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ABSTRACT

This dissertation presents experimental studies on the
energy storage characteristics of excited metastable species
and theoretical analysis of optical energy extraction schemes
based on stimulated two photon transitions.

Metastable states of atoms and moleculés have recently
received attention as optical energy storage media for poten-
tial high power laser applications. The 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 particular, colli-
sional deactivation of excited metastable species by mutual
two-body quenching and by molecular formation are discussed
in relation to storage limitations. The measured quenching
rate constant in the mercury dimer system suggests a maximum
storage density on the order of 1017 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 amplifier 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 experimental
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 1

INTRODUCTION

This dissertation presents experimental studies on the
energy storage characteristics of excited metastable species
and theoretical analysis of optical energy extréction 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. The 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}

The energy storage characteristics of metastable systems !
at high population inversion densities of interest depend on
two decay processes. They are stimulated radiative decay
by ampiified spontaneous emission, or superfluorescence,
and non-radiative loss mechanisms. Chapter II 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?

In particular colli-
sional deactivation of excited metastable species by mutual
two-body quenching and by molecular formation are analyzed.

.




The optical extraction of stored energy normally uses
a laser transition at a frequency within the gain bandwidth
of the inverted medium. An alternative to this approach
involves stimulated two photon transitions when such transi-
tions are permitted.

The concept of a two-photon laser was first introduced
by Sorokin and Braslau3 in 1964, and by Prokhorov in 1965.4
Several years later Letokhov5 also proposed amplification
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 fusionﬁ
Chapter III presents the elements of the theory of two photon
amplification 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-
photon emission and anti-Stokes Raman scattering.e’8

Chapter V summarizes the findings of this work. The

implications of storage limitations and the prospects of

demonstrating a two-photon laser are discussed.
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CHAPTER 1II

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
iodine 1aser9’10 which operates on the 2P - 2P tran-

1/2 3/2

sition 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 ng 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

AT =0, %21 ; J=0+«J"'=0
AM = 0 , #1
Parity change (2.1a)

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 . (2.1b)

Radiative transitions between states that do not satisfy
the selection rules generally have many orders of magnitude
smaller transition probabilities. Such transitions in fluo-
rescence spectra are historically called '"forbidden lines”.12
When the forﬁidden lines constitute the only radiative decay
channels an exéited 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 coupling

TN




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
AL = *1 rules magnetic dipole transitions obey Eqs.(2.1a) and
(2.1b). However, electric quadrupole transitions are governed

by different restrictions on .1:11

Ad =0, £, 22 ; J+J"' > 2 (2.2)
In contrast the general selection rules for two photon tran-

sitions in the electric dipole approximation are given by

A = O , %1 , 3
AM = @  £1 .. %2
No parity change (2.3%)

Additional selection rules in the L-S coupling scheme are

AL
and AS

o
o ©
14+
oy
+
N

(2.3b)

In heavier elements a small departure from the L-S
coupling due to spin-orbit interaction allows AS#0 inter-
system (intercombination) transitions. 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 T and the electronic angular momentum J. Meta-

stable states that decay due to hyperfine perturbation may

violate the J=0 <+> J'=0 selection rule of Eq.(2.1a)




since the selection rules in the (IJFMF) coupling scheme

are given by

AF = 0, #1 ; F=0 <+« F'=0
and AMF= g9 ., %23 . (2.4)
The 2656 A 3P8 - 180 transition in the odd isotopes of
mercury atoms is an example of electric dipole decay via
13

hyperfine interaction and spin-orbit interaction.

2 Diatomic Molecules

The metastable states of diatomic molecules arise from
the similar restrictions that prevent the radiative decay of
metastable atoms. However, since molecules have more degrees
of freedom, metastable states are characterized by a larger
set of quantum numbers.14

In the Born-Oppenheimer approximation, the molecular
states are specified by the electronic, vibrational, and
rotational wave functions with the corresponding quantum
numbers. The angular momentum of the electronic state is

defined as the component of the angular momentum vector along

the internuclear axis. The orbital component of I is defined

by A = !MLI , and the spin component of S is given by = Mg.

The total electronic angular momentum, Q , is defined by
the absolute value of the sum of A and % . This (A , S)
coupling is similar to the Russell-Saunders case in that the

interaction between the orbital and the spin components is




assumed to be small. In analogy with the atomic nomenclature

the molecular states are denoted by 28+1 AQ

When spin-orbit interaction is large A and ¥ are no
longer well defined, and only  retains its meaning.14
Such angular momentum states are denoted only by Q following
Mulliken.15

The symmetry properties of a molecule leads to additional
labels for each electronic wave function. For example, for
the special case of the I states the electronic wave function
is labeled Z+ if the phase does not change under the reflec-
tion of the coordinates of all electrons about a plane con-
taining the internuclear axis; if a phase change occurs the
electronic wave function is labeled % . Similarly, for
electronic states described only by @ the Q=0 states have
ot and 0  1abels.

In homonuclear molecules the inversion symmetry of the
electronic wave function about the midpoint 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 invariant 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




- 14
are given by
A =0, +t1

and J=0+«J' =0 (2.5)
where J refers to the total angular momentum. For homo-

nuclear molecules the additional symmetry selection rules {3

are given by

g0, g4 g;usau (2.6)
In the (A , S) coupling scheme the electric dipole |
|
selection rules are supplemented by 14
NAT= 0 |
AS = 0 , |
BG =0 =1

=0+ 9'=0 for AT =0 ,
and SETE SERE S Sl e 8 (2.7)

As in the atomic case metastable molecular states do

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

et e e R Y e T —

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

that enable radiative decay. Metastable molecular states

that decay by a higher order electromagnetic interaction
within the (A , S) coupling scheme involve magnetic dipole
and electric quadrupole transitions. The magnetic dipole

transitions are governed by g

Ad =G . 2L
J=0+ J'" =0,
and g« g,u<«ru, g+« u. (2.8)
where the symmetry selection rules apply to homonuclear

molecules.




The electric quadrupole transitions have the same
symmetry rules as Eq. (2.8) , but different restrictions

apply to the quantum number J:

040 , 244 , 140 (2.9)

When only Q@ is defined, the selection rules for the

allowed transitions are given by

and & + ¥ 3

G ex@ , Tax® 0L (2.10)
The lowest excited states of diatomic mercury, ng , are
examples of molecular states defined by Q .12 The 335 nm-
band emission of ng (1u * O;) derives its transition
moment from the atomic Hg(3P1 - 1SO) 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 ng

C. ENERGY STORAGE LIFETIME AND CAPACITY

i Introduction

Energy storage for high power laser applications requires
high densities of metastable states. The lifetime of meta-

stable states depends not only on the intrinsic radiative




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 states
and examines population inversion density limitations
imposed by stimulated one photon emission aund 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 aredistinguished by an important selection rule on
parity as illustrated in Fig. 1. In Fig. la the spontaneous
electric dipole transition rate from state |y J) to [y' 3D

is given by 16

1

4 wg o 2
Sk b Gefrregmrgs ronn l(xJH uglly'an




PARITY p=——g— p
ha,
B v
(EI) T‘“’o
AS#0 :
(M1) T,wo(EZ) (TPE)
sz
oS, S i) } {
(a) (b)

Fig. 1 -- Radiative decay of metastable states:
(a) Intercombination electric dipole (E1)
transition with a change in parity;
(b) magnetic dipole (M1), electric
quadrupole (E2), and two-photon emission
(TPE) transitions with no parity change.

o« 1% =




where w_ is the transition frequency in radians-sec” -

The reduced matrix element of determines the strength

=
Yg

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

7 12

about 2 x 102 for mercury to 6 x 10 ° for magnesium.

8

Since allowed transition rates are of the order of 10  to

109 sec—l, the intercombination decay rates are approximately

L for Hg and 2 x 102 sec”! for Mg. The large

107 sec
variation in the intercombination 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.13’17 However, the effect is
generally very small, and only in certain cases calculations
yield transition rates approaching those of spin-orbit
induced intercombination transitions.
In case (b) of Fig. 1 higher order electromagnetic
interactions are responsbile for radiative decay. The

important one photon multipole transitions are magnetic

dipole (M1) and electric quadrupole (E2) interactions. The

w 35 s
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transition rate formulas are given as follows:
3
1 4w
' ] ] | 2
A(YI»Y'd")y, = ( 03)’(YJ” Hylly '3
2J+1 \3he
(2.13)
and
ik e -+
Py *-= UB(L +2S)/ h (2.14)
where ¥ is the Bohr magneton.
1 4wg 5
ALY+ 20" )y, = 5) E ](YJ m|Qyly'J'm")
2J+1 \15h¢c q,m,m'
(2.15)

where the q-th component of the electric quadrupole

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

q, = —e\/isl ) rf Yy, (6 #)) (2.16)
i

A comparison of Egs.(2.11), (2.13), and (2.15) shows

that the relative transition rates are roughly given by

< . Sia - 2
AEJ. : AMl : A132 2 iR (uB/eao) t(ag /)

LR 1T)

where ag is the Bohr radius, and ) is the wavelength.
8 -3

Thus, the relative lifetimes are abou* 100" + 10 : 1 sec.
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Metastable states that cannot radiate by one photon
multipole interaction may decay by a simultaneous emission

of two photons with energies hwl and hw The restric-

2
tion on the photon energies is that the sum must be equal

to the transition energy as indicated in Fig. 1b. Thus,
spontaneous emission is characterized by a continuum spectra

from near-zero frequency to w The mechanism for this

18

0
radiative process was first analyzed by Goeppert-Mayer

as a second-order perturbation on the transition rate. In
the electric dipole approximation, exp(ikr) =1 , the two-

photon emission rate from |[b) to |a) is given by 16

L B b Le R DAL 2 VA |
ba 2 3.2 1,2 ‘
2% (L™) (&%+1) Mb m
a
(2.18a)
where
* 5 + ¥
N l(uz)ak(ul)kb : (ul)ak(uz)kb]
1,2
£ L e, e, Bwyy, +wg)
(2.18b)
{ and
g, = 5(wo - By - wz) (2.18c)
In Eq.(2.18a) ny and n, are the photon occupation numbers
for wy and Wy respectively, and L3 is the quantization

o Tl -
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volume. The matrix elements in Eq.(2.18b) are the usual

~ %
electric dipole matrix elements of JE *€, E

1S

.i. A
My where €g

the polarization of the photon at wy -
The spontaneous two-photon emission rate, ATPE, is
obtained by multiplying Wéi)(n1=n2=(n by the density of

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

2
quencies and angles.

PR (2)
Aba fwba p(wl) p(wz) dw1 dw2 dQl sz (2.19a)

where 9

( L )
piw,) = 21—
L 2m c

Breit and Teller 8 evaluated the integral and the summation

[\JI NEN

(2.19b)

in Eq.(2.18b) for the metastable 2S states of hydrogen and
obtained a rate of between 6.5 and 8.7 sec_l. Shapiro and

Breit improved and extended the calculation to the 2S states

of hydrogenic atoms?o For small values of the nuclear proton

PE 6 -1

number, Z, they obtained AT = (8.226 + 0.001) Z~ sec

21 treated the metastable 2 1S state of helium

0
and obtained ATPE = 51.8 sec“1 and the two-photon emission

Dalgarno

spectral distribution.

Spontaneous two-photon emission has been detected in

22

He+(228) by Lipeles et. al., and the two-photon emission

spectrum of Ne IX (2 1S) has been observed by Elton et. al.23

- 15 -




If ny >> 1 or n, >> 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

628 - 428 transition by Yatsiv, Rokni, and Barak.24 En-
hanced two-photon emission in the mercury ESBPO - 6180
transition has been reported by Fornaca et. a1.25 In both

cases a high power laser provided the source of intense

radiation for creating ny >

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 |a) to |b) . However,

ny >> 1 and n2 >> 1 lead

to stimulated two-photon emission with optical gain at both

in an inverted metastable system

and Wo The optical gain at the TPE frequencies is the

b |

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 -



effect 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

the unsaturated case.26

dI(z)

= yI(z) -al(z) + ny (2.20)
dz

where Y 1is the gain per unit length, and a is the loss
per unit length. The parameter n 1is 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 I(z).

T(ay = fgoy TR S [e”‘a)z - 1]
(y-2a)

(2.21)

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

R T




Since I(Q) = Q for amplification of spontaneous emission,

Eq. (2.21) reduces to

ny
I(z) = [e”'a)z = 1] (2.22)

This intensity growth is called superfluorescence.

The parameter n for a gain medium of length £ and
a cross-sectional area of w2 may be calculated as follows.
In a cross-sectional slab of thickness &Z spontaneously
emitted power, &P , due to &N number of excited species

is given by

P

SN hvA
SN hv/t

spont (2.23)

where is the spontaneous emission lifetime. Since

tspont
*
8N is equal to the excited state density, n , times

w26 Z ,the intensity of radiation through the slab is

§I

5P /w>
n*hvAdZ (2.24)

A fraction of the emitted radiation that can be amplified by
the full length of the gain medium is (8Q/4m) , where 6Q

is the solid angle which is approximately equal to (w/k)2 a

- X




Therefore, the intensity growth due to spontaneous emission

in one direction is given by

2 *
1 /w n hvaA
ny 2 —\l— _ (2.25)
@ 2 47
Hence,
1 (w2 n*tva
n 82— _ (2.26)
8 L Y

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

for intensities less than the saturation intensity, Isat’

where Isat is defined 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 ISat is given by
hv
I = (2.27)
sat &k

where o 1is the stimulated emission cross-section, and 1

is the upper level lifetime.

If amplified spontaneous emission intensity reaches
Isat . 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
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and limits a controlled mode of operation to a certain
inversion density and dimensions.

The inversion density at which superfluorescence
reaches saturation can be estimated by equating Eq. (2.22)

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

yields
*
no £ 2 t t
exp [(y-a)e]- 1| = 4an(—| Skt
Y~-a w T
(2.28)
The unsaturated gain Yy , may be expressed as a product of

o and the inversion density An , and thus for a relatively
lossless (a << y) gain medium with An < n* the above

expression simplifies to

exp(oAn %)

R
S
=
—
| =
T —
t
]
(@]
=
ct

(2.29)

Eq. (2.29) assumes that exp(y%) is much larger than 1.

This is a good approximation since Y2 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*) .

> 0 =




A typical gain medium consisting of metastable states

might have the following dimensions and lifetimes:

2 ~ 100 cm
\ ~ 1 cm
-3
tspont ~ i@ sec
T . 1078 sec
(2.30)
These values yield
20
exp(oAnf) -~ e (2.31)
or
oAnf = 20 (2.31b)

which is a commonly used superfluorescence saturation

condition. Because superfluorescence gain is exponential

in oAnf%, Eq. (2.31b) 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

cAnpl ¢ Inlo) {(2.32)

o P




where

oAn (2.33)

Thus, for example, if a/oAn = 0.9 , oAnf becomes 200.
This indicates that the superfluorescence saturation
condition can be increased substantially by reducing the

net gain.

In order to evaluate the inversion density limit imposed

by superfluorescence saturation an estimate for o is

essential. The numerical value of ¢ may be obtained

experimentally or calculated from a formula given by "
A cz
F(y) = g(v)
B (2.34)

For a homogeneously broadened transition the spectral line-
shape factor, g(v) , is a normalized Lorentzian function

defined by

4(v - \’o)2 + (av)? (2.36)
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where the peak value at v = v is (2/m7) times the

0
reciprocal of the spectral width at the half maximum
points, Av . Using Eq. (2.34) and Eq. (2.35) the peak

value of o becomes ]

\o]
on O

4T°VTAV

(2.36)

The stimulated emission cross-section for metastable

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

14 9

Using =6 x 10 Hz and Av = 3 x 10 Hz rough estimates

Yo
of o for two different types of metastable states in Fig. la

and 1b yield the following results. For case (a), A ranges

from 107 to 102 sec‘l, which yields a range of o from

~13 4o 10718 en® . For case (b) A 1is on the order of

103 sec"1 for (M1l) emission and 1 sec"1 for (E2) emission

and the correspondong values of o are 10'17 and 10-20 cmz.

10

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

- 2P3/2 magnetic dipole emission cross-section has a

P1/2
-18 Z 10 <
maximum value of 1.78 x 10 em . Using Eq.(2.31b) the

2

superfluorescence conditon for a 1 meter gain medium gives

An on the order of 1017 cm-3 which is a typically observed

inversion density achieved in a flashlamp pumped photo-

10

dissociation iodine laser. In practice superfluorescence
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can be suppressed by an order of magnitude by reducing the
27

cross-section with line broadening.
An example of a metastabie system belonging to case (a)

of Fig. 1 is the 1u - O; bound-continuum transition of

ng . Recent experiments on the ng metastable system
showed that o _An is 2.5 + 1.3 x 1076 em™! at 335 nm
with a total inversion density of 6 * 3 x 1014 em™3. 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

18 to 1019 em™3 for a 1 meter gain

density at around 10
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 significantly reduce the storage duration

and place a practical 1limit on the energy capacity. This

section examines collisional deactivation mechanisms and
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rates from experimental data in order to derive realistic
energy storage characteristics. This includes several key
findings from a recent experimental analysis of ng 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 % AR €2.37)

The parameter k2 is the two-body reaction rate constant

*
which determines the decay rate of M according to

d
— [M*] = -k, [M*] [X]
dt (2.38)

The rate constant can be expressed as a product of the
effective quenching cross-section, og , and the radiative

collision speed.28
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where R 1is the gas constant (8.3143 x 107 erg-K"l-mole-1

¥s
T 1is the absolute temperature, and m 1is the reduced mass
of the collision partners given in units of grams—mole'l.
m, m
(g * mz)

At T = 300°K typical values of collision speed range from
10% cm-sec™! for heavy diatomic molecules to 10° cm-sec™?!
for light atoms and molecules. Since oé is typically on
the order of molecular dimensions, the rate constnat, k is

2
-12 10 3 -1

on the order of 10 to 10~ cm” -sec . Experimental

values of quenching cross-sections have been measured for
many atomic metastable species in photochemical reactions.

In particular quenching of the metastable Hg(SP atoms

O,l)
by various collision partners has been investigated

28,29

extensively. Some of the representative measured

02

cross-sections for Hg(3P1) are 6 A Por - Hae o 019 22

2
2 and ~40 Xz for unsaturated hydrocarbons.

for N
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

*
K
LT G i (2.41)
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and
2

d *
3 [M*] - k; [M*]

(2.42)

Experiments with optically pumped metastable ng

states showed that the above mechanism is the dominant

* -
decay process at ng densities greater than 1015 cm 3

The reaction is assumed to be
*

X
*
Heg, + Hg; 3 ng** + 2 Hg + AE
(2.43)

(0] 1

%* - ]
The measured rate constant was k2 R 12 G ) B A (0 1 cm3—sec

k with the corresponding cross-section of 02 = (2.9 £ 1.3

x 1013 en? or 25 + 13 X2 . This value is comparable to

the mutual collisional deactivation rate for atomic Hg

metastable states. 30

*
The reaction rate, k2 , can be much smaller than the gas ﬁ
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

2

metastable P state of atomic iodine is an example of

3

this case,and the mutual two-body collisional deactivation

rate can be expected to be smaller than the gas kinetic rate.
| At densities greater than 1017 em™3 three-body
| collisions contribute significantly to metastable decay rate.

The primary mechanism is molecular formation involving

.




metastable species and collision partners in various reac-

tions given by

R r gl = aw

)" + M+ AE (2.44a)
*
i (Mz) + X + AE
*
e SR (2.44b)
L (MX)* + M + AE

*
> (MX) + X + AE
*
M +X+X - (2.44c¢)

*
b (Xy)

The corresponding rate equations are given by

L] = - B [m)? (") (2.45a)
LMY = - b [x]("] (2.45b) ?
Am*] = - kS [x]1% ") (2.45¢) |4

where k is the rate constant which is typically on the

3
i order of 10°% to 10731 cm®-gecl.
The metastable states of atomic and molecular mercury

provide examples of three-body collisions leading to molecular
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formation in the following reactions.31’32
3 *
Hg( PO) + Hg + Hg =+ ng + Hg + AE (2.46a)
* *
ng + Hg + Hg -~ Hg3 + Hg + AE (2.46b)

The dimer formation rate constant has been measured to be

k. = 1.56 x 107 cp®_gec™t. 5

3
Hg (..1019 cm‘3) the three-body collisional decay rate of

7 sec~! which is some five orders

At atmospheric densities of

Hg(SPO) is on the order of 10
of magnitude faster than the measured decay rate at low pres-
sures.

The metastable 2Pé 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
*
Y ee T e X 53 5% % 2.47
* 2 g * i (£.%00)
K

i 1y 214 i (2.47b)
k3

I+ 1+1,» 21, (2.47¢)

32

%* - -
The measured rate constants are k, = 4.3x10 cma—sec 1 and

3
ky = 1.3x1071% x exp(1650/T) cm°-sec™! for the excited atoms.
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For the ground state atoms the molecular recombination rate

constant is given by kg = 1121070 x 452 0 weet.
At T = 300 K, the bimolecular quenching rate constant, kq,
is 3.2;(10_12 cm3-sec_1, and the ground state recombination

30

rate constant is given by kg = 2.7x10"°° cmf_sec™). These

rate constants suggest that the metastable lifetime becomes
sub-microsecond at vapor densities on the order of 1018 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 ng 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 1017 cm_a. In terms of photon energy
in the visible spectrum this density is equivalent to an
optical energy storage capacity of about 50 joules 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.
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9. Scaling
The results of Sections C.3 and C.4 suggest that

energy storage can be increased 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 002 lasers distributed losses due to saturable absorber

provide a net attenuation for small signal levels.33

At high
input intensities absorption saturates, and the medium
attains 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
amplified through the combined system. This unique property
of two photon transitions is an attractive feature for a
large scale system and a motivation for investigating 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 lifetime and capacity are limited by
superfluorescence inversion depletion and non-radiative loss
mechanisms. Both theoretical and experimental studies on
the metastable decay properties indicate a maximum realistic

17 o0 1018 em™3 for vapor systems

inversion density of 10
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 III

TWO PHOTON ENERGY EXTRACTION

A. INTRODUCTION

A recent demand for high power laser systems in laser
fusion studies and photochemical applications 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-

ating high energy laser outputs.s'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-
linear gain.3-6’34’35
The concept of a two photon laser differs from an ordi-
nary laser medium in two respects. First, the two photon
amplification occurs at two frequencies that do not coincide
with the energy difference between the initial and the final
states of the transition. The only restriction is that the
photon energies and the transition energy are conserved.
Second, the transition rates of two photon processes depend

on the product of the field intensities in contrast to a

linear relationship in one photon transitions. Figure 2

- 33 -




shows two photon processes between two levels which are

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

0"
emission (TPE) at hwl and hw2 such that hm1-+hw2 = hwo

holds. The presence of radiation at w, can also generate

1
Raman scattering at Wa- In an inverted medium the tran-
sition energy and the incident photon energy sum to yield
stimulated output at hw3. 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 1
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 polarizations. The nonlinear polarization is gener-

ated by the third-order susceptibility which can be derived
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and two photon energy extraction schemes:
Ordinary one photon laser transition at w,;
stimulated TPE amplification at w, and wg
stimulated ASRS amplification at Wy
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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 population 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 motion 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

TPE signal at Wy ASRS signal at Wq and another

wy o
ASRS signal at Wy due to Wy
tions and other coherent wave mixing processes may occur,

Higher order Raman transi-

but they are neglected here for simplicity. The four fields

are defined by

> 4 )
ﬁl(r,t) s T Ez

Ezexp(ikzz-iwzt) L S A4




e

Fig. 3 -- Two-level system for two photon extraction
analysis.




The oscillation of the two-level syvstem is given by
g 3 3 ;
Q(r,t) = - 4 exp(lkoz-lwot) + C.C. 3.2

where q 1is the oscillation amplitude. The field frequencies

and the wave vectors satisfy the following relations:

k1 T k2 - ko Ak12 (3.32)

-k Ak31 (3.3b)

Ak42 (3.3e)

(3;3d)

where nl is the refractive index of the medium at Wy

The relationship between the electric fields and the

two - level oscillation is established by a differential
36

equation for Q.

32q g B9 ;
+ —_— + ~——2
32 T, ot %

Q= - —5 (1o, 1, )

(3.4)

where Tz is the usual dephasing or transverse relaxation

time, and X is the hamiltonian containing an electric

dipole interaction term, V, as given by
=X +V, V
o
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Evaluating the right-hand side of Eq.(3.4) using Eq.(3.2)

and the slowly varying amplitude approximation yields

aq
o N e

ot T2

q

iu
4 h

> _(——~)[¢ exp(ikoz-iwot) . C.C.

(3.6)

where u represents the relative population difference

between the inverted state

|[b> and the lower state

la) .

The term ¢ contains the interaction of the electric fields

and the two-level system and is given by

E, E,

% eiAklzz

L, 341

s E*EselAk3lz

o

2,4

iAk422
46

(3.7)

where a's are the polarizability tensor components defined

by the following expressions:

i + - N
By )k M kb, 1)ak(Mo)ip %)
1,2 g
kL Py +wy) h(upp * 0g)
- 3 : i
0 5= (M3dax(Mp |, M1)ak M3k o
1,3 .
kL Bug, -oy) h (W * 03)
01 dea Ctg) (i) (i) ]
k =E 4’ak‘*2’kb , ‘M2 ak'Y4’kb (3.8¢)
Sy B (wy, - w,) h(w,, +w,)
kL kb 2 kb 4
where the summation over k denotes a sum over Jk and Mk and

other intermediate state quantum numbers.
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elements in Eqs.(3.8a), (3.8b), and (3.8c) are the usual

A A%k
dipole matrix elements of i - €9 = ¥y and | - :
The time dependence of the population difference is

36

EQE ug
described by

au
1 1
— + —(u - u ) =[=N1u__, 1 (3.9)
3t Ty £ (ih)< op >

where (1/T1) is the longitudinal relaxation rate with which
the population inversion returns to its equilibrium value, ug,
in the absence of the applied fields. Evaluation of the

right-hand side of Eq.(3.9) gives

au -
— Ly - u,) =(—1—)(q*¢ U (3.10)

at 43

1 2h

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

Thé 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

BY(E,t) = = ¢, PNl exp(ik,z - iw,t) + C.C.
(3.11)

The amplitudes for wyq and are given by

Wo
=N B i PR iAk
1 = N|a; 5Eya exp(-iAk,,2) + a; 5E5q exp(idk,,2)

3. 12%)




and
Pl .y B (-iAk T Rt i
Nt a1,2 1 9 exp(- 1zz) a2'4 49 exp(1Ak4zz)
(3.12b)
The ASRS polarization amplitudes are given by
PY e Noa o B qexpl-ilk..z) (3.12¢)
3 : B Star B i 4 31 '
and
P = N E (-iAk,.2Z) (3.12d
4 a2,4 o aexp(-i 427 ; )

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
B
sy A0 AR n? %% 1 gk
e G s et g R s
¢ 5t = o it e c? 3t2
(3513

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'1 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:

E NL

1 9E n, 9E a iw, P
V%E£+-—Q+_&_—‘L+-—‘LE2=—————Q’L
2ik2 9z c At 2 2ngcso

(3.14)

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

transverse Laplacian of the field amplitude. The nonlinear
NL

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

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

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 Egq. |
(3.10) through the nonlinear polarization amplitudes in Egs.
(3.12a) through (3.12d). This system of coupled differential
equations constitutes a general description of the TPE and
ASRS processes considered here. Unfortunately these equations

cannot be solved analytically and require numerical methods 34,35

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 extraction 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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TWO PHOTON AMPLIFICATION

A recent theoretical analysis of Raman scattering in

the transient response regime 37 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, T

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 equations in Eq.(3.10) and Eq.(3.14). Fur-
thermore, if the spatial and temporal characteristics of the
two photon pulse change significantly more slowly than the

amplitude growth, then Eq.(3.14) reduces to the following




equation:
2E, 1 i, "
—_ + — aZE2 R e 1N (3.16)
9z 2 2n,¢cE
2 0
where

!

NuT
NL _ 2 . % * :
P1 < )I 1 2E2¢ exp(—mklzz)— a1’3E3¢ exp(MkBlz)}

4 1ih
(3.17a)
NL NuT2
P2 = 4 1 2 1¢ exp( -~ 1Aklzz)- “2 4 4¢ exp(1Ak z)]
(3.17b)
NuT
NL _ 2
P3 = (——f——) 1 3 1¢ exp(- 1Ak31z) (3.17¢)
41ih
NuT
NE . 2
P4 = ( ; ) a2,4 2¢ exp(- 1Ak4zz) (3.174)
41ih
The population difference equation is now given by
3u u T2|¢|2
—— " (3.18)
3t 4 h

The nonlinear polarization amplitudes in Eqs.(3.17a)
through (3.17d) contain contributions from both stimulated

and coherent mixing effects. For example, Eq.(3.17a)
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gives

NuT
NL _ 2 2 2 2 2
pl _(4ih )[ Ial,zl IE2| El = lal,sl |E3| El

* * % ’
s al’z a2’4 E2 E2 E4 exp[l(Ak42-Ak12) =1

* * :
- a1,3 az,h E2 E3 E4 exp[1(Ak31-Ak42)z] ]

(3.19)
One can also express the nonlinear polarization in terms of

the third-order susceptibility x(3) . In MKS units Eq.(3.19)

becomes

NL TPE 2 ASRS |, (2
Pi” = ey IEglT By +eoxy o |BglT Ey
+ g 9) EX E' E, expl i(Ak,, -Ak,.) z]
0%1,2,2,4 B Bp By a2 ~ 0Ky

(3) X ;
eox1'3’2,4 E2 E3 E4 exp[l(Ak31-Ak42) z]

(3.20)
NuT
el 2 Ha, o (3.21a)
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’ ’ b 4ih eo ’ »

The first two terms in Eq.(3.19) and Eq.(3.20) are independent

of wave vector and represent the stimulated processes. The

latter two terms containing X§3% 2 4 and ng% o 4 coOTTe-

spond to four-wave mixing processes, and they oscillate in
space unless the wave vector mismatch vanishes. Equation
(3.19) also indicates that the stimulated terms can yield

either gain or loss depending on the field amplitudes at Wy

and w3

The nonlinear polarization for the ASRS field at wg

also illustrates the contribution from stimulated and mixing

processes. Eq.(3.17c) gives

NL _ ASRS 2
Pym = eoXg - |Eq|7 Eg
(3) !
* EoXa 1,19 By By Sp explitak,, ~Akg ) %]
(3) * ; -
T Eo%3.1.0.4 % By By PNIAK, - SRyt v
(3.22)
where,
ASRS _ _ASRS *
Y3 = X% . (3.23a)
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and the four-wave mixing susceptibilities are given by

NuT
(3) _( 2) *
X = i (3.23b)
3.1,1,2 by o B
(0]
and
: (3) et (3) *
E X3.1,2,4 X1,3,2,4 (3.23c)

An important aspect of Eq.(3.22) is that the ASRS field at
wg can be generated by wy and Wy through four-wave mixing.

This means that a TPE amplifier can generate and amplify

ASRS signals at w, and w If the ASRS fields are allowed

3 4
to grow at the expense of TPE field amplitudes, the ASRS
process can eventually dominate and terminate TPE amplifica-
tion. For energy extraction such competing processes are
undesirable, since the efficiency depends not on the stored

energy but on the photon flux at w, or

1 by
If the coherent wave mixing processes can be neglected,
then the field equations in Eq.(3.16) can be converted into

intensity growth equations with intensity gain coefficients,

sTPE  ana 6%5RS | The growth of the ASRS fields is given by
a1
3 _ (ASRS
—2 +a 1, =635 1 1, (3.24a)
9z
and
31
4 _ (ASRS
== Al sy (3.24b)
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The intensity equations for wy and Wy are given by

a1
1 _ TPE ASRS
P TR L L TR P ol I R (3.24c)
2z
and
e 8, I .= 4°PE 1 7 gASRS ; (3.24d)
5 2lg= 65 " I I - &, a Iy :

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

w
sng _<Gg)6$pE
1
2 1
=NuwﬂaL2l
5 9 ’ (3.25)
Tnynghe’ ¢ ‘
sASRS =(f;)5Asas 1
1 w 3 |
3 _
2
Nuow,|a, .]
- L 1.3 , (3.26)
I'ngn heZ c2
13
and
sASRS _("2) ASRS
. 2 w44
: 2
| Nuw,|a, ,]
‘ B w2t (3.27)
'n,yn he
274 "o

i In the above definitions the FWHM transition frequency width,

T (radian-second—l), has been substituted for (2/T,).
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The intensity gain coefficients can also be expressed

in terms of the TPE and ASRS cross-sections. The Raman
scattering cross-section at wj due to Wy is defined by
the following formula which includes the degeneracy of the

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

3

By b e D e P
daQ /i, j 2 4 1.3
(4m eo) c 2Jb-+1 Mb Ma

(3.28)

The TPE cross-section can be defined in the same way. A
direct substitution of Eq.(3.28) into Egs.(3.25), (3.26),

and (3.27) yields the desired relations in terms of A£==2w/k2.

TPE 2 Nu do
85 ot Lol (55)1’2 (3.29)
I'hw
1
ASRS _ 2 Bau do 1
5 4% (a—)&l (3.30) |
Fhw3
%’
ASRS 2 Nu do f
85 =4 (a—-)4’2 (3.31)
Fhw4

Since (do/d) is an experimentally measured quantity,

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

TPE ASRS

§ and § . If (do/dQ) 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).




D. ENERGY EXTRACTION

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 nonlinear, 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 absorption,

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 regime.

The intensity equations in the unsaturated TPE case are

ol .
1 TPE
= 61 11 12 (3.32a)
3z
and
I
it - sgPE e R (3.32b)
9z
where 13 = I4 = 0 is assumed initially. The exact solutions
to Egqs.(3.32a) and (3.32b) are
1,(2) (1-0)(1+pet)
= A (3.338)
11(0) (1-pe’)
and
I,(z) (1-0) et
= A (3.33b)
I,(0) (1-pe)
N




A= sgPE 1,(0)z (1-0p) (3.35)

The solutions show that when 12(0) << 11(0) , the intensity

at w, grows exponentially, which agrees with Carman's
result.6

The unsaturated ASRS intensity growth can be solved

similarly using

(3.36b)

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

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

I,(2) (1+t)
1,00)  (1+ge)

I,(2) (1+7)

B (3.37b)
1,(0) (1+ze”)




wq 13(0)

wg 11(0)

B = agSRS 1(0)z (1+¢z) (3.39)

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

3
exponential growth provided that saturation remains negli-
gible.

The analytical solutions for the unsaturated case 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
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solutions 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 amplifijer.

The equations that describe an ideal TPE amplifier are

Bgs.(3.22a) and (3.22b) and

(3.40)

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

following conditions:

(3.41) é

If the field intensities are divided by the respective photon
energy, the equations are transformed into photon flux equa-

tions.

_ = 6x1x211 ; {(3.428)

2 -
— Bxlxztx - (3.42b)




i
|
]
j
;

and

— = fxX.X_.Uu ; (3.42¢)
- 172
where Xy Ii /hwi - The parameters 8 and ¢ are given by
2
20, 0, |a |
6 = 1 2 31'§ (3.43)
I‘nlnzc Eo
and
1
B = §Nc8 (3.44)

Equations (3.42a) and (3.42b) indicate that the photon flux
at wy and W, must grow simultaneously from the initial

values, xi and x° respectively. Mathematically,

2 )

x1 = Xq L S (3.45a.)
X, = x2 + X (3.45b)
2 2 2 i

and

— e (3.45¢)

Equations (83.45c) and (3.42c) can be combined to obtain an

equation for u in terms of x:

u = u(1- § ) (3.46)
(0]
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where uo is the initial value, and A 3 Nuoc is the

maximum photon flux that can be extracted from the medium.
Therefore, (x/xo) in Eq.(3.46) corresponds to the extrac-
tion efficiency. Substituting Eqs.(3.45) and (3.46) into

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

2 ) £ (o {f 8
f 6 dz = *—2--[
0 x, 70 (E‘+r1)(£‘+r2)(1 - &)

(3.47)
where the initial values of photon flux at wq and wy are
normalized to X, according to

x2 x2
P . B
S M R i e T (3.48)
x X
o o

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

between the extraction efficiency and the various parameters:

&t 3
G(1+r)(1+ry) = )ln[l + r-]- (1~ E)

rl--r2 2
1+r
-( z)ln[l +-§—:| (3.49)
T Qg 1
where G = 6 ng 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). Equation (3.49) can also describe

the degenerate TPE case (wl = wz) after a slight mathematical

manipulation. The formula for this special case is given by
E(L+T) 14

2 ¥
G (Lt 1) = — + 4nj— (3.50)
r?(1+ =) 1- ¢

The relations 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 optimize
the performance of the amplifier under certain initial condi-
tions. The performance may be evaluated on the basis of the
extraction efficiency and the amplification factor, .« , which
is defined as the ratio of the output energy to the input
energy at the same frequency. Ideally a near unity extrac-
tion efficiency and a large amplification factor are desirable.

Efficient extraction (¥ < 1) and large amplification

factors for both TPE frequencies require ry << E and

r, A T 5 ry > Ty » Eq.(3.49) simplifies to
1
= (r —r,,)
Eay-pgojdyi 3 (3.51)
9

Thus, efficient extraction requires G >> 1. Conversely,
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if G <1 efficient extraction may not be possible with
large amplification factors.
In another mode of operation TPE extraction uses an

intense '"trigger'" field at wy in order to achieve bdé 2 |

and & <1 . 1In this case r is at least one and possibly

1
much larger. These conditions reduce Eq.(3.49) to

1-exp(-Gr1)
£ = Ty (3.52)
r2-+exp(-Gr1)

The corresponding amplification factor is given by

D (3.53a)
2. T
2
or
1
oLy = (3.53b)
T, + exp(-Grl)

The expressions for £ andtdé suggest that if Gr1 << 1

high extraction efficiencies are not possible with alz e |
because r, << 1 must hold. On the other hand, if Gr1 > X
such that exp(—Grl) S Egiss 1 , then reasonable extraction
efficiencies can be expected. Therefore, the 'trigger"

pulse at wq with Ty >> 1 can operate a TPE amplifier with
G <1 and still achieve high extraction efficiency and ampli-

fication at Figures 4 and 5 illustrate the behavior

o
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Fig. 4 -- Ideal TPE amplifier extraction efficiency vs.

normalized input (trigger) photon flux at wq
for Fg exp(-10).
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Fig. 5 -- Ideal TPE amplifier extraction efficiency vs.

normalized input (trigger) photon flux at w

for ry = exp(=5). 1
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of £ as a function of ry 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
ALE 1 +_f._ (3.54)

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

requires
G = % - fn(1-¢) (3.55)

This implies that G >> 1 1is necessary in order to achieve
a large amplification factor. On the other hand, r >> 1 in

Eq.(3.50) leads to
2
£ 1 - exp(-Gr™) (3.56)

Thus, extraction efficiencies near unity can be achieved with
G << 1 . However, the amplification factor may be very close
to unity, since E << 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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Figure 6 gives a plot of £ as a function of r at various
values of G . The dashed lines indicate the values of .- 1.
For example, if G = 0.1 , r = 1 yields & =~ 0.1 and an

amplification factor of «/= 1.1 . However, if G = 1073

and r = 102 , then the extraction 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 &7 > 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 1is given by

TPE

G = 62 h“ﬁ.xo 2 (3.57)
where
X = iINu_ c (3.58)
o) ° o >
I TPE : : :
n BEq.(3.57) 62 is the unsaturated intensity gain coeffi-

; cient given by Eq.(3.25), and £ 1is the length of the gain
medium. The quantity X, is the maximum photon flux that
can be extracted from the medium, and h(ulxo corresponds

to the intensity of the trigger field at which r

1 1
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Since both GEPE and Xo are proportional to the inversion

density, Nuo , G varies as (Nuo)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 =100cm and
Gng - 10”9 cm/MW at Nu = 10'® em 2 . This value of Gng
is a realistic order of magnitude estimate which is discussed
in more detail in Chapter IV,

The significance of the numerical 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
1017 to 1018 c:m"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 109 W/cm2 with a high extraction

efficiency. For inversion densities in the range of 1016

to 1017 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

g

the trigger intensities with 11(0) >> h(ulxo are available.
Under these conditions the field intensity at Wy may be
amplified to greater than 107 W/cm2 . In the case of a

degenerate TPE amplifier G > 1 1is a necessary condition

for efficient extraction and amplification. Hence, inversion

n it 8

densities in the range of 10 to 101 cm'3 are required.
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IDEAL TPE AMPLIFIER PARAMETERS

%2

(cm/MW)

X
(6]

-9 2
(cm “-sec

1

)

h *
mlxo

(MW/cmz)

* Calculations based on a trigger field wavelength of 2um.




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). However, 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, A12’ 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, A may favor the ASRS

E3"
processes by the near-resonance enhancement. For an ASRS
amplifier this condition is advantageous, but such a level
arrangement may prevent TPE amplification. A possible way
of overcoming the ASRS enhancement is to pick wy such that
destructive interference among the intermediate states
diminishes the ASRS gain.*C

In summary, this chapter briefly reviewed the theory of
two photon energy-extraction from an inverted metastable
system. The coupled differential equations that govern the
growth and evolution of the optical fields and the medium
have been treated in the steady-state regime in order to
describe the optimum pulse lengths. An approximate descrip-

tion of the saturation characteristics of an ideal TPE ampli-

fier was considered for pulse lengths for which T2 << 7T
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Fig. 7 -- Energy level structure for two photon gain
medium: (a) Intermediate states |k)> above
the energy storage state Ib> ; (b) inter-
mediate states | k) below |b> in which radi-

| ative decay from |b> to |k) is allowed.
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and T << T1 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 extraction efficiency and the TPE gain
parameter G . The numerical estimates of G showed that
efficient TPE energy extraction and amplification are possible
with population inversion densities achievable in a vapor
medium consisting of excited metastable species. For inver-
sion densities on the order of 1017 to 1018 cm—3 the calcu-
lations suggested that amplified intensities on the order of
109 W/cm2 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 analytical saturation behavior may provide a helpful

guide for studying more realistic systems in the future.

. 0Y -

q
L |
X




CHAPTER IV

PROSPOSED SYSTEMS AND FEASIBILITY ANALYSIS

A. INTRODUCTION

An atomic 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 permits 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
sufficient vapor pressure in some metal vapor systems. Light
elements tend to form molecules readily. These physical and
chemical properties further reduce the number of potential
candidates to only a few neutral atomic and molecular species.

A potential two photon gain medium selected from the
above considerations is also subject to certain bounds imposed
by the optical properties of the medium as shown in a recent
feasibility analysis by Carman. v 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 illustrates some of the properties of
two proposed atomic systems for potential active media
using two photon extraction schemes. The first system is
an anti-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

] it Population Inversion and Storage Mechanism

The low lying excited states of neutral atomic mercury
are the metastable 63P8,1,2 states and the resonance GIP?
state. The singlet state lies higher than the triplet states
and radiatively couples to the 6180 ground state with a
185 nm resonance line as shown in Fig. 8. The transition
has a near unity oscillator strength and exhibits radiation
imprisonment (trapping) effects even at modest atomic vapor

41 The radiation imprisonment increases the

densities.
apparent radiative lifetime of the resonance state since the

radiation diffuses out from an excited region by a repeated
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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? state.
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process of emission and absorption. According to experi-

ments and a theory developed by Holstein42 an increase in

the radiative decay by several orders of magnitude is not
uncommon for resonance transitions.z8 This radiative property
of the resonance states suggests their natural tendency to

store energy in a volume of excited vapor with an effective

lifetime on the order of microseconds.

The energy stored in the radiatively trapped 61P? state
may lead to population inversion with respect to the triplet
states under certain conditions. Since 61P? and 63P3 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 63P3

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 61P2 and 63P3 only require an intermediate state
which is coupled to both states by an allowed transition and

an intercombination transition. Since intercombination

transitions in mercury are relatively strong, a population
inversion in the 61P§ - 63P3 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 gain calculations.
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2. Two Photon Gain Calculations

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 46

third harmonic generation, and four-
wave mixing processes.47 This section illustrates the use

of computational methods described in Appendices C and D

in calculating the ASRS cross-sections in Hg within the
near-resonance approximaticn.

The energy level structure of mercury as shown in Fig. 8
has two major contributions to the two photon gain from the
7180 and 7 381 states lying above the (Slpi state. Due to
the positions of the intermediate states anti-Stokes Raman
scattering dominates over two-photon emission. In particular

the ASRS cross-section may be expected to increase dramatically

for frequencies close to the 61PC1’ - 7180()\= 1014 nm) and
61P? - 7381 (X =1207 nm) transitions due to the near-reso-

nance enhancement.
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The ASRS cross-section, (do/d), for the (31P? - 63P3
transitions can be calculated from Eq.(3.28). Using the
near~resonance approximation for the two intermediate states

a simplified formula is given by

3 S (-1)P s 2
do Wy W p ~-p
(“’) = E an ¥
d 0/ ASRS 3c ol b Bl = wy)  Blog, +w,)
(4.1)

where the summation over the intermediate states, |k) ,

includes contributions from the ’7381 and the ’718 states.

0
Various parameters in Eq.(4.1) are given by the following
expressions using the abbreviations, [t) and [s) , to repre-
sent the triplet and the singlet intermediate states, respec-
tively. The upper level is denoted by |b) = Hslpi) ; the
lower levels are represented by |a) = |63P3 >, where J is
equal to O, 1, or 2. The reduced matrix element products are

given by

R, = Call i lk><ol] ¥ |k (4.2)

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

S_p , are defined by

(4.3a)

p m




and
1 1 Jk J 1 Jk
S_p = (4.3b)
-m -p mt+p -m-p O m+p
where Js = 0 and Jt = 1 . The intermediate state tran-

sition energies are

9859 cm~ 1 (4.42) |

(=)
&
|
s]
|
o]
I

sb s b
and

A

how 8282 cm (4.4b)

Il
=]
1
=1
I

tb t b

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

1 is close to Wep or Wi

4 » is shifted up by 10027 oo Y Por J = 8,
14657 e~ for ' = 1 . and 16494 an - for J =9 . 'The

the incident frequency, w

The ASRS frequency, w

ASRS cross-sections for the polarized (p=0) and depolarized
(p=-1) cases can be computed by evaluating Eqs.(4.3a) and

(4.3b) with a proper value of p

The numerical values of R can be obtained from experi-

k
48-50

mental data according to a procedure described in Appendix

D. The values of Rk for mercury are listed in Table II, and

the relative signs are determined from the mixing coefficients

of the 6 1P2 y B 3Pf, 6 1D2 ; and © 3D2 states in the inter-

mediate coupling scheme. The following coefficients are used

o -




Table II

THE VALUES OF Rk FOR MERCURY

[a) (k> sign Ry Bow
(eao)z (em™ 1y
6 3p° 6 3D ] 0.2 17265
2 1
7 3s1 s 13.0 8282
6 3’1)2 + 5.3 17327
6 'p, i 4.0 17264
b5 o 1
6 °pJ 6's, 4 1.2 ~54069
1
78, z 2.4 9859
6 31)1 " 0.6 17267
3
e + 8.9 8282
3
6, + 7.8 17327
6 11)2 % 6.5 17264
6 3p° 63D . 0.7 17267
0 1
! 7 331 + 5.6 8282
|

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

619>, = al6 9> ¢ + 816 3P9> (4.52)
16°p9>; = «l63p9) ¢ - Bl6 P> o (4.5b)
o = 0.9849 , B = -0.1732 (4.5¢)
l6'D,>, = a'l6’D,> o + 816 °Dy> g (4.6a)
(6 B3, = 8T D . - 816 'Dy> (4.6b)
a' = 0.8067 , B8' = 0.5909 (4.6¢)

The ASRS cross-sections obtained from Eq.(4.1) 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/dQ) for the polarized (]|)
and depolarized (1) 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 (do/dQ) 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-

: =L .
ference from the resonance is greater than 50 cm in

|
|
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these graphs, since smaller detuning must be properly
described by resonance Raman and resonance fluorescence
phenomena. However, it is interesting to note that both

Fig. 9 and Fig. 11 show no enhancement from the ’718 state.

0
This behavior is due to the angular momentum restrictions
even though the incident photon has an absorption resonance
at the transition frequency.

The polarization dependence of (do/dQ) also reveals
interesting results in Fig. 9 and Fig. 10. 1In Fig. 9 the
Raman transition is only permitted for the depolarized case.
The polarized case leads to (do/dQ) = 0 identically. This
arises from the property of the 3j symbol factors in Eq.
(4.3). Figure 10 shows the behavior of (do/d?) 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.(4.1) occurs.
This behavior also results from the 3j symbol factors.

The ASRS cross-sections for 1.064 uym and 10.6 um
input wavelengths are summarized in Table III. The calcu-
lations for the 10.6 um case include additional contribu-
tions from the 6 180 g O 1D2 y 8 3D2. and 6 3D1 states, but
these terms are found to be small compared to the value
obtained from the near-resonance approximation using Eq.(4.1).
As expected the ASRS cross-sections at 10.6 uym are on the

order of 10°2° opm? compared to 10°2% cm® at 1.064 um.
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Table III

(do/dQ)ASRS AT 1.064 ym AND 10.6 um

FOR Hg (61p° = 6°p°)
1 J
Ay la) Aq (do/dQ) ygpg Polari-
9 zation
(um) (um) (em™)
1.064 6 °pJ 0.5148 1.6 x 10722 I
6 °p° 0.4157 1.6 % 20 I
6 °pQ 0.3873 1.3 x 10°%° i
10.6 6 °p) 0.9116 1.4 x 10728 I
espi 0.6410 3.4 x 10728 I
3.0 29
6 °p? 0.5758 4.5 x 10 L
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system can be calculated from Eq.(3.28) employing the same

The cross-sections for TPE in the Hg (6 1P -63P3)

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 ym input wavelength.

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

typical values for the TPE process in atomic systems are on

the order of 10"29 to 10728 o

3. Experimental Requirements 1

The calculated curves of (do/dQ) suggest that the ASRS
gain enhancement is favorable for input wavelengths near 1 um.
From Table III the value of (do/d2) at 1.064 uym is equal

to 4.6 x 10_25 cm2 for the polarized case. Using Eqs.(3.26)

and (3.30) the above cross-section yields an unsaturated

3

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

linewidth is 0.1 cm™! and the inversion density is 1016 em3,
Thus an input intensity of 100 MW/cm2 at 1.064 ym yields

an exponential gain of e9 in a 10 cm 1length at the ASRS i
wavelength of 0.4157 ym . 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

- PG =




Table 1V

(do/dQ)TPE AT 1.064 ym AND 10.6 um
1 o 3.0
f: FOR Hg (6 P1 = 6 PJ)

Ay |ad X, (do/dD)qpg Polari-
2 zation
(um) (um) (em®)
1.064 | 6°p3 15.94 2.0 x 10”31 I
6 °p? 1.902 7.1 x 1072° I
‘ 6 3p2 1.423 2.3 x 10731 1
10.6 | 6709 1.101 5.8 x 10722 I
6 °p¢ 0.7202 | 1.7 x 10728 I
6 °pQ 0.6460 | 1.5 x 1072° 1




et ik

Table V

TWO PHOTON GAIN COEFFICIENTS* AT 1.064 ym AND 10.6 um

FOR Hg (6'P9 = 6°p9)

X la) sor gy Polari-
zation
(um) (cm/MW) (cm/MW)
1.064 6 °p9 4.8 x 10732 5.8 x 1070 I
6 °p% 9.0 x 1073 2.9 x 107° I
6 °p? 2.2 x 1073 5.3 x 1075 1
10.6 6 °p) 1.3 x 1074 8.0 x 107 I
6 °p9 1.6 x 1074 1.0 x 1074 I
6 °pd 1.7 x 1072 6.9 x 10~ 1
*Evaluated with Nu = 10'® om™® and r.= 0.1 em™?
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in the mercury system involves optical pumping of the ground

state atoms to the ‘7180 state by two-photon absorption
followed by a radiative decay to the 61P({ 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 10—20 cm2 at an
input intensity of 1 MW/cm2 assuming a linewidth of 0.1 cm”
If the ground state density is 1017 cm"3 , 50 percent ab-
sorption in a 1 meter 1length cell requires an intensity of
3.7 MW/cm2 . In order to achieve an inversion density of
1016 cm'3 using a pump beam area of 10-2 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 intensities
may cause other nonlinear effects and reduce the TPA pumping
efficiency.

The TPA optical pumping method is not an energy effi-
cient 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 ultraviolet laser output presents a major
experimental problem. A high power dye laser system with

second harmonic generation may provide a solution in the

future.
- B8 w
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C. ATOMIC IODINE TPE AND ASRS AMPLIFIER

1. Iodine System

Carman6 has investigated two photon energy extraction
schemes using the metastable state of atomic iodine. The

8

system was proposed by Vinogradov and Yukov based on a

population inversion obtained between the 2P1/2 meta-

stable level and the 2P3/2 ground state. Carman and

Lowdermilk 53 have reported an observation of an anti-
Stokes Raman gain in a flashlamp pumped active medium using
an intense input beam of 1.064 um 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 analysis, the
non-resonant character of the iodine system leads to two
different modes of operation for optimum performance. One
mode of operation is ASRS wusing a 'trigger'" photon energy

1).

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 operation the trigger
photon energy is exactly equal to one half of the two-photon
fransition energy. Under this condition stimulated TPE

dominates and the intensity growth is singular until saturation

sets in. Since energy extraction by TPE is only limited by
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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 difficult experimentally. 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 1027 to 10%® ca™® in
order to achieve significant signal amplification. The non-
degenerate TPE amplification removes this experimental dif-
ficulty by amplifying a small injected signal at the comple-
mentary TPE frequency using an intense trigger field at wyg -
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 iodine presents
theoretical difficulties in calculating the non-resonant two
photon gain coefficients due to a lack of knowledge of the

relevant matrix elements. However, one can obtain rough

o B -




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 Egs.(C.20a) through
(C.20e) in Appendix C.

The strongly coupled intermediate states are assumed to

2 2

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

1/2
em™! above the metastable 2P2/2 state. For input photon
energies much smaller than 50,000 cm-1 the frequency de-
pendence of the polarizability components in Egs.(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-sections:

do TPE wlwg 1 1 2 2
T - 3 4 = |Rk| (4.7)
dQl,Z 16 h" ¢ w+w1 w+w2

and
do\*SBS 4 W3 1 S o
o ~ 7 + IRkI (4.8)
d91,3 16 h" ¢ W =Wy w+w3

where

I“‘kl2 = I<2p§/2llﬁll 2p1/2>I2 |<2p2/2” il 21)1/2>|2
(4.9)
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The quantity w in Eqs.(4.7) and (4.8) is the mean transi-
tion frequency between the intermediate states and the
2P$/2 state. In deriving Eqs. (4.7), (4.8) and (4.9) the
2 2 E

P1/2 and P3/2 intermediate

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

contributions from the

In TPE the frequency dependence can be simplified

further since wy << w and wo << W
"’1“’2 2
=1 ‘baxapnl (4.10)

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

expression for the photon flux gain coefficient given by

2

B = wyw R (4 .11)
172 r hz wz c2 k

Equation (4.11) shows that the photon flux gain coefficient

peaks at the degenerate frequency Wy, = wy = wo/z . Por
non-degenerate (w1 # wz) cases B 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 (do/dQ) in Eq. (4.8) gives
a relationship between the reduced matrix element product
|2

term le and the experimentally measurable scattering
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cross-section. Therefore, accurate estimates of (do/dQ)
may be obtained once lelz is determined from Eq.(4.10)
using experimentally measured values of (do/d2) at certain
frequencies. Unfortunately, such data are not available in
the literature at the present time.

An alternative 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

9

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

gives the relationship:

> 2 2 5
IKydllull y' 3" 5% = (23 +1) £(yJ>v'J") (ea ) (T)
(4.12)
where R is the Rydberg constant, and Vv is the transition
frequency in cm—1 . For strongly coupled transitions the
oscillator strengths are on the order of unity. This approx-

imation yields the maximum value of |Rk(2

IR = 35(ea )" (4.13)

|2
k 'max

The numerical computations of the ASRS and TPE cross-sections
and the gain coefficients based on Eq.(4.13) are only rough
estimates, 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/d?) and & at various wavelengths. The intensity

v P1 -
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Table VI
2.0 2.0
ICP) pa P3/2)

(do/d) AND INTENSITY GAIN COEFFICIENT 6*

Anti-Stokes Raman Scattering (ASRS)

Al(unl) A3(un1) (do/dQ) 63(cm/MW)
(cmz)

10.6 1.17 2.9 x 10°3° 4,5 x 10°°

2.63 0.877 2.9 x 10729 6.3 x 10

1.91 0.778 5.9 x 1022 7.2 x 10°8

1.064 0.588 2.6 x 10728 1.0 x 10~°

0.532 0.379 56 % 1020 2.0 x 10™°

0.355 0.279 1.5 x 1028 4.4 x 1079

0.266 0.221 1.0 x 10°2° 1.4 x 1074

Two-Photon Emission (TPE)

Al (um) Az(unx) (do/dQ) Gz(cm/MW)
(cmz)

10.6 1.50 1.6 x 10~ 4.1 x 10°°

2.60 2.66 1.8 x 107 2.4 x 108

1.91 4.24 3.9 x 10”31 1.4 x 1079

*Calculated with W, - 1016 om™3 and T = 0.1 cm_1
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gain coefficients are based on Nu_ = 107° cw™® and

r = 0.1 cm-l. A comparison of the TPE cross-sections in

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

two ordérs 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 is 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-iodoheptaflucropropane
(n—C3F7I) molecules. The fourth harmonic of a Nd:YAG ! ser
system provided the photolysis radiation at 266 nm which
is near the peak of the n—C3F7I 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-C,F.I . The cell was ;

X E
irradiated with a loosely focussed beam of 266 nm radiation

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




w
C3F7+I* '
WA~ -———I*(zP,‘/’z)
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o
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(a) (b)

CsF7l

Fig. 13 -- Photolytic production of population inversion
in atomic jiodine system: (a) Photolysis of
C3F I with 266 nm radiation yields excited
iodine atoms, and population inversion leads
to optical gain at the 1.315 um transition;
(b) schematic 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 103 shots.

In order to verify population inversion an optical
resonator cavity was set up to oscillate the atomic iodine
transition at 1.315 um. Figure 13a indicates the observed
transition. The cavity consisted of a 1lm-curvature high
reflectance mirror at 1.315 um and a flat 95.3% reflec-
tance mirror at 1.32 uym 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 mdJ , the
output energy was 67 ud 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 um
photon energy. The calculation yields a photon conversion

of 28 percent. Since only half of the energy stored in the

S o




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, oAnf > 5 x 10~2 must hold.

Using a cross-section of 1.78 x 10_18 cm2 10 and an inter-

action length of 10 cm, the threshold inversion density is

An > 3 x 1015 cm_3

The inversion density can also be estimated from the

threshold pump energy density and the photolysis efficiency.

The calculation gives An = 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

An = 1.4 + 0.4 x 108 cm™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 ym 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 1073

cm/MW  at an inversion density o 1016 cm-3. This result is

consistent with the calculated value of § = 4 x 10"5

cm/MW
using a linewidth of 0.74 GHz. In another experiment, a

trigger pulse of ~150 MW/cm2 at 0.532 ym probed the

- P8 =
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inverted medium. A negative result indicated that

§ < 10_2 cm/MW  which is consistent with the calculated

§ =~ 0.8 x 10°% cm/Mw.

1]

The experimental data show that the single pass gain,
§I%, must be increased by at least two orders of magnitude
in order to verify the calculated values of ¢§ . 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 An - 1017 cm-s
and 2 ~ 100 cm for existing flashlamp pumped iodine laser

amplifiers reported in the literature}o

These estimates

suggest that a demonstration 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 ym may be

expected for a 10.6 uym trigger input at 1 GW/cm2 :

provided that An = 107 en™® and r = 0.1 cm?

calculation yields a gain of 91'4 at 4.24 ym for a

A similar

1.91 ym trigger input at 1 GW/cmz.
Stimulated Raman effect in molecular hydrogen gas at
20 atmospheres of pressure has recently generated more than

100 md of 1.91 ym radiation from a 1.064 um source.
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A pulse length of -7 nsec and a beam area of 1072 cm?

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 ym . 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 amplification 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 a2 further understanding
of the limitations 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 1017 cm-3 and a lifetime of 0.1 microsecond
are the practical limits of energy storage in the mercury
excimer 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 population 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 saturation 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 1017 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
species.

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 solved

analytically, such calculations require computer numerical

- 100 -

i g
! 1
|
!
!




methods.55 Therefore, 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 optimiza- ?
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 demonstration in Hg or I would be interest-
ing not only from an application point of view but also as a

new physical effect.
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APPENDIX A

Optically pumped Hg, studles

H. Komine and R. L. Byer

Edwerd L. Ginzton Laboratory, W. W. Hansen Laboratories of Physics, Stanford University,

Stanford, California

(Received 3 May 1977)

The comtinwous emission bands of molecular mercury at 0.335 and 0.4835 um are ¢xcited in 8 pure

mercury vapor by direct cptical pumping of the weakly bound ground state molecules with a S nsec pulse
of intense 0.266 pm radiation in order 10 study the radistive and collisional properties of the excited

molecules a¢ densities between 10** and 10'* cm ™. Fluorescence time history of both bands are empirically
snalyzed in termas of dynamics governing the excited molecules. The analysis includes a density-dependent
w&nyuudbyhmdcﬂnnmqummnmmmld

k=x221X10"" cm’ sec™'molecule™'. Because of interest in the Yy sy as ap | laser
medium, estimates of gain coeflicients are derived from power nHm.
Sransemission of the d medium at 0.325 and 0.4416 um show significant net loss due

%0 excited state absorption with an estimated absorption cross section on the order of 10~'7 cm? at 0.323
pm. Energy storage limitations implied by the bimolecular excimer quenching is also examined.

1. INTRODUCTION

The visible and the ultraviolet continuous emission
bands of molecular mercury have been investigated'™ as
potential laser transitions a!ter such possibility was
pointed out as early as 1960.% The Hg, system has been
considered as a potential electric discharge pumped la-
ser medium capable of efficiently generating high output
powers at wavelengths of interest for laser fusion and
photochemical applications. Although stimulated emis-
sion has not yet been demonstrated, recent developments
have included gain measurements in the uitraviolet, >

electric discharge pumping studies of a high pressure
mercury vapor, * and spectroscopic and kinetic analysis
of the excited molecular states,*™®

The molecular emission bands considered for laser
action are due to bound-continuum transitions that origi-
pate from the lowest bound excited states and terminate
on the repulsive part of the ground state where the mole-
cules dissociate rapidly. The traditional assignment of
the ultraviolet band centered at 0,335 um is the *1,~'Z;
transition as indicated in Fig. 1, while that of the vtsible
band centered at 0,485 um is the 30;~'Z; transition in-
duced by collisions with mercury atoms.” The following
reactions describe the transitions:

Hg,(1,) - 2 Hg(6'Sy + hv (0.335 pm band) (0
Hgy(07) + Hg(6'S) — 3Hg(6'Sy + v (0.485 um band). (2)

Based on more recent extensive studies of the mercury
fluorescence bands, Drullinger, Hessel, and Smith’ sug-
gest that iransitions due to an excited mercury trimer
complex may be responsible for the 0.485 pm band emis
sion at mercury densities greater than 5x10' cm™ and
temperatures above 575 °K. According to their kinetic
results the excited trimers, Hgy, exist in thermal equi-
librium with the excited dimers, Hgs, and radiate by
dissociating into atoms as described by the following
reactions:

Hgg$ + 2Hg(6'Sy) = Hgs + Hg(6'S) (&)
Hg$ = 3Eg(6'S) + hv (0. 485 xm band), @
Because a thermal equilibrium relatlonship exists be-
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tween Hg? and Hg$, the excited dimers and trimers are
collectively referred to as excimers in this paper, and
the distinction is asserted where possible or necessary.

The early investigators'®*! and Drullinger ef al.” have
also studied the broad continuous absorption band associ-
ated with the 'T; -1, transition, The absorption due to
the weakly bound ground state extends from about 0. 320
pra to the 0.2537 um resonance line and varies as the
square of the atomic mercury density.'® At mercury
densities greater than 10'" cm™ where resonance line
pumping cannot be used for a large volume excitation,
the optical pumping of the ground state molecules direct-
ly creates vibrationally excited 1, molecules,

We have used this molecular optical pumping method
to investigate the mercury excimer system as a potential
laser medium by directly creating excimers at densities
between 10'* and 10" cm™ with a 5 nsec pulse of 0. 266
pm radiation as schematically shown in Fig. 1. Some of
the radiative and collisional properties of the excimers
at these densities are studied by monitoring fluorescence
time history and by probing the excited medium at 0, 325
and 0,4416 um with 2 HeCd laser, Our experimental re-
sults show net absorption at these probe wavelengths and

T s’y
?'see 8y,

R 7%,+0
"""" 'P.vl:::

o~

p
BAND EMISSION
L
- s'see'y,
OPTICAL PUMPING OF Mg,
FIG. 1. Partlal potential curves of Hg, molecule according to

Mrozowski,® The excited 2, molecules are created by optical
pumping of the ground state moleculos with 0,266 ym radiation,
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indicate evidence of bimolecular quenching of excimers
causing a faster decay at higher excimer densities, Al-
though stimulated emission due to excimers is absent in
the optically pumped mercury excimer system, the re-
sults of our study may aid in the further understanding of
the dymamics of the mercury excimer system and other
potential excimer laser systems,

Il. EXPERIMENTAL APPARATUS

Figure 2 shows a schematic of the experimental appa-
ratus, Our optical pump source consisted of an electro-
optic Q-switched Nd: YAG laser with an unstable resona-
tor cavity configuration followed by two stages of second
harmoaic generator crystals to produce 0.266 um radi-
atioa from the 1.064 um laser. The unstable resonator
Nd:YAG laser produced up to 200 mJ of near dilfraction
limited output with a 6.3 mm diameter annular beam
cross section in a2 10 nsec pulse at 10 pulses per sec-
ond.'* The 1.064 pm output was doubled in a Type II an-
gle phase¢-matched 25 mm long deuterated potassium
dihydrogen phosphate (KD*P) to generate up to 30 mJ of
0.532 pm radiation. The 0.532 um beam was trans-
mitted through a heat absorbing glass filter to eliminate
the 1,064 um radiation, After a 2:1 beam raducing
telescope, the collimated 3 mm diameter 0.532 ym
beam was doubled again in a Type I angle phasema‘ched
25 mm long ammonium dihydrogen phosphate (ADP) crys-
tal to generate 0.266 um octput of up to 10 mJ ina §
nsec pulse, The 0,266 um beam was separated from the
second harmonic by Brewster angle quartz prisms and
directed to a cell containing mercury vapor. The colli-
mated 0.268 um beam has an effective area of 2x107?
cm?, yielding a maximum peak intensity of 100 MW/cm?®,
The pumping level was normally held to less than 5 mJ
per pulse at 10 pulses per second because of induced sur-
face scatter loss to the ADP crystal by the 0.266 pm
radiation at higher pumping levels.

The mercury cell and oven apparatus consisted of a
quartz cell with a sidearm mercury reservoir inside an
oven of the same shape with independent temperature
controls for each section of the cell. The cell tube had .
an inner diameter of 1.4 cm and a length of 90 cm with

MARMONIC GENERATORS

ADP

optically contacted fused silica Brewster windows at the
ends of the tube, Pure distilled mercury was introduced
into the sidearm tube via careful cleaning and bake-out
procedures since purity and cleanliness have been rec-
ognized to be essential,® The cell and sidearm sections
and all glass tubing used in the filling procedure were
chemically cleaned with chromic acid and rinsed with
distilled water several times before treated with spec-
troscopic grade methanol and dry nitrogen gas. The en-
tire filling apparatus was torched and the cell and side-
arm sections were baked in the oven at over 700 and
400°C, respectively, for three hours under a vacuum of
2x10™ torr. Pure natural isotopic mercury of instru-
ment grade was introduced into the [illing apparatus un-
der one atmosphere pressure of dry nitrogen and the ap-
paratus was sealed and evacuated with another bake-out
sequence. The mercury droplets were slowly distilled
into the sidearm until 2-3 g were transferred and the
sidearm was sealed,

Several thermocouples monitored the vapor tempera-
ture at various positions along the cell and sidearm. The
mercury vapor density was controlled by a section of the
sidearm having the lowest temperature from which the
density was calculated using the vapor pressure vs tem-
perature data.'’ The sidearm temperature was main-
tained to within 1°C, and the calculated density was es~
timated to be accurate to 5%. The cell was operated at
a Hg vapor density of 1-5x10'" cm™ at pressures in the
100-400 torr range. The cell temperature was main-
tained at 570+ 5°C in order to prevent vapor condensa-
tion in the cell and to enhance the ultraviolet band
intensity.

The pump radiation is absorbed by the Hg vapor ac-
cording to Lambert’s law, and the ratio of the transmit-
ted intensity to the incident intensity is given by I(1)/1(0)
=exp(- KN%l), where N and I are the Hg density and the
cell length, respectively. K is a wavelength dependent
parameter which has a value of 7.27x10™ cm® at 0, 266
pm.” Experimentally, 50% of the pump energy is ab-
sorbed at N=>3,4X 10" cm™,

Fluorescence from the cell could be detected either

o
osciLLosCOPE
SIDEARM Hg RESERVOIR
? O
0268 um
FILTER
R FIG. 2. Schematic layout of
PHOTO - “ the optical pumping experiments.
L | murieien
BANDPAS!
>
UNSTABLE ACSONATOR  MeCd® LASER Furen
R4:YAG LOGum LASET  0.323um PROBE
SPECTROMETER
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from the ends or through a side hole at the middle of the
cell for observation perpendicular to the pump beam.

The cell temperature at the middle was between 350 and

360 °C because of the oven construction geometry. The
side fluorescence detection arrangement included a Cor-
ning glass 7-51 filter and a 5 nm wide 334 nm Hg line
filter for the ultraviolet band and a 5 nm wide 488 nm
spike filter for the visible band., The fluorescence was
detected by an RCA 7285 photomultiplier tube with S-20
‘response, and the output signal was monitored on a Tek-
tronix 5568 oscilloscope with 1AS wide band preamplifier.
For detection of wavelengths outside the S-20 response
1range, an RCA 6903 photomultiplier with S-13 response
for shorter uv wavelengths was used, Germanium and
silicon detectors were used for infrared and visible
atomic emission. Fluorescencedetectionirom one endof
the cell was arranged with the same filtersanda 1 m
Chromatix 1800 1/mm grating spectrometer for addition-
al spectral filtering as shown in Fig. 2,

The band spectra measurements were made using an
arrangement similar to the above without the 5 nm wide
,band pass filters. The spectral scan data were taken
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
spatial separation followed by a 20 cm J-Y holographic
monochrometer with 2 nm resolution.

A series of experiments for probing net gain or loss
J«due to the excimers was conducted by measuring the
transmission of the excited medium with a Liconix Model
301 cw HeCd laser operating at 0,4416 and 0.325 um.
The probe laser had a TEMy, mode beam diameter of 0.9
mm and a beam divergence of 0,5 mrad, The probe
beam was combined and overlapped with the pump beam
by reflecting off the output surface of the second prism
‘as shown in Fig. 2, Initial experiments with focused
pump beam showed severe beam steering effects of the

(ARBITRARY UNITS)

) '} —— 1 A I | —— . 1
0.31 032 033 034 035 036 0.37

WAVELENGTH {um)

0.335 um BAND FLUORESCENCE INTENSITY '

FIG. 3. 0.335 pm band fluorescence spectra at ﬁg density of
2.3%10'" em™ and 570°C vapor temperature. An arrow in-
dicates the position of the 0,325 um probe wavelength used in
the excimer optlcal transmisalon experiment,
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FIG. 4. 0.485 um band fluorescence spectra at a Hg density
of 3,1x10" cm™ and 570°C vapor temperature. Two strong
atomic superfluorescent emission lines at 0. 4358 and 0, 5461
um are also observed.

probe beam lasting for about one millisecond. A 0.6328
um HeNe probe beam also shuwed the same behavior,
and the cause is attributed to thermal refractive index
variation induced by the excited medium, The beam
steering problem was eliminated by carefully overiapping
the probe beam with the collimated unfocused pump beam.

11l. RESULTS AND DISCUSSION

A Fluoresc.ence spectra

The ultraviolet and the visible band fluorescence spec-
tra excited by direct optical pumping of Hg, molecules
exhibited the well known features of the emissionbands.!
Figure 3 shows the ultraviolet band which has a peak at
0.335 pym with an estimated half maximum width of 30
am, Figure 4 shows the visible band before photomuiti-
plier response correction. The band has a peak near
0.485 pm with a half maximum width of 100 nm, but the
photomultiplier response correction shifts the true peak
wave length to a value between 0,50 and 0.52 pm, Sev-
eral small dips in the visible band spectra occur at the
same positions in repeated scans. In particular, the
dips near 0.47-0,48 and 0.53 um appear to be sugges-
tive of absorption. The origin of these structures, how-
ever, is unknown at this time,

The spectral scans in the ultraviolet to 0.2 um showed
no evidence of any other molecular emission bands, but
did show several {luorescent emission lines due to neu-
tral atomic mercury transitions. Further scans in the
visible and infrared revealed additional atomic emission
lines, Twelve of the nineteen observed emission lines
showed stimulated amplification of spontaneous fluores-
cence emission or superfluorescence. The superfluores-
cence and the normal spontaneous atomic mercury tran-
sitions are listed in Table I, The mechanisms of atomic
population inversion and the superfluorescent laser action
have been investigated in detail, and the results are pub-
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TABLE L. Observed atomic emission lines,

A(um)  Transition Remark A (km) Transition Remark
0.2967 6°P,—6'D, (a) 0.4047 &P, =7s, (a)
0.3126 6P, —6'D, (a) 0.4078 6P, —7's, (a)
0.31318 - 6P, —¢'D, (a) 0.4358 6'P;—7', (d
0.31318 &P, —6'D, (a) 0.5461 6'P,—7s; (b)*
0.3341  €'P,—8's, (2 0.5770 6'P,~6D, (o)
0.3650 €&'P,—6'D; (b)® 0.5791 6'P,—6'D, (o)
0.2655 6°P,—6'D, (c)- 1.1287 7's,—~7P, ®)
0.36629 6P, —6'D; (o) 1.357 7's,—=7'P, ®
0.36833 6P, —6'D; (o) 1.367 7S, —7P, (®)
‘ 1.395 7's,—-7P, (b)*
*Normal spontaneous fluorescence only.
Superfluo nt emission (* dominant laser lines).

*Superfluorescent emission appeared only with focused pump
radiation,
“Superfluorescent emission observed only at low pump energies.

lished eisewhere.' A brief discussion of the pumping *
mechanisms is given in Sec. III F following the results
of the excimer studies, since the excimers appear to
participate ‘n the production of high lying atomic states.

The total fluorescence energy emitted by the atomic
transition was less than 1% of the pump energy, and
most of the absorbed pump energy was radiated by the
molecular fluorescence. We have measured the absolute
fluorescence yield of the visible band using a calibrated
photomultiplier. The measurements were made at the
side fluorescence window with atomic Hg densities of N
e4,0%10" cm™ and N~4.4x10" cm™ at a vapor tem-
perature of 355°+ 1°C. The measured pump absorption
was 0.015 cm™ at N~4.0x10'" cm™ and 0,016 cm™ at
N=4.4x%10" cm™ for a pump energy density of 30 mJ/
cm®, Under these conditions, the measured fluorescence
yleld for the visible band was between 0.8 and 1.0. The
visible band intensity dominated over the ultraviolet band
intensity by a ratio of 1022 to 1. The relative band in-
tensities were reversed, however, whenthe fluorescence
was detected from the excited vapor at 570°C. The
effect of the vapor temperature on the relative band in-
tensities is in agreement with the findings of Drullinger
etal.”

B. Fluorescence time history

In order to understand the dynamics of the mercury
excimer system, we have experimentally analyzed the
time history of the excimer fluorescence bands at vari-
ous Hg densities between 1 and 4.5x10' cm™ at tem-
peratures of 355+ 1°C and 570+ 5°C, Figures 5and 6
fllustrate the representative oscilloscope traces of the
fluorescence time history of the 0,335 and the 0,485 pm
bands. A compac-ison between the 0,335 um band data
and the 0,485 um band data shows that the two fluores-
cence Intensity signals differ initially but become simi-
lar after an elapsed time of 0.5 usec,

The 0. 335 pm band fluorescence time history consists
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of a fast “spike” coincident with the pump pulse and a
slowly decaying component immediately following the ini-
tial “spike”. Figure 5(a) shows these features at a Hg
deasity of 3.4x10'" cm™ with 570°C vapor temperature,
The width of the “spike” is limited by the 10 nsec time
resolution of our detection system, The same features
appeared at all wavelencths between 0. 32 and 0,36 um,
The ultraviolet fluorescence time history at the 355°C
vapor temperatire also showed the initial “spike” fol-
lowed by a slow decay. A careful arrangement of spa-
tial filtering followed by a holographic grating-mono-
chrometer eliminated scattering from the 0,266 ym ra-
diation and the superfluorescent emission at 0, 546 and
0.363 um, but the initial “spike” and the slow decay
component remained unchanged. Thus, the fast compo-
nent “spike” is belleved to be associated with the ultra-
violet fluorescent emission from the excited molecules,
Recent experimental analysis of the fast decay compo-
nent by Smith ef al.® concur with our interpretation.

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
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FIG. 5. 0.335 um band fluorescence time history traces at a
Hg density of 3.4%10'" ¢m™ and 570°C vapor temperature.

(a) Initial behavior showing a “spike” and a slow decay,” (b)
longtime decay with nonexponential character at a pump ¢norgy
of ~2 mJ; (c) long time decay with nearly exponential charae-
tor at a pump encrgy of ~0,5 mJ. )
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FIG. 6. 0.485 um band fluorescence time history traces at a
Hg density of 3. 8x10'® cm™ and 356 °C vapor temperature. (a)
Initial growth bebavior and a small amount of superfluorescent
0.5461 um radiation transmitted through a 488 nm band pass
filter; (b) long time decay with nearly exponential character at _
& pump energy of 0.12 mJ; (c) long time decay with non-ex-
ponential character at a pump energy of 0.37 mJ.

0.485 pm band intensity as a function of time at a Hg
density of 3.8x10" cm™ with 356 °C vapor temperature,
The fluorescence intensity starts 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
of superfluorescent 0.546 pm radiation. The transmit-
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
intensity is well approximated by an exponential return
curve of the form (1-¢™), Figure 7 shows the values
of the growth rate, represented by the parameter b, as
a function of Hg density, N, at a vapor temperature of
356°C. The growth rate increases from 5.7+ 0.8x10°
sec” at N>1,0%x10"™ cm™ to 11,04 0.8x10° sec™ at N
«3,8x10" cm™, which indicates that b has an approxi-
mately linear dependence on the Hg density,

3

For observation times longer than 0.5 psec the two
Nuor=scence bands decayed with the same time history,
The long time decay was approximately exponential at
low excitation energies, but became non-exponential at
higher pump energies, '
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FIG. 7. 0.485 pym band fluorescence growth rate as a function
of Hg density, N, at 354°C vapor temperature.

The initial nonexponential decay at higher pump ener-
gles gradually became an exponential character when the
fluorescence intensity had diminished to a level compa-
rable to the peak of the fluorescence intensity under low
energy excitation, Figures 5(b) and 5(c) illustrate this
behavior for the ultraviolet band intensity. Figures 6(b)
and 6(c) show the same effect for the visible band inten-
sity. Thus, in order to measure the long time exponen-
tial decay rate the excitation energy was kept to a mini-
mum, The results of these measurements are plotted
in Fig. 8 as a function of Hg density at a vapor tempera-
ture of 355°+1°C.

The observed exponential decay rate ranges from 3.3
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FIG. 8. Long time exponcntial decay rate as a function of lg
donsity, N, for both fluorescence bands at 355°C vapor tem-
perature,
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x10" sec™ to 5x10° sec™, corresponding to a time con-
stant of 30 to 20 usec, respectively. These values of
decay rate are somewhat larger than those obtained by
Drullinger ef al.” The slight discrepancy on the order
of 20% is possibly due to quenching by a small amount of
impurities in the cell. However, a cleanliness test® us-
ing & HeCd laser at 0.325 and 0,4416 um to probe the
vapor showed no noticeable {luorescence after several
mounths of operation,

The results of the fluorescence time history measure-
ments may be represented by empirical formulas for the
population of each molecular species that are responsible
for the respective fluorescence. For low excitation en-
ergies, the population of the 0.485 um band radiators is
described by the difference of two exponential decay
terms: c s

#(0,485 pm band radiator) o [e™ - ], (5

The parameters a and b are the long time decay rate and
the fluorescence growth rate, respectively. The popu-
lation of the 0,335 um band radiators for time ¢>40Qnsec
is approximated by a simple exponential decay involving
the same long time decay rate for the visible band;

22(0. 335 pm band radiator) a [e™]. (6)

For time £<0.5 psec, the 0.335 um band fluorescence
intensity shows a slight upward departure from the above
equation. However, signal-to-noise limitations pre-

-vented detailed amalysis of the decay behavior in the

time interval from 40 to 500 nsec,

Our experimental analysis may be summarized as a
qualitative description of the dynamics of the molecular
mercury system excited by a short pulse of 0.266 pm
radiation, The molecular absorption of the pump pho-
tons, each having an energy of 37590 cm™, directly
creates vibrationally excited 1, dimers near the dissoci-
ation energy limit of the 0 state. This limit lies at
38125 cm™ above the ground state of Hg, if the ground
state dissociation energy is assumed to be 480 cm™, !¢

Bg('Z) + kA0.266 um) ~Hgy(1)*. %))

Some of the vibrationally excited 1, dimers may undergo
rapid vibrational relaxation and mixing of excited elec-
tronic states, resulting in a thermal.equilibrium distri-
bution of population among the Hg#(1,, 0], 1,, 0;, 0) states
in less than 40 nsec,

Hg,(1,)* +Hg~Hg! + Hg. ()

Alternatively, kinetic enérgy might be assumed to be
sufficient to dissociate the excited molecules into the
6P, and 6'S, atoms prior to vibrational relaxation

Hga(1)” = Hg(*Po) + Hg(6'Sy). (9)

Then, the excited dimers must be formed by three body
collisions involving the metastable 6°P, atoms

Hg(®P) +2Hg - 2Hg? + Hg. (10)
Recent investigation by Stock et al.'” indicates that the

,above processes, Eq. (9) and Eq. (10), account for more

than 90% of the molecular fluorescence when the mercury
vapor Is optically pumped with 265 nm radiation, Using
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their experimentally determined molecular formation'
rate of 1,55x10™" cm® sec™ the 0.335 um band fluores-
cence rise time is 560 nsec at N=3.4x10' cm™, Our
time history data do not show such growth behavior. °
However, the explanation may be attributed to signal de-
tection limitations, Fluorescence from excited dimers
governed by Eq. (8) may also contribute partially to the
early fluorescence time history.

Since 266 and 265 nm photon energy difference is less
than k7, the reaction paths of the vibrationally excited
dimers are expected to be similar at the two optical
pumping wavelengths, Therefore, the dominant proces-
ses governing the 0. 335 um radiators are the dissocia-
tion of vibrationally excited dimers to yield metastable
atoms followed by the formation of Hgy molecules via
three body collisions.

Drullinger ef al.” have suggested that the 0,485 um
band fluorescence at Hg densities greater than 5x10'?
cm™ and temperatures greater than 575 °K may be ex-
plained in terms of a bound excited trimer complex, Hgs.
The trimer state is estimated to lie about 63500 cm™ be-
low the 1, state of Hg# in thermal equilibrium. Since the
Hg density and temperature in our experiments satisfy
the above conditions, we assume that the Hgs and Hgy
molecules are populated in thermal equilibrium accord-
ing to the reaction given by Eq. (3).

If the Hg$ molecules are created according to Eq. (3),
the trimer formation rate is a function of the forward
and reverse reaction rates as well as the decay rates of
each species, Because of a lack of complete kinetic
data, we have not yet analyzed the 0.485 um band fluo-
rescence growth rate in terms of the analytical expres-
sion for the trimer formation rate, However, the em-
pirical description of the fluorescence time history sug-
gests that a molecular formation process, described by
Eq. (3), rather than a collision-induced radiation effect,
described by Eq. (2), is the primary mechanism for the
production of the 0.485 um band radiation under our ex-
perimental conditions. This description is helpful in the
interpretation of the excimer absorption measurements.

C. Biexcimer quenching

During the fluorescence time history measurements
we encountered nonexponential decay behavior on both
the ultraviolet and the visible bands at high punip ener-
gies, After plotting several decay curves obtained at
various pump energies while keeping the Hg density and
temperature constant, we realized that all decay curves
could be matched identically by shifting the origin of
time. This property suggested a quenching process that
depends on the density of the excited states. An evidence
for such a quenching process in molecular mercury was
tirst observed by Eckstrom ef al.'® in an ¢ beam pumped
high pressure mercury vapor experiment. The process
was Interpreted as biexcimer collisional deactivation of
the excited metastable molecules, HgZ, involving the
following reaction:

Hgy+ gl - Hpd*+2 Hg (1)
H 2 B2 ’
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FIG. 9. 0.485 um band nonexponential long time decay time
history at various excitation energies,

where Hg#* is assumed to be an unspecified highly ex-

cited molecule,

If the effect of quenching is included in an empirical
rate equation for the population density of the Hg," mole-
cules, n, one obtains the following equation:

(d/an[n(t) }== aln(e) ]- kn(t) 12 (12)
The exact solution of the above equation for 2214, is given
by 2

g\ e kng \ |

[ e | I

The biexcimer quenching rate constant is given by the
parameter k. ny=n(ty) is the population density at time
t=1,, and g is the long time exponential decay rate. The
solution indicates a nonexponential time dependence of
n(f for a time interval short compared to the reciprocal
of the long time decay rate, For a(t—ty > 1 the solu-
tion becomes approximately exponential with the long
time decay rate, These properties of the solution agree
well with the experimentally observed decay properties.

In order to determine the biexcimer quenching rate
constant, a set of 0.485 um band fluorescence decay
data was analyzed using the method of least squares
curve fit of the data with the exact formula given by Eq.
(13). Figure 9 shows the 0,485 um band fluorescence
decay data and the curve fit indicated by the dashed
curves, The analysis yielded the value of the long time
decay rate and the values of ki, at various pump ener-
gles, The value of i, for the lowest pump energy could
be Independently calculated from the pump beam energy
density and the atsorption coefficient, since the total
excimer fluorescence yield was near unity, At higher
pump energies ny at 1 psec was calculated from the rela-
tive fluorescence signal normalized to the lowest pump
energy data, Figure 10 shows the plot of kng as a func~
tion 1. The data points indicate a linear dependence on
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no, a8 expected, and the slope of the plot represents the
biexcimer quenching rate constant, k,” A linear least
squares curve fit of the data points yielded the rate con-
stant of k>2+1x107"° cm? sec™ molecule™® with most of
the uncertainty due to our estimate of the beam area,
Our value of k is somewhat larger than the order of mag-
nitude estimate of 10! cm® sec™ molecule™ obtained hy _
Eckstrom ef al.'® However, the disagreement might be
due to differences in the experimental conditions,

The fluorescence time history of the 0.335 um band
and the 0,485 pm band showed a common long time decay
due to a thermal equilibrium distribution of the radia-
tors. As long as the biexcimer quenching rate is slow
compared to processes that equilibrate the 0,335 um
band and the 0.485 pm band radiators, the common flu-
orescence decay is expected regardiess of which molec-
ular state is responsible for the quenching, A compari-
son of the fluorescence decay data of the two bands at
356 °C vapor temperature confirmed this point, even
though the relative intensity of the 0.335 um band was
an order of magnitude smaller than the 0.485 gm band
intensity.

Since the quenching rate is not required to remain the
same when the relative population distribution of the ra-
diators is altered, we analyzed the 0,335 um band fluo-
rescence decay data at 570°C vapor temperature, The
analysis showed that, to within experimental error the
biexcimer quenching rate constant was the same as the
value obtained at the 356 °C vapor temperature. Thus,
the quenching behavior is not appreciah’= affected by the
relative population distribution of the ¢, 335 gm band and
the 0,485 um band radiators.

The relative populations of the 0. 335 pm band radia-
tors, the 0.485 pm band radiators, and the metastable
excited dimers in the 0; and 0 states may be obtained
from the results of the theoretical analyses of Smith ef
al.® For the 0.335 um band radiators, [1,]/{0}]
=~ exp(-2500/kT) yields a ratio of 1.4x 107 at 843°K and
3.3x107 at 629°K. The relative population of the 0. 485
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pm band radiators is given by (Hgy 1/108] ~ 20xn x 2. 2
xlo“‘ exp(4000/kT), which yields a ratio of 4x 10 at
843°K and 4x 107 at 629°K for the total excimer density
of n=10" cm™. The calculations show that while the
[Hg?V/[1,] ratio varies rapidly with T by a factor of 43,
‘nearly 99% of the excimers resides in the 0; states.

In light of the relative population distribution in the
excimer system the temperature insensitive biexcimer
quenching rate may be interpreted as being due to colli-
sional deactivation of excited dimers involving the meta-
stable 0; states. Therefore, the biexcimer loss mech-
anisms appear to be directly associated with the 03
states which act as the energy reservoir for the entire
exclmor system,

'l'he observed properties of the biexcimer quenching
suggest that the quenching process could significantly
affect the decay of the excited mercury molecules at
densities greater than 10'* cm™, At 10" cm™ excited
state density the quenching rate becomes ~ ~10' sec™
which reduces the effective lifetime of the molecules to
about 100 nsec. Since one of the desirable characteris-
tics of a high power laser medium with high output en-
ergy is a storage time > 100 nsec, a practical limit of
the excited state density may be estimated to be on the
order of 10'” cm™, For the ultraviolet band this limit
is equivalent to about 50 J/1 of optical stored energy.
Bimolecular collisional deactivation can also be expected
to be present in molecules similar to the Hg, system,
such as Cd,, Zn,, HgCd, and HgTI and a similar excited
state density limitation may apply to most of these po-
tential laser media,

D. Fluorescence power and gain

One of the tial requir ts for a laser medium
is to have a sufficient net gain within its spontaneous
emission bandwidth to achieve threshold for oscillation,
Metal vapor excimer systems have been considered as
potential candidates having high power output and wide
tunability in the visible and ultraviolet wavelengths with
small stimulated emission cross sections for high satu-
ration intensities, ! One dilficulty, however, is the
small stimulated emission cross section, on the order
of 10* em? to 10%° cm?, which must be larger than the
absorption cross section as well as large enough to yield
a net gain at a reasonable population inversion density
for oscillation, - Thus, the existence of a net gain be-
comes the crucial factor in an excimer system such as
Hg..

Direct gain measurements may be obtained by a num-
ber of methods, but are difficult at low net gains. We
chose to measure the gain coefficient, y, by measuring
the absolute spontaneous fluorescence power per fre-
quency interval per unit volume, dP/dv, emitted from
the excited region,

For a transilion with a normalized homogeneous {re-
quency distribution, g(1), and a frequency insensitive
spontaneous emission rate, A, we have

dP/dv=nAhv g(v) (149)
and
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i = ‘;";" £ - (s
. Combining Eqs. (14) and (15) yields
wr-(8) (a5 )- 1o

where A n and n are the inversion density and the exci-
mer population density. Theoretical analysis* of bound-
continuum transitions in diatomic molecules showed that
‘spontaneous emission power spectrum from excimer
states in vibrational thermal equilibrium may be well
approximated by the above expression for dP/dv. The
frequency distribution, g(1), consists of a sum over con-
tributions from all vibrational states in thermal equi-
librium, g(v) can be calculated in principle if the pa-
rameters of the upper and lower state potentials are
known, Such calculation is not necessary for obtaining
y from the experimentally measured dP/dv. Further- .
more, the population inversion density, An, can be as-
sumed to be equal to the upper state density, », for a
bound continuum transition to a repulsive lower state
that is well above the kinetic energy of the ground state
atoms,

Experimentally, we measured an approximate value
for dP/dv near the peak of thc 0.485 pm band at v =y,
using 2 488 nm spike filter with a 10 nm bandwidth and
a photomultiplier. The photomultiplier power response
was calibrated using an argon ion laser at 488 nm, Thus,
the peak gain coefficient, y,, was calculated at ) =0.488
pm using

o =yvd = ( :vo)(ﬁ)(:_f) Bl

At a Hg density of 4.3x10'* cm™ and 355°C vapor tem-
perature, we obtained yo~2.5+1.3x10® cm™ using a
relatively low pumping level of ~30 mJ/cm® with the
corresponding total excited state density of 6+ 3x10™
cm™, Under the same pumping conditions a similar
measurement of the gain coefficient for the 0, 335 ym
band gave an order of magnitude smaller value than the
value at 0.488 um in good agreement with the theoreti-
cal gain estimates obtained by Smith et al.® Atgreater
pumping energy densities y, increases to a value on the
order of 10* cm™, but since the pump energy was limit-
ed to 5 mJ larger values of y, were not observed.

(17

We also attempted to measure dP/dv from the high
temperature region of the cell where the ultraviolet band
fluorescence is dominant. Because of a complex fluo-
rescence collection geometry, reliable data could not be
obtained, However, we estimate a maximum gain coef-
ficient on the order of 10™ em™ at 0.335 um in our ex-
periment by considering the fluorescence yield and the
available pump energy.

These gain coefficient measurements imply a single
pass gain of about 1% in our cell which is detectable with
appropriate electronics {f there are no appreciable loss
mechanisms, Therefore, in order to measure a net sin-
gle pass gain or loss for the mercury excimer system,
we probed the cxcited medium with a cw HeCd laser op-
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erating at 0.325 and 0.4416 um. The measurements
are discussed n the next section,

E. Excimer optical transmission at 0.325 and 0.4416 um

Previous measurements of the mercury excimer opti-
cal transmission have been made with ¢ beam pumped
high pressure mercury vapor. Hill ef al.? observed net
loss of transmission for visible wavelengths on the short
wavelength side of the 0.485 um band, More recently,
Schlie ef al.® reported net gain measurements at several
wavelengths within the 0. 335 um band. One of our prin-
cipal objectives was to study the optical transmissioa of
the excited medium under a more selective production
of excimer states obtainable with optical pumping. Us-
ing cw HeCd laser outputs at 0.4416 and 0.325 ym, we
probed the excited mercury vapor to measure the opti-
cal transmission as a function of time,

The representative 0. 325 um probe transmission is
characterized by a rapid decrease of signal in less than
50 nsec followed by a gradual recovery lasting about 20
usec, Figures 11(a) and 11(b) show the transmission
time history from the time of the pump excitation to 40
psec, The HeCd laser output fluctuation caused the jit-
ter in Fig. 11(b), but the probe signal was relatively
smooth on a fast time scale,

The depth or amplitude of signal loss varied propor-
tionally with the pump energy at a constant Hg density,
At a fixed pump ehergy a decrease in the Hg density led
to a smaller signal loss as indicated by Figs, 11(a) and
11{c). This was expected since less pump energy is ab-
sorbed at a reduced Hg density, The 0,4416 um probe
transmission demonstrated the same time history shown
in Fig. 11(d), but the depth of signal loss was only 20%
to 25% of the loss at the 0.325 um probe wavelength un-
der the same conditions,

The signal loss amplitude time dependence is quite
similar to the 0, 335 pm band fluorescence time history
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FIG. 11, Probe transmission of the excited mercury vapor at

$70°C. (a) and (b) 0.325 pm probe transmissior at a Hg density
of 4.3 10" em™ and & pump energy of 1.2 md; (c) 0. 325 um
probe transmission at a Mg density of 3. 1% 10" em™ and a
pump energy of 1.2 mJ; (d) 0.4416 pm prode transmission at

# Hg density of 3.4% 10" cin™ and a pump energy of 2 md.
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except for the initial “spike.” This correlation suggests
that the probe signal loss is caused by the same excimer
states that are responsible for the 0,335 um band, The
optical transmission loss is interpreted as absorption
due to certain Hg? excimer states, Since several elec-
tromic states of Hg# near 30000 cm™ above the ground
state are believed to be in thermal equilibrium, the low-
est excited dimer states are likely to be primarily re-
sponsible for absorption, An examination of the Hg, po-
tential curves®* ' gngwests that absorption {rom the
lowest Hg; states to several higher molecular ‘states is
energetically possible with the probe wavelengths.

It is not known whether the excited state absorption is
caused by bound-bound or bound~continuum transitions,
but the absorption cross-section at the probe wavelengths
can be obtained experimentally. Based on estimates of
the eximer density, the abscrption cross section for the
0.325 um wavelength is estimated to be greater than
10" cm?®. A somewhat smaller absorption is obtained °
for the 0.4416 um wavelength.

Qur observation of net loss at 0.4418 um is consistent
with the results obtained by Hill ef al.,? but the mea-
sured net loss at 0. 325 ym in our experiment is in dis-
agreement with Schlie’s measurements,® Recent experi-
ments by Drullinger®? and York and Judd®® also showed
evidence of net loss at 0,325 um, The reasons for the
disagreement are not well understood, but it has been
suggested®® that the difference may arise from the pump-
ing methods, The optical pumping scheme generally
provides a more selective means of populating excimers
without the presence of free electrons and other excited
species generated by e beam pumping. Thus, we believe
that our data indicate a net absorption at 0, 325 ym due to
Hg? states,

Our measurements also indicate that the loss per unit
length of 10 to 10 cm™ exceeds our estimates of gain
coefficient by more than an order of magnitude, There-
fore, stimulated emission in the mercury excimer sys-
tem’ appears to be prevented by excited state absorption,
However, without a further understanding of the absorp-
tion process and a detailed spectroscopig analysis we
cannot state for certain that mercury dimer will not
achieve net gain under selected conditions,

F. Superfluorescent atomic Hg transitions

Laser action has been observed earlier in neutral
atomic mercury by direct two photon pumping.® We
achieved atomic laser action in our experiment by opti-
cal pumping of the molecular states and not by atomic
two photon absorption resonances. The fluorescence
emission lines have been identified to originate from the
8’s,, ©°p,, 1'P,, 6°D,, and 6'D, atomic states. The ob-
served emission lines are listed in Table I,

One of the strongest superfluorescent emission from
these levels is the 6°D, - 6°P, transition at 0,365 um,
Detailed measurements of the 0,365 um output energy
showed a quadratic depend on the pump energy which
suggested absorption of two pump photons, The 0, 365
um output was proportional to the square of the atomic
mercury density, N, {ndicating that the absorption was
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due to the ground state Hg; molecules whose equilibrium
population is proportional to N%.?® The superfluorescent
pulse lasted less than 2 nsec and was coincident with the
peak of the pump pulse at all pump energies above
threshold, These results suggested that the 6°D, atoms
are produced by photodissociation of excited molecules
caused by either direct or sequential absorption of two
pump photons. ?

Since two pump photons have enough energy to create
atomic states below 75000 cm™, molecular two phaton .
absorption followed by dissociation can explain the ob-
served fluorescence emission lines,

;::('z::) +2h10.266 pum) - Hg}* Y e
'_n“.- H‘(s‘s& + H"(a‘sl, 7’PII 7‘P‘, slon G‘D‘). (19)

Thus, another strong superfluorescent emission at 1, 39¢
pm corresponding to the 7°Py~ 7°S, transition can be ex-
plained by the above pumping mechanism. ‘

At Hg densities N23x10' cm™, the 7°S, - 6P, transi-
tion at 0, 546 ym becomes the dominant laser output hav-
ing the lowest pumping threshold. A typical energy con-
version from the pump to the green output was less than
0.17% with unfocused beam, but up to 1% conversion
could be achieved with a focused beam, The output en-
ergy meas.cements showed a quadratic dependence on
the pump energy as in the 0. 365 pm case, but the output
varied approximately as N'* instead of N2, The output
pulse also showed a 2 to 5 nsec delay relative to the
pump pulse peak.

The 0.546 pm output properties could not be explained
by the same pumping mechanisms governing the other
emission lines. The output energy and threshold mea-
surements also ruled out the possibility of 0.546 um
laser action due to cascading transitions originating fron
the 7°P, state, This implied that the primary mecha-
nism of creating the 7°S, atoms must be due to collisional
processes Involving the excimers. The pulse delay and
the output energy dependence varying as high powers of
N supported this hypothesis and led to two models of
pumping mechanisms,

The first model is based on bimolecular excited dimer
collisions followed by decomposition to yield an excited
atom In the 7°S; state according to the following reaction

Hg? +Hg - Hgs*+2 Hg (20)
Hgg* - Hg(6'Sy + Hg*(7’S)). (21)

Since the optically pumped Hg# population varies as N2,
the above reactions immediately explained the N* de-
pendence of the output and the pulse delay. However, in
order for this process to be the primary pumping mech-
anism, a bimolecular rate constant of 10”° cm’ sec™
molecule™ is necessary, The corresponding collisional
cross section is g, ~3x10™"* cm®, Collisional deactiva-
tion Involving the Hg(6°P,) and Hg(6’P,) atoms is known
to have comparable cross section values,® Since opti-
cal pumping creates 1, states near the dissociation limit
of the 0] state, the required value of g, is not unreason-
able, even though the bimolecular rate is an order of
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muni'tudo larger than our measured value for the exci-
mers in the lowest excited states. =

The second model to explain the delayed 0,546 um
emission is based on the excimer photodissociation by
the trailing part of a 5 nsec pump pulse. In this model
collisions are assumed to yield Hgs and Hg§ states prior
to photodissociation, Based on the experimental fluo-
rescence growth-rate this process is estimated to yield
=10 cm™ excimer density during a pump pulse, I
these excimers are immediately photodissociated to pro-
duce the 7°S, atoms, superfluorescence threshold could
be reached provided that the photodissociation cross
section is greater than 10" cm®. Since the Hg; absorp-
tion cross section at 0. 325 um is estimated to be great-
er than 10™"7 cm?, the delayed excimer photodissociation
model can be considered as an alternative explanation to
the bimolecular dimer collisional model.

Experiments designed to distinguish the two models
have not yet been conducted. However, once the pump-
ing mechanism is understood, the superfluorescent
0.546 um transition may be useful as a diagnostic tool
for monitoring the excimer population,

IV. CONCLUSION

We have investigated by optical pumping the properties
of the mercury excimer system which may be relevant
to the understanding of Hg, as a potential laser medium.
Optical pumping with 0.266 um radiation excited 0. 335
and 0, 485 um band fluorescence which showed different
initial time history and a common long time decay be-
havior. ,

The difference in the initial time history arises from
the different formation mechanisms governing the fluo-
rescence radiators, The optically pumped vibrationally
excited 1, dimers are partially relaxed, but the domi-
nant reactions leading to 1, population are the creation
of *P, metastable atoms by dissociation and the subse-
quent Hg# formation via three body collisions, The
0.485 pm band radiators are thought to be Hg{ which
are formed from Hgy. The formation rate is found to
be nearly proportional to the Hg density from 1,9 to 3.8
%10 em™ with the corresponding rates of 5.7x10* sec™
and 1,110’ sec™, The initial time history lasting 0.5
usec is followed by a common decay behavior for the
both bands with a typical exponential decay time constant
of 20 to 30 usec. :

As one of the main objectives of our study, we have
determined gain coefficients for the continuous emission
bands by measuring the absolute spontaneous fluores-
cence power per frequency interval per volume of ex-
cited mercury vapor, The results for the 0.485 um
band showed a peak gain coefficient of 2.5+ 1.3x10°
cm™ with an excited state density of 6+ 3%10" cm™,

The same conditions gave an order of magnitude smaller
gain coefficient for the 0.335 um band, but the higher
vapor temperature enhanced the gain,

Based on our avallable pump energy and experimental
conditions we estimated a maximum gain coefficient on
the order of 10™ cm™ for the 0.335 um band. However,
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when the excited medium transmission was probed at
0.323 pm a significant net loss rather than gain was
observed, The time history of net loss is interpreted

as net absorption due to the Hg; states with an estimated V

absorption cross section of greater than 10™ cm®,
Probe transmission at 0.4416 um also showed net ab-
sorption cross section. These measurements signified
that excimer absorption may be more than an order of
magnitude greater than the stimulated emission gain,
Further analysis of the absorption process and excited
state spectroscopy are needed to fully evaluate the Hg,
excimer system as a potential laser medium. However,
our results indicate that a demonstration of stimulated
emission in Hg, is likely to remain a difficult problem,

Another important property of excimers analyzed in
our study is the excited state deactivation by bimolecular
excimer collisions. The quenching rate constant was
measured to be 2+ 1x10™° cm® sec™ molecule™, The
process is believed to be an inherent decay property di-
rectly associated with the low-lying 0f dimer states
which serve as the energy reservoir of the excimer sys-
tem. For a potential laser medium with a 100 nsec en-
ergy storage time, the biexcimer quenching process im-
plies an inherently limiting excimer density on the order
of 10" cm™, which Is equivalent to about 50 J/1 of opti-
cal stored energy.

The mercury excimer system has yet to be demon-
strated as a laser medium, but our optical pumping
studies of the excited states show some of the radiative
and collisional properties at excimer densities approach-
ing the required inversion densities for laser oscillation,
These properties are likely to be present in other simi-
lar molecular systems such as HgCd, Cd,, and HgTl and
it is hoped that the results of Hg, experiments will be
useful in understanding the dynamics of these molecules,
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APPENDIX B

Optically pumped atomic mercury photodissociation laser
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(Received 3 January 1977; accepted for publication 3 February 1977)

We have generated superfluorescent laser action in atomic mercury at 0.546 and 0.365 um by optically
pumping Hg, with 0.266-um radiation. Superfluorescent thresholds were observed at less than 6 m)/cm?
input energy density in a S-nsec pulse for an atomic mercury density greater than 3% 10'* cm~’.

PACS numbers: 42.55.Hq 32.30Jc, 82.50.Et, 32.50.+d

The mercury dimer previously has been suggested
and studied as a potential ultraviolet laser source.'~*
During our study of Hg, by optical pumping we observed
superfluorescent laser action (stimulated amplification
of spontaneous fluorescence emission) in atomic mer-
cury. Laser action has been observed earlier in atomic
mercury by direct two-photon pumping.® The results
reported here differ from previous work in that the
atomic inversion was obtained through optical pumping
of molecular Hg, followed by photodissociation to atomic
mercury. Observation of the atomic emission has led
to information about the dynamics of the Hg, system
which may aid in an understanding of Hg, as a potential
laser medium,

The 0.266-um pump source was obtained by quadru-
pling a2 1.064-um Q-switched Nd:YAG laser. Our un-
stable resonator Nd:YAG oscillator’ yields up to 200
mJ of output energy at 10 pps in a near-diffraction-
limited 10-nsec pulse. The unfocused 6.3-mm-diam
beam generates 30 mJ of 0.532 um in a 2. 5-cm-long
angle-phase-matched type-II KD*P crystal and up to

———MOLECULE —— r——— ATOM —

ENERGY (210%ca’)

FIG. 1. Schematic partial energy diagram of Hg-Hg, system,
Solid molecular curves are sketches based on work by Hay,
Dunning, and Raftenetti (Ref. 8) and Mrozowskl (Ref. 9).
Broken curves are hypothetical molecular states,
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10 mJ of 0.266 um by doubling again in a 2. 5-cm-long
angle-phase-matched ADP crystal. The 0.266-um

beam is separated from the 1.064- and 0.532-um beams
using filters and prisms and directed into the 90-cm-
long mercury cell as a 3-mm-diam collimated beam.
Following the mercury cell we use prisms, filters,

and a 1-m spectrometer prior to the photomultiplier
detector to monitor the emission.

The mercury cell was constructed of fused silica
with optically contacted windows. It was held in a tem-
perature-controlled oven (~570 °C) with an independent -
ly controlled side arm for vapor pressure adjustment.
Mercury density at a given sidearm temperature was
calculated from vapor-pressure—vs—temperature data
from the CRC Handbook of Chemistry and Physics. The
cell was carefully cieaned and baked prior to being
filled with triply distilled mercury.

Figure 1 shows an abbreviated schematic energy-
level diagram for the atomic and molecular mercury
systems. The incident 0. 266-um radiation pumps the
Hg,(%1,) level directly from the Van der Waals bound
Hg, ground state. 90% of the incident 0. 266-um energy
is absorbed over the 90-cm path length at an Hg atomic
density of 6x10'® cm™,

At a 0. 266-um energy density near 6 mJ/cm? we
observed strong superfluorescent emission on a number
of atomic mercury transitions. We also observed
fluorescent emission from the visible and ultraviolet
Hg, bands centered at 0.488 and 0. 335 um. Unfortunate-
ly, we measured net absorption on the 0.335-um band

TABLE I. Observed superfluorescent Hg atomic emission
lines.

Wavelength (um) Transition
0. 3650 6°P;~6°D,
0,3655* 6°P,~ 6'D,
0.36629* 6'P,—6'D,
0.36633% 6'P,~6'D,
0.4358% 6'py — 7',
0.5461 6'Py~— 1S,
0.5770* 6'P, — 6'D,
0.5791°% 6'P, —6'D,
1.1287 75, - 1°P,
1,357 7Sy~ TP,
1.367 7%, - 7P,
1,395 7%, - 7°P,

SObserved when pump beam was focused into cell.
® Appearcd as superfluorescent emission only at low pump
energies.
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by probing with a 0. 325-um HeCd laser. Details of the
Hg, measurements will be published elsewhere.

Table I shows the atomic Hg transitions that were
observed to superfluoresce. Of these, the 0.365-,
0.546-, and 1. 395-um transitions were strong. The
green 0, 546-um (7°S, —6'P,) and ultraviolet 0, 365-um
(6°D, —6°P,) transitions were studied in detail to help
determine the pumping mechanisms involved in creat-
ing the atomic population inversions.

Figures 2(a) and 2(b) show the output energy ratios
versus the input pump energy for the 0.365- and 0.546-
#m transitions at various atomic mercury number den-
sities. The ultraviolet output energy ratio varies
linearly with the input pump energy showing that the
0. 365-2m emission is proportional to the incident pump
energy squared. The green output energy ratio shows
the same power-law scaling initially, but decreases
when the 0.365-um transition reaches threshold and
begins to oscillate. From Fig. 2(b) the observed con-
version efficiency is 0.17%. at the highest Hg density.
However, conversion efficiencies up to 1% have been
observed when the incident 0. 266-um pump radiation
was focused into a 30-cm-long mercury cell.
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If we plot the slopes shown in Figs. 2(a) and 2(b)
versus the second power of the atomic number density,
N?, we obtain the results shown in Fig. 3. From Fig.
3 it is evident that the ultraviolet emission varies as
the atomic density squared, which is the same depen-
dence the Hg, density has relative to atomic mercury
density. Inspection of the atomic levels shows that
there is not a two-photon resonance within the atomic
system so that the N? dependence and pump energy
squared dependence suggest that the pumping is within
the molecular system and that it occurs by the absorp-
tion of two pump photons followed by direct photodis-
sociation of Hg, into the 6°D,, T°P,, 8%,, 6'D,, and 7'P,
atomic levels. The pumping mechanism may be by
either sequential absorption of two photons or by two-
photon absorption within the molecular system.

On the other hand the approximate N* depen-~nce of
the 0, 546-um transition suggests pumping mecnaniams
involving two excited dimers, Hgy. The formation of
7%, atoms may occur via direct dimer collisions,

Hg? + Hg? — Hg(7°S,) + 3Hg, (1)

or through intermediate reactions involving collisions
with metastable 6°P, atoms, Hg",

Hg —Hg" + Hg,
Hg? + Hg™ — Hg(7°S,) + 2Hg, (2)
Hg" + Hg" — H‘('Psl) + Hg, 3)

or photodissociation by absorption of spontaneous
molecular emission,
Hgy ~2Hg + Nw,
Hg? + Fw —Hg(T’S,) + Hg. 4)
Another possible mechanism that leads to N* depen-
dence is a three-body recombination of a metastable

atom to form an excited dimer Hg, followed by photo-
dissociation by the 0.266-um pump pulse.

Hg" + Hg + Hg —~ Hg,; + Hg, (5)

¢ 20}
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FIG. 3. Output encrgy/pump energy slope (in units of 10°/mJ)
versus N? (in units of 10°%/em?),
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Hg; + Mo, ~Hg(T’,) + Hg. (6)
If the Hg; formation is assumed to be in thermal equi-
lbrium, the lowest excited dimer states near 30000
cm™ above the ground state are significantly populated.
A simple energy consideration shows that a 0.266-um
pump photon has only enough energy to cause photo-
dissociation of Hg; leading to an excited atom in the
7S, state. These processes should lead to a time delay
of the 0, 546-um emission relative to the 0.266-um
pump pulse.

To test the proposed inversion mechanisms we care-
fully measured the time history of the 0. 365- and
0. 546-um transitions with a time resolution of 2 nsec.
The 0.365-um superfluorescent pulse is 2 nsec wide
and occurs at the peak of the 5.0-nsec-wide 0.266-um
pump pulse. This is istent with pumping via two
photons followed by rapid dissociation to the 6°D, level.

The peak of the 0. 546-um pulse is delayed by 2 nsec
for a 1, 5-mJ pump pulse and by 5 nsec for a 0.6-mJ
pump pulse energy. Longer delays are not observed
since the 0. 546-um transition is self-terminating. The
observed time behavior of the 0. 546-um output is con-
sistent with the 7°S, formation via a collision process
followed by rapid dissociation of the highly excited Hg,
molecules.

Since the 0. 546-um superfluorescent emission self-
terminates in 2 nsec we chose to monitor the 7°S,
population by observing the time behavior of the non-
superfluorescing 0.4358-um transition. We observed
that the 0. 4358-um fluorescence had slightly less than
a 20-nsec buildup time followed by an initial exponential
decay time of less than 10 nsec and a slower tail with a
decay time of about 20 nsec. The peak fluorescence
emission occurred 10 nsec after the peak of the 0.266-
um pump pulse.

We have also investigated the infrared transitions and
observed the strongest infrared superfluorescence at
1.395 pm corresponding to the 7°P,— 7°S, transition,
The superfluor threshold pump energy for this
transition was observed to be higher than that for the
0.546-um emission even though the 1.395-um transi-
tion has a larger calculated stimulated emission cross
section based on the Einstein A coefficients for these
transitions.!**! Furthermore, the threshold pump ener-
gy for the 1.395-um superfluorescence increased from
0.3 to 0.4 mJ at N=2.3x10'*/cm?® to about 1 mJ at N
=3.0x10"/cm®, These observations are contrary to the
expected behavior of 7°P —~ 77, population inversion if
the mechanism of 7°S, formation was solely due to radi-
ative decay from the 7°P, state with a lifetime'* of 43
nsec. Also this model does not lead to the N* dependence
of the 0.546-um emission. Thus, while the 7°P,—~7°S,
radiative decay is observed, experimental evidence
suggests that a more dominant mechanism must be
responsible for the formation of the 7°S, state at high
Hg densities.

The formation of 7°S, states via mechanisms (1)-(4)
may be described by a simplified rate equation with re-
spective rate constants:

;‘,1[7'3.]-(&, +k)[Hes P + ky[Hg? [Hg™] + ky(Hg"P - %[.,.s‘]‘
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where T is the lifetime of the 7°S, state. Since a signifi-
cant 7°S, population is observed to last for only about
20 nsec after the pump pulse, the primary reactions are
assumed to be those involving Hg? species which may
be relatively short-lived vibrationally excited dimers.
If we assume [Hg?]=[Hg"] during and immediately fol-
lowing the pump pulse, we may obtain an estimate for
the combined rate constant k =k, + k, + k, from experi-
mental data. At N=3.9x%10'"/cm® and T=570°C, a
1-mJ pump pulse creates approximately 10**/cm?® of
Hgy and generates a 0. 546-um pulse of about 0.1 WJ
with a 3-nsec delay with respect to the peak of the
pump pulse. This leads to k~ 10" cm?®/sec for an esti-
mate of the combined rate constant. Since the mean
relative speed is approximately 3x10* cm/sec, the
corresponding collisional cross section is about 3x 107
cm?. This value of k is approximately two orders of
magnitude greater than the value found for dimer col-
lisions involving dimers in the bottom of the potential
well as previously reported by workers at Stanford
Research Institute!? and verified by our Hg, fluores-
cence decay measurements. However, our estimate

of the collisional cross section is not unreasonable for
collisions involving excited dimers near the dissocia-
tion limit of the potential well, since collisions involv-
ing two excited Hg atoms in 6°P, or 6°P, states have
cross sections'® on the order of 107 cm?,

The combined rate constant includes a contribution
due to photodissociation of dimers by spontaneous
molecular emission, k,. An estimate of this contribu-
tion may be obtained using an approximate expression
k.~ 40Ad, where o is the photodissociation cross sec-
tion, A is the spontaneous emission rate for Hgf, and
d is the diameter of the pump beam:. If the atomic
spontaneous emission rate of ~ 8x10° sec™ for the
6P, — 6'S, transition is used for A and ¢ 2 3x10"" cm®
is assumed from our dimer absorption measurement at
0.325 um, then k, > 4x10°!* cm?/sec is obtained. Our
estimate of k, suggests that it is not a significant con-
tribution to the combined rate constant; however, we
cannot completely rule out the possibility of a larger
value of k, since accurate values for A and ¢ are not
presently available.

If the direct molecular absorption leads immediately
to dissociative formation of metastable atoms, then
processes (5) and (6) may become a primary path for
the formation of the 7°S, state. A pair of simplified
equations governing processes (5) and (6) is given by

2 g1~ BN (1g™]
and

%[7*3,].&,[!1;;] - l;('Ps,].

The requisite condition for this process to be important
is that Hg, density must attain at least 10''/cm’ during
the pulse length, 7,, of the 0.266-um radiation. Using
an estimated molecular formation rate constant, k,,

of about (2—3)%10""" ¢m®/sec molecule and assuming
N=3.9%10" ¢m® and [Hg"]~10"/cm" during a 1-mJ
pulse, we find that Hg; density may reach on the order
of 10'?/cm® in § nsec. The photodissociation rate, k,,
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may be expressed in terms of the pump intensity /, and
the photodissociation cross section 0.

ke=0l,/Rwy ..

The 7°S, formation is Hg; density limited if k,7,> 1,

and for a 1-mJ pulse with a 8.4x10"* cm? beam area
this condition is satisfied if 0> 6x10°!" cm®. This value
of ¢ is comparable to the dimer absorption cross sec-
tion obtained at 0. 325 um, suggesting that the above
model is a possible explanation for the observed prop-
erties of the 0.546-um emission. Evidently a correct
model for the formation of the 7°S, state requires a fur-
ther understanding of the kinetics of the highly excited
dimers near the dissociation limit of the *0; state.

In conclusion we have observed superfluorescent
emission in atomic mercury due to dissociation of Hg,
pumped by 0. 266-um radiation. The measured intensity
and density dependence suggest that two pumping mech-
anisms are involved: direct absorption of two pump
photons by Hg, followed by rapid dissociation, and
absorption of pump photons followed by dimer-dimer
interactions and radiative excitations leading to molec-
ular dissociation and the formation of mercury atoms
in the 7S, level. The observed superfluorescent energy
conversion efficiency of 0.17% corresponds to an 7°S,
inversion density of approximately 10'' cm™ which is
formed by collisions of excited dimers at a density
near 10'—10" ¢cm™. The N* scaling suggest that
dimer-dimer collisions are an important process in
the production of atomic mercury states and may be a

2508 J. Appl. Phys., Vol. 48, No. 8, June 1977

limiting process for the energy storage density in
future dimer laser systems.
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APPENDIX C

POLARIZATION PROPERTIES OF TWO PHOTON TRANSITIONS

i S INTRODUCTION

In two photon processes the transition rate is a func-
tion of the intensity and the polarization of the two electro-
magnetic fields. In calculating the gain for stimulated two-
photon emission and anti-Stokes Raman scattering, detailed
information on the polarization 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 50 provides means of studying the polarization proper- i
ties. 1In this appendix the polarization properties of two

photon transitions are derived using a similar approach.

(3)

The nonlinear susceptibility ¥ and the transition

(2)

rate W for two photon processes are obtained from per-

turbation calculations. In the electric dipole approximation

the interaction hamiltonian is given by i

(C.1)




where the electric fields are given by

L
o MEBT-myt) . o o

ﬁl(;,t) -
(C.2)

For two photon transtions between states |a) = IYaJaMa)
and |b) = IYbeMb) with an energy difference hw,, the reso-
nance conditions are w1-+w2 = Wpa for two-photon emission

(TPE) and w = w

3”9
The perturbation calculations36 yield the following formulas

for ng) and Wéi) for the |b) = |ad transition.

TPE _  TPE
2
PR

e
4he &y [(w1+w2—wba)+if/2]

(C.3a)
ASRS _ _ASRS *
X3 X1
[E I
4heo gy [(ws-wl-wba)+ir/2]
(C.3b)
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for anti-Stokes Raman scattering (ASRS).
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where Nb and Na are the population densities, g, = 2Jb+ 1
is the degeneracy of |bd , and T is the two photon tran-

sition linewidth (FWHM).

2 2

r/2 By 171E,
TPE _ 1 2 2
e T Z Z|“1,2|

2 2 2
(w1+w2—mba) + (T/2) 8 h gy Mb Ma

(C.4a)

Fia j2
wASRS_ i |E5 1% 1B, |

ba

2 2 2 :E:la1'3|2

(L"B"wl_mba)2 e el 8h” g, M, M

(C.4b)

@leyeif locele] B [0y cale) D odley T o

Ay *wg) h(wyy,*og)

“1,2:=§:
Kk

(C.58)

Galeg-d [kXkley i |by  <ale;-D |K|es-T [
h(w

g O =:E:
K

kb~%1’ h(wtog)
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Since two photon transitions are second order precesses,
a summation over intermediate states |k) = lykaMk) appears
in Egs.(C.5a and 5b). The expression in Eq.(C.5b) is the
well known electric dipole form of the Raman scattering po-
1arizability.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 dependence of the matrix elements in Eqgs.(C.5a and 5b)
is the Wigner-Eckart theorem and the irreducible tensor

39,56

operator algebra. 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 g~th component of an irreducible spherical tensor op-
(k)

q

58

erator of rank Kk, , is given by the following relation:

3 s IR
SRS WL e el o S T < >
2 -M q M’

<<y 3 T ya
(C.6)

where Yy represents all other relevant quantum numbers.
The spherical tensor components satisfy the following

commutation relations with the angular momentum operator

components.
(X)) _ - (k)
[Jo =i ] =u T (C.7a)
- () k(D) -a(a+) ] 2
st T

2 )

[ k(k+1)-q(q-1) |

2 J




The adjoint of the operator components satisfies

§°3 1 & SRS S ,
quJ (-1) [T_q] (C.8)

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 i) the triangle rule for (J,K,J'),
ii) -M + g +M' =0, 1iii) invariance under even permutations
of the columns, and 1iv) a possible sign change by (—1)J+k+J'
under odd permutations of the columns 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.

The 3j symbol is also related to the Clebsh-Gordan

coefficient
J J J ] ; . 3 -
R TRCR e g TR Jgmyliy dg dg-mg>
o il 2 g1

{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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of the total orbital angular momentum ﬂ and the total
electron spin S to yield the total angular momentum
J=2+8 is a good approximation. However, intercombina-
tion transitions (AS # 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 élement in general is to evaluate it directly
from experimental parameters. This computational method is

discussed in Appendix D.

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-
imation the operator is ﬁ = —e;, and the components are ﬁ-ﬁ

Since ﬁ is a vector operator the rank is k=1,

% s it

and the spherical tensor components are

i S (1)
= ¢« £ = T
g q

where éq is the unit vector defined by

- J_12= [éx + igy}




The unit vectors in the spherical tensor notation
describe the circular polarizations, €+1 and E_l E
when the propagation direction is along the 2z 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 Ez and Ex . From Egs.(C.1l1la,

11b and 1lc), the cartesian unit vectors are

B m o= (€, = 8.,) (C.12a)

o __i_ A A
ey -ng (e_l + e+1) (C.12b)
E = ¢ (C.12¢c)

‘ The electric dipole operator components are now expressed as

oy (C.13a) :

i;
RS T O DR
L E(T_l T+1) (C.13b) | ﬂ

Yt A4 AT St
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The substitution of the operator components from Eq.(C.10b)
and Eqs.(C.13a and 13b) into the Wigner-Eckart theorem yields
explicit polarization dependence of the matrix elements in
Egs.(C.5a and 5b). For circularly polarized beams the matrix

elements are

P % B
<y I My [y d'M) = Dy 10 |ly'an
£ -M 1 M

(C.14)

In the case of linearly polarized light,

= J 1
<y I Ml ly g = (1T My g0 IIY'J')< )

- 0 M
(C.15a)
Y TOM Y - J-) Lo L
<y I My a My = (-1) My gl tivrary
d I 9 ) R S
V2 -M -1 M -M +1 M
(Cc.18k)

%*
The matrix elements of éq-ﬁ = u; may be computed similarly

using Eq.(C.8) or the relation
*
Cy g Mludlyramme> = <y'ammlugly I M) (C.16)
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The matrix elements in Eq.(C.14) and Eqs.(C.15a and 15b)
determine the polarization properties of the two photon tran-
sitions. The substitution of the matrix elements into Egs.
(C.5a and 5b) is straightforward and leads to the following

formulas for various polarization cases.

Circular polarization

J +J M -M

al’ = (-1)"a b
RS N T R 801 axfen 9
" Z Ry \Ma -9 M /\My, g M/ \oM, -qqy M /\-My qp M
k +
h(w wl) h(mkb+w2)

(C.17a)
where Mb - Ma = q; * g, with q; = +1 and gy = 1,
|
I I 4 M-}
a; 53 = (172" by
AT A AR S\ T S
5 Z Ry \ "My -ag My [\-My-a; M/ \-M, a; M /\-M a5 M
k + |
(W -0y) h(w,, +ug) |
(C.17b)
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where Mb - Ma = 45 - 44 with a,

+1 and g = <

R is the product of reduced matrix elements given by

k

> *
R = <vg Il llyy 30y 3l %y, 9>

Linear polarization

(C.17¢c)

For parallel polarization vectors €1= €2= €3= éz gives

gy o o= (<17 NN
1,2
R
X R
k
- M, 0

and

g I +J -M_-
a; 5 = (1% MWy

2
X R
k
k My, ©

]
=

where Ma

Yy

J 1 1
®

M ) [ BQopptog)  Bleg *ey)

(C.18a)
Jy 1 ; 1
M/ | DCugpm0g)  Blwy,tug)
(C.18b)
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For perpendicular polarization vectors €_= €Z , = £

g,= €_ give

and 63 -

+ - =
4 o = (-1)7at MMy (C.19a)
; N Rt R\ (5,1 4
K
x Z A\ 0 M [\t o) oy 1w |
K |
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o0 om e c1ow ) e 1w
+
h(wytwg)
and
a; 5 = (107 Tp7MaM, (C.19b)
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The expressions in Egs.(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

(3 w(2)

in order to obtain and In performing the

summation over Mb and Ma some algebraic simplification can
be made due to the properties of the 3j symbols. For the
circular polarization case once ql'and q, are specified,
the restriction on Mk’ Ma’ and Mb reduces the summations to

just one term for each value of M In the parallel polar-

b
ization case the summation over Ma and Mk is particularly
simple since Ma = Mb = Mk . The summation over Ma and Mk
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

Z ZZ p (-l)p S_p :
ZZ lay o!® = i
# h(w +w) hw,, tw,)
Mb Ma Yk Kk i | kb 2
(C.20a)
5, (-1)P s : 2
- -
ZZ lay 41° = Z LZ Ry s
4 h(w,,-wy) h(w,,*w,)
Mb Ma Mb Yk Jk kb 1 D 3
(C.20b)
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where p =0 and p = -1 describe the parallel and perpen-

dicular polarization cases, respectively. Sp and S_p are
the 3j symbol factors given by
" L Jb 1 Jk Ja 1 Jk
p M -
-Mb 0 Mb Mb P p Mb
(C.20c)
= . Jb 1 Jk Ja 1 Jk
P \-my -p Mtp/\ M -p 0 M +p
(C.20d)
> - %
B, = <y llullvd 2C v dll uillv gy 2
(C.20e)

In summary the polarization properties of the two photon
transitions can be analyzed by applying the Wigner-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 5b). For
example, if the reduced matrix elements are known, the inter-
ference behavior of X(B) can be analyzed for the various

polarization conditions.44’60’61
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APPENDIX D

REDUCED MATRIX ELEMENT, SPONTANEOUS EMISSION RATE
AND OSCILLATOR STRENGTH IN TWO PHOTON TRANSITIONS

The numerical computation of the nonlinear susceptibil-
ity and the transition rate for stimulated 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

20

approximate wave functions. For hydrogenic systems and

62,63 such calculations are feasible. However,

alkali atoms
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 i Ehat
appear in Egs.(C.20a, 20b, 20c, 20d and 20e) of Appendix C.

In one photon transitions electric dipole matrix element
determines the spontaneous emission rate, A |, which is given by

1

4 w3 % 2
A(yJ»y'J") = ( 3) |<le! wlly'dand (D.1)
2J+1 \3hec
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where w 1is the transition frequency in radia.n—sec—1
The reduced matrix element of ﬁ is also related to the

oscillator strength f according to

£(yI >y = —+ 2m“’2>|<YJIIEHv'J'>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.

%) R
CYI| Ty a2 = (23 +1) £(yI >y I") (eao>2<——> (D.3)
Vv

where e 1is the electron charge, a, is the Bohr radius,

R is the Rydberg constant (109737 cm“l), and v is the

transition frequency in cm—l . 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 Egs.(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 approximation 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 |SLJM )
must be described by a linear combination of the L-S

basis functions IS'L'JM).11

ISLJM)I « |[SLJIM) + E CS'L' [S'L'IMD (D.4)
S'L*
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where the mixing coefficients are given by

(S'L'I M| %

T e

spin-orbit ISLIM>

(& - &")

& and &' are the unperturbed energies.
The formulas in Egqs. (D.4 and D.5) may be applied to

a specific electron configuration using the tables of the

11

spin-orbit interaction matrix elements and the spectro-

scopic data for the perturbed energy levels. For example,
a two-electron system with s% configuration has the

following perturbed states which are symbolically represented

28 + 1L

J notation.

in the

[lOLaeM) + B|1LAM)

[tLeM) - BlOLAM)

[1Le+1 M)

where L = ¢, and Yy represents other relevant quantum numbers.




The mixing coefficients are given by11

B /
£ %%.g_liﬁ;tll_

Q 83 - 81

(D.7a)

obs EBT = (D.7b)

where ¢ 1is the spin-orbit interaction parameter determined
from spectroscopic data, and &3 - &1 is the energy difference
between the triplet and the singlet states due to electro-
static interaction.

Using Eqs.(D.6a, 6b, and 6c¢) the reduced matrix elements
in the intermediate coupling scheme can be expressed in terms

of the L-S coupling basis functions.

y 1LJHJIIY'lL;,» = aa'¢yOLJ|[ Uy oL'I"D>
(D.8a)
+BB'CY1LJ| W[y 1L

<y gl By 3Ly > = ey 1Ld) Tyt 1L0at>
(D.8b)
~aB'<yOLJ| NllyroL'ad

<L iy 3Ly, > = ea'dy1Lal Bflyr 1Lay
(D.8¢)
+B8B8'¢yYOLJ|| Vlly'oL'I"D
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L i et

Equation (D.8b) is significant in that the non-vanishing
values of the reduced matrix element give rise to inter-
combination (AS # 0) transitions.

The reduced matrix element in the L-S coupling

scheme may be simplified further using the following relation

<ysna|l o lyrsrLea

J'+L+S+ 1

= (-1) V(23 +1)(23'+ 1)

. Groff T gy
s BRI FANEE | (D.9)

where the factor with the braces is the Wigner 6j symbol.
Thus, the reduced matrix element for the S=0 and S=1
cases are proportional to a common factor as shown by the

following relations.

CroLdflillyrontary = oy 5y Ky LTI LY

(D.10a)
and

YILJlly anay = v 5Ky Ll lly 'L

(D.10b)
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The parameters o and 1 are defined by

L L*1 ©
7 L+L' .
OLJ,L'J' - (-1) \/('2L+3)(2L +3)
L1 Rt 4
x 85 141 3,141 (D.11a)
L J 1
g R I T & SNFDTIE S
TLJ,L'J' o (-1) \/(_2J+1)(2J +l)
L U -
(D.11b)

The numerical value of o and T can be computed by evaluating
the 6j symbols using the tables.59

The product of reduced matrix elements, Ry , 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.10a and 10b). The following formulas give Ry for

various transitions.

AS = O transitions

For singlet transitions between lLJ and ng.., the

formulas are

1 ,1 " h " o vl 1 ha
<y Ll lly Ly <yt Lyl iyt Ly o>

= A(aa'op gopig * BBTL 5 1) (D.12a)

X ( a'a”oL"J”,L'J' = B'B"TLH’JH’L|J')
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1 o [ 3 ' " 1 " o ' 3 *
<y Lgllully "Ly > <yt CLpallully Ly >

=X (a'Bry 3y BG4 g
X (a'B”TL"J"’LIJ| _a”B'oLI|J'I,LIJ')
(D.12b)
where
*
A= Ky Ly L Dy L]y L > (D.12¢)

The formulas for triplet transitions between 3L and

J
3L3” are
3 > 3 ' " 3 " = 13 1 .
<y “Lgllully' "Ly > <y "Lyl Iy "LY, >
ARG RS Gl B G g
; X (a'a"TL"J”’L'J' +B'B"0L||J|‘,L'J')
j (D.13a)
f and
i _
h 3 o ’1 ' " 3 " . 1 *
i <Y LJ”U”Y LJ!)(Y LJH”U”Y' L:I'>
TR S R T P e
X (a”B'TL"J",L'J' i Q'B"CL"J",L‘J')
(D.13b)
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AS = 1 transitions

For intercombination transitions between 3LJ and

i

L'b., The products of the reduced matrix elements are
given by
3 > 13 1 " 1 " > 13 1 *
<y TLgllullyt "Ly "Lyl ully "Ly, >
=A(aa TLJ,L'J'+BB'OLJ,L'J') ‘
X(u B TL"J",L'J' 3 Q”B OL”J",L'J')
(D.14a)
and
3 g ll 1 " 1 " e '1 1 X
< Ll lly "Lpd<yt Ty lu iyt "Ly
e T R B AT
1 " ] "
x(a a GLHJH’LlJ' +B B TL"J"’L!JI)
(D.14b)

Therefore, according to Eqs.(D.12a, 12b and 12c),
Eqs. (D.13a and 13b), and Eqs. (D.1l4a and 14b) 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 o and T defined in Egs. (D.l1la and 11b).

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 Egqs. (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 Egs.(C.20a,
20b, 20c, 20d 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




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




APPENDIX E

Proposed atomic mercury anti-Stokes frequency converter

H. Komine and R. L. Byer
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to use population stored in the radiatively lnppcd 6°P; atomic mercury resonant level
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PACS numbers: 32.10.K, 42.60.L

Recent requirements for high-energy laser sources
and frequency conversion of existing high-energy lasers
to shorter wavelengths for application to laser fusion
has led to reconsideration of the two-photon laser first
proposed by Sorokin and Braslau.' In its ideal form the
two -photon laser stores energy in a metastable level
without superfluorescence limiting until induced to emit
by an intense input trigger pulse. Inversion densities
of greater than 10'® cm™ are needed to obtain adequate
energy storage and g2'n for the two-photon scattering
process. To avoid superfluorescence at the high inver-
sion densities, an energy level scheme must be found
that precludes any single-photon transition out of the
inverted level. Unfortunately, the high inversion den-
sity and level scheme requirements have not yet allowed
the two-photon laser to be achieved in the laboratory.

The atomic iodine system with inversion produced by
photodissociation on the spin orbit split 5°P,,,-5°P,,,
(1.315 um) ground-state transition has been suggested
as a candidate for two-photon conversion.? Unfortunate-
ly, the inversion density is limited to approximately
3x10'® cm™® by superfluorescence which leads to a low
saturation intensity and anti-Stokes gain.® The lack of
nearly atomic levels to resonantly enhance the third-
order susceptibility also limits the gain in the iodine
system. Nevertheless, Carmen and Lowdermilk* have
demonstrated e'-* gain in iodine using a visible dye
laser to probe the anti-Stokes up-shifted 1.06-um pump
wave.

An investigation of the Periodic Table for atomic sys-
tems with metastable levels that allow encrgy storage
and two-photon processes showed that there are very
few candidates. Of those investigated, a number such
as Tl are similar to lodine with split ground -state
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-
ment of no single-photon radiative decay from the upper
two-photon level.

However, atomic mercury, though lacking a truly
metastable state above the 6°P5 | , levels does offcr the
possibility of obtaining inversion betwcen the 6'P; and
6P, .. levels. The 6'P, level does not decay by single-
photon decay to the lower-lying 6°P;,, , levels. Further-
more, it is radiatively trapped with respect to the 6'S,
ground state at high vapor densities, thus becoming
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1g 0.4157- and 0.9116-um output wavelengths are calculated

effectively metastable. In addition, the higher-lying
mercury levels with their relatively strong singlet-
triplet intercombination transitions provide resonant
enhancement of the susceptibility, leading to significant-
ly improved anti -Stokes and two-photon gains.

Figure 1 shows a simplified energy level diagram for
atomic mercury. For the present case, we assume that
the 8'P; level is inverted with respect to the 6°P; , ,
levels. Possible methods [or obtaining the required in-
version are discussed later.

If we let i and f denote the initial (‘P}) and final (*P°)
levels of mercury and let /, and /; be the input intensity
and the output anti-Stokes or two-photon intensity, then
the equations governing the generated intensities are

dl,/dz =+ 01,1,

dly/dz =8yl 1, (1)
where the positive sign applies to the two-photon process
where w;,=w, + w,, and the negative sign describes the
anti-Stokes case where w,, + w, = w,. The gain coeffi-

cients related by their frequency ratio 8,/5,=w,/w, are
given by

| IONIZATION POTENTIAL

ENERGY (ev)

ENERGY (% 10% em™!)

MERCURY (WAVELENGTHS IN um)

FIG. 1. Simplified encrgy level scheme for atomic mercury
showing the transitions used in forming the sum over interme-
diate levels for caleulating the anti-Stokes and two-photon gain
coefficients,

Copyright © 1975 American Institute of Physics




8, = w,aN |3, [*/20 *c* G nymyawy,, 2

where AN is the population inversion density, n, and n,
are indices of refraction, and 4w, is the effective

linewidth of the two-photon levels or the incident laser
linewidth whichever is larger. The summation term is

]2.3,'= 2 “m"m’“m“m |’ @

N Wrwy  witwy,
where the superscripts indicate the dipole component
projection in the polarization direction of wave (1) or
(2) and the plus and minus signs again denote the two-
photon and anti -Stokes processes.

Equation (1) shows the two-photon process results in
gain at both /; and 7, while the anti-Stokes process de-
pletes /, during the conversion to I,. However, the
equations describe a simplified interaction in which
conversion losses to higher-order Stokes and competing
two -photon or anti -Stokes processes are neglected.
Similarly, saturation of the inversion is also not in-
cluded. Limitations due to competing processes and
saturation have been recently considered.® Here we
assume that one process dominates and leads to deple-
tion of the input wave or the population inversion before
significant losses occur via other channels. This situa-
tion applies to stimulated Raman scattering and has
been considered for that case.® For stimulated Raman
scattering approximately 40% photon conversion effi -
clency is reached before higher-order Stokes generation
becomes important. A similar photon conversion effi-
ciency should be possible for the two-photon and anti -
Stokes processes.

The anti -Stokes gain factors given by Eq. (2) are
listed in Table I for 1.06- and 10.6-um input wave-
lengths. The summation is taken over intermediate
states for which oscillator strengths®='® and signs'!!?
are known. For the 1.06-um input, close-lying inter-
mediate levels for the anti-Stokes case provide signifi-
cant gain improvement. The two-photon gain for both
1.06- and 10.6-um inputs is slightly less than the
10. 6-um anti-Stokes gain owing to the lack of resonant
intermediate states between the 6'P;’ and 6°P;  , levels.
The calculated unsaturated gains assume a 10'*-¢cm™?
inversion density and a linewidth determined by pres-
sure broadening of the 6'P, resonance level.'’ These
gains are more than adequate for efficient single -pass
anti -Stokes conversion at intensities of less than 10°
W/em?® which is well below gas breakdown intensity
limits for even 1 atm of total mercury vapor pressure.

Atomic mercury meets the requirements for a poten-
tial two-photon or anti -Stokes laser medium if popula-
tion inversion can be achieved. It is not yet clear
whether electrical excitation methods will produce high
inversion densities. However, radiation trapping of the
6'P} level and rapid quenching of the 6°P;,, , levels
enhance the probability of success.

Radiation trapping is well known and has been con-
sidered in detail by Holstein.'* The trapped lifetime 7
in a cylinder of radius R is considerably increased
over the untrapped radiative lifetime by the factor 1/g
where

g (wk R)/2,

NNg Yy
by=7—8A22 4
Lt 3 @
where &, is the absorption coefficient on line center, N
is the ground-state population density, g, and ¢, are the
level degeneracies, and ;, and y, are the natural and
pressure-broadened linewidths.

The absorption coefficient increases with pressure
until the pressure-broadened linewidth equals the
Doppler width. For the 6'P,-6'S,(1850 A) resonant
transition in mercury, the density at which this occurs
is near 2x10'® em™* at 300 ' C. At this density k,=1.8
x10® and g~4.4x10°*. The radiatively trapped lifetime
of the transition is therefore approximately 3 usec in
a 1-cm-diam cylinder. Apparent lifetimes as long as
20 usec have been observed.'*

Radiation trapping is also present for the triplet-to-
singlet 2537-A resonant line. However, in this case,
unlike the 1850-A transition, quenching by foreign gas
molecules such as hydrogen is very effective in rapidly
reducing the triplet level population. Based on mea-
sured quenching cross sections, '*'7 1 Torr of hydrogen
in 100 Torr of mercury vapor leads to triplet level
quenching in approximately 10”7 sec, which is 30 times
shorter than the radiatively trapped 6°P, lifetime. Fur-
thermore, H, has a significantly smaller cross section
for quenching the 6'P, level compared to the 6'P, level'*
and H, does not collisionally induce a 6'P, ~to-6°P,
intersystem transition.'® Thus selective quenching may
enable population inversion to be achieved in the after-
glow of a mercury discharge. Additional processes such
as the formation of Hg, dimer molecules from the trip-
let levels may also proceed rapidly enough at higher
pressures to reduce the triplet level population. Based
on the measured rate constant®® for the production of

TABLE I. Anti-stokes and two-photon gains in atomic mercury for 1.06- and 10, 6-um input wavelengths,

Anti-Stokes Raman
Initial state 1i>=6'P?
A (incident); A, (scattered)

Two-photon emission
Initial state |i>=6'Py
A (incident); A, (generated)

N \f> N (um) 8 em/MW) &, A (um) 8 em. MW) &
6'py 0.5148 ~2,0x10% 4.1 x10° 15,94 7.4 x104 5.0x10"*
1.06 ym epy 0.4157 -2.5x%10% 6.5%10% 1,902 3.5x10% 2.0x10
6'p; 0.3873 -3.8%10 1.1x10% 1.423 7.8%10%% 5.8x10%
e'ne 0.9116 -8.7x10% 1.0%x10% 1,101 7.2x10°% 7.0x10
10,6 um e'pe 0.6410 ~5.4 x10"% 9.2x104 0.7292 4.ax10 6.2x10
8p; 0.5758 ~1.4x10"% 2.6x104 0.6460 1.1 %10 1.8x107
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Hgg® from Hg (°P,) of k=3.411.7x10"" cm® mol"? sec™
the formation rate of Hg® is 3.4x10" gec™' at N = 10'°
cm™. Thus at pressures above 100 Torr depopulation
of the triplet levels by dimer formation is rapid enough
to ensure inversion.

Electrical excitation of mercury has been the subject
of theoretical studies. "% Rockwood® has calculated
excitation rates to the singlet and triplet levels from
previously measured electron scattering cross sections
for mercury using a comprehensive model. Binary ex-
citation rates to the 6'P, and 6°P, , , levels are approxi-
mately 107 and 10°® cm?®/sec at an E/N of 10""* Vcm®.
Excitation to higher-lying atomic levels is negligible.
These excitation rates lead to high fractional excitation
of the mercury electronic levels for £/N in the range o.
3x107'7-10""* cm?. Furthermore, at E/N near 107'¢
Vem? the fractional ionization is small such that elec-
tron-electron collisions are not important and thermali -
zation of the medium is avolided.

Although population inversion in mercury by electri-
cal excitation has not been demonstrated experimentally,
the two-photon and anti-Stokes gains calculated in this
paper can be measured. One approach is to use two-
photon absorption at the 6'S,-to-7'S, transition to popu-
late the 7'S, level which subsequently decays to the
lower 6'P, level creating the required population inver-
sion with respect to the 6P, , , levels. A second ap-
proach is to use resonance excitation at 2537 A to popu-
late the 6P, , levels and measure the cross section to
the 6'P, level by Raman scattering on the noninverted
population density.

In summary we have shown that atomic mercury has
high two-photon and anti-Stokes gain coefficients for
inversion between the 6'P, and 6°P, , , levels. At mer-
cury densities of 10'® cm™ or greater electrical excita-
tion of the radiatively trapped 6'P, level followed by
rapid quenching of the 6P, , , levels by hydrogen or Hgs
formation may provide a possible method to obtain the
required population inversion without the superfluores-
cence limit characteristic of single-photon amplifiers.
Finally, anti-Stokes amplifiers may be advantageous in
laser fusion applications by providing, in addition to
frequency up-conversion, isolation from waves reflect-

302 Appl. Phys. Lett,, Vol. 27, No. 5, | September 1975
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ed back from the target due to nonlinear frequency con-
version and to amplifier saturation.

The authors wish to acknowledge helpful discussions
with §. E. Harris and the support of Stanford Center
for Materials Research.
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