)

A1 (pm ) A 2(pm ) (dc/dc~) 62(cm/MW)

(cm2)

10.6 1.50 1.6 x l0 30 4.1 x lO
_6

2.60 2.66 1.2 x io
_30 

2.4 x 10-6

1.91 4.24 3.9 x icr31 1.4 x io
_6

*Calculated with Nu 0 
= 1016 cm 3 and F = 0.1 cm~~

-92 - 

-—~~~~ _ _ _ _  ~-~~~~-~~~~~-- --



gain coefficients are based on N u =  io’6 cm 3 and

r = 0.1 cm~~ . A comparison of the TPE cross—sections In

Table VI for iodine and Table IV for mercury shows one to

two orders of magnitude smaller values for the iodine system .

The difference is partly due to a more pronounced non—resonant

character in iodine , but the primary cause ~~ the smaller

TPE frequencies generated in the iodine system .

3. Experiment

The experimental studies on the iodine system included

population inversion in the metastable state and several

attempts to demonstrate superfluorescent anti—Stokes Raman

scattering . Stimulated ASRS has not been observed yet , but

the experimental results suggested improvements for future

experiments.

The present experiment employed photolytic production

of the metastable iodine atoms from n_iodoheptaflur ropropane

(n—C 3F71) mo lecules . The fourth harmonic of a Nd :YAG ..ser

system provided the photolysis radiation at 266 nm which

is near the peak of the n-C3F71 absorption band. Figure 13

schematically shows the pumping method .

The experimental apparatus consisted of a 55 cm length

cell filled with 10 to 20 torr of n-C3F71 . The cell was

irradiated with a loosely focussed beam of 266 nm radiation

using a 1 rn focal length lens. The focal plane of the lens

— 9 3 —
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Fig. 13 -- Photolytic production of population inversion
in atomic iodine system : (a) Photolysis of
C3F71 with 266 nm radiation yields excitediodine atoms , and populat ion inversion leads
to optical gain at the 1.315 ~m transition ;
(b) schemat ic TPE and ASRS amplification and
energy extraction in the iodine system .
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coincided with the midpoint of the cell , and the beam

* 
diameter at the cell windows was 1 mm. The cell absorbed

all of pump radiation initially. However , a continued

pumping with 5 nsec pulses of 266 nm radiation with

energies of up to 5 mJ per pulse eventually exhausted

the molecules after about lO~ shots.

In order to verify population inversion an optical

resonator cavity was set up to oscillate the atomic iodine

transition at 1.315 pm . Figure 13a indicates the observed

transition . The cavity consisted of a lm—curvature high

reflectance mirror at 1.315 jim and a flat 95.3~ reflec-

tance mirror at 1.32 pm separated by 90 cm. The thres—

hold pump energy was 0.67 mJ with an oscillation build—up

time of about 200 nsec . At a pump energy of 1.9 mJ , the

output energy was 67 pJ indicating an energy conversion of

3.5 percent . Such small conversion efficiency was not sur-

prising since no attempt was made to properly mode-match

the pump beam to the resonator cavity.

The output energy measurements above threshold showed a

conversion efficiency of 5.7 percent of the pump energy in

excess of the threshold value . The photon conversion

efficiency is obtained by multiplying the energy efficiency

by the ratio of the pump photon energy to the 1.315 pm

photon energy . The calculation yields a photon conversion

of 28 percent . Since only half of the energy stored in the
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inverted level is extracted out , the actual photolysis

efficiency is 56 percent .

The population inversion densities achieved in the

photolytically pumped medium may be estimated from the

threshold inversion density. Since the round trip gain

equals the loss at threshold , aAn 9~ ? 5 x l0
_2 

must hold.

Using a cross-section of 1.78 x io~~
8 cm2 10 and an inter-

action length of 10 cm , the threshold inversion density is

15 —3A n ? 3 x l O  cm

The inversion density can also be estimated from the

threshold pump energy density and the photolysis efficiency.

The calculat ion gives ljn 6 x 1015 cm 3 in a reasonable

agreement with the above estimate. Therefore , a 2 mJ pump

pulse creates a population inversion density of

~n~~~ l.4 ± O .4xl016 cn(3 . (4.14)

In an attempt to observe stimulated ASRS in the

inverted iodine system a trigger pulse of -.500 MW/cm2 at

1.064 pm probed the 10 cm long excited region pumped by

a 2 mJ pulse . Absence of superfluorescent signal signified

that the intensity gain coefficient is less than 4 x lO~~

cm/MW at an inversion density o.~ io16 cm 3. This result is

consistent with the calculated value of 6 4 x l0~~ cm/MW

using a linewidt h of 0.74 GHz. In another experiment , a

trigger pulse of -.150 MW/cm2 at 0.532 pm probed the

-96 -
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inverted medium . A negative result indicated that

6 < lO
_2 

cm/MW which is consistent with the calculated

6 0.8 x lO~~ cm/MW .

The experimental data show that the single pass gain ,

6 I 9~, must be increased by at least two orders of magnitude

in order to verify the calculated values of 6 . Since trigger

intensities are limited to -.1 GW/cm2 , the inversion density

and the interaction length must be increased . Realistic

estimates of inversion density and length are ~n - io17 cm 3

and £ 100 cm for exist ing flashlamp pumped iodine laser

amplifiers reported in the literature?0 These estimates

suggest that a demonstrat ion of superfluorescent ASRS

output may be marginally feasible with the currently available

technology . However , a demonstration of ASRS amplification

of an injected signal appears to be much more probable.

Similarly, a stimulated TPE amplifier has a greater

probability of a successful operation if an injected signal

at the TPE frequency is used . Table VI indicates that a

single—pass exponential gain of e4 at 1.5 pm may be

expected for a 10.6 pm trigger input at I GW /cm
2

provided that An = 1017 cm 3 and F = 0.1 cm~~ . A similar

calculation yields a gain of eL4 at 4.24 pm for a

1.91 pm trigger input at 1 GW/cm2.

Stimulated Raman effect in molecular hydrogen gas at

20 atmospheres of pressure has recently generated more than

100 mJ of 1.91 pm radiation from a 1.064 pm source.
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A pulse length of -.7 nsec and a beam area of lO
_2 

cm2

can easily reach 1 GW/cm2 intensity levels . Thus, a

successful demonstation of stimulated TPE amplifier requires

a 1017 cm 3 inversion density in a 1 m long active medium

and an injection signal at 4.24 pm . These requirements are

not impossible , but they are not without challenging experi—

mental problems.

This chapter has illustrated two types of two—photon

gain medium . The discussion on the atomic mercury system

described the polarization properties and the near—resonance

enhancement of ASRS gain . An example of a system with non—

resonant ASRS and TPE was presented with a review of the

proposed iodine system . Feasibility studies on each system

led to experimental requirements that can be achieved with

the existing technology . However , the requirements for

stimulated TPE amplificat ion showed that a reasonable

probability of success exists only at the very limit of

energy storage in a metastable system .
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CHAPTER V

CONCLUSION

This work has contributed to a further understanding

of the limitat ions of energy storage in metastable states

and the two photon energy extracion schemes for generating

high power laser outputs.

The experimental studies on the decay properties of the

metastable mercury excimer system identified an intrinsic

non—radiative deactivation mechanism that ultimately limits

the useful lifetime and the energy storage capacity of the

metastable states. The loss mechanism was determined to be

mutual quenching of excited metastable species by two-body

collisions. Thus , the decay mechanism directly tied life—

time and capacity as interdependent quantities . The measured

quenching rate constant suggested that an inversion density

on the order of io17 cm 3 and a lifet ime of 0.1 microsecond

are the practical limits of energy storage in the mercury

exc imer system. Furthermore , because of the intrinsic nature

of the decay mechanism other metastable systems are likely

to be governed by similar storage limitations.

The discussion of two photon energy extraction including

saturation of the populat ion inversion extended the theory

of two photon amplificaion for the case of an ideal two-

photon gain medium . The exact analytical solutions to the
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steady—state amplification equations quantitatively charac-

terized the extraction efficiency and saturat ion behavior of

an ideal two-photon amplifier. The amplifier performance

could then be evaluated on the basis of trigger intensity

and a gain parameter , G, which depends only on the trigger

photon frequency and the parameters of the medium . One

important result indicated that G greater than unity is a

necessary condition for efficient extraction by amplifica-

tion of stimulated two—photon emission . However , for G

less than unity efficient amplification at the comple-

mentary frequency to the trigger frequency could still be

achieved if the trigger photon flux is sufficiently larger

than the maximum flux that can be extracted .

Calculations of the gain parameter showed that G > 1

may be achieved if the population inversion densities of

greater than 10~~ cm 3 can be realized . This implies that

efficient TPE gain medium exists only at the maximum storage

limit of a vapor medium consisting of excited metastable

spec ies.

The analysis of extraction efficiency and saturation did

not include the effects of competing nonlinear processes.

In real systems ASRS and four—wave mixing can be significant

and should be included in the extraction calculations. How-

ever , since the coupled nonlinear equations cannot be so lved

analytically, such calculations require computer numerical

- 100 -
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methods .55 There fore , the ideal extraction calculations

provide a helpful guide in understanding the maximum per-

formance that can be expected of a two—photon amplifier.

The feasibility analysis of the proposed gain media

using atomic mercury and iodine showed that experimental

requirements are feasible but not without careful opt imiza-

tion of the currently available pumping methods and trigger

laser sources. Since G is of the order of unity for both

systems under optimum conditions , only moderate amplification

and extraction can be expected . Thus , an efficient two photon

gain medium remains to be discovered in the future. Neverthe—

less , a successful demonstrat ion in Hg or I would be interest—

ing not only from an applicat ion point of view but also as a

new physical effect .
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APPENDIX A

Optically pumped Hg2 studies .

ItKomin andR.LByir 
. .

£Jumd L Gene’ L..ã..u~~~ W. W. Hue’, sme’um ~~ ‘ P* S4m~~ nd U.~wnd0i
~~~~~~~(RacUvnd 3 May 1977)

flu — ~~~~~~ bwsde of molecular miteury at 0.333 and 0.411 pm are psoltud is .  pure
...q v~~or W direct ~piical pumping of the w kly baniud posed state moleculs with $ S roar pubs
of bane. 0.266 pm mediation is order to study the radian., and onllieional peopertim of the eartird

ii dandiuiu. betwean 10” and $0” cm ’. F1,........c...ce time history of both bands are ginpiricaJly
umly~~ is rome of dynamics gournuag the nested molecule.. Thu analytic inciudcs a drosity.depcndut
—~r d.l decay caned by bimolecular eacimec quanchU,g with a measured rate constant of

km,2alxl0~” & sar ’incl.cuW~’. Because of ititunet is the mercury system a, a potential laser
Lme. e.*tmstaa of gain coufTicines are deflvud from fiuoonce.t power mamurenunt,. However.

a- — mneir.meiiS$ of the ea~tud medium ml 0.323 and 0.4416 pm thaw significant net loss due

~~ melted its.. abiorplion with an estimated abiorpeion ctou suction oa th. order of 10 ” cm at 0.323
pm. Energy stonge iintita&ioes miphed by thu bimolecular eacuaur quenching ii the ezamined.

I. INTRODUCTION tween Rg~ and Hg~’, the excited dimers and trimera are

The visIble and tli. ultraviolet continuous emission collectively referred to as excimers in this paper , and

bands of molecular mercury have been stigate~~~’ as the distinction is asserted whire possible or necessary.

potential laser transitions alter such possibility was The early tnvesttgators”~~ and Druu inger et at. ’ have
pointed out as early as 1960. ’ The Hg5 system has been also studied the broad continuous absorption band assoct-
considered as a potential electri c discharge puniped la- stud with ~~•

iy~~~~S~~ tra nsition. The absorption due to
ncr medium capable of efficiently generating high output the weakLy bound ground state extends from about 0. 320
powers at wavelengths of interest for laser fusion and pm to the 0.2537 pm resonance line aced varies as the
photochemical applications. Although stimulated emis- square of the atomic mercury density.” At mercu ry
sins has not yet been demonstrated, recent developments densities greater than is” cm4 where resonance line
have Included gain measurements in the ultraviolet,’ pumping cannot be used for a large volume excitation,
electric discharge pumping studies of a high pressure the optical pumping of the ground state molecules direct-
mercury vapor,’ and spectroscopic and kineti c analysis ly create s vlbr ationat ly excited 1., molecules.
—‘ the Ited tecular states ‘‘ W. have used this molecular optical pumping method

The molecular emission band s considered for laser to Invest igate the mercury excimer system as a potential
action are due to bound—continuum transitions that orig i- laser medium by directly creating excimers at densities
sate from the lowest bound excited states and term inate between 10” and 10” cm ’ with a 5 nice pulse of 0. 266
on the repulsive part of the ground state where the mole- pm radiation as schemat ically shown In FIg. 1. Some of
cules dissociate rapid ly. The trad it ional assignment of the radiative and collisional propert iss of the excimers
the u ltraviolet band centered at 0.335 pm la the ‘1 , ’2~ at these densitie s are studied by monitoring fluorescence
transition as indicated In Fig. 1, while that of the visible time history and by probing th. excited medium at 0. 325
band centered at 0. 485 pm is the ‘O — ’Zj transition ifl and 0.4416 pm with a HeCd laser. Our experimental re-
duced by collisions with mercu ry atoms. The following itilta show net absorption at these probe wavelengths and
reactions describe the transitions:

Bg3(1,) — 2 H g(8’S~) .1w (0.335 pm band) (1)

Hg,((~)+Hg(6’S,)—3Hg(6 ’S, ) + h v  (0.485 pm band) . (2)

Based on more recent extensIve studies of the mercury l’s, • S ‘s
fluorescence bands, Dru llinger , Bessel, and Smith’ sug- ,. “i ‘C ‘S

gest that tr ansit ions due to an excited mercury tr imer s • s ‘s
complex may be responsible for the 0.485 pm band emis SV S ~~ •e

slon at mercury densities greater than 5*10” cm4 and ~~
.

temperatu res above 575 ‘K . According to their kinetic
results the excited trimer a, Hg~, exist In thermal equl—
librium with the excited dimers~ Hg;, and radiate by
dissoc iat ing into atoms as described by the following easo EMISSION

L ri,actions : , - e s  es ’s,

5g • 2Hg(&S.) Hg • Hg(6’S~ (3) C~T1C~i. PUM PING OF Ng~

Hg — 31g(&S,) • hi’ (0. 485 pm band). (4) rIO . 1. PartIal potential curve , of Hg, molecule .eeordtng to
Mroa jw.ld.’ The citcited ~I nsoiocule. are created by opti cal

Because a thermal equilibrium relationship exist, be- pu,r lng of the ground •taIe molecules with S. 265 pm radiation.

b ~~~~~~~ J
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t~~ este .,Idmtc e of bimolecubr qu enching of excimers opt ically conta cted fused sil ica Brewster windows at the
cauaIs~ a faster decay at higher exctmer densities . Al- ends of the tube. Pu re disti lled mercu ry was Introduced
thougb stimulated emission due to excimers is absent In Int o the sidearm tube via carefuL cleaning and bake-out
the optically pumped mercury excimer system, the re- procedure. since purity and cleanliness have been rec-
suits of our study may aid in the fu rther understanding of ogeized to be essentiaL The cell and sidearm secttâss
the dyseselcs of the mercury excim.r system and other and all glass tubing used In the fil l ing procedure were
potesthel emimer laser systems, chemically cleaned with chromtc acid sad rinsed with

dlstiu.d water several times before treated with spec-
II. EXPERIMENTA L APPARATUS troscoplc grad, methanol and dry nitrogen gas. The em-

tire filling app aratus was torched and the cell and side-
FIgure 2 shows a schematic of the experimental appa- 

~~~ sections were baked In the oven at over 760 and
rains. Our optical pump source consisted of an etactro- 400 •C respectively, for three hours under a vacuum of
optic Q-swltched Nd :YAG iaserwith an unstable resona- 2x10’ torr . Pure natural Isotopic mercury of instru-
b r  cavity configuration followed by two stages of second mont grade was Introduced into the filling apparatus Un-
harmonic generator crystals to produce 0. 266 pm radi- der one atmosphere pressure of dry nitrogen and the ap-
atlos from the 1.064 pm lase r. The unstable resonator
Nd :YAG laser produced tip to 200 mnJ of near diliraction paratus was sealed and evacuated with another bake-out

limited output with a 6.3 mm diameter annular beam seqUe nCe . The mercu ry drop lets were slowly distilled
into the sidearm until 2—3 g were tranef erred and thecross section in a 10 nsec pulse at 10 pulses per eec-

on& ’2 The 1.064 pm outp ut was doubled In a Type 11 an- sidear m was sealed.
gte phas e-matched 25 mm long d.uterated Potassium Several thermocouples monitored the vapor temper a-
dlhydrogsn phosphate (KD P) to generate up to 30 mJ of furs at various positions along the cell and sidearm . The
0.532 pm radiat ion. The 0. 532 pm beam was tr ans- mercury vapor density was controlled by a section of the
mitted through a heat absorbi ng glass fit ter to eliminate sidearm having the lowest temperature from which the
the 1.064 pm rad iat ion . After a 2 :1  beam r.ducing density was calcu lated using the vapor pressure vs tern -
telescope, the collimated 3 mm diameter 0. 532 pm p.ra tür e data ” The sidear m te mper ature was main-
beam was doubled again In a Type I angle phasema’ched tam ed to wIthin 1 ‘C , and the calculated densIty was en-
25 mm long ammonium dihydrogen phosphate (ADP) crys- timated to be accurate to 5%. The cell was operated at

anec pulse. The b. 266 pm beam was separated from the 100-400 torr range . The cell temperature was main-
fat to generate 0.266 pm o~..tput of up to 10 mJ in a S  a Hg vapor density of l~~Sx lO ~ cm” at pressures in the

second harmonic by Brewster angle quartz prisms and tained at 570* s.c In order to prevent vapor condensa-
directed to a cell containing mercury vapor. The colli- tion in the cell and to enhance the ultraviolet band
mated 0.266 pm beam has an effective area of 2x 10” intens ity.
cm’, yieiding a maximum peak intensity of 100 MW/cm1.
The pumping level was normally held to less than 5 niJ The pump radiation is absorbed by the Hg vap or ac-
per pulse at 10 pulses per second because of induced stir- cording to Lambert’s law, and the ratio of the transmit -
face scatter loss to the ADP crystal by the 0.266 pm ted Intensit y to the Inc ident intensity is given by 1(1)11(0)
radiation at higher pumping levels. ~ exp( — KN5 1), where N and 1 are the Hg density and the

cell length, respectively. K Is a wavelength dependent
The mercury cell and oven apparatus consisted of a parameter which has a value of 7. 27x 10” cm’ at 0,266

quartz cell with a sidearm mercu ry reservo ir inside an pm.’ ExperImentally, 50% of the pu mp energy is ab-
oven of the same shape with Indep endent temperature sorbed at N at 3,4 x 10” cm ’,
contr ols for each section of the ceLl. The cell tube had
an Inner diameter of 1. 4 cm and a length of 90 cm with Fluorescen ce from the cell could be detected either

NASSOINC S(MIUC? OI5

~~~~~~ stritasu N~ aestavom

iii ~~~~~~~~ rj ii L..irune“P

acsonarea ~~~~~~LC1(N 

th• ~~~~~ pu~~~~ ~~~~~~~~~~
FIG . 2. Schematic layout of

Y II. TCC

Ud~~~$ LoSgu4e LA St ’ O.SZSpm m ost
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from the ends or through a side hole at the mIddle of the
cell for observation perpenducular to th e pump beam. O.43$$~.~ 0.545,~,..
The cell temperature at the mIddle was between 350 and
36 0 C  because of the oven constr uction geometry . The
side fluorescence detection arranCemeni included a Cot- 

—

alog glass 7—51 fI lter and a S  nm wide 334 nmH g in.
fitter for the ultr aviolet band and a 5 nan wide 488 not —,s —U —splice filter for the visible band. The fluorescence was
detected by an PICA 7265 photomultipLier tube with S-20 ~
response, and the output signal was monitored on a Tek-

-fronts 558 oscilloscope wIth lAS wide band preamplifier.
•1..For detection of wavelengths outside the S-20 response o ~range, an RCA 6903 photomultiplier with S-13 response u —

for shorter uv wavelengths was used. Germanium and a
1.silicon detectors were used for Inf rared and visible

atomIc emission. Fluorescence detectionlrom one end of 0
the c.ll was arranged with the same filters and a 1 m . •
Chromatlx 1800 I/mm grat ing spectrometer (or addition— 0.42 0.44 0.30 0.34 055

WAVEL CNGTP$ (~&~~)at spectral filtering as shown in Fig. 2.
• FIG. 4 . 0.465 urn band ftuor. sc.nc, spectra at a Hg density

The band spectra measurements were made using an at 3. 1510 11 cia 4 and 570’C vapo r temperature . Two strong
arrangement similar to the above without the 5 nm wide atOia ie auperliuoresc.rii erutsalo n u n., at 0.435 8 and 0.5461
band pass filters. The spectral scan data were taken ~~ are also observed.
with a Laboratory built “box car ” integrator and Hewlett-
Packard chart recorder . In fluorescence time history
measurements which did not requIre high spectral reso-
lution, the filtering consisted of a 60’ quartz prism for probe beam lasting for abou t one mIllisecond. A 0.6328
spatia l separation followed by a 20 cm J -Y holographic pm HeNe probe beam also sh.~wed the same behavior,

and the cause Is attributed to thermal refractive indexntooochrometer with 2 nut resolution.
variation Induced by the excited medium . The beani

A series of experiments for probing net gain or toss steeri ng prob lem was eliminated by carefully overlapping
4ue to the exclmers was conducted by measuring the the probe beam with the coUirnated unfocused pump beam.
transmission of the excited medium with a LIconta Model
301 cv HeCd laser operating at 0. 4416 and 0. 325 pm. III. RESULTS AND DISCUSSION
The probe laser had a TEM,, mode beam diameter of 0. 9
mm and a beam diver gence of 0.5 inrad. The probe A. Fluorescence spectra
beam was combined and ovçrlapped with the pump beam The ultraviolet and the visible band fluorescence spec-
by reflectIng off the output surface of the second prism tra excited by direct optical pumping of Hg2 molecules
as shown in Fig. 2. Initial experiments with focused exhibited the well known features of the emissionba nds.”
pump beam showed severe beam steering effects of the Figure 3 shows the ultraviolet band which has a peak at

0.335 pm with an estimated half maximum width of 30
nan, FIgu re 4 shows the visible band before photomultl-
plier response correctIon. The band has a peak nearp.

3 0.485 pm with a half maximum width of 100 not, but the
z photomuttlplier response correction shifts the true peak

$ 0  HUCd wave length to a value between 0. 50 and 0. 52 pm. Sev-
—

eral small dips In the visible band spectra occur at the
V — same positions in repeated scans . In pa rticular , thes. w s - dlps near 0. 47— 0.48 and 0. 53 pm appear to be sugges-

tlve of absorption. The origin of these structures, how-’V
ever , Is unknown at this time .

The spectral scans in the ultraviolet to 0.2 pm showed
no evidence of any other molecular emission bands , but
did show severa l fluores cent emission lines due to net,-
tral atomic mercury transitions . Further scans in theI

S 

_ _ _ _

a vis ible and Infrared revealed additional atomi c emission
__________________________________________ lines. Twelve of the nineteen observed emission linesi i I I I I I

ml
o 0,31 0.32 0.33 0.34 0.35 0.36 0.37 showed stimu lat ed an tp iilicat ion of spontaneous fluor es—

WAYCICHOTH ~~~~ cence emission or supe rfluore scence. Thesuperfluores-
FIG. 3. 0.335 inn band fLuore scence spect ra at Hg density of cencc and the normal spontaneous atomic m ercury trait-
2.3xi0~ cut4 and 570’C vapo r te mperature . in arrow In- ~Ition s are listed In Table I. The mechan isms of atomic
dieMes the position of the 0. 325 urn probe w,yelenrb u,eci In populatIon invcr~Ion and the super fluoresc ent laser action
the .gelmot optical tra nsmissIon expe riment, have been Invest igated in detail , and the results are pub-
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TABLE L Observed atom ic emission lI UWU . of a fast “spike ’ coincident with the pump pulse and a
Ii (jtrn) TransIt ion itemark A (urn ) Tra nsit ion ~~~~~~~~ slowly decaying component immediately following the m l -

0.265’? I’P4 — I’D1 (a) 0.4047 ~~~~~~~ 
tint sptke’ . FIgure 5(a) shows these features at a Hg
density of 3 .4x10’ cm4 with 570 C vapor temperature.

0.3121 VP1 ’—I ’D1 (a) 0.4071 1’? —l’s• (s) The width 01 the spike Is limited by the 10 nsec time
0.3132) •‘P —I’D, (a) 0. 4356 S’p1 — ‘7’s, Id) resolution of our detection system. The same features

appeased at all wavelengths between 0. 32 and 0. 36 p m.0.3132.5 •‘P~— 1’D~ (a) 0.5461 6’P,— ’)S1 (b) ’ The ultraviolet fluorescence time history at the 355 ’C
0.3341 $~P,—$’S~ (a) 0.5710 &P1 —e’D, Cc) vapor temperature also showed the Init ial “ splks ’ (*1-
0.315 13P 2 —l’D2 Ib) 0.5791 •1P —&D2 (a) lowed by a slow decay. A carefu l arra ngement of spa-

0,315) I’P,—I ’D, (c) 1. 1287 ~~~~~~~~ 
~~ tint filter ing followed by a hologr aphic grating .mono-

cbrorDeter eliminated scattering from the 0.265 pm ta-
e.ss~s I’p,—s’D1 ~,j 1. 357 7I5._ltpi (b) diatmon and the superfLuorescent emission at 0. 546 and
0.31535 I’P,— $’D, (a) 1.367 7~S~—7~P, (b) 0.385 pm, but the Initia l spIke” and the slow decay

1.395 T’S, — 7’p, ~~~• component remained unchanged. Thu s, the fast Compo-
___________________________________________________ 

nent “spike” is belIeved to be associated with the ultra-
‘Nor l  spontans ~ is fluorescence ~~~ violet fluorescent emission from the excited molecules.
$up.gO.orsscent emission I’ dominant laser linss). Recent experimental analysi s of the fast dec ay compo-
5upe rOu orsscess emission appear ed only with focused pump cent by Smith eS al. concur with our Interpr etation .
radlailos.4lupedheoeescest rntssloo observed only at low pump en.r gtee. The visible band fluorescence time history showed a

gradual fluorescence Intensity growth that differed con-
siderably from the time dependence of the ultraviolet
band fluorescence. Figure 6(a) shows the growth of the

Ushed e4sewhere.’t A brief discussion of the pumping
niecheaLams Is given In Sec. lU F foLlowing the results
of the eacinter studies , since the excimers appear to — ________________________
participate tn the production of high lying atomic states.

The total fluorescence energy emitted by the atomic
transition was less than 1% of the pump ene rgy, and

‘I
most of the absorbed pump energy was radiated by the t to)

Smolecular fluorescence. We have measured the absolute ~
fluorescence yield of the visIble band using a calibrated -~~~--w.~ -
photomuLtiplier. The mea surements were made at the ~ — _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

I’- ~~~~ , I  . Iside fluorescence window with atomic Hg densItie s of N 
~ 0 0.4 0.S ~~.,4.O XI O il cm4 and N w 4 , 4x lO tS cm4 at a vapor tern- ~ • T IME (~t ssc)

peratu re of 355 a 1 C. The measured pump abso rpt ion — _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

was 0.015 cm4 at N ’. 4.0x l0 ’5 cm” and 0. 016 cm4 at “t
No 4.4X 1011 cm” for a pump energy density of 30 mJ / ‘S
em5. Under these cond itions , the measured fluorescence ~
yield for the visible ba nd was between 0.8 and 1.0. The —

visible bend Intens I ty do-ninated over the ultraviolet band ~

tensitien were rever se~~ however , whenthe fluore scenCe 
: L ~~~Intens ity by a ratio of 10*2 to 1. The relative band In- V

was detected from the excited vapor at 570 ’C. The _______________________• I . I . I0 — ____________

effect 01 the vap or temp erature on the relative band in- 3 0 10 20 30 40
tensit les Is in agreement with the find ings of Dru llinger ~ TIME

~lg t ’ S
d
S

B. Fluorescence time history
— IIn order to unders ta nd the dynamics of the merc u ry ‘ (ci

time history of the excimer fluorescence bands at va n -
cxc lmer system , we have experimentally analyzed the o

otis Hg densIties between I and 4.5 x 1015 cm 4 at tern-
pera tu res of 355* 1 C and 570± 5 ’C . Figu res 5 and 6 • • • •
illustrate the representative oscilloscope traces of the 0 $0 20 30 40

fluore scence time histo ry of the 0. 335 and the 0. 485 pm TIM E (~ s.c)

bands. A compa - son between the 0. 335 pm band data FIG. 5. 0.335 usa band fluorescence tIme history traces at a
and the 0, 485 pm ba nd data shows that the two fluores- Hg density of 3 .4x  i0 ’ cm4 and 570’C vapor tempe rature .
cence IntensIty signals differ Initially but become ~l ml— (a) Initi a l be hnvior showing a “spike ’ sad a slow decay ,” (b)

lar miter an elapsed time of 0 . 5 p5cc . longtIms decay with nonexpon ential character at a pump enor5y
• of 2 mJ ; C c) long time decay with nei r ly expo n.nt l &i Ch3 T~ C

The 0. 335 pm band fluorescence time histo ry consists b r  at a pump energy of ‘-0. 5  mJ.
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12 , /
___________________ I,

— I I

(•)

/
a /

L_ I  I I I I I I
b- 0 0.2 0.4 0.6 0.5 

I

TIME C~&s.c)

La’ _____________________

S
SI

(hi 

/
5..
7

1.354 “C

SI 1~ I I I I I I L I I
$0 20 50 40

TIME l~sasc) . •a. u I 4 S
o (~~ $0IC/a,IS)

• FiG . ?. 0.465 urn band fluorescence growth rate as a fun ction
01 Hg dena tty , N, at 354’C vapor leniperatur. .

0

Cc )

The initial nonexponentlal decay at higher pump ener-
gins gradually became an exponential characte r when theI I I I I I I L I L fluorescence intensity had diminished to a level compa-o $0 20 30 40

TIME ($sec) sable to the peak of the fluorescence intensi ty under low
FIG. 6. 0.485 pm band fluoresc ence time history traces ~ ~ 

energy excitat Ion. Figu res 5(b) and 5(c) illustrate this
Hg densIty of 3 . 8510 11 cm’3 and 356’C vapor temperature . ~~ 

beh avior for the ultrav iolet band Intensity . F igures 6(b)
• initial growth behavior and a smal l amount of supe riluorescent and 6(c) show the same effec t for the visible band Inten-

0. 5461 pm radiatIon transmitte d through a 488 cm band pass sity. Thus , in order to measure the long time exponen-
titter; (b) long time decay with nearly exponential character at tial decay rate the excitation energy was kept to a mini-
a pump energy of 0. 12 mJ; Cc) long time decay with non-ex- mum . The results of these measurements are platted
potential character at a pump energy of 0. 37 mJ. in Fig. 8 as a funct ion of Hg density at a vapo r tempera-

ture of 355” ± 1 C.

The observed exponential decay rate r anges from 3.30. 485 pm band Intensity as a fu nction of time at a Hg
density of 3,Sxl&’ cm4 with 356 ’C vapor temperature ,
The fluorescence intensity start s from essentIally zero
signal at the time of excitation and reaches a peak value ‘ ,
In 0.5 psec. A 488 nm band pass filter that was used to ~
monitor the visible band also transmitted a small amount ‘

~ 6 -
of super lluorescent 0. 546 pm radiation . The transm it- ~
ted radiation was recorded with the visible band fluores- ‘~‘
cence signal as a fast pulse marking the time of excitation . ~

The growth curve of the 0.485 pm band fluorescence 4 - J 
~hinte nsity is well approximated by an exponential return j, r iCurve of the form (I — es’). Figure 7 show s the values 

~ - ,of the growt h rate , represented by the parameter 6, as b( /
a funct ion of Hg dens ity, N, at a vap or temperature of

~~~2 -  /356 C, The growth r ate Increases from 5.7a0 ,Sx lO’ 
~ /

Sec” at N ”  l . 0x10~’ cni 3 to ll .0s O. 8x10’ sec4 at N 
~ 

Ta 355 C
w3 .6xl0” cm 4, which Indicates tha t b has an approx l- ~ I • O4BSpm BAND
mate ly linear dependence o~i the Hg density. ‘0,333 i,,,, BAND

.1 1 I I I
For observation times longer than 0.5 psec the two U I 2 3 4

tI uori ~scence bands decayed w ith the same time history.
The long time decay was approximately exponential at FIG 5. Long tim., expon entI al decay r~t as a function of h g
tow excit ation energies , but became non-exponential it ~~~~~~~ N, for  both fluorescenc e bands it 355 C vapor tern-
highe r pump energ te s . • pers.turs.
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X10’ sec4 to SxiO ’ sec~ , correspondIng to a time con- their experimentally determined molecular formation
staM of 30 to 20 psec, respectively, These value s at rate of 1.55 x 1O~ ’ cm’ sec ’t the 0.335 pm band tiuores-
decay rate are somewhat larger than those obtained by cence rise time Is 560 nsec a t N=3 .4x 10 1’ cm4. Our
Drull lager el a!. ’ The slight disc repancy on the order time history data do not show such growth behavior.of 20% Is possibly due to quenchi ng by a smal l amount of However, the explanation may be attributed to signal de-
ImpuritIe s in the cell . However , a clean liness test’ us— tection limItations, Fluorescence from excited dimers
lug a lfeCd laser at 0. 325 and 0.4416 pm to probe the governed by Eq. (8) may also contribute partiall y to thevapor showed no not iceabl e fluorescence after several early fluorescence time history.mouths 01 operation,

Since 266 and 265 cia photon energy difference is lessThe results of the fluorescenc e tim e history measure-
than kT, the reaction paths of the vIbrationatLy~’ excit edrien ts may be rep resented by empirical formulas for the

populatIon of each molecular species that are responsible dimers are expected to be similar at the two optical
for the respective fluorescence . For low excitatio n en- pumpi ng wavelengths . Therefore , the dominant proces..
ergies, the population of the 0.485 pm band radiators ~ 

ses governing the 0. 335 pm radiators are the dissocia-
tion of vIbrat tonally excited dtmers to yield metastabledescr ibed by the difference of two exponential decay 
atoms followed by the formation of Hg~ molecules viaterms:
three body collisions.

.i(0, 485 put band radiator) a (c ” — s’~’J. (S)

The parameters a and b are the long time decay rate and 
Dr ulllnger ci a!.’ have suggested that the 0. 485 pm

band fluorescence at Hg densities greate r than 5x l0~the fluorescence growth rate, respectively. The popu- cm4 and temperatures greater than 575 ‘K may be cx-latlon of the 0. 335 pm band radiators for time t~~40nsec plauted in terms of a bound excited tr imer complex, Hg~’.is approximated by a simple exponential decay involving The trimer state Is estimated to lie abou t 6500 cm~ be-
the sam e long time decay rate for the visible band: low the 1, state of Hg~ in thermal equilibrium . Since the

s(0.335 pm band radiator )a fe ’~ J. (6) Hg density and tempera ture In our experiments Satisf y
the above conditions, we assume that the H g: and Hg~For time i~~0. 5 psec, the 0.335 pm band fluorescence molecules are populated in th c.rm al equilibrium accord-

intensity shows a slight upward departure from the above ing to the reaction given by Eq. (3) .
• equation. However , signal-to-noise limitations pre-

vented detailed analysis of the decay behavior in the If the Hg~ molecules are created according to Eq. (3) ,
time interval from 40 to 500 p5cc , the tr imer formation rate Is a function of the forward

and reverse reaction rates as well as the decay rates of• Our experimental analysis may be summarized as a each species. Because of a lack of complete kineticqualitative description of the dynamics of the molecular data, we have not yet analyzed the 0.485 pm band uluo-mercury system excited by a short pulse of 0. 266 pm rescence growth rate in terms of the analytical expres-radiation, The molecular absorption of the pump pho- sion for the trimer formation rate. However, the em-tons, each having an energy of 37 590 cm~ , directly 
pirlcal description of the fluorescence time history sug-creates vlbrat lonally excited 1,, dirners near the dissoci-
gests that a molecular formation process, described byatlon energy limit of the o state. This limit lies at• 38125 cm4 above the ground state of Hg2 if the ground Eq. (3) , rather than a collision-Induced radiati on effect ,

state dissociation energy Is assumed to be 480 cm ’t . ~ described by Eq. (2) , is the primary mechanism for the
production of the 0.485 pm band radiation under our ex-

flg5(t ~~ +kv(0 . 266 pm) — Hg,(l,)’. (i) perimental conditions. This description is helpful in the
Interpretatio n of the excimer absorption measurements.

Some of the vtbrattonali y excited 1~ dimers may undergo
rapid vibrational relaxation and mixing of excited d cc- C. Biexcimer quenchingtronic states, resulting in a thermal .equilibrium distri-
bution of populatIon among the Hg~(L,, 0., 1,, cc, 0? states During the fluorescence tim e history measurements
in less than 40 nsec. w~ encountered nonexponentlat decay behavior on both

the ultraviolet and the visible band s at high pump ener-
Rg,(L,)’ .H g — Hg~’ + Hg. (8) gies. Afte r plotting several decay curves obtained at

Mlernatlvely, kinetic energy mi ght be assumed to be various pump energies while keeping the Hg density and
sufficient to dissociate the excited molecules into the temperature constant, we realized that all c’~cay curves

could be matched Identically by shift ing the origin ofS’P, and 61S5 atoms pr ior to vibrational reta~~tlon 
time. This property suggested a quenching process that

Hg 5 (i_)’ —If g( ’ P.,) +H g(6 ’S~), (9) depends on the density of the excited states. An evidence
Then, the excited dimers must be formed by three body for such a quenching process in molecular mercury was
collisions Involving the metastable 63P, atoms first ebserved by Eckstrom ci a!. ~ in an e beam pumped

high pressure mercury vapor experiment. The processRg(’P,) + 2Hg — 2Hgt + Hg. (to) was Interpreted as blexctmer collisional deactivation of
Recent invest igation by Stock ci at, ” Indicates that the the excited metastable mno ’ecu les, Hg~’, Involving the

above processes, Eq. (9) and Eq. (10) , account for more following reaction:
than 90% of the molecular fluorescence when the mercury
vapor is optically pumped with 265 nut rad iation . Using Hg ’+ ltg,” — H g~~+2 Hg,  (11)
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a~ expected, and the slope of the plot represent s the
biexcimer quenchi ng rate constant , k. A linear lea st

N ~.a? s~~ ts? squares curve fit of the data points yielded the rate con-
øtan t elk 2 * ix 10 0 cm’ sec’t molecul e4 with most ofa ‘2 .eJ

~ 
. oao~ j the uncerta inty due to our estimate of the beam area.

0.37 ieJ 
~~~ value of k is somewhat larger than the order of mug-

~ 
: 

allude estimate of to-t i cm’ sec t molecule’1 obtained by
~

due to differences lit the experimental conditions.
Eckstro m et a!.” Howeve r, the disagreement might be

The fluorescence time history of the 0 335 ~ m band
and the 0.485 pm band showed a common long time decay

“
~
. 

~~~~~~~~~~~~~~~ 
due to a thermal equilibrium distribution of the radia-

_ ~~~
. ‘~~~~~~ .. tore. As tong as the biexcimer quenchi ng rate is slow

~~‘ ‘ compared to processes that equilibrate the 0.335 ~ m—‘. ~.. _S

band and the 0.485 pm band radiators, the common flu-e,
orescence decay is expected regardless of which molec-

* 5 _ idar state Is responsible for the quenc hing, A compart-
son of the fluorescence dec ay data of the two bands at

° 4 t~~ ~3 35 • 356 C vapor temperature confirmed this point, even
T I M Et ~~~.c) thoug h the relative Intens ity of the 0.335 pm band was

FiG. 9. 0. 485 ~au band none xponent ial long time decay tim e an order of magnitude smaller than the 0.485 pm band
history at variou s excitat iOn energies , intensity.

Since the quenching rate is not required to remain the
same when the relative population distribution of the ra-

where Ug~’ is assumed to be an unspec ified highly ex- diators is altered, we analyzed the 0.335 p m band fluo—
cited molecule. rescence decay data at 570 ’C vapo r temperature. The

If the effect of quenching is Included in an empirical analysis showed that, to with in experimental error the
rate equation for the population densi ty of the Hg~’ mole— biexcimer quenching rate constant was the sant e as the
cuter, n, one obt ains the followi ng equation: value obtained at the 356 ‘C vapor temperature. Thus,

(d/d 4 (n(t) 1= — a(n(t) 1— k [n(t) ~~. (12) the quenching behavior is not apprectah’~ affected by the
relative population distribution of the C. .3~, pm band and

The exact solution of the above equation for !�t, is given the 0. 485 pm band radiators.
by The relative populations of the 0.335 pm band radia -.

~i( t ) .s n0 {(i+~~~)e a~t t oi _ t~~~~
tt1’t 

- (13) tore , the 0.485 pm band radiators, and the metastabie
a 1 a excited dimers In the cc and o; states may be obtained

fro m the results of the theoretical analyses of Smith etThe biexcimer quenchi ng rate constant is given by the at . ’ For the 0. 335 pm band radiators , (ij/ [o~)pa r ant eterk. no a n (t ~)  is the population density at time 
~.exp(—2500/kT) yields a ratio of 1. 4 x 10 ” at 843 1C and

t~ I , and a Is the long time exponential decay rate. The 
~3 ~~X 10~ at 629 ’K. The relative population of the 0.485solution Indicates a nonexponential time dependence of

n(~ for a time Interval short compared to the reciprocal
of the long time decay rate . For a (f— ia ,, 1 the solu-
tion becomes app roximately exponential with the long
time decay rate , These prope rties of the solution agree

Ii
well with the exper imentally observed decay properties.

in order to determine the biexcimer quenching rat e 
•

constant, a set of 0. 485 pm band fluogescence decay
data was analyzed using the method of least squares ,
curve fit of the data with the exact for mula given by Eq.
(13). Figure 9 shows the 0.485 pni band fluorescence 0

- Idecay data and the curve fit indicated by the dashed

If
curves . The anal ysis yielded the value of the long time
decay rate and the values of kit , at various pump ener-

be independently calculated from the pump beam ener gy
gies, The value of n0 for the lowest pump energy could

density and the absorption coefficient , since the total
excinier fluore scen. e yield was near unity. A t higher
pump energies n~ at I psec was calculated from the ret a- 0 i 2 ~ a
tive fluorescence signal normalized to the lowest pump
energy data . Figure 10 shows the plot of An 0 as a tune- FIG. 10 . lilexcirne r quenchi ng rat.. Ce,~ e.a tu.,ctlon of the
tion ,;,. The data point s indIcate a linear dependence on In it ial exelmer doi~iit y n~ .
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‘pm band radiators is given by (H g~~/(0~~s. 2 0xsX2.2 • A R A C ’ (15)
x lO””exp( 4000/k T), which yields a ratio of 4x 10” at ~ ‘

~ Sic’ ~~~~~~~~~

543 K and 4x 10’t at 629 K for the total excimer density
of ,, ‘. lO~’ cm ’. The calculations show that whil, the - Combining Eqs. (14) and (15) yields

[Hg J/[ 1.I ratio varies rapidly with T by a factor of 43,
‘~~n\1 c1 (1~~nearly 99% of the excimer s resides in the o states. ~~~~~~~~~~~~~~~ -

In light of the relative population distribution in the
exctmer system the temperature insensitive btexcimer where ~ rs and n are the inversion density and the cxci-
quenching rate may be Interpreted as being due to colli- mer population density. Theoretical analysts” of bound ...
atonal deactivation of excited dimers involving the meta- continuum transitions In dtatomtc molecules s~owed that
stable 0 states, Therefore, the biexcimer tos.s mech— spontaneous emission power spectrum fro m exclmer
*xdsms appear to be directly associated with the 0 states in vibrational thermal equilibrium may be welt
states which act as the energy reservoir for the entire approxim ated by the above expressIon for dP/dv. The

excimer system. frequency distribution, g(iJ, consists of a sum over con-
- tributlons from all vibrational states In thermal equk-

The observed properties of the biexclmer quenching libri um. g(v) can be calculated in principle U the pa-
suggest that the quenching process could significantly r*sneters of the upper and lower state potentials are
affect the decay of the excited mercury molecules at 

~~~~~ Such calculation 1.s not necessary for obtaining
densities greater than t O” cm’°, At 1017 cm’t excited y fro m the experimentally measured dP/dv. Further- -

state density the quenching rate becomes — lo
t sec~ more , the popu lation inversion density, A ii , can be as—

which reduces the effective lifetime of the molecules to sumed to be equal to the upper state density, n, for a
about 100 asec. Since one of the desirable eltaracteris- bound continuum transition to a repulsive tower state
tics of a high power laser medium with h i b  output en- that is well above the kinetic energy of the ground state
ergy is a storage time ~ 100 nsec, a practical limit of atoms.
the excited state density may be estimated to be on the
order of i017 cm”. For the ultraviolet band this limit Experimenta lly, we measured an approximate value
Is equivalent to about 50 i/i of optical stored energy. for dP/dv  near the peak of tht. 0. 485 pm band at p

Bimolecular collisional deactivation can also be expected using a 488 nm spike filter with a 10 nut bandwidth and
to be present in molecules similar to the Hg, system, a photomultiplier. The photomuttiplier power response
such as Cd,, Zn,, HgCd, and RgTl and a similar excited was calibrated using an ar gon ton laser at 488 nm . Thus,
state density limitation may apply to most of these po— the peak gain coefficient, y,, was calculated at ~ = 0. 488
teatial laser media. pm using

I \(AP\ (l’flD. Fluorescence power and gain V. ~~ 
ni 

~~~~ AX / ~~~~~
One of the essential requirements for a laser medium

Is to have a sufficient net gain within its spontaneouS At a Hg density of 4. 3 x i0~ cia’5 and 355 C vapor tern -
emission bandwidth to achieve threshold for oscil lation. perature, we obtained y~n.2.S* i.3x 10” cm ’t using a
Metal vapor escimer systems have been considered as relatively low pumping level of — 30 mI/cm’ With the
potential candidates having high power output and wide corresponding total excited state density of 6± 3x 10”
tunability in the visible and ultraviolet wavelengths with cm”. Under the same pumpi ng conditions a similar
small stimulated emission cross sections for high sat”— measurement of the gain coefficient (or the 0. 335 pm
ration Intensities.” One difficulty, however, Is the band gave an order of magnitude smaller value than the
small stimulated emission cross section . on the order value at 0.488 pm In good agreement with the theoret i-
of 10”’ cm’ to 10.’° cm’, which must be larger than the cat gain estimates obtained by Smith em !.’ At greater
absorption cross section as welt as L arge enough to yield pumping energy dens ities ye increases to a value on the
a net gain at a reaso nable population invers ion dens ity order of 10’t cm 1 , but since the pump energy was limit-
for oscillation . Thus , the existence of a net gain ~~~ ed to S mJ lar ger values of v, were not observed.
comes the crucial factor In an excimer system suc h as
Hg,. We also attempted to measure dP/dv from the high

temperature region of the cell where the ultravIo let band
Direct ga in measurements may be obtained be a nur n - fluorescence Is dominant . Because of a complex fluo-

bee of method s, but are difficult  at low net gains . We rescence collection geometry, reliable data could not be
chose to measure the gain coefficient , y, by measuring obtained. However, we estImate a maximum gain coef—
the absolute spontaneous fluorescence power per fre- ficient on the order of 10” cm” at 0.335 pm In our cx-
quoncy Intervai per unit volume , dP/dv, emitted from pertinent by considering the fluorescence yield and the
the excited region , availabl e pump energy.

For a transt~ton with a normalIzed homogeneous ire— These gain coeft ic lent measurements Imply a sIngle
quency dlstr ibut lc’n, g(i ’), and a frequency Insens Itive pass gain of about 1~~ in our cell which Is detectable with
rpont sn i~ous emission rate , A , we have app roprIate electronics if there are no apprec iable loss

mechanisms . Therefore , in order to measure a net sin-
dP/dv.sAhvg(v) (14) gle pass gain or loss for the mercury cxc liner £y~ tSr fl,

and we probed the excited medium with a cw lleCd laser op-
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cratIng at 0. 325 and 0. 4416 pm. The measurements except for the Initia l “spike . ” This correlation suggests
are discwssed La the next section. that th prob. signal loss Is caused by th. same excimer

stales that are responsibl e for the 0. 335 urn band . The
E. Excisne, optical transmission at 0.325 and 0.4416 pm optical transmissIon loss Is interpreted as absorption

due to certain Hg,~ excimer states. Since several cisc-.
Previous measur ements of the mercury excimer Opt i- trosic states of H gj’ nea r 30000 cm” above th. ground

cal transmission have been made with e beam pumped state are believed to be In thermal equilibrium, the low-high pressu re mercu ry vapor . Hill et a!,’ observed net eat excited diner sta tes are likely to be prim ar ily re-
los* of transm issIon for vl.ilbie wavelengths on the Short sponslbl e for absorption . An examinatIon of the Hg, po—wavelength side of the 0. 485 pm band. Mor . recentLy , tent ial cu rves”” suggests that absorption from the
Schile .1 ,I~ rep orted net gain measurements at several lowest Rg~ states to several higher molecular states iswavelengths with in the 0. 335 pm band . One of OUC pr in. ener getically possibl. with the probe wavelengths.cipaZ obj ectives was to st udy the opt ical tra nsmission of
the excited medium under a more selective production It Is h Ot known whether the excited state absorption Is
of exetmar states obtainable with optica l pump ing. Us- cau sed by bound—b ound or bound—cont inuum transitions ,
Ing cw HeCd laser outputs at 0. 4416 and 0.325 pm, we t~ut the abso rption cross-section at the probe wavelengths
probed the excited mercu ry vap or to measure the opti- can be obtained experimentally. Based on estimate s of
cat transmIssion as a funct ion of t ime , the eximer density, the abso rption cross section for the

0. 325 pm wavelengt h Is estimated to be greater thanThe representatIve 0. 325 pm probe transmission is 
1O ’~ cm ’. A somewhat smaller absorp tion is obtainedcha racterIzed by a rapid decrease of signal In less than for the 0. 44 16 pm wavelength.50 asec follow ed by a grad ual r ecovery lasti ng about 20

pace. Figures 11(a) and 11(b~ show the tr ansm ission Our obser vat ion of net Loss at 0. 4416 pm Is consistent
time h istory from the t ime of the pump excitation to 40 with the results obtained by Hill ci at. ~‘ bu t the inca-
psec. The HeCd laser output fluctuation caused the f i t-  mired net loss at 0.325 pm In our experiment is In dis-
ter in Fl5. 11(b) , but the probe signal was relatively agreement with Schlie’s mea surements . ’ Recent exper t-
smooth on a last time scale. ments by Dru llinger” and York and Judd” also showed

evidence of net loss at 0, 325 pm , The reason s for theThe depth or amplitude of signal loss varied propor- disagreement are not well underst ood, but it has beentionatty with the pump energy at a constant Hg density . suggeated~’ that the difference may arise from the pump-At a fixed pump ehergy a decrease in the Hg den sity led lag methods. The optical pumping scheme genera llyto a smaller signa l loss as ind icated by Figs. 11(a) and provides a more selective means of populating excimers(1(c) . This was expected since less pump energy is ab- without the presence of free electr ons and other excited
sorbed at a reduced Hg density. Th e 0. 4416 pm probe species generated b y e  beam pumping. Thus, we believe
transmission demonstrated the same time history shown that our data indicate a net absorption at 0.325 pm due to
In FIg. It(cO , but the depth of signal loss was oniy 20% Ng~ states.
to 25% of the loss at the 0. 325 pm probe wavelength un- -

dee the same conditions . Our measurements also indicate that the loss per unit
length of 1O ’ to 10” cm ” exceed s our estimates of gainThe signal loss amplitude time dependence Is quite coefficient by more than an order of m agnitude. There-similar to the 0. 335 pm band fluorescence time history lore, stimulated emission in the mercury excimer sys-
tem appears to be prevented by excited state abso rption.

~ x However , without a further understandin g of the absorp-
_______________ 

0 
_______________ tion process and a detaIled spectroscop tg an alysis we

cannot state for certain that mercu ry diner will not00% 
achIeve net gain under selected conditions .

_ _  fl~ Ti- 
0% — 

F. Su perfluorescent atomic Hg transitions
0 

- 
ac 05 Li ~ 30 40
Teat ~~~~ Laser action has been observed earlier in neutral(.1 atomic mercu r y by direct tivo photon pumping. ” We

ach ieved atomic Laser action In our exper iment by optt-

~ ~ ‘ ‘ ‘
~~ 

cal pumping of the molecular states and not by atomic
_____________ two photon absorption resonances. The fluorescence

- so~ emission lInes have been identif ied to orltzi nate from the

~ ~~ 
Vs,, ‘t’,’,, ~~~~~ ~‘D,, and 6 ’D, ato mic stateS . The ob..
served emission lines are h aled In Tabl e I.0 0 5 0 *  Li ~ 0 04 05 ii

T eat I~.i.c I SlUt One of the strongest superfluorescent emission fromIC ) (di
these levels Is the 6’D, ‘- 6’P, transition 3t 0,365 pm .fiG . U . Probe t r ansmi ssion of the cach ed mercury vapor at Detailed measurements of the 0. 365 pm output energy170 C. (a) and (b) 0.325 pm probe t r ~ n synha$jOr ,  at a II~ dc~aj i5

J a  10” cm” and a p-.smp ene rgy of 1 .2 n.J. (ci 0.325 showed a quad r atic dependence on the pump energy which
probe trsrisnu I~sion at a h g  i~~n sscy  of 3 . i x  l0 ’ cm ’ and a suggested absorption of two pump photons . The 0, 365
pump en.rr~y of 1 . 2 inJ; (di 0 . 4416  pm pr obe tr an a misslon cc put output was proportional to the square of the atomic
a Hg dsn.ht y of 3.4 ’ 10 ° cin ’ ar id a pump ene rgy of 2 n.J. mercury density, N , Indicat ing that the absorpt ion was
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due to the ground state Hg, molecules whose equ ilibr ium magnItude larger than our measured value for the cxci-
population Is proport Ional to N Z.1O The super lluoresceitt mers in the lowest excited states.
pulse lasted less tha n 2 nsec and was coincident with the The second model to explain the delayed 0.546 pm
peak of the pump pulse at all pump energies above
threshold. These results suggested that the 6’D, atoms emission is based on the excimer photodissoctafton by

are produced by photodtssoc iat ion of excIted molecules the trailing part of a S nsec pum p pul se. In this model

caused by either direct or sequential absorption of collisions are assumed to yield Hg! and Hgf states prior

pump photons. to photodissoClation. Based on th. experimental fluo-
rescence growth rate this pro cess Is estimate d to yield

Since two pump photons have enough energy to create ~ to” cm” exctm er density during a pump pulse. If
atomic states below 75000 cm”, molecular two photon . these excimers are Immediately photodisSOciated to pro-
absorption followed by thssoc iation can explain the ob- duce the 7’s, atoms , super fluoresCence thresh old could
served fluoresce nce emission lines, be reached provided that the photodissociation Cross

• 2ki.40. 266 pm) — Hg,’ 
- 

- ~~~ 
sectIon 15 greater than i0”~ cm’. Since the MgI absorp-
tion cross section at 0. 325 p m Is est imated to be great.

EfJ’~~Hg(61Sr) + llg’(8’S,, 73P,, 7’?,, 6’D,, 6’D,). (19) er than 10”’ cm’, the deLay ed exclmer photodissociation
model can be considered as an alternative explanation to

Thus, another strong super fluor esCent emission at 1 39’ the bimolecular duner coLLisio nal model .
pm corresponding to the 7’P~— 7’S, transition can be ex-
plained by the above pumpi ng moC~~~ismn. 

Experiments designed to distinguIsh the two models
have not yet been conducted. However, once the pump-

At Hg densIt ies N~ 3 x 10” cm 4, the ‘3’S, — 6’P, transi- tog mechanism Is understood, the super tluorescent

tion at 0. 846 pm becomes the dominant laser output hay- 0.546 pm transition may be useful as a diagnostic tool

tag the lowest pumping threshold. A typical energy con- for monitoring the excimer population.

version fro m the pump to the green outpu t was less than
0, 17% wIth unfocused beam , but up to i% conversion IV. CONCLUSION
could be achIeved with a focused beam. The output en- We have invest igated by optical pumping the propert ies
ergy meas~cement s showed a quad ratic dependence on of the mercury excimer system which may be relevant
the pump energy as In the 0. 365 pm case, but the output to the understan ding of Hg, as a potential laser medium.
varied approximate ly as N’ instead of N’. The outPut Optical pump ing with 0.266 pro radiation excited 0. 335
pul se also showed a 2 to 5 nsec delay relatIve to the xn~ 0. 485 pin band fluorescence which showed different
pump pulse peak. initia l time history and a commo n long time decay be-

The 0. 546 pm output properties could not be explaIned havior .
by the same pumping mechan isms governi ng the other
emission lines. The output ene rgy and thresho ld mci- The difference in the initial time history arIses from

surements also ruled out the possib iLity of 0.546 pm the different formation mechanisms governing the fluo-

laser action due to cascad ing transitions or iginat ing Iron rescence radiators . The optically pumped vibrat ionalLy

the ‘I’P, state . This Implied that the primar y mecha - excited 1, dlmers are partIally relaxed, but the domi-

nism of creatin g the 1~S, atoms must be due to collisional nant reactIons leading to 1, population are the cr eat ion

processes InvolvIng the excimer s. The pu lse delay and of ‘P, metastab le atoms by dissociation and the subse-

the output energy dependenc e varying as high powers of quent Hg~ formatIon via three body collisions. The

N supported th is hy pothes is and Led to two models of 0.485 pm band rad iators are thought to be Hg~ which

pumping mechanisms. ar e formed from Mg~. The formation rate Is found to
be nearly proportIonal to the Hg density from 1.9 to 3.8

The fIrst model is based on bimolecuLar excIted dimer xio” cm” with the corresp onding rates of 5~7x1O’ see”
collisions followed by decomposition to yield act excited and 1. lx 10’ sec” . The Int tt*l ttme history hasting 0.5
atom in the 7~S1 state accord i ng to the following reaction psec Is followed by a common decay behavior for the

both bands with a typical exponentIal decay time constant
Hg +Hg~ — H g ~’+2 Hg (20) of 20 to 30 psec.

Hg ’ — Hg(6’S~ + Hg’(7’S,). (21) As one of the main objectives of our study, we have
determined gain coefficients for the continuous emission

Since the optically pumped Hg~ population varies as N’, bands by measur ing the absolute spont aneous fluor es-
the above reactions Immediately explained the N ’ de- cence power per frequency Inte rval per volume of cx-
pendence of the output and the pulse delay. However , In cited mercu ry vapor. The results for the 0. 485 pm
order for this process to be the prim ar y pumping mccli - band showed a peak gain coefficient of 2. 5± 1. 3 x 10”

~nIsm, a bimolecular rate constant of 10” cm’ 5CC~ cm” with an excited state density of 6 *3x 10 ” cm”.
molecule ” is necessary. The corresp onding collisional The same conditions gave an order of magnitude smaLler
cross section is a, ~ 3x 10” cm’. Collisional deactiva- gain coefficIent for the 0. 335 pm band , but the higher
tton Invo lvIng the Hg(6’P,) and Hg(6’P,) atoms is known vap or temperature enhanced the gain .
to have compar able cross section values, ” Since optI-
cal pump ing cre ates 1, states near the dissociation limit Based on our available pump energy and exper imenta l

able, even though the bimolecular rate Is an order of the order of 10” cm” for the 0. 335 pm band . However ,

— 111 -.

of the 0 state , the required value of a, Is not unreason- conditIons we estimated a maximum gain coefficient on
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when the excited medium transmi ssion was probed at M. Artusy for their assistan ce in processing the rose-
0.323 pm a significant net Loss rallier than gata was cury cell.
observe d, The time history of net loss Is interpr eted
as net absorption due to the Hg~ states wIth an estimated ‘fi. .7. Carbon. and Si. Si. Uteak . . 7. Appi . Phy .. 88. 5, 2413absorption cross Section 01 greater than 10”’ cni’. (1968).
Probe transmission at 0.4416 pm also showed net ab- B. Si. Hill . D. .7. Eckst rom . D. C. Lorenis. and H. K.
sorption cross section. These measureme nts signified Nakan o. AppL. Phy.. I.ett. 23. 373 (1973).
that ezci mer absorption may be more thati an ord er of ‘l~. A, SchUe, B. D. Guenthe r , and R . 0. MaUig. , Appl. Phys.
magnitude greater than the silmuL ated emission gaIn. Iat ’.. 28 . 393 (l~76) .

1G. tV . York and ft . .7. Carbon. (a paper pr.ssnted .1 lb. 3rdFurther analysts of the absorption process and excited Summe r CoUoquluiu on Elect ronIc Transition Lase s. Aspen.state spectruscopy are needed to fully evaLuate the Hg, Colorado. Septembe r 7— 10 , 1976).
excbae r system as a potent ial laser medium . However , ty c~ Houtermana , Helv . Phy. . Actn. 33. 933 (L960).
our result s indicate that a demonstration of stImulated ‘Ii. E . Drulileger , Si. SL He.sel, and E . W . Smith. NaIL
emissIon in Hg, is LikeLy to rema in a diU icut t problem . Bur . Stand . (U.S. ) Meno~r. 143 (1975) .
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APPENDIX B

Optically pumped atomic mercury photodissociation laser
H. Komine and A. L Byei
4ppIie~ P*ysics Depanment. Edn.erd 1, CEssion L.bomto,y. W. W. Hansen Lab eewe6 , of P) ,ysla. -

Stanfo rd Uaiwreit~ Sianford~ C.ilsf ornio 94305
(Received 3 Sanitary 1977 ; accepted (or publication 3 February 1977) -

We have generated superiluomecent later actios in atomic mercury at 0.546 and 0.365 p.m by optically
pumping H g, with 0.266-p .m radiation. Superfluorescent thresholds were observed at less than 6 inS/cm’
input energy density i n s  5-mac puke for an atomic mercury density grmser than 3 x 10” cm ’.

PACS numbers 42.55.Hq. 32.3OJc. 52.50.Ei, 32.5O.+d

The mercu ry dimer prev iously has been suggested 10 n.Y of 0.266 pm by doubling again In a 2.5-cm-long
and stu died as a potential ultraviolet laser source. ~~~~ angle-phase-matched A1)P crystal. The 0.266-urn
During our study of Hg, by optical pumping we observed beam is sepa rated from the 1.064- and 0. 532-pnt beams
.uperfluorescent laser action (stimulated amplification using filters and prisms and dire cted Into the 90— cm-
of spontaneous fluorescence emission) In atomic mer- long mercury cell a. a 3-mm-dta m collimated beam.
cury. Laser action has been observed earlier in atomic Following the mercury cell we use prisms . filte rs ,
mercury by direct two-photon pumping. ’ The results and a i’m spectrometer prior to the photomultlpller
reported here differ fro m previous work in th at the detector to monitor the emission.
atomic inversion was obtained th rough optical pumping The mercury cell was constructed of fused sIlicaof molecular Hg, fotiowed by photodiesoclation to atomic
mercury. Observation of the atomic emission ha~ led with optically contacted window.. It was he ld in a tern-
to Information abou t the dynamics of the Hg, system perature-controlled oven ( 570 ~C) with an independent-

which may aid in an understanding of Hg, as a potential ly controlled aide arm for vapo r pressure ad)uatm ent.
Mercury density at a given sidearm temperature Wa.laser medium. calculated from vapor-pressure —vs—temperature data

The 0.266-pm pump source was obtained by quad ru. from the CRC Handbook of Chemistry and Ph y sics . The
pling a 1.064-pm Q-swi tched Nd:YAG Laser. Our un- cell was carefully cleaned and baked prior to being
stable resonator Nd:YAG oscillator 7 yields up to 200 filled with triply distilled mercury.
n.j of output energy at 10 pps In a near-diffraction .
li mited l0-nsec pulse. The unfocused 6, 3-mm-di am Figure 1 show s an abbreviated schematic energy -

level diagram for the atomic and molecular mercurybeam generates 30 n.Y of 0.532 pm in a 2. 5-cm-long systems. The IncIden t 0.266-pm radiation pumps theangle-phase-matched type-U KD’P crystal and up to Hg,(31,) level directly from the Van der Waals bound
Hg, ground state. 90~~ of the incIdent 0.266-pm energy
is absorbed over the 90-cm path length at an Hg atomic

r~~~~~~~ .CCUt. C __I ATOM ‘ ,  density of 6 x lots cm~’
At a 0. 266-p m energy deneity near 6 nJ/cm’ we

C observed strong superfluorescent emission on a numbe r
of atomic mercury transitions. We also observed

.10, fluorescent emission from the visible and ultraviolet- - - 
T ”~II ‘T
/t .3~~~,.... I Hg, bands centered at 0.488 and 0. 335 pm. Unfortunate-

S \~
ç

~, 4_ç:” 

~~ 
ly, we measured net absorption on the 0.335-pm band

II Pus.
— OLLISndfl I

TA BLE 1. Observed superfluorescent Hg atomic ~mis.ion~ ~iH ,, 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

lines.

WsveIei~~th (j.m) Transition
5 

3 0.3650 S3P,— 5 3D,
0.3655 ’
0. 36629’

~~~~~ PIMP 0.36633’ 63Pc~~ S,D,a

0.4358’
o.uu
0.5770 ’ e’Pt — S’Di
0.5791 ’ 6’P,—I ’D,

0 1. 1287
0 2 3 4 5

’
~~ 1.357

1.367 ?3S~._7 3P,
1.395 7’S,—? ’?,FIG. 1. SchematIc part ial energy diagram of Hg-Hg, syst.m.

Solid molecular curves are ekotches based on work by Hay, ‘Observ ed whon pimp beam won focused Into cell.
Dwecing, and Haftenetti (flel. 6) and Mro zowpkl (Ref. 9), ‘Appeared as auperfluoreseeot emission only at law pimp
Broken curves are hypothetical molecular plates, energies.
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~ If we plot the slopes shown in Figs . 2(a) and 2(b)
6 • a~ n I O ~ versus the second power of the atomic number density,
.55 . ,.y a io~

5 . N’, we obtain the results shown in Fig. S. From Fig.
a 4 5  tO~ 3 it is evident that the ultravioLet emission varies as

S C1.1 tO the atomic density squared , which is the same depen-
dence the Hg, densIty has relative to atomic mercu ry

4 ~~‘t density. Inspection of the atomic Levels shows that
there Is not a two-photon resonance within the atomic

3 •/.• I’ 
syst.m so that the N’ dependence and pomp energy

a” squa red dependence suggest that the pumping is withinii

,‘# ,,.‘
~

‘ the molecular system and that it occurs by the abaorp-

i i
,
~~ 

,~,id’ tion of two pump photons foLlowed by direct photodis-
4 ~q 4 sociatlon of Hg, into the 6’L)~, 7’P,, B’S,. O’D,. and ‘f’P,

~ <~~
• atomIc levels. The pumping mechanism may be by

either sequential absorption of two photons or by two-
I 2 4

PUM~ cones imj t photon absorption within the molecular system.
(a)

On the other hand the approximate N’ depeni’-orv of
the 0. 546-pm transition suggests pumping mecaant.ms
involving two excited dimers . Rg ’. The formation ofa
7’S1 atoms may occur via direct dimer coilision*,

N Ie.s•~ I
~~~I3 91~ • ).i ,IO 4

, Hg: + Hg,’— Hg(7’S,)+ 3 H g.  (1)
• 2.4 ,10

2.0 • 0” or through intermedIate reactions Involving collisions

.~‘..~- —‘r 
with metastable 6’P, atoms , H g ,

Hg,’ —Hg” + Hg,

~~~~~ , , . H~~ + Kg” — Hg(7’S1) + 2Hg, (2)

~~~~~ Hg +Hg”-’- Hg(7’S,) + H g ,  (3)

~ “ - 1I ~~~~~~~” , or pitotodissoclation by absorption of spontaneous
*1~~~~~~~~~~~

05 to .5 an 23 moLecula r emission .
PUMP CNE PGT Iniji

rio . a. ‘.~ Outpat .nergy/0. 266-5im punp energy rttio versus
lam p snergy at various atomic Hg densit ies , 0.365-p.m data H~ + Nw —Hg(7’S~) + Hg. (4)
(ratio I. units of 10”) . ~ ) Ou~~,t energy/0. 266 p.m pimp en.r-
gy ratio versu s pimp energy at various atomic Hg densit le, , Another possible mechanIsm that leads to N4 depen-
0. 546-p.m dots (rat io ~ ua~~ Of 1O~ dence is a three-body recombinatton of a metastable

atom to form an excited diner Hg~ followed by photo-
dissociation by the 0.266-pm pomp pulse.

by probing with a 0. 325-p m HeCd laser. DetaIls of the
Kg, measurements will be published elsewhere . Mg” + Hg + Hg — Hg~ + Hg, (5)

Tible I shows the atomic Hg transition s that were
observed to superf luoresce. Of these , the 0. 365- ,
0.546- , and 1.395-pm transitions were strong. The
green 0.546-pm (‘I’S, —6’P,) and ultraviolet 0.365-pm .

~(S’D , -“8’P,,) transitions were stunted In net ati to help
determine th. pumping mechanisms Involved in ciwat-
lag iii. atomic populatIon inversions.

Figures 2(a ) and 2(b) show the output ene rgy ratios • ° ‘ “ “~~“ I

versus the Input pump energy for the 0. 365- and 0. 548- — fl 

~~~~~~~ 0~ T~

(an trans itions at various atomic mercury number den- a I
alties. The ultraviolet output energy ratio varies

I
linearly with the input pump energy showing that the I
0. 365-pm emIssIon is proportional to the Incident pump
energy squared. The green output energy ratio shows ~~ 05 ,‘

~‘ /
the same power-law scaLin g initially , but decreases 

.
_+-“ ‘

..
.

when the 0. 365-pm transition reaches threshold and
begins to oscillate. From FIg. 2(b ) the observed con- ~~~~ ~~~.-‘4”,~~
version efficiency is O. I 7~~. at the highest Hg density. 0 i I I S S 7 5 v
Howeve r , conversIon efficIenc ies up to 1% have bec’n ‘~~~‘~~‘I

observed when the inciden t 0.266-pm pump radiation FIG, 3. Output snergy/pimp energy slop. (In unIts of 10’/mJ)
was focused into a 30-cm.long mercury cell. v.r ans N’ (in wilts of l&’/cm ’),

7506 J. Appi . PhyL Vol . 48. NO. 8, kiSS 1977 H . komin. snd RI . Syar 2506

- 114 -



Eg~+ Iw, , — Rg(7’S,)+Hg. (6) where r is the lifetime of the 7’S, state. Since a slgnifi-
U the Hg~ formation is assumed to be In ther mal equi- cant ‘I’S, population Is observed to last for only about

• Ubrium , the lowest excited dimer states near 30000 20 nsec after the pump pulse, the prima ry reactions are
em ’ above the ground state are significantly populated. assumed to be those involving Hg~ species which may

A simple energy consideration shows that a 0. 266-pot be relatively short-Lived vibrationally excited dimere .
pimp photon has only enough energy to cause photo - U we assume [Hg~)..(Hg ’I during and Immediately fol-
dissociation of Hg~ leading to an excited atom in the lowing the pump pulse , we may obtain an estimate for

- ‘I’S, state. These processes should lead toa  time delay the combined rate constant k = k , + k ,+ k , from expert- -

of the 0. 546-pm emission relative to the 0. 266-pan mental data . At N = 3.9 x lO”/cm ’ and T = 570 C. a
pump pulse. 1-mJ pump pulse creates approximately lO”/cm’ of

Hg ’ and generates a 0. 546-pm pulse of about 0.1 p2
To teat the propoa.d inversion mechanisms we care- with a 3-nsec delay with res pu ct to the peak of the

fully measured the time history of the 0. 365 ~~ pump pulse. This leads to k 10’ em ’/sec for an esti-
0. 546-pm transit ions with a time resolution of 2 nsee. mate of the combined rate consta nt. Since the mean
The 0. 365-pm superfluorescent pulse is 2 nsec wide relative speed La approximately 3 x 10’ cm/see , the
and occur, at the peak of the 5.O -n sec-wi de 0.266-pm corresponding collisional cross section Is about 3x10”
pump pulse. This is consistent with pump ing via tWo cm’. This value of k is approximately two orders of
photons b Uoyed by rapid dissociat ion to the 6’D , level, magnit ude greater tha n the value bound for dimer col-

The peak of the 0. 546-pm pulse is delayed by 2 nsec lisions Involving dimer s in the bottom of the potential
for a 1. 5-mJ pump pulse and by S nsec for a 0. 6-mJ well as previously rep orted by workers at Stanford
pump pulse energy. Longer delays are not observed Reaearch Institute” and ve rified by our Hg, (luore a-
since the 0. 846-pm transition is aeU-termlnating. The cence decay measurements . However , our estimate
obse rved time behavior of the 0. 546-pm output is con- of the colLisional cross section is not unreasonable for

sistent with the 715k formation via a coUision process collisIons involving excited dimers near the dissocia-
followed by rapid dissociation of the highly excited Hg, lion limit of the potential veU , since collisions involv-
molecules. big two excited Hg atoms In 6’P, or 6’I’, states have

cross sections” on the order of l O”  ~~~~~~

Since the 0. 546-pat superfluorescent emissio n self-
term inates in 2 naec we chose to monito r the I’S1 The combined rate consta nt includes a contribution
population by observing the time behavior of the non- due to photodissociation of dimers by spon taneous
superfluorescing 0.4358-pm transition. We observed molecular emission , k~. An estimate of this contribu-
that the 0. 4358-pm fluorescence had slightly less than tics may be obtained usin g an approximate express ion

a 20-nsec buildup lime followed by an initial exponential k,’ ~CAd . where a is the pltotodlssoci&tion cross nec-

decay ttrne of lesa than JO nsec and a slower tail with a lion, A is the spontaneous emission rate for H g ,  and
decay time of about 20 nsec. The peak fluoresce nce d is the diamete r of the pump beam, If the atomic

emission occurred 10 nsec after the peak of the 0.266- spontaneous emission rate of — 8x l 0’  eec ’ for the
inn pump pulse. 6’P, — 6’S, transition Is used for A and e � 3 x 10” cm’

is assumed from our dimor absorption measuremen t at
We hav e also investigated the infrared transitions and 0. 325 pm , the n k , ~ 4 x 10” cm’/sec is obta ined. Our

observed the strongest Infrared superfl uorescence St estimate of 5, suggests that It is not a significan t con-
1.395 pm corresponding to the 7’P,~~ 7’S, transitio n . tributlon to the combined rate constant ; however , we
The superfluo r escence threshold pump ensrgy for this cannot completely rule out the possibil ity of a larger
transition was obmerved to be highe r than that for the value of 5, since accurate values for A and a are not
0. 846—pm emission even though the 1.395- pm tranet- presently available.
lion has a larger calculated stimulated emission cross
section based on the Einstei n A coefficients for these U the di rect molecular absorption leeds immediately
transitions.”~” Furthe r more , the threshold pu mp ener- to di ssociative format ion of metsatable atoms , then

gy for the 1.395-pm superf luores cence increased fro m processes (5) and (6) may become a pri mary path for

0.3 to 0.4 mJ at N=2 .3X l0~ /cm’ to about 1 mJ at N the formation of the 7’S, state. A pair of simplified
=3.0X 1051/cm’. These observations are contra ry to the equati ons governing processes (5) and (6) is given by
expected behavior of 7’P — 7’S , population Inversion if d
the mechanism of ‘I’S, formation was solely due to padi- ~.[Hg~m i k,N ’ [ H g I
alive decay from the 7’?, state with a lifetime ” of 43
55cC. Also this model does not lead to the N’ dependence and
of the 0. 546-pm emission. Thus , while the VP, 7’S, d
rad iative decay is observed , experimental evidence 1(7’S,jni5,~g,1 ~-(‘PS ,1.

suggests that a more dominant mechanism must be
responsible for the formation of the 735k state at hi gh The requisite condition for this process to be Important
Hg densiti es, is that Hg~ density must atta in at least l0”/cni ’ during

the pulse length . i’,, of the 0. 266-pm radiation. Using
The formation of ‘I’S, states via mechani sms (1)—(4) an estimated molecular formation rate Constan t , 5,,

may be described by a simplified rate equation with re- of about (2— 3) X lO ’ ” cm’/sec molecule and assum ing
apectiv e rate constants: N = 3 . 9 X l O ” c& and (Hg ”l - lO”/cm ’ du ring a l-mJ

of 10”/cm ’ in 5 nsec. The pbotodissoclation ra te. 5,,+ k,) (Kg 1’ + k,[Hg ,’] (Hg ”j + k ,[Hg~~ — ~[7’S,1, 
pulse, we find that Hg~ density may reach on the order

2507 J. *.pØ. Pitys.. Vol. 4B,No. 6, June 1977 H . 1(0mm , i d  R I .  8yer 7507
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may be expressed In terms of the pump intensity I, and Umlting process for the energy storage density In
the pbotodlsaociatlon cross section a. future dimer laser systems.

5, = GI,/Xw,,_,. The authors wish to acknowledge the support provided
by LASt and helpful discussions with 84. Hessel andTb. ‘I’S, formation Is Hg density Limited U k,t,~ 1, D. .held.snd for a l-mj pulse wit h a8 .4x 10 ’cm’beam area

this condition I. satisfied if a?6x10~’ cm’. This value
of a is comparable to the dimer absorption cross sec-
tion obtained at 0. 325 inn , suggesting that the above tR.j . Carbons and M M . l,itvak, J. Appi. Pbys. 32, 2413

(1968).model Is a possible explanatIon for the observed prop - t
~~.M . Hill, D.J. E~~MrOm , D.C. Lorsbts, sad H.H.

erties of the 0 546-pin emIssion. Evidently a correct ~i~~,no Appi. Pt,ys. Lett. 23, 373 (197:1),
model for th. formation of the ’I’S, sta te requires a fur- ‘R .E. DruUia(s r , N .M . Hessel, and E . W , Smith , N~ 1. Bur .
ther understanding of the kinetics of the highly excited Stand. (U.S. Monogr. 143 (1975).
dimer. near the dissociation limit of the ‘o; state. ~~~~~~~ York sad R .J .  Carbons , 3rd Sumner CoIloq . on

Electro nic Transit ion Lase rs , Aspen , Cob .  1976
in conclusion we have observed superflu orescent Iunpubliab.d) .

emission In atomic mercu ry due to dissociation of Hg, ‘1~~ . Soblis, S.D . Guenther , and R .D. R~~~e, Appi. Pity..
Lett . 22. 393 (1976) .pumped by 0. 266-pm radiation. The measured Intensity •~ Wallsnsteln , Opt. Commun . 18, 2 (1976); IXth 1,85Th.-

and density dependence suggest that two pumping mech- tional Qua,8um Electronics Conference , abstract
anisins are involved: direct absorption of two pump (unpublished) ,
photons by Hg, followed by rapid dissociation , and TR. I . Herb at , H . Komine, and H . L. Dyer , Ots. Cornmun.
absorption of pump photons followed by dimer-dimer So be published).
interactions and radiative excitations leading to molec- ‘P.J . Hay, T. H. ~~innIng. Jr. , and LC. Raffenett l . J.

Chem. Pitys. 65, 2679 (1976).ular dissociation and the formation of mercury atoms i~ Mrozowski . Z, Phya. 104, 228 (1937).
in the 7’S, level. The observed superfluorescent energy ‘ p, Jean, N. Mar tin , J , P , Bar est . snd J .L. Co)a n . C. R.
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dimer-dimer collisions are an Important process In “o. Bochkova , S. Frt sh , and Yu. Toimsehee, Opt. Commun .
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APPENDIX C

POLARIZATION PROPERTIES OF TWO PHOTON TRANSITIONS

1. INTRODUCTION

In two photon processes the transition rate is a func-

tion of the intensity and the polarizat ion of the two electro-

magnetic fields . In calculating the gain for stimulated two—

photon emission and anti—Stokes Raman scattering, detailed

information on the polarizat ion dependence is necessary to

analyze the effect of more than one intermediate state. A

general treatment of nonlinear atomic susceptibilities using

irreducible spherical tensor techniques by Yuratich and

Hanna 56 provides means of studying the polarization proper-

ties . In this appendix the polarization properties of two

photon transitions are derived using a similar approach .

The nonlinear susceptibility and the transition

ra te W~
2
~ for two photon processes are obtained from per-

turbation calculations. In the electric dipole approximation

the interaction hamiltonlan is given by 36

-p

~
‘
int 

= — ‘~i • (E
1 

+ E2 + E.~) (C.l)

_ _ _ _  



where the electric fields are given by

~ (~~,t) = -
~~

-- 
~ E e 1

~~~~~~~ i
t) + c .c.

2

(C.2)

For two photon transtions between states a> 
~a

JaMa>

and b) !YbJbMb > with an energy difference 
~~
‘ba the reso-

nance conditions are w1 +w 2 Wba for two—photon emission

(TPE) and W
3~~~~W

1 
Wba for anti-Stokes Raman scattering (ASRS).

The perturbation calculations36 yield the following formulas

for and ~~~~ for the b> ~ a> transition .

TPE TPE
xl = x 2

Nb
_ N

a 1 
~~ ~~~~~~~~~~~~~~~

~~ L (U
~
i l+W2-Wba)+i F/2 I

(C.3a)

ASRS ASRS *
x3 = x1

E ~ Ict 1 3 l
— 

Nb
_ N

a 1 Mb Ma 
‘

~~ E (W3
_W

l
_W
ba)+ iI’/2 J

(C.3b )
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where Nb and Na are the population densities , ~~ 
= 2

~b~ 
1

is the degeneracy of Ib >  , and I’ is the two photon tran-

sition linewidth (FWBM).

TPE P/2 1E11 2 IE 2 1 2 
~~~~~~ v” 2

Wba _ I 
2 2 2 ~~

~~~1~~2~~ba~ 
+ (P/2) 8 ~i ~~ 

Mb Ma

(C.4a)

r12 
jIE 3

l
2
~E1l

2 

~~
(W 3

_W
l_%a) + ( F / 2 )  8 h ~~ 

Mb Ma

(C.4b)

[<aI lkXk1e~~~ lb ) <aj~~~ t kXkle~ •i~ Ib>

~1,2 =Ei— +

k L ~~~kb~~ l~ 
h(
~ kb~~2

)

(C.5a)

<al~~~ t l kX k l e 1~~~ ¶ b >  
+ 
<a~~1~~ 

kXkl~~~
.t b>

k ~
(W kb~~1

) h(wk b 3 )

(C.5b )
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Since two photon transitions are second order precesses ,

a summation over intermediate states 1k> l -~~J~M~> appears

in Eqs.(C.5a and 5b). The expression in Eq.(C.5b) is the

well known electric dipole form of the Raman scattering p0—

larizability.57 The corresponding term for two-photon emis-

sion has a similar form . These quantities contain the fre-

quency dependence , the matrix elements , and the polarization

properties of the two photon processes.

When the quantum numbers of a particulai atomic or mole-

cular system are specified the two photon transition formulas

may be reduced to a more specific and useful form for appli-

cations. In particular the angular momentum quantum numbers

yield explicit information on the polarization dependence of

the matrix elements in Eqs.(C.5a and 5b). In atomic systems

the total angular momentum J and the spatial component M

are the essential quantities . In molecules the relevant

quantities are the symmetry properties and the rotational

and electronic angular momentum quantum numbers.

2. WIGNER—ECKART THEOREM AND IRREDUCIBLE TENSOR OPERATORS

The mathemat ical formalism for analyzing the polariza-

tion depenclen - ’ of the matrix elements in Eqs.(C.5a and 5b)

is the Wigner—Eck irt theorem and the irreducible tensor

operator algebra .39’56 The theorem is useful in computing

the matrix element of a tensor operator as a product of
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a “reduced matrix element” and a factor that contains the

geometrical property of the operator and the angular momentum

quantum numbers.

The Wigner—Eckart theorem states that the matrix element

of the q—th component of an irreducible spherical tensor op-

erator of rank k , ~~~~ , is given by the following relation :58

/ J k J’
<y J M fT ~1Y ’J’M’> = (_1)J.~ M ç —M q M ’

X (y  J T~
’
~~ f f ~ ‘J’>

(C.6)

where y represents all other relevant quantum numbers.

The spherical tensor components satisfy the following

commutation relations with the angular momentum operator

components.

[~ 0 
T~~

’
)] = q ~~~~

(k) k(k+1)-q(q+1) (k)T q I = - 

2 
Tq~ 1 (C.7b )

T~~~~] 
= + 

[k(k+l)-q(q-1)] 
~~~~ (C.7c)
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The adjoint of the operator components satisfies

I 
T~~~

J
~ = (~ 1)

q I T (
~) J

The factor in Eq. (C.6) containing six quantum numbers

is the Wigner 3j symbol which represents the geometrical

properties of the matrix element . Some of the properties of

the 3j symbol includes 1) the triangle rule for (J,K ,J’ ),

ii) —M + q + M’ = 0 , iii) invariance under even permutations

of the columns , and iv) a possible sign change by (_1)J4~~
.J

under odd permutations of the co]umns or under a sign reversal

of the bottom row. The numerical value of the 3j  symbols

can be computed from formulas or obtained from tables .
59

The 3j symbol is also related to the Clebsh—Gordan

coefficient

(i
i ~2 

33~~ 
= 

j1-j2-m 3 (j1m1 j2 m2 fj 1 j2 j3 -m3)

m1 m2 m3/ j
(C.9)

The double bar matrix element in Eq. (C.6) is the reduced

matrix element which contains the physical parameters of the

operator . Further reduction of the reduced matrix element may

be obtained by specifying the coupling scheme of the angular

momentum . In many atomic systems the Russell—Sanders coupling
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-p
of the total orbital angular momentum L and the total

electron spin ~ to yield the total angular momentum

= + is a good approximation . However , intercombina-

tion transitions (~ S ~ 0) play an important role in heavier

elements , and the intermediate coupling scheme must be used .

Thus, a more accurate and practical method of computing the

reduced matrix element in general is to evaluate it directly

from experimental parameters . This computational method is

discussed in Appendix D.

3. POLARIZATION PROPERTIES

The application of the Wigner—Eckart theorem in the two

photon transition formulas first requires the definition of

the tensor operator components. In the electric dipole approx—
± -~ -p

imat ion the operator is ~i = —e r , and the components are jj

Since ~ is a vector operator the rank is k = 1

= T~
1
~ , (C.lOa)

and the spherical tensor components are

~q
=
~~

•
~~q

= ~~~~ (C.lOb )

where 
~q 

is the unit vector defined by

= — + ie ]  (C.lla)

eo = (C.llb)

= + 

) 

— (C.llc)
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The unit vectors in the spherical tensor notation

describe the circular polarizations , c,~ and

when the propagation direction Is along the z axis. This

allows a direct application of the Wigner-Eckart theorem for

treating the case of two circularly polarized collinear light

beams .

The treatment of the cartesian polarization vectors,

however , requires a linear combination of the spherical tensor

components. For a light beam propagating along the y-axis

the two allowed components are and . From Eqs.(C.lla ,

lib and lic), the cartesian unit vectors are

= (e 1 — 

~+i~ 
(C.12a)

= -1. + (C.12b)

= 

~o (C.12c)

The electric dipole operator components are now expressed as

= ~~~~ (C.13a)

~~~
• e

x 
= ~~~~~~~ (T

(
~~
) 

- T~~~ ) (C.13b )
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The substitut ion of the operator components from Eq.(C.lOb)

and Eqs.(C.13a and 13b) into the Wigner-Eckart theorem yields

explicit polarization dependence of the matrix elements in

Eqs.(C.5a and 5b). For circularly polarized beams the matrix

elements are

(y J M f p ~1 fy ’J’M’> = ( 1)J~M <1 ~~~~f I ~ I f ~ ’J ’> ( 
J 1 

J V )
- 

-M ±1 M’

(C.14)

In the case of linearly polarized light ,

<~ J M l p
~

fy ’J’M’) = ( ~)J M
(1 J i f  lIi ’J’> ( 

J 1 Jt )

-M 0 M’

(C.15a )

(‘i’ J M I p I Y ’J’M’> (l)
J_M

<Y JIH IIy ’J ’>

1 J 1 J’ J 1 J’

-M --1 M’ - M+ 1 M’

(C. 1 5b)

The matrix elements of = may be computed similarly

using Eq.(C.8) or the relat ion

<‘r J M Ip~~Iy ’J’M’> = <y ’J’M’ I P q IY J M >* (C.16)
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The matrix elements in Eq.(C.14) and Eqs.(C.15a and l5b)

determine the polarization properties of the two photon tran-

sitions. The substitution of the matrix elements into Eqs.

(C.5a and 5b) is straightforward and leads to the following

formulas for various polarization cases.

Circular polarization

J +J -M -M
2 = (—1) a b a b

~~~ 
R
k{(M 

-
~2 

Mk) :~ ~~~ 
(-~:-~ ~

X-
~~ 
:2

h(wkb+wl) h(wkb
+w2)

(C.17a)

where Mb 
— Ma = q1 + q2 with q1 

= ±1 and q2 = ±1.

J +J -M -)
= (—1) a b a

f~~a 
1 

~k\/~~b 
1 

~k\ f~~a 
1 

~k\/~~b 
1

x Rk 
I(çMa

_
~3 M~/

)
~ç

M~~
_
~ 1 M

k) ~c
Ma q1 M

k)~
_M
b 

q3 Mk

ti(wkb~
wl) h

~~kb
’
~~3
)

(C.17b )
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where Mb — Ma 
= q3 

— q1 with q1 = ±1 and q3 = ±1.

Rk is the product of reduced matrix elements given by

Rk 
= 

~~~ ~a
H 1~ U ’r~ JkXYb ~~~ ~ ~‘~‘k Jk>

(C. 17c)

Linear polarization

For parallel polarization vectors 
~2

= 
~3

= 
~~ 

gives

J +J -M -a1 2 = (—1) a b a

x R ( ‘~‘a 1 
~k\( ~b 

1 
~k

’

\ 
1 

+ 
1

k 
k \_Ma 0 Mk/\_Mb 0 Mk/ Wkb~~ 1

) 
~~~kb

’
~~2~

(C.18a)
and

a1,3 
= (_l)Ja b Ma_Mb

~~~ 
R
k{(a: ~~~~~~)ç~~~~~ 

~ 

+ 

h(w

’

+w )]}

(C.18b )

where Ma = Mb = Mk.



_ _ _  — —-,.,~~~~~~~~ 
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~~
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~~~~ 

-

~~~

For perpendicular polarization vectors e1= £z E2
_ Ex

and C3= c give

a1 2 = (_l)Ja+Jb
_M
a_Mb (C.19a)

I
R / ~b 

1 
~k\ / ~a 

1 
~k \ / ~a 1

x 
~~ k-Mb 0 M k)  ~-M -l Mk )  ~\

_M
a 1 Mk

?i(wkb+wl)

( ~a 
1 

~k\ ( ~b 1 
~k\ - ( ~b 1

\_Ma 0 Mk/ ~cMb — 1 M
kJ \‘Mb 1 Mk

+

h(wkb+w2)

and

a1 3  = (_l)Ja~~b
_M
a
_M
b (C.19b )

R f ~b 1 
~k\ / ~a 

1 ‘
~k\ / ‘~a ~

~~~ 

~ -M~ 0 Mk) k_ Ma ~~ 
Mk )  k_ Ma 1

f i ( w kb .A~1
)

(~~a 
1 

~k\ f~~b 
1 

~k\ (~~b 
1

\_Ma 0 
~k )  \-~ b -1 M

kJ \_Mb 1 M k
+

W kh~~ 3 )
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The expressions in Eqs.(C.17), (C.18), and (C.19) are

calculated for given values of Mb and Ma~ The resulting sum

is squared and summed over all possible values of Mb and Ma
in order to obtain and ~~~~ . In performing the

summat ion over Mb and Ma some algebraic simplification can

be made due to the properties of the 3j symbols. For the

circular polarization case once q1 and q2 are specified ,

the restriction on Mk, Ma~ 
and Mb reduces the summations to

just one term for each value of Mb. In the parallel polar-

ization case the summation over Ma and Mk is particularly

simple since Ma = Mb = Mk . The summation over Ma and

in the perpendicular polarization case also leads to a more

concise expression after some algebraic manipulation . The

following formulas summarize the linear polarization cases.

Linear polarization

S (—1)~~ S 
2

~~~~~~~~~~~~ 
= Rk [ Wkb +Wl) 

+ h ( w kb +w;) I

(C.20a)

S (-1)~~ S 
2

~~~~ 
l cz~ 3 1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

R
k[ - ) 

+ 

h( +

Mb M Mb ‘
~k ~k 

t
~kb ~~ 

wkb ~3

(C.20b)
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where p 0 and p = -1 describe the parallel and perpen-

dicular polarization cases , respect ively. S~ and S~~ are

the 3j symbol factors given by

/ J  i. 1
s = 

b k~ j a

0 Mb/\—Mb
_p p Mb/

(C.20c)

s = ( ~b 
1 

~k
’\( ~a 1

“p Mb+P/’cMb
_P 0

(C.20d )

= <Y aJa M ~ kJk><1bJb U ~ I’~~k~k
> 

*

(C.20e)

In summary the polarization properties of the two photon

transitions can be analyzed by applying the Wigrier-Eckart

theorem to the electric dipole matrix elements. The 3j symbols

yield the relationship between the polarization vectors and

the angular momentum quantum numbers. Equations (C.17) through

(C.20) are particularly useful when only a few ,intermediate

states contribute significantly in Eqs.(C.5a and Sb). For

example , if the reduced matrix elements are known , the inter-

ference behavior of can be analyzed for the various

44 60,61polarization conditions.
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APPENDIX D

REDUCED MATRIX ELEME NT , SPONTANEOU S EMI SSION RATE
AND OSC ILLATOR STRENGTH IN TWO PHOTON TRAN SITION S

The numerical computation of the nonlinear susceptibil-

ity and the transition rate for stimu lated TPE and ASRS

requires a knowledge of the energy levels and the electric

dipole matrix elements of all intermediate states that connect

the initial and the final states . In principle the necessary

quantities may be calculated quantum mechanically using

approximate wave functions. For hydrogenic systems 2° and

alkali atoms 62,63 such calculat ions are feasible. However ,

in practice , spectroscopic data and the experimental transition

strengths provide a limited amount of the required information

in many—electron atomic systems . This appendix describes

useful relationships between the empirical quantities and the

matrix elements and some methods of determining the relative

signs of the products of reduced matrix elements , Rk , that

appear in Eqs.(C.20a, 20b , 2Oc , 20d and 20e) of Appendix C.

In one photon transitions electric dipole matrix element

determines the spontaneous emission rate. A , which is given by

31 / 4 o
A(1J -” y ’J’) = ( .

~ 
< ‘yjff ~ f(y ’J’) (D.1)

2J+1 \3t~.c
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where u~ is the transition frequency in radian—sec~~

The reduced matrix element of ~ is also related to the

oscillator strength f according to

f (1J±y ’J’) = 
1 (2mw

~~ J (yjll
± fl~~ jt>~

2 (D.2)
2J+1 \3he /

Eq. (D.2) may be expressed in terms of other physical

constants of atomic scale to give a simple formula for the

square of the reduced matrix element .

= (2J+1) f(~ J±y ’J’) (eao)
2
(_) (D.3)

where e is the electron charge , a0 is the Bohr radius ,

R is the Rydberg constant (109737 cm’
~~), and ~ is the

transition frequency in cm~~ . Since strongly allowed

transitions have f values on the order of unity, Eq. (D.3)

gives a reasonable estimate for the magnitude of the reduced

matrix element when accurate data are not available.

The empirical parameters A and f determine only the

magnitude of the reduced matrix element . The sign information

cannot be obtained from one photon transition , since the reduced
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matrix element always appears as a squared quantity. However ,

the sign of the reduced matrix element may be obtained theo-

retically for atomic systems in which the radial integrals

can be computed numerically with reasonable accuracy .62

Therefore , the combination of empirical parameters and approx-

imate theoretical calculations provide one method of obtaining

both the sign and the magnitude of the reduced matrix element.

For atomic systems in which the radial integrals are not

available an analysis of the perturbed wave functions in the

intermediate coupling scheme provides another semi-empirical

technique for determining the relative signs of reduced matrix

element products , Rk , in Eqs.(C.20a, 20b , and 20c) . The

analysis is based on the relationship between Rk and the

mixing coefficients of the perturbed wave functions.

The angular momentum coupling scheme most often used to

label atomic states is the Russel—Saunders case in which the

total angular momentum is formed by a vector sum of the total

orbital and the total spin angular momenta. This L—S

coupling scheme is a good approximat ion when the electrostatic

interaction among the electrons dominates over the spin-orbit

interaction . However , in many atoms the spin—orbit interaction

is a significant perturbation ,and the perturbed states SU M >
1

must be described by a linear combination of the L—S

basis functions IS ’L’JM > .”

f S L J M > 1 cc I S L J M >  + CS,L, fS ’L’JM > (D.4)
S’L’
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where the mixing coefficients are given by

SU M>
CS,L, = — - 

spin—orbit (D.5)
(& —

& and &‘ are the unperturbed energies .

The formulas in Eqs. (D.4 and D.5) may be applied to

a specific electron configuration using the tables of the

spin—orbit interaction matrix elements 1’ and the spectro—

scopic data for the perturbed energy levels. For example ,

a two—electron system with s9.~ configurat ion has the

following perturbed states which are symbolically represented

in the 2S + 
~LJ notation .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (D.6a)

t~~~ 

3L~> = a I 1L ~~M >  
- B I OL ~~M > (D.6b)

J y  = f 1L ~~±1M ) (D.6c)

where L = ~ . , and y represents other relevant quantum numbers.
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The mixing coefficients are given by 11

(D.7a)

a2 
+ ~2 = 1 ( D . 7 b )

where ~ is the spin-orbit interaction parameter determined

from spectroscopic data , and &3 
- is the energy difference

between the triplet and the singlet states due to electro-

static interaction .

Using Eqs.(D.6a, 6b , and Ge) the reduced matrix elements

in the intermediate coupling scheme can be expressed in terms

of the L—S coupling basis functions.

<y ‘L~ II~~I f i ’ 1L~~> = aa ’(yO U J ff ~~~f fi ’OL ’J ’>

(D.8a)

+~~~~‘~~ y l U J J l  ~ I I i ’ 1L ’ J ’>

(~~~ ~UJ ff ~ f f y ’ 3L~ , > = a ’B (y lU ff ~ f f y ’ 1L ’J’>
( D .8b)

<y 3L~~l f~~ If y ’ 3L~ , > = a a ’(y 1 U J f j 
~ 

J y ’ 1 L’J’>
(D.8c)

+~~~ ‘ (yOUJ ff ~~~f f y ’OL’J ’>
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Equat ion (D.8b) is significant in that the non—vanishing

values of the reduced matrix element give rise to inter-

combinat ion (i~S ~ 0) transitions.

The reduced matrix element in the L-S coup.~ing

scheme may be simplified further using the following relation 16.

S U J I f  T~~’~ y ’ S ’ L ’J ’)

= (1)J +L+ S+ 1

L J S
x < y U f f  ~~~~ fy ’L’)

J’ L’ 1 (D.9)

where the factor with the braces is the Wigner 6j symbol.

Thus , the reduced matrix element for t he  8=0 and S 1

cases are proportional to a common factor as sh wn by the

followin g relations.

(y 0 L J ff ~~f f y ’o L’J’> = eL J ,L’J’ <~~~ 
L~f~~fjy ‘L’>

(D.lOa)
and

<y 1 UJ j f~~ff y ’1 L’J’> = TL J ~~~~V J ? < ~~ L l1 ~~f l v ’L ’>

(D.lOb )
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The parameters a and ‘r are defined by

L L+1 0

°LJ ,L’J’ = (1)L+U ~~~~~~~~~~~~~~~

L’+l L’ 1

X
~~ J U+1 ~J’ ,U’+l (D.lla)

T L J , L ’J ’  = (1)L+ J’ J ( 2 J + i ) ( 2 J’ + l )  

t ~ ~
(D. lib)

The numerical value of a and i can be computed by evaluating

the 6j symbols using the tables .
59

The product of reduced matrix elements , Rk , in the inter-

mediate coupling scheme can now be expressed in terms of the L—S

coupling matrix elements using Eqs. (D.8a,8b and 8c) and

Eqs. (D.lOa and lOb). The following formulas give Rk for

various transitions.

= 0 transitions

For singlet transitions between 1U~ and ~~~~ , the

formulas are

<y  ‘U~l I~ fly ’ 1L~~,)<y ” ‘Us, j f~~f f y~ 
1L~~,>~

= A ( c x a ’ aUJ L’J’ 
+ 

~ 
B’ TU J L ,J,) (D.12a)

x ( ~ 
‘ a °L’’ J’’ , U’ ~ 

+ ~~ ‘ 
~ ‘ T U ’’ , J’’ , L ‘ ‘
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and

1 -p 3 1 -~ 3 *(y L~ l fT 1 I! Y ’ L,~,><y ” L~ , , ff p ff y ’ L,~1.,>

A (a ’
~~

TUJ ,L,J,
_
~~

’aa UJL ,J , )

x ( ‘°“‘ 
~
‘ L’’J’’,U’J’ 

— 
~-‘ L’’J’’,L’J’

(D.12b)
where

A ( yL Ij ~~f f y ? Lt > (y ~~L I ? j f ~~j f y t L t ) * (D.12c )

The formulas for triplet transitions between 3L~ and

~~~ are

3 -p 3 3 -p 3 *
<y L~ f I~~ f f~~’ L,~,><y ” U~, , f l p l f y ’ L,~1., >

= A ( a a ’ T U J U , J , +
~~~

e ’ cU J L , J , )

x ( ci. ’ a ”T U , ,J , ,  
, L ’ ~ ‘ 

+ ~ ~~~~~~~~~~~ , L ‘

(D. 13a)
and

3 ~
.- 1 3 -p 1 *<y L,~ f f p If y ’ L~~, )< y ” L~~, , f f p ff y ’ L3 .I>

= A ”  °‘ —LJ ,U’J’ LJ ,U’J’

X ~‘ ~~~~~~~ —
‘ I’ ~~~~ , L ‘ J ‘ ~

‘ ~~~~~~ ~~~~ J
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AS = 1 transitions

For intercombination transitions between 3L~ and

The products of the reduced matrix elements are

given by

<y  ~~i~~~~J i~~~~~~~y
’ 

3L~~,Xy ” 1L~~, , f f ~~~( j y ’ 3U~~, > *

= A (ci.  a ’TLJ L’J ’ 
+ 
~~~

OLJ

‘ ~‘ U’’J’’ , L ‘ J ‘ 
— 

~“ L’’J’’ , U J

(D.14a)

and

(y 3L~~f f ~~~I l i ’ 1L~~,>( y ” 1L~~, , f f ~~~f j y ’ lL~~, >*

= A ’ct~~’’rL J , U ’J ’  ~~~ LJ ,U’J’

x (a ’a”aL,,J,, L’J’ 
+ 
~ ~

“ T U , ,J , ,  ,L’J’

(D.14b )

Therefore , according to Eqs.(D.12a , 12b and 12c),

Eqs. (D.13a and l3b), and Eqs. (D.l4a and l4b) the relative

signs of the products of reduced matrix element for each

intermediate state having the same configuration may be

determined in terms of the mixing coefficients and the

numerical factors a and T defined in Eqs . (D.lla and llb).

Since states having the same configuration generally have
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nearly the same energies , the above analysis is suitable

for treating the near—resonance Raman scattering in the

intermediate coupling scheme .

The effect of the sign of the reduced matrix element

does not appear in one photon or linear optical process.

However , nonlinear optical effects depend on the sign of the

matrix element products according to Eqs. (C.5a and 5b). Thus,

nonlinear optical processes may be used to experimentally

determine the relative sign of the matrix element products.

One such method was demonstrated by Vriens and Adriaansz44

using depolarization measurement of Raman scattering intensity

as a function of frequency. The technique is based on a

comparison between the experimentally measured depolarization

ratio and the calculated values for Raman scattering near two

intermediate states. Since Raman intensity depends on the

polarization of the scattered light and the interference

between the two intermediate states , the calculation can yield

two different depolarization ratios corresponding to constructive

and destructive interference cases.

The depolarization ratios are calculated using Eqs.(C.20a ,

20b , 2Oc , 2Od and 20e) and the known values of the magnitude

of the reduced matrix elements for each of the two possible

relative signs of the reduced matrix element products , Rk
Since the amount of interference depends on the frequency de-

tuning from the intermediate states the calculated ratios also

- 140 - 
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depend on the incident field frequency. Therefore, a

comparison of the experimental values and the calculated

ratios at various frequencies determines the proper choice

of the relative sign of Rk -
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APPENDIX E

Proposed atomic mercur y anti -Stokes frequency converter
H. Ko~Thne and A. L Byer
Mkrowai ’e L.aboeulo’y. W. W. iSsues Lsbonswfles qf ?~ ,icx Sian/ed UeivnmSly~ Ssaraford,
Calffrnlii 94303
(lcciov.d 20 Match 1975; in flnal form 9 June 1975)

*ipe~~ose to use popu lation sieved in the rad iatively Irapp cd 6’P atomic mercu ry resonant level
ot fte quency conversion by an ,nti’Stokes or two.phot on procaw. Inver sion ii with respect to

the lower-lying 6’P~ 1 ~ levels which are j, sumed empty ioilowing selective quenching ~r rapid convenion to
the mercury diner. Photos con nenion gains of 2 5  x lO~~ cm/MW for l.06.~uvs and L i x  10 ’ cm/MW for
l0L~ jam input wavelengths with nwrcsponding 0.4157- sod 0.91 16-ja m output wavelengths are calculated
at a 101’.cm -‘  invervos, density.

PA(~ .umbera~ 32.10 K. 42.SO L

Recent requirements for high-energy laser sources effectively metastable. In add it ion , the higher-tying
and frequency convers ion of existing h igh -energy laser s merc u ry levels with theIr re latively strong singlet -
to sho rter wavelengths for appl ication to laser fusion triple t Int ercomb inat ion transitions provide resonant
has led to reconsideration of the two-photon la ser first enhancement of the suscep t ibI lity, leadIng to significant-
propossd by Soro kln and Bras lau. t In its Ideal form the iy improved anti -Stoke s and two-photon gai ns .
two-photon laser stores energy In a meta stab le level Figure 1 shows a simplIfied energy level diagram for
without auperfl uore gcence lImiting untIl Induced to emit atomic mercury . For the present case , we assume thatby an Inten se input trigger pulse. inversion den sities tie 6 ’P ~ level is inve rted with respect to the 63 P~, 1,0of greater than loss cm ’ a re needed to obtai n adequate levelS, Pos.lble method s for obta ining the required In-
energy storage and 1 ’ - for the two-photon scatter in g ver sion are dIscussed later.proce ss. To avoid sup enul uor escence at the high inver-
lion densities , an energy level scheme must be found If we let i and V denote the Init ial ( ‘P ’)  and fInal (‘Pa)
that precludes any single-photon transition out of the levele of mercury and let I~ and !~ be th e Input intensity
Inve rted Level . Unfortunately, the high inversion den- and the output &nti -Stokes or two -photon Intens ity, then
sity and level scheme requIrements have not yet allowed the equations governing the generated intensities are
the two-photon laser to be achieved in the labo ratory.

dI~/dz = a
The atomic iodine system with inversion produced by

d15/ d z = 8 11 515. (1)
pliotodissoclation on the spi n orbit split 5.~P~,1 -52 P ,,2
(1.315 M m) ground-state transition has been suggested where the positive sign app lies to the two-photon process
as a candidate for two -photon conver sion . 2 Unfortunate - where to 1, = to 5 + to2 .  and the negative sign describes the
ly, the inversion dens ity is limited to approximately an ti-Stokes case where ~~~ + = to,. The gain coeffi-
3X101’ cns ’ by supe r fluo r escence which leads to a low d ents related by their frequenc y ratio t~/S~= w 5 /u~ are
saturation intensity and anti -Stokes gain , The lack of given by
nearly atomic levels to resonantly enhanc e the third -
order susceptibIlity also limits the gain in the iodine (.v)
system. Neverthe less, Carmen and Lowderm ilk t have IOI IZAT 1ON P OTENTIA L
demonstrated e’-5 gai n I n iodine using a visible dye 6(~Os)~~Ul,5~)

wa ve,
laser to probe the anti-Stoke. up-sh ifted 1.06-Mm pump 

(I .

An Investigation of the Periodic Table for atomic sys-
tems with metastab le levels that allow energy storage ~

‘ S(’ i’)
‘Iand two-photon processes showed that there are very afew candidates. Of those investigated , a numbe r such 2 a,.

as TI are similar to Iodine with split ground-state

ment of no single-p hoton radiative decay from the uppe r

- 

6t3P5

4f55
~

•) 

i
,~

,4l’

leveLs . In such cases inversion must be obtained with ~
respect to the ground state making a high inversion
density difficult to achieve. None of the atomic systems
with hIgher-lying metastable levels met the require -

tw o-photon level.
However , atomic mercury, th ough lacking a truly o

motastabie state above the 6’P~,,, 5 levels does off er the -_
~~ s 1

possib ility of obtaining inversion betwcen the 6’P 1 and Mt*CilSY ( W 5v€LENGTuS IN pm)

~~~~~~ 

levels. The 61P~ level does not decay by single -  f t c, 1,  S~mpflf led encrg r level nc’he me b r  atomic mrr cu rs’
photon decay to the lower-lying 62P 0’~1,, levels. Furth er -  showing the t r an s i t ions  used In forming tb. ’ su,r . ove r m m m c -
more, I t is r a diatively trapp ed with resp ect to the 6’S0 dlat . levels for c’al~-u lst ~ng the ant i -Stok e s and two-phot on gain
ground state at high vapo r densities , thus becoming coefflrlent s ,
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- .

8,, = w~4N IL I ‘/10 ‘c’d it 1,s54w14, (2) AtomIc mercury meets the requirements for a poten -
where AN is the population Inversion density, n~ and n Hal two-photon or an ti -Stokes laser medium It popula-
are indices of refraction, and ~~~~~ is the effective tion Inver sion can be achieved . it is not yet clear
ltnewldth of the two-p hoton levels or the Incident laser whether electrical excitation method s will produc e high
linewidth whichever Is larger. The summati on term ~ 

inversion densitie s. However , radiation trap ptng of the
G~P~ Level and rapid quenching of the ~~~~~~ levels

= I~ M~~ I4~’~ . ia Mai enhance the probability of success.
I ~ l ~~~~~~~ 513 * ~ 5 1 1

Radiation trapping l~ well known and ha. been con -
where the superscripts indicate the di pole component side red in deta i l by Holstein. ~ The trapped lifetime T
projection In the polarization direction of wave (1) or In a cylinder of radius 11 is consider ably increased(2) and the plus and minus signs agai n denote the two- over the entrapped radiative lifetime by the factor h g
photon and anti -Stokes processes, where

Equation (1) shows the two-photon process results in gm (sk ,R) ~~~ ,
gain at both I~ and 1~ while the anti-Stokes process de-
pletes 1, during the conversion to I~. However , the ~, ?_

~fL& ~ (4)
equations describe a simplified interaction in which 2w 4’i ~.
conversion losses to higher-order Stokes and competing where k , is the absorption coefficient on line center , .~‘

two-photon or anti-Stokes processes are neglected , is the ground-state population density, g5 and ,~~ are the
Similarly, saturation of the inversion is also not in- level degener acies, and i ,  and ~, are the natural and
ciuded. Limitations due to competing processes and pressure -bro adened linew t dth s.
saturation have been recently consider ed . 3 He re we
assume that one process dominates and leads to dep le- The absorption coefficient increases with pressure
Hon of the input wave or the popu lation inver sion before until the pressure-broadened ilnewldth equals the
signifIcant losses occur via other channels. This siiua- Doi �er width. For the 65 P1 -6’50(l850 M resonant
Hon applies to stimulated Raman scatterIng and has t ransition in mercury, the density at which this occurs
been considered for that case. For stimulated Raman is near 2xlO ~ cm~’ at 300 - C. At this density k, 1 . 8
scattering approxi mately 40% photon conversion eff i - ~10’ and g — 4 .4 ° l O ”. The radiati vely trapped lifetime
ciency is reached before higher-order Stokes generation of the transition is therefore approxim ately 3 ji sec in
becomes Impo rtant. A sImilar photon conversion effi - a 1-em -dia m cylinder. Apparent lifetim es as long as
cienc y should be possible for the two-p hoton and anti - 

20 usec have been observed. ~
Stokes processes. Radiation trapping is also present for the triplet-to-

The anti -Stokes gain factors given by Eq. (2) are singlet 2531-A reso nant line. However , In this case,
Usted in Tabl e I for 1 .06-  and 10 .6 -p m input wave - unlike the 1850-A transit ion , quenc hing by foreig n gas
lengths. The Summation is taken over intermediate molecules such as hy drogen Is very effective in ra pidly
states for which oscillator stren gths i_ tO and ~~~~~~~~~~~~~~ 

reducIng the triplet level population. Based on mea-
are known, For the 1.06-pm input, close-lying inter- cured quench ing cross sections , ~~~ 1 Torr of hyd rogen
mediate levels for the anti-Stoke , case provide aign ifi - in 100 Torr of mercury vap or leads to triplet level
cant gai n Improvement. The two-photon gat ti (or both quenching In approximately 10 ’ sec . which is 30 t imes
1.06- and 10.6-p m inputs i~ sligh tly less than the shorter than the rad iat ive l y trapped 61P i lifetime. Fur -
10.8-p m anti -Stokes ga in owing to the lack of resonant thermore , H 2 has a significantly smaller cross sectIon
Intermediate states between the 6t p and 63P~ ~~ levels, for quenching the 6iP 1 level compared to the 63P 5 levei ii

The calculated unsaturated gains assume a 101’ -cm~~ 
and H 2 does not coll is lon all y induce a 6’P 5 -to- 6 3P 5

Inversion density and a linewidth determined by prea - int ersystem transition. ~ Thus selective que nching may
sure broadening of the 6iP 1 resonance level. ~‘ These enabl e population inversion to be achiev ed Iii the after -
gains are more than adequate for efficient single-pass glow of a mercury discharge. Additional processes such
anti-Stokes conver sion at intensities of less than 10’ as the formation of Hg5 dimer molecule , from the trip-
W/cm2 which Is well below gas breakd ow n inte nsity let levels may also proceed rapidly enough at higher
li mits for even l.atm of total mercur y vapor pre ssure. pressures to reduce the triplet level population. Based

on the measured rate constant 2° for the production of

TABLC 1. Ant i-St olw . and two-ph oton ga tna In atomic me rcury for I .  en- and 10. 0-ji m inpu t wave lengths.

Anti-Stok es R aman Two-photon emisSI on
Initia l StAte I is  .6 5 P,’ Initial sta te ~ 6t P,~A, (Incident ) ; A, (scattered) A, (Inc Ident) ; A, ~en emated)

1~ I f s  A, (jim) 6~ (cm/MW) 0~ 0~ (pm) 6, h-rn ‘MW) 6~
0.~i148 — 2 . 0 x 1 O ~ 4 , l ’ I 0 ° 15 , 94 7 .4~~ lO ~ 5 .0 51 0- ’

1.06 jim &P) 0, 4157 — 2 , 5 x l 0~ ~~~~~~~~ 1,902  .‘l , 5 s l 0~ 2 . O x l 0 ~0. 3873 ~~3 . 5 i 1 O  1 . 1  xl O •2 1 , 42.1 7 .8~~10-’ 5. R s ) O ~
•3~~. 0. 9116 .-8 . ’T Xl O~ ) . 0K1 0’~ 1 . 101 7 .2  ~l0~ 7.0~~l0-~10 , 1 pm 6’P1’ 0. 6410 —5 .4 nb ”1 9. 2 ~b 0~ 0 . 7292 4 . 3 510” 6.2~~ l0-~63Pg 0. 5755 — 1 . 4  ~10” 2 , 6 v I O ~ 0.9460 LI  51 0” ) . S a ) O ”
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Hg,’ front Hg (3fP~) of b = 3 . 4 * 1 .  7~ 1O” cm’ moI~ sec”5 ed back from the target due to nonlinea r frequenc y con -
the formation rate of Hg, is 3. 4x10’ see” at N= 10” versIon and to amplifIer saturation.
cm ”’. Thus at pressures above 100 Tort depopulation
of the tri plet Le vets by th mer fo r mation Ia rapid enough The authors wish to acknowledge help ful disCussions

with S. E. Harris and the suppo rt of Stanford Centerto ensure inveriion . for Materials Research.

Electrical excitation of mercury has been the subject
of theoretical studies. 3i~~Z3 ~~~~~~~~~~~~~~~~~ has calculated
excitation rates to the singlet and tripLet levels from ‘P.P. Sorokin and N . B r aslau , IBM J. Rca. Develop . 9, 5??

(1964).previously measured electron scattering cross sections 2 A .V.  VIflOgIs.d and F A , Yukon , JETP t.ett . 16. 447 (1972 ) .for mercury using a comprehensive model. Binary cx- ‘J R  Murr ay,  C R  R hodes , and It . L. Carme n , Pape r No.
citation rates to the 6’P1 and 65P,,, ,3 levels are appro xi - 0. 9 , Viii Inte rnationa l Quantu m E lectronic, Conference ,
mately jØ .iS and 10” cm ’/sec at an E/N of j 0•~~ V cm 2 . 1974, San Fra nc i sco , Ca li f .  kinpub liih ed).
Excitati on to higher-lying atomic levels is negligible. 11. L. Ca rmen and W i t . t.~wd ermi Ik . in Re t . 3 , Pa pe r No.

H . 6 .These excitation rates lead to high fractional excitation ~D v~~ der Linde , M M a t e r , and W . Kaiser ~ Par s .  Rev .of the mercury electronic levels for E/N in the range 
~~~ ~~ a 9651.

3~ 10.iS _10.ia cm’. Furthermore, at E/N near hO’~ •C .H.  Cor ltss and W . R .  Berman , rxp,nmessal Truasittea
VCm 3 the fractIonal ioni zation is small such that d c c -  PvoMbUUi s for Speclrai Liaes of SevesSy £lemeids, NBS
tron -electron collisions are not impo rtant and thermali- Mosograpti 53 (IJ. S . Government Print Ing Off ice , Washington ,
zation of the medium is avoided. D.C . ,  1962).

‘A . Lerlo, Ph~s. Rev . 140 , AiriOS (1965).

‘R .J. Ande r son, C T .  P . 1.. , and C .C . t.in , Phy s. Rev.Although population Invers ion In mercury by etect ri - 157. 31 (1967).
c$.l excitation has not been demonstrated experimentally , ‘S. E .Fris ch and A N .  Klucha ryov , Opt . Spectros. 22 , 92
the two-photon and anti-Stokes gains calculated in this (1967) .
paper can be measured . One approach is to use two- ~P . J ean , M . M A rtin , J . P . Bar rat , and J .  L . Colas , C. R .

photon absorpt ion at the 6iS0 _t o_ 7 iS, tr ansition to pope - Acid , Sci . B 214. 1709 (1967).
“ M.C . Ri geon , J . Phys . (Parts ) 26 , 51 (1967).late the 7’S, level which subsequently decays to the ‘1 Y.  t.~~ 1usc , 3. P-’hv s. (P ar i r )  29 , 672 (1967).

lower 6’P 1 level creating the required population inver- UW . R H lnd ma r sh and J.  M . Fa rr , in Progress us Quasi joe
sion with respect to the 63P0,~,2 level s. A second ap - Elscfrdaics , b it . ed . ,  edIted by J . H. Sanders and S .
ps’oSch ls to use resonance excitation at 25.17 A to popu - Ststiho)m (Pe rgamon , New Yor k , 1972 ) , Vol . 2 , Part 3 .
late the 6’1’,,~ levels and measure the cross section to ‘T. Holstein , Pity, . R ev . 63 , 1159 ( 1951).

15J .A . Aubrecht , n. M . Wh itc omb , R . A . A nderson , and R . C.the 65P, level by Raman scattering on the noninverted 
~~~~~ ,~ ~~~ ‘ . Am . 55, 596 (1968).

population density. “A .C.C. Mit che ll an d M . W . 7.emanaky, Resooew’e Ra diation
and £xcUed Atom s (Cambridge U . P. ,  Cambridge , England ,

In summary we have show n that atomic mercury has 19n).
hi gh two-photon and anti-Stokes gain coefficients for “j.~~~. Ca lvert and .1.N . PItt , , Pkotoctsemistry (Wiley, New
Inversion between the 61P5 and 63P,,1,, levels. At met- ‘i’ork , 1967).

1 A . Grtrizo ’w , M . Z . HnC(tnart , and N .M . Lichen , J . P h v i .cury densities of io~’ cm ’5 or greater electrical excita - C lient . 73, 4259 (1969) .
tion of the rad iatIvely trapped 6’P , level followed by ‘I V . Madhave n , N . N . L ich te n , and M . Z . Hoffman , .1. Pity,,
rapid quenching of the 63P,,~,, levels by hyd rogen or Hg~’ Chant, 77 , 875 (1973) .
fo rmation may provide a possible method to obtain the 7 A .C. [add , C C .  Free ma n . M . J. M cFw~in , R .F . C .

requIred population inversion without the superf luore s- Ctarldge , and L . F . Phi l l ip s , J. Client . Soc . Faradas Tran s .
fl 69, 849 (1973).ceisce Li mit cha ra cter istic of single-photon amp lif iers .  21 J .C. McCon nell and B. L. Mo ts eiv it se b , .T . Pity ,. ( 11. 406Finally, anti-Stokes amplifiers may be advantageous in (1968) .

Laser tuøion applications by providing, in addition to 12 S .D . Roclcwood , Pitys . Rev .  A 8, 234 8 (59 72).
fr equency up-conversion , i solation fro m waves reflect -  “S.D . Rockwood , J . AppI . Ph ys. 45 , 5229 (1974).
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