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A theoretical analysis of mercury molecules™
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A theoretical analysis of experimental observations on bound-free electronic transitions in m¥gRury
molecules is presented. Potential curves and 4 values are derived for these transitions and the p 1

of emission from a mercury trimer is also discussed briefly. These data are then used to produce a

model for an optically pumped 335 nm mercury laser. A table is given which predicts the small signal gair
at 335 nm as a function of temperature, density, and the excimer density in the vapor.

. INTRODUCTION

The Hg, molecule is representative of a class of mol-
ecules, often known as excimer molecules, which have
dissociative ground states and bound excited states.
Such molecules are of interest as possible high power
visible or ultraviolet lasers because they avoid the lower
state bottleneck which often inhibits electronic transi-
tion lasers. Owing to the lack of a bound ground state,
standard absorption techniques cannot be used to obtain
the molecular structure parameters needed for model-
ing laser systems. We have therefore developed new
measurement techniques (both experimental and theore-
tical) to obtain potential curves, transition rates, and
various kinetic rates for this class of molecules. The
experimental measurement techniques and their ap-
plication to mercury vapor are discussed by Drullinger
et al.' In the present paper we will discuss the theoreti-
cal analysis of the data thus obtained. In particular, we
derive radiative transition rates, potential curves for
the ground state and several excited states of Hg,, and
also give a brief discussion of the possibility of emis-
sion from a mercury trimer. We also present parame-
ters for design of an optically pumped Hg, excimer
laser.

The data analyzed in this paper consist of both fluo-
rescence and absorption data. The fluorescence mea-
surements® used the 257.2 nm frequency doubled argon
laser line as an optical pump and the steady state fluo-
resence signal was measured from 240 nm to 650 nm
with a resolution of 20 nm (spectra obtained with higher
resolution are also discussed in Ref. 1). Measurements
were made for temperatures from 573 to 1273 K for
atomic densities ranging from.10'® ¢cm™3 to 2. 2x10**
em™, Three representative spectral traces are shown
in Figs. 1, 2, and 3. In general, one sees two strong
molecular bands centered roughly at 335 and 500 nm;
the latter will be referred to as the 485 band to be con-
sistent with previous literature on mercury. At low
densities there is also a significant signal from the very
broad red wing of the collision broadened 253.7 nm
(3P1~1Su) atomic transition. In Fig. 1, the pump laser
was focused to a rather small beam diameter resulting
in a power density the order of 1.5 W/cm? This pro-
duced some two photon excitation of the 7 %S, atomic state
as well as a rather strong scattering of the 257.2 nm
pump laser and the 514. 5 nm primary laser. In later
data the pump laser was not tightly focused and very
little if any double pumping was observed; in addition,
the 257.2 and 514.5 nm laser scattering were greatly
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reduced (owing to improved light baffles, etc.).

As mentioned earlier, the absorption measurements
are quite difficult, requiring pressures in the range of
one or more atmospheres, long absorption path lengths
(e.g., 80 cm), and temperatures the order of 900~1300
K. Kuhn and Freudenberg® have measured the absorp-
tion spectrum photographically, and Drullinger ef al.®
have measured the temperature and density dependence
of the absorption coefficient photoelectrically at several
key wavelengths,

In Sec. II we discuss the theoretical basis for our
analysis of the spectral data. In Secs. II and IV these
techniques are applied to the 335 and 485 bands, re-
spectively. In Sec. V we discuss parameters for design
of an optically pumped laser.

1. METHOD OF ANALYSIS

A. General features

Expressions for spontaneous emission, absorption,
and stimulated emission in excimers are derived in the
Appendix using the assumptions that (1) the excited

T=748 K
N=2,0E +18 cm™3

Calibrated Intensity (Relative Units)

Yooy
240 280 321 361 402 442 483 523 564 604 644
Af{nm)

FIG. 1. Relative photon flux® vs wavelength. The primary
features are the molecular bands at 335 and 485 nm, the 253.7
nm atomic line with its strong red wing due to collisionbroaden-
ing, strong scattering of the 257.2 nm pump laser, a weak fea-
ture at 514.5 nm due to scattering of the argon ion laser which
was frequency doubled to produce the pump laser, and weak
atomic emission *S; —%P; ; , at 404.6, 435, 8, and 546, 0 nm due
to two photon pumping of higher lying states.
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state well depth is much greater than T, (2) the vibra-
tional spacing is much less than 4T, and (3) the ground
state well depth (if any) is shallow enough that the num-
ber of bound ground state molecules is much less than
the number of atoms. Similar theoretical descriptions
have been developed by Hedges et al., * Doyle, ® and
Sando and Dalgarno.® Throughout this section we will
make a distinction between the excited state vibrational
temperature T, and the gas temperature T even though
these two temperatures will be equal for all of the data
analyzed in the present paper. This distinction will
make the equations more general and permit them to be
used for the analysis of molecules excited by elecirical
discharges (see, for example, Mosburg and Wilke”).

The number of photons emitted into 4r steradians is
. - V(R)/ET,
IN) dx= A, (R,) o(N) ny expl AV( L (fa) dx,

2 a
' (2.1
where a and b denote excited and ground states, respec-
tively, and 7, is the vibrational temperature of the ex-
cited state. A, is an A value defined by

43
Aab(R).): 6;4:'3% gb‘tDab(Rx)iz ’ (2.2
where D,,(R,) is the electronic transition dipole matrix
element evaluated at the internuclear separation R, at
which the radiative transition takes place (according to
the Franck-Condon principle), and g, is the electronic
degeneracy of the ground state 5. Other quantities ap-
pearing in Eq. (2.1) which refer to the electronic state
a are n,, the density of excimers in the state a, the ro-
tation-vibration partition function ¢,, the potential en-
ergy V,(R) as a function of internuclear separation (V,
=0 at the bottom of the excited state well), and a ther-

mal de Broglie wavelength

A, = VW 27 kT, , (2.3)

T=748 K
N:=2.2E+I19cem™

Caolibrated Intensity (Relative Units)

L

f
|

N R |
240 281 322 365 404 444 485 526 567 606 649
A (nm)
FIG. 2. Relative photon flux’® vs wavelength. Comparison with

Fig. 1 shows that increasing the density increases the 485 nm
molecular band intensity and decreases the intensity of the
253.7 nm atomic line relative to the 335 nm molecular band
(see also Figs. 5 and 8). The laser scatter and two photon
pumping are also strongly reduced owing to the use of a slightly
wider laser beam (i.e., decreased power density).
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T:=1073 K
N=2.2E+iI9cm™3

Cahbrated Intensity (Relative Units)

d i i f . ‘ ~. '
240 281 322 363 404 444 485 526 567 606 649

A{nm)
FIG. 3. Relative photon flux?® vs wavelength. Comparing with
Fig. 2 shows that an increase in temperature strongly increases
the ratio of 335 to 485 nm molecular band intensities (see also
Fig. 4). The intensity of the 253, 7 nm laser line decreases
slightly with temperature, but this is shown more clearly in
Fig. 9. Atomic sodium lines at 589.0 and 589. 6 nm (merged
into a single feature by the 2.0 nm spectral resolution) are also
present since the ratner high temperature causes sodium atoms
to be ejected from the glass cell walis.

in which p is the reduced mass of the molecule (e. g.,
1.7x10% g for Hg,). The line shape function ¢(A) is
defined by (see Appendix)
-1
e
R=R

< l

dR
where V,(R) is the potential energy of the ground state
V,(R)=0as R~o,

Vi(Ry) = Vi(R,)

N (2.4)

o\ =4rR?% [

The absorption coefficient defined by dI{), x)/dx
=I(x, x)k(\) is

k(M) = (%) AV o (V)

2
x [ga” e VbRV /AT _( g“ ) e ValRy /% T,,] (2.5)
&b Aa qa

where T is the gas temperature, # is the ground state
atom density, g, is the electronic degeneracy of the
excited state, and the negative term represents stimu-
lated emission. It should be noted that our line shape .
function ¢()\) is not normalized although one can easily
define normalized emission and absorption line profiles
{see Appendix).

One can obtain a simple classical picture of Egs.
(2. 1)-(2. 4) by assuming that the number of photons
emitted in a radiative transition is given by the product
of an A value A(R), a delta function 6 {hv — E, - V,(R)

+ V,{R)} which selects photons of wavelength X (E, de-
“notesthe energy of the bottom of the -excited state well—
relative to the energy of a ground state atom), and the

probability of finding the molecule at the internuclear

distance R:
P(R)dR=4rR% eV "'/ *TadR/Z, | (2.6)

z,= j%Rze-Vam)/nadR ] 2.7)
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I()\) is then given by

I dr=n, (ﬁ’—;) J’ Ay(R)6(hw - E, ~ V,(R)+ V,(R))

y 47 R2p™Va®) /RT

7 dR
2
=n, (cd_;\) Ay(Ry) o~ValRy /2T, 4nR
\ Z, h(du/dR)R:Rl
=n, (C\(\i:\) A_»IZQ( Ra) O(A) o~ ValRy) /T, , (2.8)
where the point R, is defined by
hv= Ea + VJ (R\) - Vb(Rx) . (2. 9)

The classical limit of the partition function is given by

ga =2 (27 +1) e'fw/”-;z'sfd"pfdaRe‘Vam”kTae-Pz/kaTa
vd

=03z, . (2.10)

With this expression Eq. (2. 8) becomes identical to Eq.
(2.1}, thereby showing how I{A) and »(\) may be obtained
when a classical description of the molecule is valid.

Occasionally a case will arise where the spectrum due
to one electronic transition overlaps with that of another,
For example, the 485 and 335 fluorescence bands over-
lap around 400 nm and two overlapping absorption bands
are discussed in Sec. III.A. In such cases there will
be more than one value of R corresponding to a given
wavelength A and it is necessary to sum the right hand
side of Egs. (2.1) and (2.5) over R,.

Equations (2. 1) and (2. 5) were derived under the as-
sumption that the vibration-rotation levels are in ther-
mal equilibrium within a given electronic state (the
various electronic states need not be in thermal equilib-
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FIG. 4. Ratio of integrated band intensities versus tempera-
ture for several different densities (in cm™), All of these data
are calibrated so that the ratio gives the number of photons
emitted in the 485 band divided by the number emitted in the
335 band. This ratio can be fit by the function 2.2 x 10-24,,

< exp(6500/KkT), where kT is in cm™! [see Eq. (4.10)].
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FIG. 5. Ratio of integrated band intensities vs density for

several different temperatures (in degrees Kelvin)., These data
were obtained using optical filters and are thus not calibrated in
terms of photon flux as are the data of Fig. 4. The data at

519 K have been shifted upward 1 order of magnitude in order
to clarify the figure. The low temperature data of Matland and
McC oubrey25 are also included to show that this ratio approach-
es an n° dependence.

rium, of course). Our first measurements were there-
fore intended to determine the conditions under which
this assumption is valid. We first plotted the ratio of
integrated band intensities for the 485 and 335 nm fluo-
resence bands as a function of gas temperature and
density (Figs. 4-6). For densities greater than 3x10"
cm™ and temperatures greater than 575 K, the log of
this ratio is a linear function of 1/£T and the 6500 cm™
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FIG. 6. Ratio of intensities at various wavelengths A in zr'*.e
485 band relative to the intensity at 500 nm. Ei?ch plot is 11: ‘
beled by the wavelength A and, in parentheses,_llts slope; x{mt
slope o} each plot is equal to its energy, in cm™!, relative to
the energy of the state which emits at 500 nm.
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slope is independent of density. This shows that the
ratio of populations is indeed described by a Boltzmann
factor and it also shows that the states which emit the
485 and 335 nm bands are separated by 6500 cm™ in
energy.

Figure 5 shows that for the higher temperatures and
densities where thermal equilibrium applies, the ratio
of 485 and 335 nm bands is a linear function of gas
density. If the 335 nm band is due to spontaneous
emigsion from an Hg, dimer (as we have shown by mea-
suring its density dependence in absorption), then the
485 nm must result from an Hg, complex. The latter
could be either be a bound trimer or an unbound com-
plex which could be referred to as collision induced
dimer emission. This question will be discussed fur-
ther in Sec. IV,

B. Fluorescence analysis

Having shown that the two different electronic states
responsible for the prominent fluorescence bands were
in thermal equilibrium when 7 >3x10'" ¢m™ and T >5%75
K, we proceeded to make log{Z(x)/I(x')] vs 1/kT plots
for various wavelengths within the 485 and 335 bands.
The log of this ratio is (notice that n, and the partition
functions cancel out)

IO\ | VRD = V(R
! g(z(x')) = kT

1og (1) Aot
A AN ()
Thus, if we plot logl()\)/I(\) vs 1/kT, the slope of the
linear plot will give the relative potentials V,,(RA,)
- V,(R,) and the infinite temperature intercept will give
the relative A¢ values. By doing this for several val-
ues of A, for a fixed A’, we can plot out V, as a function
of wavelength. For example, when studying the 485 band
we use A’ =500 nm since we always have a strong signal
at this wavelength. Figure 6 shows a semilog plot of
I(»)/1(500)) vs 1/kT for several wavelengths in the 485
band; the number in parentheses gives the slope in cm™,
The excellent linearity of these plots shows that the vi-
brational states are in thermal equilibrium as one
would expect. These data, and several more sets,
which we have not plotted, have been analyzed by a
linear least squares computer program to obtain the
slopes. The relative A¢ values, 4,(A\)¢(1)/
A,,(500)4(500), are obtained from the (1/kT)=0 inter-
cept of the plot., Since a small error in the slope can
produce a large variation in the zero intercept, the A¢
values are less accurate than the potentials themselves. -

(2.11)

This simple method works rather well when one band
dominates over all others., This method has been used
by Drullinger et al.® to evaluate the potential curves
(upper and lower states) for the 335 band from 300 to
360 nm and for the 485 band from 400 to 600 nm. Over-
lap of the 485 and 335 bands prevented us from going to
longer wavelengths in the 335 band and to shorter wave-
lengths in the 485 band. Extension of the 335 band to
shorter wavelengths is complicated by cveriap with the
red wing of the collision broadened 253.7 nm atomic
line. Extension of the 485 band to longer wavelengths
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was inhibited® by blackbody radiation from the oven,
but this has been eliminated® by chopping the optical
pump and using synchronous detection of the fluores-
cence.

C. Two density method for fluorescence

A slightly more sophisticated method has been de-
veloped which extends the 335 band to the range 280-
370 nm with an order of magnitude increase in accuracy
over the region 300-360 nm. Similarly, the 485 band
is extended to 350-360 nm again with an order of mag-
nitude increase in accuracy over 400-600 nm,

This technique makes use of the fact that,.for n > 10"
em™, the ratio of integrated band intensities, I(485)/
1(335), is proportional to the vapor density (see Fig. 5).
It I(A, n, T) represents the number of photons emitted
at wavelength A, density », and temperature T, then we
may define

Ky n, T)= 9-&%\77‘*) [A; (VB (1) e EYW/ET

+nag(M)pa(n) e"E2W /kT] ’

a(n’ T)=na/A2 qtl ’

(2.12)
(2.13)

where the subscripts 1 and 2 denote the contributions
from the electronic states responsible for the 335 and
485 bands, respectively. Note that the A value for the
485 band, a,(\), does not have the same units as 4;(A);
this is due to the fact that a,()) also includes the rate of
formation for the Hgz; complex which radiates the 485
band.

In the region where the bands overlap, both terms in
Eq. (2.12) must be retained; however, in the center of
the bands we may write

1(335, n, T)=ar"2A,(335)p,(335) e F1(339) /-7

I(500, n, T)=ax?nay(500)¢,(500) ¢ F2500 /2T (2.14)

It is thus clear that an expression such as

I, ny, T) B I np, T)
1(335, ny, T) 1(335, Nz, T)

_ §_0_9_)2 v - a(Mg(N) Ey(335) *Ez(/\)>
‘( x ) =" 4335y, (335) exp( kT

(2.15)
contains no contribution from the state E;(\) (i.e., the
335 band); hence it is possible to obtain the 485 po-
tential curves {by plotting the log of Eq. (2. 15) vs 1/k7T)
even in a region where the 335 band is stronger. In
practice this technique works until the 335 band is about
2 orders of magnitude stronger than the contribution
from the 485 band; at that point, the 1% noise level on
the total signal produces an error in the subtraction of
the 335 contribution which is almost as large as the 485
signal. The same technique can be used to extend the
potential curves for the 335 band by using (500, n, 7) in
the denominator.

fti. 335 BAND
A. Absorption data

Figure 7 shows the low lying Hg, curves as well as
some key radiative transitions which are used to locate
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FIG. 7. Theoretical estimates of several low lying Hg, poten~
tial curves based on ab initio calculations of Mg, and experi-
mental observations on Heg, (Stevens® and Mies et al.®). They
are intended to show (1) the relative energy ordering of the
states. (2) the relative values of R, (i.e., the internuclear sep-
arations at the bottoms of the various wells), (3) the conver-
gence of the (g and 1, states at small internuclear distances.
and (4) the approximate magnitude of the splitting between
gerade and ungerade states.

the energies of various ungerade states. The locations
of the gerade states are not firmly established and are
at present only estimates based on LS splittings in the
atomic states. The two lowest excited states which can
make allowed transitions to the ground state are the

1, and the 0;. On purely theoretical grounds (Stevens®
and Mies et «l. %), the 0 is expected to be weakly bound
whereas the 1, is strongly bound. Consequently, the
335 mm band (which is observed to go as #® in absorp-
tion) is ascribed to the 1,.

In studying the absorption spectrum, it was found that
the absorption coefficient 2(\) was proportional to nt
(for all cases where two photon pumping was absent,
see Ref. 1, Sec. II]. It was also found [by plotting the
log of k(\) vs 1/ET] that the absorption coefficients at
257. 2 and 265 nm could not be described by a single
Boltzmann factor. This is not surprising since the 0,
state should have an A value slightly larger than that for
the 1, state [due to its greater admixture of singlet char-
acter (Stevens® and Mies et al.'®)]; consequently, the
absorption coefficient should be a sum of two terms

(3.1)

where the subscripts 0 and 1 refer to the 0;— 0, and
0; - 1, transitions, respectively. Using this functional
form we obtained excellent fits to the 257, 2 and 265

B(A) = n®(ky o Bo/AT | By e E1/AT)

[

nm data, the results of which are given in Table 1.
Notice that transitions to the 0] state correspond to
points rather high up the repulsive wall of the O; ground
state. For the A >265 nm data, Ey> E; and the contri-
bution from transitions to the 0 state were too weak to
be measured (i.e., only the k; term was measured).
Comparing Eq. (3.1) with Eq. (2.5) and noting that g, =2
and g,=1, we see that &, = (\%/47) 4,,(\)¢(}); the mea-
sured values of the product A¢ are also given in Tablel.

B. Fluorescence data

The molecular fluorescence data analyzed in this
paper were excited with the 257, 2 nm frequency doubled
output of a 514.5 nm argon laser line. As shown in Fig,
7, this laser line excites vibrational levels of the 1,
state which lie above the *P, atomic level. This highly
excited 1, molecule can predissociate, via curve merg-
ing with the 0] at small R, into a 6%Py+6'S, atom pair.
The metastable *P, atom (natural lifetime ~ 1 sec) then
acts as an energy reservoir and feeds excitation into the
various Hgg states by three-body recombination pro-
cesses. This pumping scheme has been verified (for
densities greater than 2x 10'® ¢cm™) by exciting with a
5 nsec laser pulse at 256 nm (obtained from the fre-
quency doubled output of a nitrogen pumped dye laser).
The strong fluorescence near the laser pump frequency
was observed to decay in less than 1 nsec (the limit of
our time resolution) after the exciting pulse was turned
off. A weak fluorescence signal coincident in time with
the laser pulse was observed at all wavelengths in the
335 nm band, indicating that there was some collisional
redistribution of the directly pumped 1, states while the
laser pulse was on. However, the dominant molecular
fluorescence turned on rather slowly (100 nsec rise-
time) following the laser pulse, indicating that most of
the laser excitation was converted into *P, metastable
atoms as stated above,

TABLE I. Summary of absorption measurements and the up-
per states assigned to them. All energies are in cm’!, and Ao
is in cm3, The tabulated ground state energy refers to the en-
ergy at the point R, where the radiative transition takes place.
Data for transitions to 0}, are rather noisy owing to an insuf-
ficient range in temperature (T >>900 C would be needed) and
the steepness of the exponentials exp(—V/kT). We were unable
to obtain reasonable estimates of A¢ for the 0,— 0, transition
owing to the rather large uncertainty in the ground state en-
ergy. The accuracy of the 1, energies is the order of +100
cm™,

Ground state

Excited state

A(nm) energy energy AN o (M)
257.2 (00 +3800 + 1500 42680+ 1500 Uncertain
257.2 (1) —150 38730 7.3%x107%

265 (07) +6900 £ 3000 44 640 + 3000 Uncertain
265 (1)  -255 37480  9.9x10%0
280 (1,) -170 35544 2.37x107%
313.1 (1) +550 32487 4.20x10™
334. (1) + 1600 31540 1,87x107!
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The fluorescence data for the 335 band were analyzed
by both methods discussed in the previous section (Secs.
O.B and 0. C). It was found that the two density method
was effective in removing the contribution due to the
485 nm band on the long wavelength side of the 335 nm
band. Our analysis of the long wavelength side was re-
stricted only when the ratio of 485 to 335 contributions
became comparable to the signal to noise ratio of the
data (see discussion in Sec. II.C).

On the short wavelength side of the 335 band, we be-
gan to notice a deviation from linearity in the log{I()’
I(\")] vs 1/kT plots for A< 280 nm which became rather
severe as one approached the 253.7 nm line. It was al-
so clear that the region from 253.7 to 280 nm did not
have the same density dependence asthe 335 band. Plots
were made of 1(262)/1(336) as a function of density, Fig.
8, and it was found that this ratio approached a 1/n de-
pendence at low n. This same behavior was observed
at other wavelengths in the 253. 7-280 nm range, with
the 1/» behavior becoming less pronounced as one ap-
proached the 335 nm band (since the contribution due to
the latter becomes dominant). This radiation is prob-
ably due to overlap with the red wing of the collision
broadened 253.7 nm line (see Fig. 9) with perhaps an
additional contribution near 265 nm due to collision in-
duced radiation from *Py atoms. The latter process
could occur when 3P0 and J‘So atoms approach one another
along the 0, curve (see Fig. 7), cross over to the 1,
curve at small R, and subsequently find themselves
quasibound in the 1, state. Radiation could then occur
from the outer turning point at 265 nm and from the
inner turning point at some longer wavelength as yet un-
observed. In either case, these radiators are not ex-
pected to be in thermal equilibrium with the vibrational
states at the bottom of the 1, well (which emit at 335
nm). This is due to the fact that the bottom of the 1,

P=
S

| B

Lo L LT

T
1

=3

625 °C

% 800 °C

IllJli[

T
1

I1(262) 7 1(335) in Relative Units

| I I
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| g -

! 10

Density x 0% ¢m?®

FIG. 8. Fluorescence intensity at 262 nm relative to that at
335 nm vs density for two representative temperatures. This
plot is intended to show the behavior of the relative intensities
of the collision broadened 253. 7 atomic line wing and the 335
nm molecular band. At low densities this ratio is no longer in-
dependent of density, indicating that the radiators which emit
at 262 nm (i.e., collision broadened 63P atoms) are not in
thermal equilibrium with the bottom of the 1, state in Hg,.
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FIG. 9. Fluorescence intensity at a density of 2x 10! cm™ for
the temperatures 800°C and 350 °C showing the extensive red
wing of the 253, 7 nm atomic line. Any structure due to self-
reversal at the line center is smeared out due to the 2. 0 nm
resolution of the spectrometer.

curve is separated by the order of 6500 cm™ from the
3p; atomic level, and the collision rate upwards,

nvo exp(— 6500/kT), cannot compete with radiative losses
from the 1, state (using vo~107° cm® sec™ and A=~ 10°
sec™),

Having thus obtained some idea as to the source of the
radiation in the 253.7-280 nm region, we attempted to
remove its effect by the two density method. This was
not successful because there was too large a contribu-
tion from the 335 nm band in the vicinity of 254 nm (see
Sec. II.C). Consequently, we have reported results
only for A>280.

The potential curves V()) and transition probabilities
A(N)¢ (1) were evaluated over the range 280-370 nm
with points every 0.2 nm; hence there are 450 data
points for each function. It is therefore convenient to
represent these functions by the polynomials

E;(\)=31500+V(\) , (3.2)
V(A)=0.3108a1+1.45742% +6.329%x 10%a2%+ 1. 877
X 107'ANY + 1, 968x 107°AA° — 1.731x 107%AA° | (3.3)

AM)p(1)=3.23x107%(313. 1 nm/2)* (0. 9169 — 1. 099
X 1072AX - 1.158% 107'ax%+ 5. 851x 10~%aA°
+3.512x 1077Ax* — 1.456x 10-°AX° - 2,725

(3.4)

where A\A= (A~ 340 nm), X is expressed in nm, V(d)
expresses the 1, potential energy in cm™! relative to
V(340) =0, which is the bottom of the well, and E;(}) is
the absolute potential energy (i.e., the energy relative
to a ground state atom). The absolute scaling of the
data in Eqs. (3.2) and (3. 4) was determined by compari-
son with the absorption measurement at 313.1 nm. That
is, Eq. (3.2) gives a ground state energy E{}) - kv, of

x 107°42% cm®),
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TABLE II. Summary of data for transitions involving the 1, excited state.
distance R is given in atomic units and angstroms (the latter in parentheses).
, and the transition dipole D is in debyes.

given inem™, A¢ is in cm®, the 4 value is in sec™

Absorption data are marked with an asterisk,

¥
5673

The internuclear
Energies are

A{nm) R Ground state Excited state AN (N A D
257. 2% 9. 00 (4, 76) ~ 130 38730 7.30%x107%

265, * - 255 37480 9.90x107°

280* 6.22(3.29) ~ 170 35544 2,37

285 6.12(3.24) ~0.5 35 087 1.37 2.94x108 0.46
290 6.03(3.19) 143 34 625 1.19 4.65 0.59
295 5.98(3.17) 226 34124 9, 68x 1073 7.64 0.78
300 5.95(3.15) 290 33624 7.60 6.59 0.74
305 5.92(3.13) 364 33151 5.94 4.08 0.60
310 5.88(3.11) 447 32725 4.74 2,39 0.47
313.1* 5. 84 (3. 09) 550 32487 4.20

315 5.83(3.08) 610 32356 3.93 1.51 0.38
320 5.76 (3. 05) 800 32051 3.41 1.27 0.36
325 5.70(3.01) 1042 31812 3.07 1.03 0.32
330 5.62(2.97) 1337 31 640 2. 80 8.58%10% 0.31
334* 5.56 (2. 94) 1600 31540 1.87

335 5.55(2.94) 1685 31536 2.55 3,30 0.31
340 5.48(2. 90) 2090 31502 2.31 7.34 0.30
345 5.40(2. 86) 2555 31541 2.08 6. 07 0.28
350 5.33(2.82) 3088 31659 1.86 6.07 0.28
355 5.26(2.78) 3698 31867 1.66 5.32 0.27
360 5.19(2.74) 4399 32177 1.47 4.54 0.26
365 5.11(2.70) 5210 32608 1.20 3.69 0.24
370 5.04 (2. 66) 6154 33181 7.30% 102 2.44 0.20

550 cm™ at A=313.1 nm and A(A)¢(R)=4.20x 107! at
313.1 cm™ (see Table I). We expect the relative values
of the potential function to be accurate to within 30 cm™,
and the absolute energy E;(\) should be accurate to with-
in 50 cm™, The absolute value of the product A(X)¢(X)
is accurate to within about 10% and the relative values of
A¢ should be accurate to within about 2%, except near
280 nm, where there may be a larger error due to over-

lap with the wing of the 253.7 nm atomic line.

C. Radial scaling

The potential V(\) should be sufficient for laser mod-
eling purposes; however, it is also interesting to have
V(R) for comparison with abd initio potential surfaces,
etc. We have therefore applied a radial scale using the
pseudopotential calculations of Baylis and Walornyj*
for the Hg, ground state. At each wavelength, we first
determined the ground state energy for the transition.
We then assigned that transition to the internuclear dis-
tance R which gave the same ground state energy in the
Baylis—Waiornyj calculation. The results, including
both fluorescence and absorption data, are tabulated in
Table II and are plotted in Fig. 10. When the ground
state energy is negative, the assignment of R is not
unique since there are two points, namely, the inner
and outer turning points, which have the same ground
state energy. For the fluorescence measurements at
280 and 257.2 nm, we simply chose the most reasonable
values of R by comparing with the rest of the excited
state data. For the absorption at 265 nm, neither the
inner nor the outer turning point gave good agreement
with the rest of the excited state data. However, the
potential is very flat in this region and a 200 cm™ er-

ror in either the measurement or the theoretical ground
state well depth could shift the value of R by the order
of an angstrom. In this connection, it should be noted
that the calculated well depth is 440 cm™, whereas an
analysis of experimental data by Kuhn!? gives an un-
certainty of 530 cm™ < Dy< 740 ecm™ and our measure-
ment (Sec. V or Ref. 1) gives 460 cm™, in agreement
with the value 480 cm™ obtained by Frank and Grotrian®®
and by Koernieke.'* Thus we are at present unsure of
the actual ground state well depth.

In Fig. 10, we have plotted the Cq,/R® asymptotes ob-
tained from line broadening studies of the far wings of
the 253.7 nm line 6°P;-61Sy by Kuhn'? and by Perrin-
Lagarde and Lennuier. ¥ Kuhn points out that one must
be very careful in extracting the Cq coefficient for the
excited state since both *Py and *P; states contribute.
The relationship between the C3 and C coefficients is
not known at present, hence one can only obtain upper
and lower bounds for their values. In Fig. 10 we have
therefore plotted C§/R® for the maximum and mimimum
values of C! obtained from Kuhn's data (the data of
Perrin-Legarde and Lennuier give a slightly lower maxi-
mum value, but the minimum value is unchanged). In
general, one would expect the true V(R) to approach the
Cg asymptote from below, and our V(R) satisfies this
condition, - T T s e e e e

The excited state potential curve evaluated in this
manner has been approximated by a Hulbert-Hirschfeld-
er potential function which gave a vibrational frequency
the order of 150 cm™ and a rotational constant of 0.02
cm™,

The potential curves V(R) must be regarded as very
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FIG. 10. Ground state and 1, excited state potential curves as
functions of internuclear distance. The ground state is obtained
from the pseudopotential calculation of Baylis and Wolornyj.
The dashed curves represent the upper and lower bounds on the
C;/R® asymptote for the 1, state obtained from the data of Kuhn,
The solid excited state curve is obtained from our fluorescence
data and the open circles denote our absorption measurements,
The radial scale for our absorption and fluorescence data was
obtained by choosing the value of R in the Baylis—Wolornyj cal-
culation which gave the same ground state energy as the mea-
surement for each wavelength plotted. When the ground state
energy is negative there are two possibilities, namely, the
inner and outer turning points, and we simply chose the point
which gave the most reasonable result. For the absorption at
265 nm neither point gave very good agreement with the rest of
the excited state data; however, the ground state potential is
very flat in this regionand 200 cm™ uncertainty in either the
measurement or the theoretical well depth couldchange the 265
nm point by the order of an angstrom.

approximate since the radial scaling is based on a pseu-
dopotential calculation which is surely in error by some
unknown amount. On the other hand, these curves are
instructive since they do give some idea of the relative
behavior of the 1, state as a function of R, and the com-
parisonwith C };/R's indicates that our curves are physical -
ly quite reasonable,

With an approximate V(R) in hand it is now possible to
evaluate the line shape function ¢()) defined in Eq. (2.4)
and thus obtain the A value for the transition as well as
the transition dipole moment from Eq. (2.2). Table I
contains the dipole moment as a function of internuclear
separation as well as the A4 value. These quantities are
subject to considerable error since they rely on the
radial derivative of the potential difference function and
small errors in V(R) will be magnified by the derivative.
We thus expect that the A value and the transition di-
pole D(R) are accurate to within a factor of 2 or so.

It is interesting to note that while the bottom of the
excited state well lies at about 340 nm, the peak emis-
sion occurs near 335 nm (depending on temperature).
This is due to the fact that the product A¢ increases
with decreasing X and I, is propbrtional to A%4¢. For
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the same reason, the emission peak is observed to shift
toward shorter wavelengths as the temperature is in-
creased (i.e., as the population is shifted higher in the
1, well). On the other hand, the gain coefficient is pro-
portional to A2A¢, which means that the peak of the gain
curve will lie slightly closer to 340 nm, For practical
lasers, however, the temperature will be rather high
(see Sec. V), so the peak will again move back near

335 nm,

IV. 485 BAND

At low temperatures and high pressures there is a
very broad emission band centered (after correcting for
the spectrometer and phototube response curves) at
500 nm. This band is usually called the 485 band be-
cause uncalibrated spectral data tend to peak at 485 nm.
When discussing this band it is important to keep in
mind the fact that the response of phototubes falls off
exponentially as one goes to red wavelengths and it is
necessary to calibrate the spectral data before one
knows what the actual band shape looks like. For ex-
ample, it is often thought that this band cuts off at about
550 nm, yet our caiibrated spectral (Fig. 2) show that
there is appreciable intensity even beyond 600 nm.

As already mentioned, the ratio of 485 to 335 nm band
intensities increases linearly with the atom density » in
the temperature—density range (T>575 K, n>3x 10"
cm™), where these two electronic states are known to
be in thermal equilibrium (Fig. 5). The 335 nm band is
known to come from Hg, (since it goes as #® in absorp-
tion); thus the 485 nm band could arise from either a
stable Hg; molecule or a collision induced complex in-
volving a metastable state of Hg, which is induced to
radiate when perturbed by a collision. In the latter case
the radiation gccurs when the atom-molecule interaction
breaks the molecular symmetries (e. g., gerade -~ gerade
or + <~ +etc. ) which forbid radiation. The situation may
be summarized by the equations

[(HeZ ]+ [X]~ [Heg, X*] ~ 2[Hg] + [X] + hvygs , (4.1)
{HgZ ]~ 2[Hg]+ hvggs , 4.2)
Lgs /Iy~ [He | [X]/[Hel 1= [X], (4.3)

where [X] is the ground state atom concentration. If the
485 nm band is due to trimer emission, the atom [X]
must be a mercury atom. If this band is due to collision
induced emission, the atom-molecule interaction which
induces the radiation (e.g., dispersion forces) would
not be specific to mercury atoms as perturbers and any
atom X should be capable of inducing the radiation. We
therefore performed a set of experiments (Sec. I of
Ref. 1) using foreign gases to see if the ratio Iys /Jass
would be proportional to the foreign gas atom density
(see Sec. II. F of Ref. 1). In all cases this ratio was
independent of the foreign gas density, thus arguing in
favor of the Hgz model for the 485 nm band.

We note also that if the 485 nm radiation were due to
the collision induced mechanism, the dimer state in-
volved would most likely be the 0] state (see Fig. 7).. _
Again this makes the collision induced model seem un-
likely since the spin-orbit splitting between the 1, and ;
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O, states is expected to be {Stevens® and Mies et al. 10y
much less than the 6500 em™ which is the observed en-
ergy spacing between the states radiating the 335 and
485 nm bands (see Fig. 4).

Simple three state kinetic models have been employed
in order to test the collision induced hypothesis. Using
this hypothesis it has not been possible to explain the
observation that 7(485)/1(335) is proportional to » for
large values of » and rolls over into an n* dependence at
low n {see Fig. 5). On the other hand, a model invoking
485 nm radiation from a stable trimer does predict this
density dependence (due to the extra factor of » re-
quired to collisionally stabilize the trimer). In addition,
measurements of the long time decay constant (Drul-
linger ef al., 8 Fig. 4.2) have shown an exponential tem-
perature dependence which indicates a thermal destruc-
tion of the 485 nm radiator. This would be difficult to
interpret in terms of a collision induced complex but it
has been successfully modeled in terms of a stable
trimer. More detailed kinetic studies are currently in
progress and will be reported in a future publication.

In order to defend the trimer model, we must explain
the fact that our plots of logl())/I(500) vs 1/kT are linear
for all values of \ between 350 and 540 nm (i.e., over
most but not all of the observed band). This would seem
to indicate that (1) the states which radiate the various
wavelengths within this band are in thermal equilibrium
with one another, and (2) for each wavelength, there is
only one energy level which radiates at that wavelength
(otherwise we would see a sum of two or more expo-
nentials corresponding to the different energy levels
involved). However, a brief consideration of a triatomic
potential surface makes it obvious that, owing to the
additional degrees of freedom, there will be several
states with various energies (i.e., a subset of points on
the trimer potential surface) which can radiate at the
same wavelength.

For example, let V,(» 7, 7) represent the interaction
between the three atoms where r; and r; denote the posi-
tions of two atoms relative to the third, and r;- 1,
=cosy. As in Egs. (2.6)-(2.10), the number of emitted
photons may be given by

dx
Idx=n, %T j drs j dv3Alry v27)
’-Va(rlrzr)/kT
x6{hy —AV(n 7))} L—Z———
a

o) ’
=n, %{z— 8r f ridr, j radr, fd(cosy)

=Volriram) / kT

X A{ry 13 7) 0 {hv = AV(ry v, 1)} - 7

a

cd)
=1y ‘;\T 8 v[(l')’f j dry

]

SIS YRS
*\2 ~V G E e y*) [RT
Lt rEPAGT v e atrfri v /k , @ 4)
dy
Zoh—
d')/ r1727=rrr§ 1*
where the locus of points »¥ »$»* is defined by
Ry =AV(ririv*) = E;+ V(s rEv*) = V(v Erdv*) .
(4.5)

For the dimer, Eq. (2.8), we had only a single point

R, capable of emitting at wavelength A (since V, -V,

is a monotonic function of R). In the case of a trimer
we must integrate over a continuous set of points »f»¥y*
which can all give rise to photons of wavelength X.
Notice that the final result in Eq. (4.4) is an integral of
the general type

*2
I= S F&)e™V = gy
2

=8V (x)

8

e

4.6)

21 3
= f(x) - § d—f eBV: gy |

' dx

which will be proportional to a sum of two exponentials.
In the case of Eq. (4.4), these exponentials are

expl~ Vo (A)/RT) and exp|[- V,,,,(A)/kT), where V,, and
Vi are the highest and lowest states which radiate at
wavelength A, If V___is much greater than V_,, (e.g.,

2 or 3 times kT), the contribution from V,_, would be
negligible and we would observe only a single exponential
factor. In such a case, the measured V(\) would repre-
sent only the state of lowest energy which emits at

wavelength A.

This picture could explain why our plots. of log{l, /Ise)
vs 1/kT are perfectly linear for 340 nm =< A= 540 nm.
On the other hand, if there were a region of the potential
surface where V. and V_, are not very different, we
should begin to see a deviation from linearity at high
temperatures for values of X in this region. A deviation
from linearity is in fact observed for A> 540 nm, name-
ly, for “internuclear distances” smaller than the equi-
librium point (i.e., the bottom of the well). For these
wavelengths, we have used only the lower temperatures
in determining V(x}). We have attempted a two exponen-
tial fit to the data in this region but the results did not
seem reasonable in terms of our simple trimer models.
However, the signal is very weak in this region and a
more detailed theoretical study and probably more mea-
surements will be necessary before one can proceed
further with the trimer analysis.

As before, it is convenient to present the data in the
form of polynomials in A. These polynomials fit the
relative potential energy to within 50 cm™ over the range
350-620 nm, except near the band edges, where overlap
with the 335 nm band (blue edge) and loss of photomulti-
plier sensitivity (red edge) increased fluctuations to
+100 em™. The fit to A is accurate to within +5% (the
noise level of the data). Using eighth order polynomials
we obtained

E,(\)=24870 - 3. 257x 10"2Ax + 9. 11x 102a2% + 2, 228x 107*Ax° - 1, 415 10-°Ax*

~1.064x1077AN° + 1.819x 10-%AX% + 1. 815% 10711AN"7 + 4. 202x 10-1AA° |

and

4.7
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as(M)pz(A) =2, 17x 107°% (500 nm/A)* (0. 7292 - 6. 646 10-2AX + 6. 012X 107°AA% = 2, 699x 107°a)°
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AR -

~2.102x10%ax 4+ 1.287x10710A0% £ 2. 535x 10°12AA8 ~ 6. 765 % 107%axT - 5. 726 x 10°"aA%) cm® | (4.8)

where Ax=(x -552 nm), A is in nm, and E,()) is the
absolute energy in cm™. The bottom of the trimer well
is in the vicinity of 552 nm, but the potential changes
very slowly so it is difficult to specify the exact wave-

length for the point of lowest energy.

The absolute energy scale, which puts E,(552) at
24 870 cm™!, was determined by calculating the, energy
of the dimer state which radiates at 340 nm [whose ab-
solute energy was set at 31500 cm™ in Eq. (3.2)] rela-
tive to the state which radiates at 552 nm. This relative
energy, 6629 cm™!, then fixes the absolute energy of
E,(552). The relative energy measurement has an ac-
curacy of about 2%; hence, the absolute energies for the
485 band could be off by the order of 150 em™,

The absolute scale for a¢p was determined from the
fact that the ratio 7(500)/1(340) was observed to go as

1(500)/1(340) = 4, T2x 10725 ;; o500/ 2T

_{340\? az(soo) $2(500)
‘”(500) A,(340)¢,(340)

E,(340) — E,(500)

T , 4.9)

where we have used the notation of Eq. (2.14) so that
the subscripts 1 and 2 refer to states in the dimer and
trimer, respectively. Taking the value of 4,(340)¢,(340)
from Table II, Eq. (4.9) then provides the scale for

the aa(A)po(A) values in Eq. (4.8). The accuracy of this
scale relies on the measured energy difference E,(340)
— E»(500)=6500 cm‘l, which is only accurate to within -
2%. This error produces an uncertainty the order of
20% in the absolute values of a(A)¢(A); the relative values
across the 485 band should be good to within 5% or 10%
as noted above. A list of potential energy functions and
“transition probabilities” a(A)¢(A) for the 485 band is
given in Table IIL.

To avoid confusion it should be noted that the intensi-
ties in Eq. (4.9) are measured at a specific wavelength
X whereas the intensities plotted in Fig. 4 are integrated
over the entire band. The integrated band intensities
are observed to satisfy the equation

Tigs /Tsa = 2. 2X 1072  @8500/3T (4.10)

Equations (4.9) and (4. 10) contain the same exponential
factor (i.e., 6500 cm™) because the points A =340 nm
and A =500 nm lie very close to the emission maxima.

One must be cureful not-to interpret a{A)-as an 4 value
since it also contains trimer partition functions, etc.
It is possible to obtain an order of magnitude estimate
for the trimer A value from the integrated band intensi-
ties by assuming that

Tigs /Inss = naigs /Ny Agss = n K o (T) Aggs /Agys ,  (4.11)

where the subscripts 1 and 2 again refer to the dimer

r

and trimer, respectively. The 4 values in this equation
are averaged over molecular states weighted (by the
vibrational population distribution) strongly toward the
band centers.

The equilibrium constant £, (T) may be estimated by
taking the ratio of a typical three-body formation rate
By = 5x10-%! em® sec™ to the two-body destruction rate '
ky~107% exp(— 6500/~T) cm® sec™, the latter beingan or-
der of magnitude estimate obtained from our unpublished
kineticdata. This ratiogives K, >~ 5x10%° exp(6500/%T)
cm®., One may also calculate K, using partition func-
tions (Davidson, '® pp. 125 and 208). Using a vibration-
al frequency of 150 cm™ for the dimer and all trimer
modes and rotational constants B, of 0.015 cm™ and
0.008 cm™! for the dimer and trimer, we obtain es-
sentially the same value of K, . Using this value and
equating Eq. (4.11) to Eq. (4.10) gives

Aygs = Agss /20. 4.12)

This gives a value for A,,;; much smaller than one would
expect; however, this result is only a crude estimate
and may well be off by more than an order of magnitude.

TABLE III. Potential energy and *‘transition probability” for
various wavelengths in the ¢85 band. Energies are given in
cm™! and the units of a(A) &(A) are cm®. Absolute values for the
excited and ground state potentials and the transition proba-
bilities a(A) #(A) are given as determined in Sec. IV, Values of
the excited state potential and the transition probability relative
to their values at A =550 are also tabulated.

Excited state energy a{d) & (A)
Ground
state
Alnm) Relative Absolute energy *Relative Absolute
350 4543 29413 342 170 401, 2% 10°
360 4013 28883 1105 137 161.7
370 3670 28540 1513 102 120. 4
380 3354 28224 1908 78.6 92. 8
390 3002 27872 2231 19.2 58. 1
400 2604 27474 2474 31,8 37.5
410 2180 27050 2660 19.8 23,4
420 1762 26632 2922 12.0 14.2
430 1377 26247 2991 7.2 3,50
440 1044 25914 3187 4.5 5.31
450 775.1 25645 3423 3.2 3.78
460 568.6 25439 3700 2.6 3.07
470 417.3 25287 4011 2.3 2,71
480 309.1 25179 4346 2.2 2.60 i
190 230.7 25100 4693 2.1 2.48
500 170.6 25040 5041 2,0 2,36
510 120.5 24 990 5383 1.8 2.12
520 76.7 24 947 5716 1.6 1.89
530 39.7 24910 5042 1.4 1.65
540 12,8 23488377 "Tezed” T2 T L 42 - e
550 0. 24870 6698 1.0 1.18
560 5.6 25430 7573 0,87 1.03x10%
570 28.6 24 R99 7355 0.76 0,90
580 65.8 24936 7694 2.87 0.79
590 111.6 24932 2032 0.58 0, 68
600 162.9 25033 5366 0.51 0,60
610 228.6 25099 3705 0.46 0.54
620 345.1 25215 9086 0.44 0.52
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V. PARAMETERS FOR AN OPTICALLY PUMPED
LASER

In this section we will consider the conditions neces-
sary for an optically pumped 335 nm laser; the possi-
bility of laser action on the 485 nm band will also be
discussed briefly. The gain coefficient for the 335 band
is given in Eq. (2.3) as

A2 ,
a() = g3t 5= Ay e (5.1)

where the subscripts @ and o refer to the excited 1, and
ground 0 states (see Fig. 7). From Table I we have
A(335)(335)=2.55%x 107! em’ ard, using hv,;,=150 cm™
and B,=0.02 cm™ (see Sec. III.C). the partition func-
tions required by Eq. (5.1) are (see Davidson, ‘® p.
125)

A, =h/ZrpkT =5.52x107%./10007T cm
Gorn=ET/hv gy =4.627 (T7/1000) , (5.2)
Qe = RT/(2.88 B,)=1.21x10*(T/1000) ,
A2q,=9.42%107% cm®/T71000 cm® .

Using V,(335)=34.2 cm™ from Table II, the gain at
335 nm is

@(335)=1.2x10"*® cm® 1(1,),/T/1000 K exp(- 34.2/rT),

(5.3)
which means that, at T=1000 K, a 1, density of 10"
em™ will yield about 1%/m gain.

In order to supply this excimer density it is neces-
sary to minimize losses which occur in three major
ways. First the power density of the optical pump should
be kept as low as possible to minimize two photon ex-
citation of high lying states which is a rather strong ef-
fect in the wavelength range 253.7-270.0 nmusedfor op-
tical pumping (see Sec. IV of Paper I). This means that
a high energy pulse of 1-10 usec duration would be de-
sirable since it is just a bit shorter than the excimer
lifetime which is the order of 20-50 pusec depending on
the temperature and density [see Fig. (4.2) of Drul-
linger ef al.®]. Secondly, losses via trimer formation
and subsequent 485 band emission should be minimized
by operating at low densities and high temperatures.
Thirdly, the inversion density should be large enough
that ground state absorption is a negligible effect.

It should also be noted that most of the excitationwill
reside in the low lying metastable 0, excimers rather
than the 1, state (see Fig. 7). Analysis of the longtime
decay constant indicates that these gerade states lie
about 2500 em™ below the 1y {e.g., using the data of
Ref. 8, Fig. 4.2), the slope of In(1/7) vs 1/kT is about
2500 cm™'], If My Tepresents the total excimer density
and if trimer losses are negligible, the 1, density will
be

n(1,) = 1y op €72200/ 5T, (5.4)

Thus it is desirable to operate at as hich a temperature
as possible in order to minimize the amount of excita-

-
tion which is “wasted” in the metastable excimer states.

Losses through trimer emission will be less than 10%
if 73355210 [4g5. Using the measured value Ig; T535=2
X102 ;,exp(6500/kT), from Eq. (4.10), this condition
becomes

e8500/2T > 55 10%2/,, | (5.5)

For a density of 5x10'® em™, for example. this requires
the temperature be greater than 1017 K.

The population inversion which results in ground state
absorption losses the order of 10% or less is obtained
from Eq. (2.5) using the excited and ground state po-
tential energies given in Table II:

2 \
'13(1,,/ e'“/"z 10”2 e-lGBS/kT , (5.6)
A\a q,

or, using Egs. (5.2) and (5.4),

n(lu) =Nyot e-ZSOO/kTZ 4. 7% 10-23 e-lﬁSl/kT /’72‘,/T ‘1000 K .
(5.7)

Notice that the 1, density, given by the left side of the
inequality, and the ground state absorber densitv, pro-
portional to the right hand side of the inequality, both
increase exponentially with temperature. Since the 1,
density increases faster, it will be beneficial to raise
the temperature. Increasing the temperature therefore
minimizes trimer losses, improves the inversion densi-
ty, and increases the 1, population.

We also note that increasing the temperature reduces
the amount of energy stored in the P, atomic meta-
stable state. The latter was estimated by integrating
the intensity of the 253.7 nm resonance line (whose red
wing extends to 280 nm!) and comparing this with the
integrated 335 band intensity. Assuming that the P,
and *P, atomic states are in equilibrium with one an-
other for n>3x 10" ¢m™ and T2 1000 K, this analysis
shows that the atomic states contain less than 10% of
the excitation. Furthermore, these atomic states are
not in equilibrium with the molecules (as noted in Sec.
III. B, they are somewhat above their equilibrium val-
ues) and increasing the temperature tends to bring them
closer to their equilibrium values (i.e., decreases the
amount of energy stored in these states). Thus, even
though the amount of energy wasted in the ®P, atomic
metastables is rather small, this loss is also minimized
by increasing the temperature.

We can now tabulate the 1, excimer density and the
gain as functions of temperature and the total excimer
density »n,,. The gain is then calculated from Egs. (5. 3)
and (5. 4)and isgiveninTable IV as a functionof n,, and
T. The numbers in parentheses represent the maximum
permissible gas density for each case. The cases
marked with an asterisk denote the fact that the gas den-
sity is limited by the condition that trimer losses be
less than 10%, Eq. (5.5). For those cases with no as-
terisk, the gas density is limited by the condition that
a 10 to 1 population inversion be maintained relative to
the ground state, Eq. (5.7).
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TABLE IV. The small signal gain at 335 nm is given in percent per meter as a function of gas
Below each value of gain is the correspond-
ing 1, excimer density and, in parentheses, the maximum permissible gas density, both in cm™,
For those cases marked by asterisk, the gas density is limited by trimer formation; for the
cases with no asterisk, the gas density is limited by the condition that a 10% population inver-
sion be maintained. For example, if the excimer density is 3x 10!% at 1300 K, one obtains an

. a gain of 1.6%/m, and a maximum permissible gas density
The gain is calculated with the expression 3.8x 107! n,, vT exp( 2534/kT)

temperature T and the total excimer density n,,.

excimer density of 1.2x 10" ¢m™
of 3.7x10'% cm™,

obtained from Egs. (5.3) and (5. 4).

,_’Ep_’:"ycai dfiladlysils O Mmercury maoiecules

Mot T=1000 K T=1300 K T =2000 K
3x 101 0.094 0.25 0.82
8.2x 10! (1.0x1018) 1.9x10" (1.2x10'%) 4.95x10% (1,4x1018)
1015 0.31 0.83 2.7
2.7x1018 (1.7x10'9) 6.3x101% (2. 0x 101%) 1.65%x 10 (2.4x10®)
3x10!% 0.94 2.5 8.2
8.2x10'% (3.2x 1018 1.9x10M (3.7x 1018 4.95x10" (4.4x10)
108 3.1 8.3 27.
2.7x 10" (4.3x101%)= 6.3x10M (6.5x 101%) 1.65x101% (7.5 % 1018)
3x 1018 9.4 25. 82.
8.2x 10" (4.3x10!8)* 1.9%10' (1.2x10'% 4.95x10% (1,4x10%)
107 31, 83. 270.
2.7x 10 (4, 3% 10'%)* 6.3x10% (2.0x10%) 1.65x10'% (2. 4x10"%)
3x 10! 94, 250. 820.
8.2x 1015 (4.3x 10!8)= 1.9%10'% (3, 7x10!)* 4.95x 10 (4.4x10")
that trimer losses be less than 10%, Eq. (5.5). For ACKNOWLEDGMENT
those cases with no asterisk, the gas density is limited . .
by the condition that a 10 to 1 population inversion be We would like to acknowledge many helpful discus- i

maintained relative to the ground state, Eq. (5.7).

In a 335 laser, a large amount of energy will be stored
in the low lying metastable states 0. In order to con-
vert this energy into 1, molecules which produce the 335
nm emission, it is necessary to raise the vibrational
temperature. In a conventional optically pumped laser,
the vibrational temperature and the gas temperature will
be the same. This means that, for reasonable tempera-
tures T<1300 K, only 5% of the total excimer energy
will be available for laser emission. However, in elec-
trically excited lasers, it is possible to obtain vibra-
tional temperatures which are much higher than the gas
temperature (Mosburg and Wilke”). 1t is therefore quite
reasonable to expect that a large fraction of the excimer
energy can be converted into laser output.

In order to obtain gain on the 485 band one would want
low temperatures and high densities. For densities
above 3x10'" ¢cm~® and temperatures slightly above that
which would produce condensation, essentially all the
(optically produced) excimer energy channels through
the 485 band. This gives almost 2 orders of magnitude
improvement in energy extraction over a low tempera-
ture (T<1300 K) optically pumped 335 laser. On the
other hand, the 485 band width is about 5 times wider
and the A value may be 20 times smaller [Eq. (4.12)],
resulting in a gain about 2 orders of magnitude lower

" than that for the 335 band. There may alsé be low Ijing
metastable trimer states which will reduce the energy
available for a 485 laser, and finally, there is a strong
absorption near 485 nm in the dimer (Hill et al.'” and
Sec. IV of Drullinger ef al.'). The prospects for a 485
laser thus seem less favcrable than those for a 335
laser.

sions with Dr. A, V. Phelps of the Joint Institute for
Laboratory Astrophysics.

APPENDIX: EMISSION AND ABSORPTION IN
DIATOMIC EXCIMER MOLECULES

For a two-level absorber, the absorption coefficient
is generally given by (Herzberg,® p. 383)

k= Z;Zﬂ < )ZK“ZIDIbJ)IZ (A1)
‘WAabf(V)<g:nb—n,,> , :

where 7 and j denote all degenerate states for each level;
a and b denote excited and ground electronic states; d,
and d, are the degeneracy factors (i.e., the number of
degenerate electronic, rotational, and vibrational states)
for the levels a and b, respectively; f(v) is a normalized
line shape function; p is the frequency in sec™; D is the
transition dipole moment operator; and n, and »n, are

the population densities in the upper and lower states.
The A value is defined by (Herzberg, '® p. 21)

g4r'y? [{ai | D1bj)i?
Ao = 3767 ; d,
641r 1{ail DI bj)I?
E IR ; (2J + Do, ’ (A2)

where g is the electronic degeneracy (assuming all de-
generate electronic states have the same dipole matrix
elements) and (2J + 1)w, denotes the degeneracy of rota-
tion vibration states. {(w, is the nuclear degeneracy
factor. )

s AR R T T

The situation is slightly complicated for excimer
molecules because several vibration-rotation states
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can radiate at the same frequency and one must be care-
ful to include their contributions correctly. We will
therefore use f(v)=6[v - (E,— E,, - E,.,.) ], where the
energies E,, and E ., are measured from the bottom of
their respective potential wells (we will allow for a shal-
low van der Waals well in the lower state) and sum over
all vibration-rotation states. Our %, is given as

8’y ( 1
b= ly—~(E_+E ,~E, .,.)
7 3he vJ’M,zv;J'M‘ {V I ( et Cor vy }

X [{aed M| D oo’ J MY |2

aud

Mpp' 1* ; n
x| o — ¢ L .
Je 20+ Dwye TP (201w,

(A3)

The sums over M and 1’ are readily performed by in-
troducing the line strength S, . (Herzberg,!® pp. 127
and 208) which has the property that 7 ;.5,,.=5,, S,
=(2J+1):

2 [avddt| D{or' 7 31y 2= 55 Kard | Dl o' T ) |2

MM
(A4)
In this expression | avd) and | be'J’) denote vibrational
wavefunctions (i.e., solutions of the radial Schrodinger
equation).

In order to evaluate the ground state absorber density
Ny, y+, We consider the number of ground state atom
pairs (i.e., bound as well as unbound molecules) which
have an energy E . +:

8’ 1
k,=<3;;}>2 Jdﬁ 6{1}— E (Ea+EvJ‘€)}SJJ'

vJJ’

87y
(T sa

a

where T, is the vibrational temperature for the excited
state, and »n, and g, are the density and rotation-vibra-
tion partition function for excited molecules in the a
state, again including (in principle) both bound and free
states.

The dipole matrix element in Eq. (A10) can be ex-
pressed in terms of vibrational wavefunctions as

(arJ[D[beJ’):J Dy (R (RYI (RVAR ,  (Al1)
0

where D, (R) denotes the dipole matrix element between
the electronic states ¢ and b. This integral can be
evaluated using WKB wavefunctions, ?° in which case one
finds that the integrand is sharply peaked about a critical
radius R, at which the radial momenta for upper and
lower states are equal (Franck-Condon principle):

KA A1) KA+ 1)
€~ V/(R,)- —-med =F ;- V(R,) -~ ,
] ZHRV vJ a\ttv ZMRj

(A12)
or, since e =E,+ E ;- hv,

ﬁZJ(JJ-l) ;l—zJ'(J’«\»l)
=V, (R,) - =5 - V"’(R“)"—WE—_

, - (E,-Dq Ty, €
(ard|D|bet )| <~g 03\ g Bus IRT o=Eq-Do~mw) /RT _ £

e-Ev:J:/kT

Nyyeyo = N3 2" < Dw,. I (A5)

The total number of ground state atoms is denoted by
N; q is the partition function which includes contribu-
tions from bound and free states; and T is the gas tem-
perature. Since the ground state well depth D, is very
shallow (i.e., Dy<kT), only a negligible fraction of
ground state atom pairs will be bound. We thus use

q= g dsrJd3pe"’2/2“":QA\'se'DO/kT , (AB)

where Q denotes the volume of the system and A is the
thermal de Broglie wavelength

A= Jn?/2npkT . (A7)
Equation (A5) thus becomes

Nygrye = n2AR2T " 4 Vw . @ Bt 77 =D /AT (A8)

where # is the ground state atom density. It is also con-
venient to transform the ground state vibrational wave-
functions into continuum states via the transformation
(Mies!®)

]WJ'}:/Z—? Lbed 7y Z »fde (%) ) (A9)

Using Eqs. (A4), (A8), and (A9). the absorption coeffi-
cient becomes

-E,y /AT,
{avd| D) beJ’)|2(g‘,nzz\:’e'“'l’o’/”—gb ne un a>
“Eyg /T,
q ’ (A10)
a
r
~E_ +V,(R) - VJ(R), (A13)

where V, and V, equal zero at the bottoms of the ex-
cited state and ground state wells, respectively. In the
last line of Eq. (A13) we have used the fact that the ro-
tational levels with large thermal populations correspond
to large J values, thus the AJ=x1, 0 selection rule im-
plies that the rotational energies essentially cancel out.
That is, for a given vibrational level and a specific R, ,
all rotational levels emit photons of essentially the

same frequency.

There is some rotational broadening due to the in-
exact cancellation of the rotational energies, but this is
negligible for our purposes. Since the integrand in Eq.
(A11) is sharply peaked at R,, the function D,, may be
factored out as D, (R,) and the remaining Franck—Con-
don overlap integral evaluated by the method of station-
ary phase. Mies? argues that the WKB phase integral
(the integral over the radial momentum) for the repul-
sive state will be small (compared with 7) at the point
R,. Equation (All) then reduces to

(avd | D|beJ )= D, (R)YI(R)/V(d/dRIV,(R,) - Vi (Ry)] .
(A14)
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If the WKB phase integral is not small, ¥ is replaced " der stationary phase integration. We next note that tne
by a slightly more complicated function of R,. We must vibrational wavefunction ¥7 depends on J only through
therefore emphasize that, for the high temperatures of the radial kinetic energy E,; - V (R) - e+ 1)/2ur%

interest to us (72 400 °K) this phase integral will be Since for not too large values of J the shape of the po-
small only if R, lies near the classical turning point tential energy curve V,(R)+%%/(J+1)/2uR? does not dif-
for the repulsive state (within 0.5 A). This will be a fer appreciably from that of V,(R), we will approximate
good approximation since the WKB continuum wavefunc- the rotational energy #%/(J+1)/2uR? by using R=R,,.
tion is sharply peaked about the classical turning point. This approximation ignores a small distortion produced
In fact, one must be somewhat careful about using a by the rotational energy, but this should be negligible
WKB wavefunction for ¥7, (R,), because the latter di- for our purposes.? Therefore, if we replace E,; in
verges at the turning point. However, Eq. (Al4) can Eq. (A10) by
also be derived using Airy wavefunctions which do not
diverge?‘l; hence one can readily find well-behaved wave- Ear(J+ 1)
functions for use with this expression. It should be EW:E”W : (A15)
noted that Eq. (Al4) is quite similar to the “reflection
method” (Herzberg,'® p. 392) in which the repulsive the radial energy becomes E,,;~ V,(R) - h%J(J + 1)/2uR?
state wavefunction is replaced by a delta function at the ~E,- V,(R), and the vibrational wavefunction ¥_,, be-
classical turning point. It should also be noted that Eq. comes simply ¥, since it no longer deperids on J. Us-
(Al4) breaks down if the derivative of (V,~ V,) should ing Eqs. (Al4) and (A15) we may perform the sum over
vanish at R,; in such a case one must use a higher or- J' in Eq. (A10) which yields (2J+ 1), We thus obtain
]
LA PR C—. . 3 l0aW@®IED @4 1)
7T 3c T hldv/dR) & Tl &
% <ga 2203 T TP INE/ 2 RAT -E e [RT 1V, (R,)-V} (R,)+DQI/AT _ _o‘lnq_’ll eJ(J+1)h2/auRskTae-Ev/kT,l) , (A16)
a

where we have replaced d(V, -~ V;)/dR, by h(dv/dR) using Eq. (A13). The sum over J is converted into an integral
which yields 47R2/A%  The sum over v is performed using harmonic oscillator wavefunctions with a force con-
stant o = w/% (Merzbacher® and Bateman? identity (22), p. 194]:
[a 1 /
) 2 _=E /8T _ | & ~aR%pr2 -, ety ar_ | QRT -uw?RZJ2RT _ -1 -V (R,) [&T
; !J}av(Rv)’ ev —; "/ T 2")Z’ e Hn(\/ER)e e - 277;7’1) € =AT ey . (A17)

This result represents the contribution from both bound and free states assuming complete thermal equilibrium;

it can also be derived using WKB wavefunctions which are more appropriate for free states. In any case, the con-
tribution from the free states is negligible since it is proportional to exp(~ D/kT), where D~800 cm™ is the dis-
sociation energy of the 1, state. For simplicity we define a ground state potential function

Vy(R) = Vi(R) ~ Dy (A18)

which goes to zero as R~=. Equation (A16) now becomes

3 47R 2
ky = (817 V) 1Dy (R ? 2y (qanze-wwm _ 5% e'”""‘””’"")

3he (dv/dR,) ALg,
2 2
c
= 3ot Ap)o () (g—gj” eEINT_ e-Va‘R»’/"a) , (A19)
] a'‘ta
r
where A, is a de Broglie wavelength at the temperature but for our purposes, Eq. (Al9) is more convenient as
T, [ef. Eq. (A7)] and , it stands.
Aplv) = (641%°/3hc%) g, | D,y (R, 12 . (A20)

The total number of photons emitted into 47 steradians
¢ (v} is an unnormalized line shape function defined by per unit frequency interval is evaluated in exactly the
dR same way as Egs. (Al1)-(Al19). It is given by
¢v)=4mR? ===
dv
N e~ Va'RI/RT,

One could define normalized emission and absorption._. Iy =A,, () (v) —‘Tq——— dv . — — {A283) -

" line shape functions e

(A21)

-1
Falv) = ¢(V)e"’b(ﬂv)/”'<( d%q,;“’a‘“””) , Since our data are scaled in wavelength, we will use
iy (A22) .
-1 N e Va'R\)/RT,
fev)=o W) e Va'RI/AT (f d°Re™"s'R ”"a) , Iy dx=A4,M0 e () ¢ \aq S, (f,)dx s (A24)
b a
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87
§ N,
% (fa n e-Vb(RX)/kT _ " a e-Va(R))/kTa> .
gb A¢1 qa

(A25)
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