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1.0 SUMMARY

The cadmium-mercury excimer (Cng*) has attracted considerable attention as a
potential laser medium. Because of the transition wavelength (470 nm), there
are a number of applications for a CdHg laser in the area of undersea communi-
cations. This report describes research conducted at Northrop Research and
Technology Center (NRTC) to perform a definitive investigation of optical gain
and absorption in the Cng* 470 nm emission band.

Prior to any experimental work, various methods of exciting Cng* were consid-
ered in detail. Electric discharge excitation was ruled out because of the
possibility of creating unwanted excited species which would complicate inter-
pretation of the results. Four different methods of optical excitation were
contemplated: cadmium resonance Tamp pumping, flashlamp pumping, single photon
pumping with a tunable laser, and two-photon pumping with a tunable laser. The
single photon laser excitation scheme was adopted. Using known rate constants
for the CdHg system, a kinetics analysis was then performed to determine CdHg
formation efficiencies and optimum number densities of Cd and Hg.

In these experiments, mixtures of Cd, Hg, and Ar were enclosed in a fused sil-
ica cell heated to about 900 K. A pulsed laser was used to excite the Cd on
its 326.1 nm resonance transition. Three-body reactions between excited Cd,
Hg, and Ar then form the CdHg excimer, and fluorescence is observed in a broad
band centered at 470 nm.

Gain or absorption was probed with an argon-ion laser at 457.9, 472.7, 476.5,
496.5, 501.7, and 514.5 nm. Absorption was observed at each of these wave-
lengths. This absorption was strongest at the blue lines of the Art laser and
decreased toward the green. Possible acoustic and thermal effects which could
mimic absorption were considered and it was determined that these are not im-
portant.

It is concluded that the CdHg excimer exhibits net absorption at several wave-
lengths in the 470 nm fluorescence band and that it is not a viable laser
medium unless absorption vanishes at other wavelengths within the band, which
appears unlikely.
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2.0 BACKGROUND AND OBJECTIVE

Excimer lasers based on rare gas halides, such as KrfF, have demonstrated both

! and high efficiencies.2

high powers However, the wavelength of these lasers

is typically in the ultraviolet spectral region where problems arise from

atmospheric absorption by ozone. Additional problems arise from the lack of

suitable laser optical components in the uv region. Furthermore, a laser di-

rectly emitting in the blue-green band is urgently required for several Navy |
underwater applications.

Mercury based diatomic excimers, such as cadmium-mercury (Cng)3'6 and thallium-
mercury (TLHg)7 have recently attracted attention as suitable blue-green laser
candidates. These molecules show emission continua in the visible spectral
region and should be efficiently excited in electrical discharges via excita-
tion of metastable levels of the metal atom. Fiqure 2.1 shows approximate
potengigl energy curves for the CdHg excimer, based on published spectral
data.™’

evaluate these promising molecules as viable laser candidates, experiments to

However, little detail is known about these molecular systems. To

measure formation and quenching rates, and most importantly gain and/or ab-
sorption ccefficients, must be carried out.

On the basis of the observed fluorescence spectra and decay times, Fournier and
McGeoch3 have estimated the CdHg stimulated emission cross section to be about
2 X 10'19 cmz. McGeoch and Fourm‘er6 also have reported the observation of
gain on the blue CdHg transition. In their experiments, the excited species
were produced by a broad band flashlamp, and gain was probed with an argon-ion
laser. A disturbing aspect of their experiment is that gain was measured
independent of cell temperature over a range from room temperature to around

500 C. Pleasance and co-workers attempted to duplicate the experiment of
8

McGeoch and Fournier, but they obtained a null result. In order to resolve
the question of gain due to the CdHg excimer, a definitive experiment is essen-
tial. Preferably the experimental method should be different than the one

used by McGeoch and Fournier and by Pleasance.
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3.0 METHOD OF EXCITATION OF Cd

The CdHg excimer is formed by collisions of excited Cd with Hg in presence

of a third body.3'5 Prior to any experimental work, a detailed study was
performed to determine the best excitation method. Both electrical discharge
and optical pumping methods were considered. While Cd is excited efficiently
in discharges, this technique was rejected for preliminary gain measurements
because unknown effects such as electron quenching and nonselective excitation
of other energetic species, e.qg., Hg* and ng*, could make the gain measure-
ment results difficult to interpret. Optical excitation has the advantage

of selectively exciting a given level of one particular species.

Four methods of optical excitation are considered in detail. They are:

Pumping with a low pressure Cd vapor lamp.
Flashlamp pumping.
Single-photon pumping with a tunable laser.

5w D

Two-photon pumping with a tunable laser.

In section 3.1 we will derive a general expression for the laser gain in terms
of the energy in the optical excitation pulse and various other parameters.

In Sections 3.2-3.5, expressions for the important parameters of each exci-
tation scheme are derived and applied to the example of exciting the 5p 3P1
level in Cd (this is the excited state that leads to the formation of Cng*).
Finally, in Section 3.6, the merits of the four schemes are compared in terms
of the gains obtainable with each of them, and their generality and com-

plexity.

Jud General Expression for the Laser Gain

We derive a simple but very useful relation for the laser gain in terms of
the number of photons in the excitation pulse and various other fundamental
parameters. We start by defining the following quantities:

g = Small signal gain.
q = Number of quanta in the excitation pulse.
N* = Number density of excited molecules.




Efficiency with which the pump pulse is absorbed,
i.e., the attenuation of the metallic vapor.

=
o
(1}

Efficiency of formation of excited molecules from
the absorbed photons. This parameter is found
from the solution of the approximate set of rate

=
-4
"

equations.
g = Gain cross section.
A = Area over which excitation takes place.

L. = Length of the vapor zone or absorption length of
the vapor, whichever is shorter.

By definition, the number of molecules in the desired excited state is equal
to'na x‘nf X q. If the pump photons are absorbed in a length La uniformly
over an area A, then the number density of excited molecules is given by:

s Ty XTexaq
L AT,

The small signal gain g =¢ N* La can thus be written as
= S
g ﬂaxﬂfxo X (3.1.1}
This is the final result; note that it does not depend on the length La'

We will use this expression to estimate the gain of the CdHg laser in terms
of the number of photons available at 326.1 nm. Assume an excitation pulse
which is much shorter than the excited state lifetime of CdHg, which has
been measured to be a few microseconds.3 Under this condition, reasonable
values for the efficiency factors are

Pk

Te= 0.5

it




19 cmz,5 the gain is given by

Using a cross section of 2 x 10~

19 9

g=1x10 A

If the area of excitation is 10'2 cm2, which is probably about as small as
one can go because of practical problems, we find

a=1x 10~Y7 g,

16

This means that for a single pass gain of 10%, 10"~ auanta at 326.1 nm are

required, which corresponds to a pulse energy of 6 mJ.

3.2 Pumping with a Low Pressure Metal Vapor Discharge Lamp

The first method we will study is the use of a lamp containina the same species
as the one to be excited in the lasing medium. Two possible configurations
for such a scheme are shown in Figure 3.1. In the first geometry9 (Figure
3.1a), the lamp consists of two coaxial cylinders between which the vapor is
contained. The gain tube is placed in the center. To obtain large output
powers from such a lamp, the radii of the cylinders should be much larger
than the radius of the gain tube, which itself should be as small as possible
since the gain is inversely proportional to the area of this tube, as was
derived in Equation (3.1.1). In the second geometry, the lamp and the gain
tube are cylinders which are placed in the foci of an elliptical cavity

which is highly reflective at the wavelength of interest. We will give a
very simnlified derivation of the output power of such a lamp, for both
geometries, and apply the results to the Cd lamp.

If the volume of the lamp is V, the vapor density N, and if a fraction of f
of the vapor is excited, then the outpbut power is given by

NVfhv
70 (3.2.1)

where 1 is the radiative lifetime of the species and g is a trapping factor10

which has a value less than or equal to unity. If it is assumed that the line

N ——
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Figure 3.1 (a).(b) Two Possible Configurations for
Pumping with a Metal Vapor Lamp




is Doppler broadened, which is a reasonable approximation at the low den-

sities consfdered.11

For an infinite slab of thickness t:

1.875

then the expression for g is:

g=

kot Dxlog (3 kot)]‘

For a cylinder of radius R:

1.6

g:

[koRl‘log (koR)] 4

where

SR,

o " 8n 9,

(3.2.2)

(3.2.3)

(3.2.4)

(3.2.5)

The expression for g is valid only when its value is equal to or less than

unity; for densities below the value such that this is the case, no trapping
occurs. This critical density depends on the geometry, and is found by
solving the expressions above for the value of kot. respectively, koR which

makes the value of g unity. The result is

For a slab thickness t:

- 9
kot 2.

N =

crit

For a cylinder of radius R:

koR - 1.8
80 v

N 9o
crit 3

—
o
r
(o]

—
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Since for N > Ncrit the trapping factor g becomes less than unity, and since
the output power is proportional to g, the maximum output power is obtained
for N = Ncrit’ i.e., at the density where trapping starts being important.
We will now derive expressions for this maximum output power, for both
geometries.

Geometry I (Resembles a slab of thickness RZ-R1 if R2~R1-¢;Rav)

Substitution of (3.2.6) into (3.2.1) yields:

T S o
P = RLf 3.2.8
max xd 92
where R = (R1 + R2)/2
Geometry 11
Substitution of (3.2.7) into (3.2.1) yields:
5.0 x 107 Yo 9
Pmax = xa 92 RLT (3.2.9)

The velocity Vo in these expressions is given by (3.2.5). Note that these
powers do not depend on the lifetime of the species. The only dependence
on the species is via wavelength, degeneracy factors and the fraction of
excitation.

We now will apply these results to the 326.1 nm line of the Cd lamp. The
parameters for this case are:

A = 326.1 nm
gyt A
9, = 3
M = 112.4
T = 60 K
9

1)‘
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This yields v = 3.2 % 104 cm/sec. The Doppler width at this temperature
'XVD = JkT/nL\L = 0.02 cm'l. The output power of a Cd lamp in the two
geometries is then given by:

Geometry

: 0.8 x 10M 3

crit t

Boo, % 149 fRL (3.2.10)
Geometry II

" o 08 % 10'4 3

crit R

Beae %o R fRL 13.2.31)

Experimentany11 it has been found that the uv output power of these lamps
shows a maximum for a certain tube diameter. For Cd, this optimum diameter
18 245 cm.11 For this diameter, and for a 50-cm long length, using an f
valuell of 3 x 10°3. we find that the output powers are:

Geometry T

Pmax = 50 W
Geometry II

Pmax >~ 20 W

In Reference 11, the number density for maximum uv production in Cd has been
found to be about 1014 cm'3. This is in reasonable agreement with the value

for Ncrit found above.

For this case of CW pumping, Equation (3.1.1) for the gain is actually of
little use. This expression is indeed mainly useful for cases where the

10




excitation pulse is much shorter than the excited state lifetime of the
molecules formed. It can still be used in an indirect way, however. Since
the molecular excited state population can only build up for a time equal to
the lifetime of this state, an effective number of photons in the excitation
"pulse" can be defined as follows:

Al v

0

For Cng'. the lifetime3 is about 3 .sec. For a lamp power of 50 W, the
number of photons is then

q = 2.5 x 204

17 cm'3 3

For a typical gas mixture: [Cd ] =5 x 10 +[Hg] = 2 x 1018 cm- i
and (M )= 2 x 1019 cm'3, the solution of the rate equations in Section 4
shows that with this definition of q, the formation efficiency can be 50%
or greater, i.e., uf = 0.5. Assuming a spatially uniform excitation,
Equation (3.1.1) then predicts a gain of 0.25%.

In reality, the excitation will not be uniform, but the photons from the lamp
will be resonantly absorbed by the high density vapor (>~ 5 x 1017 cm'3) in
the laser tube in a thin shell near the wall.

For a gain tube of radius r, length L, filled with vapor at density N, the
thickness of this shell can be calculated approximately by saying that all
the photons will be absorbed in a shell that contains a number of atoms equal
to the number of pump photons (the absorption depth 1/k0 is equal to 10'4 cm

at N = 5 x 1017 en3). Thus

2uaralNL = q

4+ ==t

or




Example:

q = 2.5 x 10}

r = 0.06 xm (A = 0.01 cn®)
L = 50 cm

N = 5x 10 en3

a = 0.3x10% cm

This spatial nonuniformity has several bad effects. In the excited shell, the
molecular excited state number density will be very high, resulting in large
"gains". Diffraction, however, will make it impossible to measure these
gains, and amplification will only occur over a length roughly equal to a
confocal parameter corresponding to a waist sizea. The effective amplifica-
tion length is thus approximately given by

s 2
Les 2ma =/

4 4

For 4 = 0.03 x 10" cm, Leff = 10" "'cm. This result in a maximum gain equal

- 1a"9
to o NLeff = 10 ~.

33 Flashlamp Pumping

In this scheme, the gain tube and a high power flashlamp are placed in the
foci of an elliptical cavity (Figure 3.2). This cavity has to be highly
reflecting at the desired wavelength, such that the 1light can make several
passes through the laser medium. A typical spectral distribution for a high
power xenon flashlamp is shown in Figure 3.3. Clearly, when such a lamp is
used to excite an atomic species, only a very small fraction of the lamp energy
goes in atomic excitation, while the rest eventually ends up as heat. As in
the case of metal vapor lamps, only the energy emitted in a molecular excited
state lifetime determines the gain obtainable. Longer pulse lengths may make
it possible though to reach the lasing threshold in cases where the excited
state lifetime is too short to allow enough cavity round trips in one lifetime
to reach an overall gain of about e30. We will derive an expression for the
energy absorbed by the atoms in a time equal to the molecular excited state
lifetime, assuming a Lorentzian lineshape for the absorbers. The procedure

12




Figure 3.2 Flashlamp Pumping

GENERAL SPECTRAL DISTRIBUTION WHEN
OPERATING MICROPULSE FLASHTUBES
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Figure 3.3 Typical Spectral Distribution
for a 1 usec -1 Joule Xenon
Flash Lamp
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used to obtain this result is general, however, and can easily be adapted to
an arbitrary lineshape (e.g., one that has been measured experimentally).

We apply the results to excitation of the 5p 3P1 level of Cd.

The output energy of the flashlamp can be written as

where E(v) is the output per unit bandwidth (see Figure 3.3). If radiation
over a bandwidth B gets absorbed by the atomic species, the deposited energy
is given by

ED = E(V)B'Itt
where
ﬂt = lforTEs> T i
T ‘
- ES
nt T, forTES< L

Tes = Lifetime of the excited
state of the molecule

L S Pulse length of the lamp

Another more useful way of writing this energy is:

Ep = B Tp Tt
where
E(vo) B
M = ——— (3.3.1)
S OE(v) dv
0

By definition, no is the efficiency with which the lamp energy is utilized.
If the absorption cross section of the atomic species is o(v), the reflectivity ‘
of the cavity wall R, the inner diameter of the gain tube d, and the number




density of the absorbing species M, then after n passes the energy of the
lamp is attenuated by a factor

% (Re-d(v)Nd)n

X

The bandwidth B is found by requiring that at the maximum detuning lvo-v\
from line center the attenuation of the vapor be, for example, e'l. At
each reflection from the cavity wall, a fraction (1-R) of the incident radi-
ation gets lost. One possible way of defining a maximum value for n is then
to require that no more than 50% of the radiation at lvo— Vlmax be absorbed
by the walls. A value for IvO- v| can then be obtained by requiring that
the attenuation coefficient o (lvo- i ) Nd > 1, such that most of the

energy which is not absorbed by the wall gets deposited in the laser medium*.

max

max

Thus N - %f%
R I
and & (Ivo- v]max) Nnd s T T

To proceed beyond this point, we have to assume a certain frequency depen-
dence for the absorption cross section. For a Lorentzian lineshape, this

dependence is12
ref Av
J(\J) - —-2— 3 (3.3.3)
(V . V)Z & Av
) e
where
P = electron radius = 2.818 x 1013 cm
f = oscillator strength
With v , v, av in cem g,

*The exact expression for the energy deposition efficiency in n passes is

R(1-e” 7 N0y (1-R"e"% NMdy ko 0.7< R< 0.99, the efficiency varies, as
1-pe"9 "

n- «, between 50% and 70%.

15
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will always be much larger than the atomic

Because the detuning lvo- vlmax
lTinewidth and the Doppler width, the apparent spread in ¥, due to the veloc-
ity of the atoms can be neglected, and also the term (Av /2)2 can be neglected
with respect to (vo- v)2 when solving for the maximum detuning. The expres-
sion for this detuning is then found by combining (3.3.2) and (3.3.3) with

the result

ref Nd av ]?
B o= vl " [-"Tffﬁy_.]

3 . (3.3.4)
= d° (av)®

The energy which determines the gain if found by substituting this expres-
sion for the bandwidth in (3.3.1).

We now apply these results to the pumping of the 5p 3P1 level of Cd, which
leads to the formation of Cng*. Due to a lack of data, we will assume
that the Cd line is self-broadened, i.e., av = kN. If it turns out that this
is not the case, then because of the square root dependence of the deposited
energy on the atomic linewidth Av, this energy will go up by the square root
of the ratio of the real linewidth and the self-broadened width. The param-
eters for the self-broadened 326.1 nm Cd line are:

f = 0.0019 (Reference 13)
k = 5.6 x 10720 (Reference 13)
= 0.9 (Reference 14)
Tes © 3 usec
For an atomic number density N = 5 x 1017 cm'3, this yields

Av = kN = 0.028

B = 8.6vd
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From Figure 3.3, the quantity nD can be calculated. Because E(A) 1is given,
this quantity should be rewritten as

E(AO)B
Ty = = (3.3.5)
J LZE(.\) da
0 A

The result is ﬂD'h 4.5 x 10'5 B. Because the gain (3.1.1) is proportional

to q/A, and ED or q is proportional to ds , we find

R
d.‘
and thus the diameter of the gain tube should be as small as possible. For

d = 0.1 cm, which should be about the 1limit, we find

B 1

2.7 cm”
4

ﬂD 1.2 x 10-

If, as a typical example, a Novatron 734 lamp would be used with EL = 104,
" - 1.5 usec, we finally find

Mg * 1

E

D ELxT\Dxnt=1.2mJ

According to (3.1.1), using a formation eff‘iciency'nf = 0.5, this would
result in an estimated gain of 2% for CdHg. Note that since the absorption
length is several tube diameters long for most of the radiation that gets
absorbed, the excitation will be spatially uniform, in contrast to the
metal-vapor-lamp scheme.

3.4 Single-Photon Pumping with a Tunable Laser

The experimental setup for this scheme is shown in Figure 3.4. A high power
dye laser is frequency doubled to produce radiation at 326 nm. For dye laser
energies on the order of 100 mJ/pulse, as much as 10 mJ/pulse will be
available in the doubled output. By tuning the dye laser off the center of

17
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the absorption line, the absorption depth of the vapor can be made equal

to the length of the vapor zone. The gain obtainable with this scheme is
found by substituting the energy of the pump laser in (3.1.1), taking into
account the efficiency factor'nt (see Section 3.3). As an example, for an
absorption efficiency of 63%, a formation efficiency of 50%, and a pump
energy of 10 mJ in a 100 nsec long pulse ('nt=1), a gain of 10% is predicted
for the CdHg laser. We will derive expressions for the frequency of the
pump laser or, equivalently, its detuning. We then apply these results to
the excitation of the 5p 3P1 level in Cd.

Assuming a Lorentzian lineshape, the absorption cross section is then given
by:

r f
Av
glv) = - (3.4.1)
2 (V = V)Z + (_A_\)_)z
o 2
where:
fy = electron radius = 2.818 x 10713 em
f = oscillator strength
Av = pressure broadened linewidth
Vo.y ¥ 5y AN cm'1
0
To obtain an absorption of e'1 (na = 63%), we need:
ag(v)NL=1 (3.4.2)
Substitution of (3.4.1) in (3.4.2) yields:
rof NL Av z
lvo- Vl 5 2 (3-4.3)

Note that |v - v| = av*.

Using the following parameters for excitation of Cd (5p 3P1),
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f = .0019
av = 6.6 x 10720 y
v, = 30665 cm’l
A = .0l cn?
L = 50 cm
N o o= 5x 10 emd
Yields for a 10 mJ pulse,
av = 0.028 em !
and
lvg- vl = 13.7 en”t (3.4.4)

Because the pumping is done off-resonance, the only requirement on the band-
width of the dye laser is that it be narrow compared to this detuning. Thus,
a bandwidth on the order of one cm'1 will usually be acceptable.

3.5 Two-Photon Pumping with a Tunable Laser

The experimental setup is shown in Figure 3.5. A diagram describing the
process is shown in Figure 3.6. Multiphoton pumping may be desirable over
single photon pumping in certain cases because the pumping wavelength is
longer, thus eliminating the need for a frequency doubling step. As a result,
pumping energies at least an order of magnitude higher than in the case of
single photon pumping are available.

However, there may be problems associated with two-photon pumping. After
being pumped to a higher excited state, some atoms may decay into undesired
states, i.e., there may be a branching ratio less than unity.

For atoms like Cd, the sum of three photons is in the continuum. At the
relatively high intensities used in these experiments (the gain is proportional
to pumping intensity, see (3.1.1)), this can result in photoionization losses
caused by the ionization of atoms in the two-photon pumped state. Because

of radiative trapping, this effect can be important even when the lifetime

of that state is very short.
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(b)
Figure 3.6 Two-Photon Pumping of the 5p 3Pl Level of Cd
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Since the experimental setups for single-photon and two-photon pumping are

| nearly identical, however, it is usually a simple matter to compare the pump-
3 ing efficiencies of both schemes by simply tuning the dye laser to the
“{ appropriate wavelengths. We will not consider the case where two different

{ wavelengths are used in the two-photon pumping process. Aside from the
experimental complexity, the lower intensities needed with this method are
usually of no advantage because of the proportionality of the gain to in-
tensity [see (3.1.1)].

We will give expressions for the two-photon absorption coefficient and j
the Stark shift of the two-photon resonance. These dynamic shifts are
usually very small, but not necessarily for atoms like Cd for which high
pumping intensities are required because of the small oscillator strength

of the 0~ 1 transition (see Figure 3.6a). We will then apply these results
to the example of populating the 5p 3P1 level in Cd by two-photon absorption
to the 6s 3S level followed by decay to the 5p 3P1 state (Figure 3.6b).

The two-photon absorption coefficient for a vapor zone of length L is given
15
by:

£2)
W2 NL by /1
s Yo/ (3.5.1)

a e W@y hvy /1

The gain expression (3.1.1) can for the case of two-photon pumping be
written as

g = 0.5M, NN Mo o (3.5.2)

where the factor 0.5 is due to the fact that two photons are required to
make one atom in the final excited state, the factor'nB is the branching ratio,

and the factorﬂt was defined in Section 3.3. The two-photon absorption
16

probability is given by:

2 ;2

2 2
4(2) =‘/7"”o Kol H12 (3.5.3)

2
o) ® !

4
h (mlo-m
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where'no = 377 ohms, § is the laser linewidth ( 6 = 1.2 x FWHM) in radians,
%01 and o are matrix elements, and I is the pump intensity. This expres-
sion is valid when the laser bandwidth is wider than the atomic and Doppler
widths, and the atomic linewidth is larger than the axial mode spacing of the
tunable laser. At reasonably high total pressures (several tens of Torrs),

these conditions are usually satisfied. The focusing length is given by:lz'16
d
Z I (3-5.4)
f 4 Vsn

where d is the beam diameter and 5n is the Kerr contribution to the index of
refraction. If the pump radiation consists of a number of axial modes with
spacing Aw , the index of refraction for the m'th mode (with frequency

w = “20//2 +Aw) is given by:15
2 2
Mg Negyugp d s (3.5.5
et 8 3 ks AR -8:3)
260 h (mlo-mo) (maw)© + 5

where y is the linewidth of the forbidden transition. Note that for the mode
which is exactly two-photon resonant (m = 0), (n -1), while the maximum
value of (n - 1) occurs for the modes for which (mAaw ) > y/2. The expression

for the Stark shift is:l/
Us " “ox Ok Mok k0 | iaee
Aus = 7 X 2 o 3 Z % ok (3.5.6)
: k  “k2 0 k kO 0

The sums over k refer to all the allowed transitions starting in Tevel 2 for
the first sum and 0 for the second sum. In many cases the oscillator strength
f12 is not known. It is therefore useful to study the dependence of na, Zf
and g on this quantity. From (3.5.1), (3.5.5), and (3.5.6):
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i 12
1a j [ - f12 I
n-1 « P (3.5.7)

The deprendence of Ags on f12 [ is not immediately obvious, but it turns out
that in many cases the contribution of the 2 - 1 transition is dominant or

at least comparable to the other terms in the summations (3.5.6). We thus
find that, for a given value ofI\a, the product of f12 [ is fixed, which then
in turn determines the values of (n - 1) and A.xs As a result, an exact
knowledge of f12 is not crucial; for example, if f12 is a factor of two
smaller than expected, this can be compensated for by focusing tighter,
without affecting the index of refraction and the Stark shift. A higher
intensity may result in increased ionization losses, however.

We will now apply these results to the Cd example. For the transitions

5p 3P0’1.2 - 6s 35 we will assume a total oscillator strength of one, and
split it among the three lines following Reference 18. The parameters that
will be used in the calculations are listed in Table 3.1.

Table 3.1 Energy Levels and Transition Strengths for Cd

Transition Energy (cm'l) f |w| (C-m)
55 s o 5p 3P1 0 - 30656 .0019(8) 7.0 x 10°31
5s 1s - 5p lp 0 - 43692 .92(13) 1.3 x 10727
* 3 i
5p 3Po 30114 .13 7.0 x 1070
« 29"

5p 3Pl - 6s 35| 30656 - 51484 .25 1.0 x 10
* *
5p 3p2 31827 .62 1.6 x 10°2°

*Estimates
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5p 3P1 - 5s 1

i Sl e

(2.4.6).

) S [ B

To calculate N(z) and (n - 1), we use the path: 5s 15 - 5p 3P1 - 6s 35
S. To calculate Ass, we use the transitions 6s 15 - 5p 3P
in the first sum, and the transition 5s

1 0'1)2

S- 5p 1P in the second sum in

The results of these calculations are:

P/1
4 Al

For the Kerr index, the focusing length

*Estimate

26

! -

| N B I B

b a =29 .

; 1+5x 1077 N I/

-35 mi w

{ n-1= 6x10 NT x (3.5.8)
{ (maa)e + c%)z'

) 10

“ AJS = 2.5 x 107 I
|

v where I is in w/cmz, N in cm'3, L in cm, §, maw, y, and Aug in em !,

5

| Example

| N = 5x 107 em3

1 L = 50 cm

5 = 0.12 cm !
-1*
Yy = 0.05cm

|
'i To obtain na = 0.2, the required intensity is I = 2.4 x 107 w/cmz. For a

100 mJ, 100 nsec long pulse, the corresponding beam parameters are:

2

"

0.04 cm

0.23 cm

and the Stark shift, one finds:




n-1< 1.4x10°8

Zf > 500 cm

Mg = 0.006 P

With Mg = 0.27,11t =1, Mg = 0.5, the gain (3.5.2) for this example is:
g=0.5x0.2x0.5x1x0.27 x2x 10 x 2 x 1017/0.08 = 1.4%

If the laser bandwidth would be increased by a factor 16 to a FWHM value of
1.6 cm'l, the intensity required to keep the same absorption efficiency would
go up by a factor of four to I == 108N/cm2. For the same pump energy, this

would require A = 0.01 cmz. The gain would then also be four times higher,

i.e., g= 6.4%, while Z; > 250 cm and A = 0.024 enle< s,

For Cd the sum of three photons (such that the sum of two photons is two
photon resonant) is in the continuum, and attention should be paid to
ionization of the atoms in the two-photon excited level. In the absence of
radiative trapping for the 2~ 1 transition (see Figure 3.6a), the ionization
probability during the lifetime of level 2 must be much less than unity,
Vullas

wiT <
or
~ hv
0'1. < 'I—T- (3.5.9)
18 &

For the Cd example, witht > 1 nsec™” and I = 103 W/cm

;<5 x 10718 ¢p?,

, this requires

Since typica]]y19

10720 ml < 3, < 1071 cn?
the effect of ionization would most Tikely be small. However, because of the
relatively high densities in level 1, trapping will occur. As a result, the

radiative lifetime has to be replaced by an effective lifetime 7/g, where:10
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A

3 (3.5.10)
(m kp R)

with ?
AT Ny - M) gy

k = — _1—
P 4n® 2 YT

9 and g, are degeneracy factors, and Y is the pressure broadened Tinewidth
of the 2~ 1 transition (in radians). For the Cd example, A = 480 nm,

- 1%
9y % 9p» T 1072 sec and y > 1 cm 1 (due to the buffer gas). This yields:

“p

-12
2 x 10 (N1 - NZ)

4.5 x 10
N
(N, - )

RE

For a beam radius of .16 cm (A = 10'2 cmz):

_ 1.9 x 10

(N - N2

The population difference N1 - N2 varies in time, according to the rate
equations (see Figure 3.7).

=.
"

2 = Ry = Wy Ny - g Ny/7

N1 g Nz/T

where RD = NN(Z). These equations can be solved numerically for various
values for Ni, or, for a given intensity, for Gy = Hihv/I. In the case of
Cd, level 1 is actually a set of 3 levels, with different lifetimes for each
transition, but in this calculation we will use an average lifetime of 1 nsec
for the multiplet. Figure 3.8 shows some results, for I = 108 w/cmz. For
cross sections below 10'19 cmz, the effect of ionization on the population

N1 is small. For a cross section of 10'18 cm2, however, ionization results
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Figure 3.7 Radiative Trapping and Photcionization
Losses in Two-Photon Pumping
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in a factor of five decrease for the population of level 1. This would
result in a corresponding decrease in the gain.

3.5 Conclusions of Excitation Method Study

a.

Metal vapor discharge lamps

The gains obtainable with this method are very small. In
addition, the spatial inhomogeneity of the excitation would
make the interpretation of experimental data very difficult.

Flashlamp pumping

Gains up to 2% are predicted for CdHg for a 10J, 1.5 pusec
pulse. However. there mav be considerable problems associ-
ated with having a hiah temperature laser tube in an elliptical
cavitv toagether with a flashlamp. which normally reauires
water coolina.

Sinqle-photon laser pumping

For a 10 mJ doubled dve-laser pulse at 326.1 nm, gains on
the order of 10% are predicted for CdHg. Except for the
fact that different dyes may be needed for the excitation
of different atoms, the method is general.

Two-photon laser pumping

For a 100 mJ dye laser pulse at 388.5 nm, gains of about 6%
are predicted for CdHg, if photoionization losses are low.
Advantages of this method are that no doubling crystal is
required, there are no focusing problems, and the method

is general. However, for elements like Cd there are con-
siderable uncertainties about the actual excited state
populations that might be obtained because of the possibility
of photoionization. As a result, it would be risky to
select this method as an only choice. Since the setup for
this scheme is identical to the one needed for single-
photon pumping, however, it would be a simple matter to
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compare the efficiency of both methods experimentally
for each particular case.

e

As a result of this study, it was decided to use single-

photon pumping by a tunable laser to excite the Cd atoms.

Detailes of the experimental apparatus are discussed in

Section 5. ’
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4.0 KINETIC MODELING OF THE CdHg SYSTEM

In order to determine the optimal gas mixtures and the CdHg* population density
which results from optical excitation of Cd, the system was mocdeled by a set of
coupled rate equations. Processes and rates which were included are summarized
in Table 4.1. These are illustrated diagramatically in Figure 4.1.

Table 4.1 Kinetics of CdHg with Optical Excitation of Cd (5 3Pl)

Reaction Rate Source
(s ~
1. Cd+ hv - cd U ",;f)c("’%)d” it
0
*
Cd +Hg+M -~ CdHg 6 x 10731 cmb -s°1 Ref. 6
CdHg” ~  Cd+Hg + hy 2.1 x 105 s-1 NRTC

CdHg® + Cd + M = Cd,Hg + M -
CdHg™ + Hg + M =  CdHg, + M .

0 N B WwN

CdHg™ + CdHg® - P -1 3.7t

g g roducts 2.5 x 10 cmU-s Ref. 6
*

Cd+Cd+M -~ Cdy+M 3 x 1073 emb -¢°1 Ref. 6
*

Cd, “ Cd+Cd+ hv 3.3 x 10° s} Ref. 6

3

In this model, the 5 P, Tevel of cadmium (Cd*) is pumped optically at a rate

S1(v,t) (Vovg)dv

kl(t) = g (4.1.1)

Here I(v,t)is th2 pump source intensity as a function of frequency and time,
and o(v,vp) is the atomic absorption cross section centered at freguency V-

Three-body collisions between Cd*, Hg, and a buffer gas, such as Ar, form the
excimer Cng*. There are indications that two excimer levels in CdHg are res-
ponsible for the blue emission.3 For the present purposes, these two levels
are grouped and treated as one excimer state. A model incorporating two levels
is discussed later in conjunction with experimental results from this work.




*
Removal of CdHg can occur from radiative decay, biexcimer quenching, or three-
body quenching with Cd or Hg. Loss of excited cadmium atoms by radiation is
neglected. Although the Cd* radiative lifetime is about 3 ws, calculations

show that with Cd densities on the order of 1017 cm"3

causes the effective lifetime to be much longer. Dimerization of Cd is includ-

, radiative trapping
ed as a loss mechanism for Cd*.

On the basis of the reactions listed in Table 4.1, it is possible to estimate
optimal number densities for Cd and Hg. In order to maximize formation of
CdHg™ relative to Cd;, it is required that

ko (Hal >k, {cdl. [4.1.2)

A ratio of 10:1 for formation of Cng* relative to Cd; is probably reasonable,
o)
k2 (Hgl = 10 k7 (cd]. 4.1.3)

Thus the ratio of [Hglto [Cd] should be

(Hgl/lCd]l = 10 ky/k, = 5. (4.1.4)

Because of the spectral width of the pump pulse, Cd number densities on the
order of 4 x 1017 cm'3 are needed for efficient absorption of the pump radia-
tion. This indicates that Hg number densities on the order of 2 x 1018 cm"3
are required. It is not advisable to have Hg number densities much higher than
this value because of possible absorption at 326 am by ground state ng. For
this reason, argon is used to increase the three-body formatinn rate of CdHg.
The Ar density should be limited to about 8 x 108 em™3
sure when the quartz cell is heated.

to avoid excess pres-

Differential rate equations for the system of equations listed in Table 4.1
were derived and integrated as a function of time to predict number densities
for Cd*, Cng*, and Cd;. Integration was performed numerically using 2 fourth-
order Runge-Kutta method.
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A= 326.1nm
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é 3us +Hg + M
< ¥ 6.5 x 10731
« J* Cng'
CdHg =H Products
2.5¢1071
+Cd+M 4. 8us +Hg+ M ‘ i

Figure 4.1 CdHg Kinetics with Optical Excitation at 326.1 nm
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The optical excitation pulse was modeled as a triangular waveform having a

FWHM of about one microsecond. A pump energy of 0.25 mJ was assumed to be

deposited in a volume of 0.5 cm3.

These conditions closely approximate the experimental conditions when the 50 cm
long metal vapor cell, described in Section 5, is pumped with a frequency dou-
bled, Chromatix CMX-4 dye laser. Figure 4.2 shows the results of these calcu-
lations. It is seen that Cd* rapidly forms Cng* and that Cng* densities are
about a factor of ten greater than Cd; densities. At these low excited state g
densities, biexcimer quenching processes (Step 6 in Table 4.1) are unimportant, ‘
although they were included in the calculations. Since rate constants for the
trimer formation reactions (Steps 4 and 5) are not known, it is assumed at this
time that these processes are negligible. A value of k = 10733 cm6 -1 was
assumed for each of these steps.

Another calculation was done to estimate the kinetic efficiency for formation
of Cng* from Cd*. Here an initial Cd* density of 5 x 1014 cm'3 was assumed,
and the equations were integrated to find the maximum Cng* density. These
results are shown in Figure 4.3. Formation efficiencies exceeding 80% are
predicted, assuming quenching processes are small. Actually, since the value
for K3 (radiative decay of Cng*) is taken from fluorescence measurements ob-
tained under experimental conditions similar to those of the gain studies, this
value includes any quenching which may be present. Thus, it is proper to
exclude additional quenching for the purposes of these calculations.
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Figure 4.3 Formation Efficiency of Cng*
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5.0 EXPERIMENTAL APPARATUS :

5.1 Metal Vapor Cell

A special cell, designed for laser excitation of metal vapors was constructed
for these experiments. This is showp in Figure 5.1. The entire heated portion
is fabricated from quartz to allow operation at temperatures in excess of 600 C
if necessary. Quartz windows for entrance and exit of the laser beams are fused ’
to the body of the cell at Brewster's angle to reduce transmission losses. The »
windows are heated to the same temperature as the rest of the cell and are iso- P
lated from the cooler laboratory atmosphere by a vacuum space. This prevents |
metal condensation on the windows as well as distortion of the laser beams due
to thermal gradients. The cell shown in Figure 5.1 has an optically excited
volume which is 1 mm in diameter and 50 c¢cm in length. Special high temperature
heating tape is used to achieve the necessary temperatures in the cell, which
is contained in an insulating enclosure of fire bricks and Pyrex wool.

Cell temperatures are measured with six chromel-alumel thermocouples held against
the quartz surface by asbestos tape at locations shown in Figure 5.2. Cadmium
densities are regulated by controlling the temperature of a side arm separately
from the main cell temperature. Cadmium partial pressures are found either by

2 Gt : .
0 of pressure versus temperature or an empirical relationship

21

using a graph
between pressure and temperature,

109 Pey = 12.467 - 5299- - 1.234 Tog T - 0.000156 T (5.1.1)

In the above equation, PCd is given in Torr and T is the side arm temperature
expressed in degrees Kelvin. The cadmium number density in the upper cell is
then found using the ideal gas law

)

cd
SR (5.1.2)
¢ ° KT

in degrees Kelvin, then the

If Poq is measured in Torr, Neq 11 cm'3, and T i

appropriate value of the gas constant is k = l?gl]x 10 Under certain con-
ditions, the formation of a cadmium-mercury amalgam can strongly influence the
cadmium vapor pressure.6 This effect is most important at lower cell tempera-
tures, and it becomes negligible at temperatures typically used in the NRTC

experiments.
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Figure 5.2 Thermocouple Locations on CdHg Cell
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5.2 Processing the Metal Vapor Cell

Since the boiling point of mercury is only 370 C, it is necessary to distill
the desired amount of Hg into the cell prior to sealing it. When introducing
metals into the cell, cleanliness is extremely important. For these experi-
ments, a careful distillation procedure was used. First, the desired amounts
of mercury and cadmium were weighed on an analytical balance. Since the total

volume of the cell is 54 cm3

2 x 1018 em3.

transferring the metal. It was desired to have an excess of Cd, so 40 mg of

, 36 mg of Hg are required for a number density of
A total of 40 mg of Hg was used to allow for a small loss in

this metal was also weighed out. The distillation procedure used is described
in the following paragraphs.

A Pyrex tube was fabricated as shown in Figure 5.3. Attached to this tube was

a quartz ampule to contain the Cd and Hg. This was heated with heating tapes
and pumped with a liquid nitrogen trapped diffusion pump to a pressure on the
order of 1 x 10'6 Torr. The tube was then cooled and pressurized with high
purity argon. Using a torch, point A was opened and the metals introduced to
point C. Point B was then sealed with a torch after which point C was cooled

in liquid nitrogen. At this time, the tube was reevacuated, and the U-trap at
point E was cooled with liquid nitrogen. Point C was then warmed and a low
temperature torch was used to gently drive the metals into the U-tube at point E.
With the tube under vacuum, point D and then point F were sealed. The U-tube
was then warmed and the metals driven into the ampule, after which point G was
sealed. The ampule was then attached to the high temperature cell. During

the transfer process, the mercury transferred first at lower temperatures and
did not appear to leave any visible residue. Higher temperatures were required
to transport the Cd, and a small residue was left behind at point C. After the
ampule was attached to the cell, the whole apparatus was baked and pumped to
about 1 x 10'6 Torr. Following the baking and pumping, 260 Torr of purified
argon was added to the cell, which was then sealed off. Under these conditions,
the estimated number densities in the cell are:

Ar: 8.5 x 1018 em3
Hg: 2 x 1018 cm™3
cd:  0.1-4 x 1017 em2, controlled

by side-arm temperature.
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Figure 5.3 System for Filling Ampule with Hg and Cd
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An indication of cell cleanliness is the lack of any visible fluorescence
excited by either an argon-ion laser or a uv laser at wavelengths near, but
not on, the Cd absorption line.

5.3 Gain/Absorption Probe

A Coherent Radiation Model 54 argon-ion laser is used as a probe for either
gain or absorption in the CdHg blue fluorescence band. This laser produces
continuous output with powers up to several hundred milliwatts at several wave-
lengths in the CdHg spectrum. These are listed in Table 5.1 below:

Table 5.1 Argon-Ion Laser Wavelengths

A
(nm)

457.9
472.7
476.5
488.0
496.5
501.7
514.5

Sirce the output of the probe laser had about 4% amplitude noise at frequencies
between 0.1 to 1 MHz, a differential detection method, described in Section 5.4
was used. This noise varied with probe wavelength. Lowest noise occurred at
457.9 and 496.5 nm, while the highest noise was at 488 nm.

5.4 Detection System and Electronics

In order to achieve high detection sensitivity, a special differential ampli-
fier was designed and built. A schematic diagram of this device is shown in
Figure 5.4. Two silicon photodiodes are used to observe the probe beam and a
portion of the argon-ion laser beam which has bypassed the metal vapor cell
(reference beam). These photodiodes are reverse biased and their output

currents are summed at the inverting input of a high speed operational ampli-
fier (LHO032). The circuit is designed so that with equal light intensity

on each photodiode, the resulting currents cancel and there is no output. Small
changes in one of the light beams create an imbalance which is amplified, whereas
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intensity variations common to both laser beams tend to cancel. This is impor-
tant, since the argon-ion laser has up to 4% amplitude noise. The relation be-
tween the output voltage and input current depends on the feedback resistor, Rf,
in the equation

V - _— Rf (5.4.1)

out Iin
The final amplifier shown in Figure 5.4 is a high speed, unity gain buffer
(LHO063) which is able to drive a 50 ohm transmission line leading to a storage

oscilloscope.

In using the circuit shown in Figure 5.4 to find a fractional change in the
probe beam intensity, it is necessary to compare a high speed pulse signal (the
gain or absorption change) to the dc signal level of the probe beam when it
strikes only the probe photodiode. Thus it is necessary to know where the high
frequency response of the circuit begins to roll off. To determine this, a 7 ns
pulse from a frequency-doubled Nd:YAG laser was allowed to strike the probe
photodiode. The resulting signal showed a 0.32 us exponential decay, indicating
the circuit transfer function is that of an RC low pass filter having a time
constant of T = 0.32 us.

g(s) = —2L (5.4.2)

Pulses similar to those observed experimentally (see Figure 6.6) were modeled
using the transfer function in Equation (5.4.2). It was found that some de-
gradation in pulse rise time occurs, and that the peak value is attenuated
about 15%. Results reported here are not corrected for this attenuation, so
actual absorption values may be slightly greater than those stated.

In addition to the Nd:YAG laser measurement of circuit pulse response, the 1 us
wide pulse from the CMX-4 dye laser (see Section 5.5) was also measured using
the circuit in Figure 5.4. The resulting pulse shape was compared to that
observed using a fast planar photodiode. A slight degradation in rise time
was observed, but the decay time and pulsewidth were not affected.
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5.5 326.1 nm Excitation Source

Several different methods have been used to generate the 326.1 nm radiation
needed for excitation of the cadmium atoms. For low pulse energies, a
Chromatix CMX-4, equipped with intracavity frequency doubling crystals, is
used. Approximately 0.3 mJ is generated at 326.1 nm in a 1 s FWHM pulse,

having a spectral width of about 5.5 em L,

To obtain higher energies at 326.1 nm, a coaxial flashlamp pumped dye laser is
used to generate output at 652.2 nm which is frequency-doubled by a KDP crystal.
Approximately 120 mJ is produced at the red wavelength, leading to second har-
monic energies up to 5 mJ per pulse.

A negative branch unstable resonator22 is used to improve the spatial mode of
the coaxial dye laser. Since this approach makes frequency tuning of the dye
laser difficult, the CMX-4 dye laser is used to injection lockz3 the higher
power dye laser. This technique works very well, concentrating nearly all of
the coaxial dye laser energy into a linewidth determined by the width of the
CMX-4 output (=3 cm'l). From Equation (4.4.4), the necessary detuning of the
uv laser from the Cd absorption line center is estimated to be about 14 cm"l.
This detuning is greater than the laser linewidth and in practice, the optimum
pump laser wavelength is determined experimentally by measuring the transmitted

intensity through the heated metal vapor cell.

5.6 Experimental Facility

Figure 5.5 is a diagram showing the relationship of the various experimental
elements of the CdHg facility. The uv beam from the CMX-4 laser is condensed

to about 1 mm diameter by telescope 1 and directed through the metal vapor cell.
Photodiodes PD1 and PD2 monitor input and transmitted intensities with the laser
tuned to the Cd atomic resonance and just off-resonance in order to determine
the fraction of energy absorbed in the cell.

Figure 5.6 shows the arrangement incorporating the Phase-R coaxial flashlamp

dye laser used to obtain higher pulse energies. Output from the CMX-4 is mode-
matched with a telescope and coupled into the Phase-R th~ough a 45°% mirror which
transmits about 5% at 652 nm. The injection-locked dye output is then frequency-
doubled by a KDP crystal to obtain up to 5 mJ at 326 nm.
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The argon-ion laser probe beam is condensed by telescope 2 and a portion is
directed through the cell. Apertures, A, are used to spatially overlap the
uv pump beam and the probe beam. The probe beam and a portion bypassing the
cell (reference beam) are loosely focused on the two photodiodes of the dif-
ferential amplifier described in Section 5.4. A variable neutral density fil-
ter is placed in the reference beam to equalize the light intensity on the two
diodes when no gain or absorption is present. When this is done, the high
frequency amplitude noise on the argon-ion laser beam is reduced about an
order of magnitude because of cancellation by the two diodes. A 1P28 photo-
multiplier tube views the CdHg fluorescence through the side of the cell and
this signal can also be displayed on the oscilloscope for comparison with any
gain or absorption signal. This photomultiplier is used with a special base
having capacitors across the last dynode stages to improve the response to
pulsed signals.
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6.0 EXPERIMENTAL RESULTS

6.1 Fluorescence Measurements

With the metal vapor cell containing a mixture of MAp = 8.5 x 1018 cm'3

Nyg = 2 x 1018 en™3, and Neg = 0.1 to 4 x 1017 em™3 as described in Section 5,
fluorescence measurements of the blue CdHg emission were made. With the ex-
ception of data presented in Figure 6.4, the CMX-4 dye laser described in

Section 5.5 was used for all measurements in this section.

First, a fluorescence spectrum was obtained. For this purpose, a 1/4 meter
grating spectrograph equipped with 1P28 photomultiplier was used. Corrections
for detection system response were applied to the spectrum which is shown in
Figure 6.1, along with positions of argon-ion probe laser lines used at NRTC
for absorption measurements. The spectrum shows several important features.
First, the broad continuous emission matches previously published spectra of
Cng;3 however, it has a stronger red wing than spectra of Cd; obtained by
Drullinger and Stock.24 The blue emission is present only when the pump laser
is tuned to the Cd atomic resonance. No fluorescence is observed at other
wavelengths, indicating the cell is relatively free of impurities. The fluo-
rescence also goes away when the cell is cooled below 300 C, at which point
the Cd vapor pressure is less than 0.1 Torr. These observations confirm that
CdHg is the emitting species for the blue fluorescence. Emission at 335 nm due
to ng excimers and at 253.7 nm due to atomic Hg was not observed, indicating
excited mercury states do not play an important role in the kinetics of these
experiments.

Measurements of the fluorescence time history were obtained by viewing the side
of the metal vapor cell with a 1P28 photomultiplier tube. Corning CS3-75 and
CS4-72 filters were used to eliminate any scattered uv pump light and stray light
outside the fluorescence spectrum. Figure 6.2 shows the temporal relationship
between the uv pump pulse from the CMX-4 and the CdHg fluorescence. Figure 6.3
shows the fluorescence signal in more detail. The experimental conditions

for Figure 6.3 are shown in Table 6.1.
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Table 6.1 Typical Experimental Conditions for Fluorescence Measurements

8.5 x 108 em3 7.2 x 1016 w3

nAr

2 x 1018 cm'3 T

"Ha 836 K

Similar data were obtained with the cell temperature held constant (near

830 +5 K) and varying ncq between 1.0 x 1016 ¢cn3 and 7.2 x 1016 em3. Also,
data in which Ncd is held constant (near 1.2 £0.13 x 1017 cm'3) and Tce]] is
varied between 716 K and 967 K were obtained. In all these experiments, the
exponential decay time is nearly the same,

Tdecay 4.8 £0.25 us, (6.1.1)

and shows no correlation with either cell temperature or cadmium number density.
This decay rate represents the combined loss processes due to radiative decay
of CdHg along with any quenching processes present, and is slightly longer than
either of the two values stated by McGeoch, et a]3 (2.8 us and 4.0 us).

When fluorescence decéy time is measured as a function of 326.1 nm excitation
energy, an inverse relationship is found. At low pump energies, a value of
4.8 us is observed; however, as the pump energy increases to several milli-
Jjoules, the decay time shortens, and approaches 2.7 us. This data is plotted
in Figure 6.4, which shows the reciprocal of decay time (decay frequency) as a
function of pump energy. A pump energy-dependent fluorescence decay time can

be explained by the kinetics scheme shown in Figure 6.5. Two CdHg excimer

levels, each with a different decay time, are included. If the three-body
formation of Cng* has a high branching ratio to the longer lifetime state
(Cng* (a)), then at low excitation energies a 4.8 us decay time is observed.
At higher pump energies, the excimer density increases and biexcimer collisions
transfer the population to the shorter lifetime state (Cng*(b)). At suffi-
ciently high pump energies this transfer is rapid enough to depopulate the a
state so no further decrease is seen in the fluorescence decay. This observa-
tion is consistent with the conclusions of McGeoch, et a1,3
rate constant of 5 x 10”10 cm?

who determined a

-s~! for the biexcimer transfer.®
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Figure 6.4 Cng* Fluorescence Decay vs Excitation Energy
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6.2 Gain/Absorption Measurements

Absorption on several lines of the argon-ion laser has been observed. In mast
of these experiments, the conditions shown in Table 6.2 existed:

Table 6.2 Typical Experimental Conditions
for Absorption Measurements

Ped " 34 Torr
Neg = 3.6 x 1017 em™3
Mg = 2.0x108 en3
Mar = 8.5 x 1018 cm3
Tce]] = 903 K

sidearm 7 BRELs

Ptotal = 974 Torr

Figure 6.6 shows a typical oscilloscope trace of the absorption signal from the
differential amplifier discussed in Section 5.4. For comparison purposes, the
fluorescence signal is also displayed. For the case shown in Figure 6.6a, the
total dc level from the amplifier with the reference beam blocked was 1.3 V.
The magnitude of the absorption signal is about 0.015 V giving a percentage
absorption of the probe beam of 1.15% per pass. The measurement shown in
Figure 6.6a was performed using the frequency-doubled CMX-4 as the pump. For
this case, the pump energy was about 0.15 mJ. The absorption is present only
when the pump laser is tuned to the 326.1 nm Cd resonance transition. In Figure
6.6b, the pump energy was 0.75 mJ, obtained from the Phase-R dye laser. Again,
the abscrption is clearly present. Note the shorter fluorescence decay time
which is observed at the higher pump energy.

Data similar to that shown were collected at several wavelengths of the Art
laser and are summarized in Table 6.3. The amount of absorption was found to
scale with the 326 nm pump energy, so for comparison purposes, values were
normalized to a 1 mJ level. These data are plotted in Figure 6.7 as a function
of wavelength.
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Table 6.3 Absorption in Laser Excited CdHg Vapor

Probe Pump Energy Single Pass Single Pass_Absorption/md
Wavelength Absorbed Absorption (% -mJ-1)

(nm) (md) (%) Average
457.9 0.34 3.1 9.0
457.9 0.63 5.3 8.4 8.1
457.9 0.84 5.9 1.0
472.7 1.1 8.5 5.0 5.0
476.5 0.84 4.0 4.8 <
476.5 0.84 4.8 5.7 g
496.5 1.26 2.3 1.8 1.8
501.7 0.25 1.1 4.4
501.7 0.53 1.5 2.8 3.8
501.7 0.63 2.6 4.1
514.5 0.84 2.4 2.9 2.9

50 cm, Pump Beam Diameter = 0.2 cm,
630 C

Notes: Absorption Length
Cell Temperature

"

Strongest absorption is observed at 457.9 nm, and the effect is seen to decrease
as the wavelength of the probe laser increases. The absorption strength appears
to be correlated with fluorescence intensity. From the trend in absorption vs
wavelength, it appears that the peak values for absorption may occur on the

blue wavelength side of the peak value for fluorescence.

In addition to the above data, a measurement at a lcwer cell temperature was ob-
tained to determine if the absorption is temperature dependent. At a cell tem-
perature of 495 C, absorption is still observed. This point is also shown in
Figure 6.7.

A possible error source in the data presented in Table 6.3 involves the spatial
overlap of the pump and probe beams. The pump beam had a 2 mm diameter at the
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cell entrance window and was focused with a 1 m lens to about a 1 mm diameter at
the center of the cell. Since small changes in alignment can occur over extended
time periods, the data in Table 6.3 were obtained in a single experiment session.
However, careful alignment procedures yielded similar results in all experiment
sessions.

6.3 Acoustic and Thermal Effects

when energy is absorbed in a long, narrow volume, as in the case of these experi-
ments, careful attention must be given to possible acoustic effects which could
lead to probe beam steering. Any such beam steering could appear as intensity
fluctuations which mimic absorption.

An estimate of the thermal loading can be obtained by comparing the pump radia-
tion and fluorescence photon energies. The 326 nm pump photon has 3.8 eV energy,
whereas the 470 nm fluorescence photon has 2.6 eV enargy. The difference is
converted to heat during the excimer formation and radiation processes. This
results in 32% of the absorbed energy being converted to heat. Most absorption
measurements were made with pump energies between 0.15 and 1.5 mJ, so the heat
addition varied between 0.05 and 0.5 mJ. This was absorbed in a cylindrical
volume having an average diameter of 1.5 mm and a length of 50 cm, so the excited
volume was about 0.9 cm3. Thus the heat loading, AE, varied between 0.06 and
0.6 J/&L. This must be compared to the heat energy of the gas, which is given by
o«
EH .5 NkT (6.3.1)
At a temperature of 900 K and a gas density of 1019 cm'3, EH is calculated to
be 190 J/4. Therefore the fractional heat added is given by
AE
3.2x 107 < 2 <32 x 107 (6.3.2)
H
This is a small effect, which will lead to local temperature increases of the
same magnitude. This will not be manifested as a density fluctuation until a
time which is given by

c v (6.3.3)

has elapsed. Here, d is the beam diameter and Ve is the sound velocity, which

Ve =\/X";1'—T A (6.3.4)

is given by

:
5
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where Y is the ratio of specific heats, k is Boltzmann's constant, and m is the
molecular mass. This is the time required for a shock wave traveling at the sound
velocity to travel the diameter of the pump beam and establish a density gradient.

For an ideal, monatomic gas at 900 K, Ve is about 5 x 104 cm/sec. With d taken

to be 1 mm, tc is calculated to be 2 us. However, the absorption is observed to
appear almost simultaneously with the pump pulse, indicating it arises from a much
faster process than the formation of a density gradient. Using reaction 2 in Table
4.1 and conditions typical for these experiments, excimers are formed at a rate

R ko [Hgl [M]
1 x 107 s-1 (6.3.5)

L]

n

or R

The characteristic time is 1/R, or about 100 ns. This more closely matches the ob-
served rise in absorption than does the estimated time to form a density gradient.

If the effect is due to an acoustic disturbance, it should be independent of
wéve]ength. This is definitely not the case, as seen in Figure 6.7. Absorption
is considerably less at 514.5 nm than at 457.9 nm.

There is the possibility that excited species create an anomalous dispersion
which leads to defocusing of the probe beam. An estimate of defocusing caused
by refractive index variation in the excited medium can be made following par-
axial ray analysis given by Kogelnik and Li.25 If the pump beam is assumed to
induce an index variation which varies quadratically with the radial coordinate,
r

; b

n(r) Ng =3 My rs (6.3.6)

then the appropriate ray transfer matrix for propagation through a length d of
the excited medium is

1 "
A B cos (dp) — sin (dp)
Vv Nph2
= {6.3.7)
C D - ‘/"0"2 sin (dp) cos (dp)

where p is given by ‘/"2/"0' In the present experiment, o is very close to
unity. This leads to defocusing by a "thermal lens" having a focal length
1

\/nonz sin (d vfﬁg)
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For small values of Nos the focal length is approximately

SR %
a, (6.3.9) .
An appropriate expression for n, is found from26
2
2 4n Nlt’:l
i S B TV (6.3.10) '
-
In Equation (6.3.10), |u| is the electronic transition moment of a transition ]
Av cm'1 away from the probe frequency. The excited state density, N, will
have a radial dependence given by
k
-2 (r/wy)? 2 '
i 0 48 % £
N(r) = Nge ~ Ny 1-2 " ; (6.3.11) |

where g is the pump beam radius.

Substituting (6.3.11) into (6.3.10), and making the further assumption that the
index variations are small gives

2n Nolb"iz | 4n Nolld-lz 2
n(r) = 1+mv——— + m—gz— r (6.3.12)

Comparing Equation (6.3.12) with Equation (6.3.6), it is seen that

21 Nglul ®
no = ‘m— (6.3.13)
and 2
1 4w Nolp.l
N (6.3.14)
3hcAvw02

For the case of a very strong transition, |u| is on the order of 10'18 esu-cm.
Assuming a detuning of 100 cm'l, a beam radius of 0.05 cm, and an excited state ’
density of 1015 cm'3, then the index variation is found to be ﬁ

2

n, ~ L7x 1074 em” (6.3.15)

Using this value in Equation (6.3.9) with d equal to 50 cm, the focal length |
of the "thermal lens" is found to be

f = 118 cm (6.3.16)
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However, it is unlikely that the strengths of any nearby transitions are as

-18 1

as strong as 10 esu-cm, and the detuning factors will be larger than 100 cm”
for most of the Ar+ laser lines used to probe absorption. Therefore, the ther-

mal lens will have a much longer focal length than that given by Equation (6.3.16).

Most absorption data was obtained with the probe beam focused loosely on a small |
area (~0.25 cmz) solid state photodiode located about 5 m from the heated cell. ’ .
One would expect that with such a long path length and with such small detectors, E

any significant density gradient defocusing would seriously deflect the beam and
cause a large signal change. However, only small amplitude changes were observed.
In any event, if defocusing was present, one would expect the effect to be re-
duced by placing a larger aperture detector closer to the cell. To check this,

a 1P28 photomultiplier tube, having an area of about 1 cm x 1.5 cm was placed

50 cm from the cell. Although the signal was noisy, due to the discharge of the
dye laser flashlamp circuitry, the absorption signal was definitely present and
was approximately the same magnitude as that observed further away with smaller
area detectors. Even if the thermal lensing effect is as great as that estimated
in Equation (6.3.16), it would not be important in this last experiment.

In addition, if the signal decrease were due to a density disturbance in a shock
wave propagating at the sound velocity, one might expect to observe effects from
successive shock fronts as they reflect from the cell walls. These would occur
at time intervals given by

o B2
tr = Vg (6.3.17)
where d is the tube diameter. For d = 6 mm, tr is found to be 6 us. No such

return shocks were ever observed.

It should be stated that under certain conditions it was possible to observe

effects due to density gradients in our apparatus. These appeared as a slowly
decaying intensity fluctuation when the pump and probe beams were not well
aligned. The decay time for these signals was several milliseconds, and prob-
ably was determined by the thermal diffusion time of the disturbance. With the
pump and probe beams carefully aligned, this effect was much smaller than the
absorption signal. It is felt that any contributions to the signal caused by
acoustic disturbances have been properly identified, and that the observed

probe intensity decrease is due to absorption.
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7.0 CONCLUSIONS

Since the absorption is present only when the pump laser is tuned to the cadmium
resonance absorption, it seems likely that the cause is due to an eécited state
absorption in the CdHg excimer. Because absorption was only measured at specific
argon ion laser wavelengths, it may be that there are regions in the fluorescence
band which do not exhibit the effect. This could result if the absorption arises
from a bound-bound transition rather than a bound- free transition. However,
similar, continuous absorption is observed in the ng 335 nm band. 27 If the
same processes lead to absorption in Cng as in ng, then the Cng absorption
is probably continuous also.

Because of relativistic effects which are important in the heavier mercury atom,
theorists have not yet calculated the electronic state structure of CdHg. How-
ever, it is possible to make some "educated guesses" about the CdHg electronic
levels. For homonuclear systems, such as Hgp, Cdz, and Mgz, there are four
potential curves coming from the 1owest 3P + 1s atomic asymptote. In the case

of Mg,, these are the 31 (bound), (bound), 3n (unbound), and 3z Z g (unbound)
states.28 For ng, spin- orbwt coup11ng becomes more important, and these states
are now designated by the principle quantum number, Q, according to the follow-
ing notation.

329 becomes lg» Og'
3nu becomes 2u’ lu’ Ou+
3Zu becomes 1 0,
3Hu becomes 29, lg’ Og+

In a heteronuclear molecule, such as CdHg, this asymptote splits into asymptotes
corresponding to the Cd (%P ; ,) + Hg (1) and Cd (1sg) + Hg (*Py ;) atomic
states. Also, due to lack of nuclear symmetry, the u, g state designation does
not exist. The first of these gives rise to the bound CdHg excimer states,
while the second which lies at a higher energy, could give rise to several un-
bound states. These unbound states may lie at an approximate energy to cause
absorptton at 470 nm. 29 The next higher atomic asymptotes are the Hg ( SO) +

cd ( 1p ) and Hg (3P ) + Cd (15 ) states. The first of these should form bound
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states which could lead to absorption in the 470 nm wavelength regiOn.Zg The
second asymptote should form unbound states which lie at too high energy to
cause absorption. Figure 7.1 shows some of the possible excited states of
CdHg which could absorb in the wavelength region where laser action was anti-
cipated.

Absorpt1on cross sections for a transition to states arising from the Hg( S ) +
Cd ( P ) asymptote should be small. This is because the absorption should

occur to vibrational levels near the dissociation asymptote and thus, the Franck-
Condon factors will be small. Absorption to the 0" state arising from the

Hg (3P1) + Cd (ISO) asymptote would probably have a larger cross section, and
would also have a continuous wavelength dependence. A third electronic state
which could possibly absorb near 470 nm is indicated by the dashed curve in
Figure 7.1. If a bound state having approximately 1 eV binding energy origi-
nates from the Hg (ISO) + Cd (351) asymptote, then this is also a possibly
absorbing transition. The above discussion is somewhat speculative, but it is
included to show that absorptions near 470 nm are possible in the excited elec-
tronic states of CdHg. A more definitive examination of the subject must
depend on better calculations of the CdHg electronic levels and their associ-
ated transition moments.

The measurements performed under this program cast considerable doubt on the
possibility of efficient laser action in CdHg. If further studies are con-
ducted, they should investigate the cause of the absorption, with the hope of
finding a way to avoid it.
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CdHg Cd + Hg

(P, )+cd('sy)
Hg(*sy)+cd” (1s,)
Hg(lso)+cd(3sl) b 1

Hg (%P, )+cd('s) |
Hg(*sg)+ca(lp)) :

Hg(°py )+ca(ls )

Hg(3P0)+Cd(ISO) T

Hg(1sg)+cd(®p,)
Ho(1sg)+cd(®p )
Ho('sy)+cd(%py)

470 nm

1,07, o*--J

Figure 7.1 Excited CdHg Electronic States
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