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1.0 SUMMARY
*The cadmium-mercury excimer (CdHg ) 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 cormiuni-
cations. Thi s report describes research conducted at Northrop Research and
Technology Center (NRTC) to perform a definitive investigation of optical gain
and absorption in the CdHg* 470 nm emission band . p
Prior to any experimental work , various methods of exciting CdHg* were consid-
ered in detail. Electric discharge excitation was ruled out because of the
possibility of creatir.g unwanted excited species wh ich would complicate inter-
pretation of the results . Four different methods of optical excitation were
contemplated: cadmi um resonance lamp pumping , flashlamp pumping , single photon
pumping wi th a tunable laser, and two-photon pumping wi th a tunable laser. The 

S

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 densiti es of Cd and Hg. F

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. Absorpti on was observed at each of these wave-
lengths. This absorption was strongest at the blue lines of the Ar4 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 unl ikely.

1



2.0 BACKGROUND AND OBJECTIVE

Excimer lasers based on rare gas halides , such as KrF , have demonstrated both
high powers1 and high efficiencies .2 However , the wavelength of these lasers
is typically in the ultraviolet spectral region where problems arise from
atmospheric absorption by ozone. Additiona l prob l ems arise from the lack of
suitable laser optical components in the uv region. Furthermore , a laser di-
rectly emi tting in the blue-green band is urgently required for several Navy
underwater applications.

Mercury based diatomic excimers , such as cadmium-mercury (CdHg) 36 and thallium-
mercury (T2Hg)7 have recently attracted attention as suitable blue-green laser
candidates. These molecules show emission continua in the visible spectra l
region and should be efficiently excited in electrical discharges via excita-
tion of metastable levels of the metal atom. Figure 2.1 shows approximate
potential energy curves for the CdHg excimer , based on published spectral
data .3’6 However , little detail is known about these molecular systems . To
evaluate these promising mol ecules as viable laser candidates , experiments to
measure formation and quenching rates, and most importantly gain and/or ab-
sorption coefficients , 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 cm2. McGeocti and Fournier 6 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
i ndependent of cel l temperature over a range from room temperature to around
500 C. Pleasance and co-workers attempted to duplicate the experiment of
McGeoch and Fourn ier, but they obtained a null result.8 In order to resol ve
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 Pl easance.

2
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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 determ i ne the best excitation method . Both electrical discharge
and optical pumping methods were considered . While Cd is exc ited eff iciently
in discharges, this technique was rejected for preliminary gain measurements
because unknown ef fects such as electron quenching and nonselective excitation
of other energetic species , e.g. . Hg and Hg2 ,  could make the gain measure-
ment results difficult to interpret. Optical excitation has the advantage
of selectively excit ing a given level of one particular species .

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

1. Pumping wi th a low pressure Cd vapor lamp .
2. Flashlamp pumping.
3. Single -photon pumping with a tunable laser.
4. Two-photon pumping with a tunable laser.

In section 3.1 we wi l l  derive a general ex pression 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

level in Cd (this is the excited state that leads to the formation of CdHg*).

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 corn-
plexity .

3.1 Genera l 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 var ious other fundamental
parameters . We start by defining the following quantities :

g = Small signal gain.

q = Number of quanta in the excitatio n pulse.

N = Number density of excited molecules .

4
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= Efficiency with which th~ pump pulse is absorbed ,
i.e., the attenuation of the metallic vapor.

= Efficiency of formation of excited molecules from
the absorbed photons . This parameter is found
from the solu tion of the approximate set of rate
equations.

a = Gain cross section .

A = Area over whi ch exci tation takes place .

La 
= Length of the vapor zone or absorption length of

the vapor, wh ichever is shorter. 
I 

-

By definition , the number of mol ecules in the desi red excited state is equal
to T

~a 
x 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:

* 
1~ x T ~ x q

- 

A L 8

The smal l signal gain g = a N* La can thus be written as

g = 

~a 
X T~f xa x —

~~-— (3.1.1)

This is the final result; note that it does not depend on the length L8.

We will use this expression to estimate the gain of the CdHg laser i n 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

• T~f O.5

5
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Using a cross section of 2 x io 19 cm21
5 the gain is given by

g = 1 x 10-19 ~~~~~~

If the area of excitation is io
_2 

cm2, which is probably about as small as

one can go because of practical problems , we find

g = 1 x 1 O ~~
7 q .

This means that for a single pass gain of 10%, io16 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 fi rst method we will study is the use of a l amp containing 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 (Fig ure
3.la), the l amp 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 l amp , 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 ga in
tube are cylinders which are placed in the foci of an elliptical cavity

which Is highly reflecti ve at the wavelength of interest. We will give a
very slrnnl if led derivation of the output power of such a l amp , for both

geometries, and apply the results to the Cd lamp .

If the volume of the lamp is V , the vao ’r density N , and if a fraction of f

of the vapor is excited , then the output power is given by

= 
NVfhv (3.2.1)

where r is the radiative lifetime of the species and g is a trapping factor1°

which has a value less than or equal to unity . If it Is assumed that the 
line 6
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is Doppler broadened , which is a reasonable approximation at the low den-
sities considered ,’1 then the expression for g 15 : 10

For an infinite slab of thickness t:

g = 
1.875 ( 3 .2 .2)

k0t [nlo~ (:

For a cylinder of radius R:

q 1.6 (3.2.3)

[k0R ii log (k0R)]
where

3 9
0 8~i g1 ~1~~f .

2kT (3.2.5)

The expressi on for g i s val id only when its value i s 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

solv i ng the expressi ons above for the va l ue of k0t, respectively , k0R which

makes the value of g unity . The result is

For a slab thickness t:

k0t 
— 2.8

125 v 1~ \
N i t  = 

~3 t
o I\~~

__

J1 i (3.2.6’

For a cylinder of radius R:

k0R 1.8

8 0 v  / g  \
- o 1 1 .  iNcri t 
- ‘~~~~ \ ij ) . ..- .

8
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Since for N -
. N crjt the trapping factor g becomes less than unity , and si nce

the output power is proportional to g, the maximum output power is obtained
for N = N crjt~ 

i.e., at the density where trapping starts being important.
We w i l l now deri ve expressi ons for th i s max imum output power , for both
geometries.

¶ Geometry I (Resembles a slab of thickness R2-R 1 if R2-R 1 
5s.s
~
Rav )

Substitution of (3.2.6) into (3.2.1) yIelds :

x V
P = 

A RLf (3.2.8)max 
~~~

.,

where R = (R1 +

Geometry II

Substitution of (3.2.7) into (3.2.1) yIelds:

5.0 x ~ -21 v g

~ma = 
4 ~ —i--- RLf (3.2.9)

~ x g2

The veloc i ty v0 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 .~i ll apply these results to the 326.1 nm line of the Cd lamp . The

parameters for thi s case are:

= 326 . ln m

= 1

~2
M = 112.4 L
T 600 K

9 
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This yields v~ 3.2 x cm/sec . The Doppler width at this temperature
-1

= ~/~T/m~~ 0.02 cm . The output power of a Cd l amp in the twe

geometries Is then given by:

Geometry I

14 -3
N O . 8 x 1 0  cm
crit t

P = 140 fRL (3.2.10)
max

Geometry II

- 0.5 x 1O~~ cm 3
N i t

1’max 
= 47 fRL (3.2.11)

Experimentally 11 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

i s 2.5 cm.” For this diameter , and for a 50-cm long length , us i ng an f

value 11 of 3 x 10~~. we find that the output powers are :

Geome t~yj

P -
~~ 50Wmax

Geometry II

P - 2 0 Wmax

In Reference 11 , the number density for maximum uv product ion in Cd has been

found to be about jo14 cm 3. This is In reasonable agreement with the value

for Ncri t found above.

S For this case of CW pumping, Equation (3.1.1) for the gain is actually of t 
-

little use. This expression is indeed mainl y useful for cases where the

10
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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 molecu lar 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 defi ned as follows :

* 3 

q
~~~~~;

For C~Hg , the lifetime is about 3 ,~sec. For a lam p  power of 50 W , the
number of photons Is then

q 2.5 x 2014

For a typical gas mi xture : ~ Cd j 5 x 1O~~ cm 3, ~ Hg ~ 
= 2 x ia’8 cm 3,

and ~ M J 2 x 1019 cni3, 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., ~4 f _  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 1O~ cm 3) in

the laser tube in a thin shel l near the wall.

For a gain tube of radius r, length L , filled wi th vapor at density N , the

thickness of this shel l can be calculated approximately by saying that all F
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 i s equal to 1O~~ cm
at N 5 x ~~~ cm

3). Thus

or 
2~~r.~NL = q

2ri rN L

11
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Example:

q = 2.5 x 1014

= 0.O6 xm (A 0.01 cm2)

L = 50 cm

N = s x ~~~ cm
3

= 0.3 x 10~~ cm

This spatial nonuniformity has several bad effects. In the excited shell , the
molecular excited state number density will be very high , resul ting in large
“gains” . Diffraction , however, wi ll make it impossi ble to measure these
gains , and amplification will only occur over a l ength roughly equal to a
confocal parameter corresponding to a waist sizes . The effective amplifica-

1,
1 tion length is thus approximately given by

Leff 2~~~
2/~ 

S

For .~ 
= 0.03 x 10~~ cm , Leff 

= 10 4cm. This result in a maximum gain equal
to ~ NLeff = 1 0 .

3.3 Flashlamp Pumping

In this scheme, the gain tube and a hi gh power flashlam p are placed i n the
foci of an elliptical cavity (Figure 3.2). This cavity has to be highly
reflecting at the desired wavelength , such that the light 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 lam p i s
used to excite an atomi c species, only a very small fraction of the l amp energy
goes in atomi c excitation , while the rest eventually ends up as heat. As in
the case of metal vapor lam ps, only the energy emi tted in a mol ecular 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 deri ve an expression for the
energy absorbed by the atoms in a time equal to the molecular exci ted state
lifetime , assuming a Lorentzian lineshape for the absorbers . The procedure

12
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GENERAL SPECTRAL DISTRIBUTION WHEN
OPERATiNG MICROPULSE FLASHTUBES
ABOVE 5KV

~~~~~~~~~~~~~
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Figure 3.3 Typical Spectral Distribution
for a 1 ~sec -1 Joule XenonFlash 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

EL = E(’~’) d’~

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 l

~
where

= 1 for -r ES >-r L

= for T ES < TL

T ES 
= Lifetime of the excited

state of the molecule

= Pulse length of the lamp

Another more useful way of writing this energy is:

E0 
= EL TID 1It

where S

E(v ) B
= ° (3 .3.1)

E(v) dv
0

By definition , is the efficiency with which the l amp energy is utilized.

If the absorption cross section of the atomi c species is ~ (v) , the reflectivity
of the cavity wall R , the inner diameter of the gain tube d , and the number

‘4 

— --S
~~
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density of the absorbing species ~~~, then after n passes the energy of the
lamp is attenuated by a factor

( Re~~ ( v ) M d
)

The bandwidth B is found by requiring that at the maximum detuning 1v 0-v max
from line center the attenuation of the vapor be , for example , e 1. At
each reflection from the cavity wall , a fraction (1-R) of the incident radi-
ation gets lost. One possible way of def4 ning a maximum value for n is then
to require that no more than 50% of the radiation at tv 0- vi max be absorbed
by the wal ls .  A va lue for j v 0- Vi max can then be obtained by requiring that

the attenuation coefficient 
~ 

( iv ~,
- vi max ) Nd 1, such that most of the

energy which is not absorbed by the wall gets deposited in the laser med5ium*.

Thus n -

~~

and (~v~- vl max ) ~~~ (3.3.2)

To proceed beyond this point , we have to assume a certain frequency depen-

dence for the absorpti on cross section. For a Lorentzia n l i neshape, this
dependence is 12

r f
, ~ e 

_________________J~~V )  = 2
~2 .~ v

~V
0

V J  + 5_2_

where
re = electron radius = 2.818 x 1O~~ cm

f = oscillator strength

with v 0,v, .~v in~~cm~~~ .

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

RCI-e ~ ND)(l_R fle
_ J Nnd) For 0.7 - R ~ 0.99, the efficiency varies , as

1-Re d Nd

fl ~~~ between 50~ and 70~:.

15
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Because the detuning 1v 0- v i max will always be much larger than the atomic
linewidth and the Doppler width , the apparent spread in v 0 due to the veloc-
ity of the atoms can be neglected , and also the term (.~v /2)

2 can be negl ected
with respect to (v 0 - 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

r r f Nd .~v18 2 1’
~o~~

1 max 
= 

L~~~1-R~ i
(3.3.4)

‘~~ d (.~v )

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 CdHg . Due to a lack of data , we wfll assume
that the Cd line is self-broadened , i.e., .~v 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 ~~v ,  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 ,~

_20 
(Reference 13)

R = 0.9 (Reference 14)
T ES 3~ sec

For an atomi c number density N = 5 x 10~~ cm 3 , this yields

kN O.028

B =

16 -

-A
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From Figure 3.3 , the quantity lb can be calculated. Because E( ;~. 
) is given ,

this quantity should be rewritten as

E(;~ )B
= (3.3.5)

—
~
-

~~
- E(x ) d;~

0 ~~

The result is 4.5 x 10~~ B. Because the gain (3.1.1) is proportional
to q/A , and E0 or q is proportional to d-~ , we find

g - ~
. -

~~

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 limit , we find

B = 2 .7cm~
= 1.2 x

If, as a typical example, a Novatron 734 l amp would be used with EL 
=

T L = 1.5~.sec , we finally find

5:b
t = 1

I
ED 

= EL X T
~D 

x
~~t 

= 1.2 mJ

According to (3.1.1), using a formation efficiency Ti
f 

= 0.5, this would
result in an estimated gain of 2% for CdHg. Note that since the absorption
l ength is several tube diameters long for most of the radiation that gets

S absorbed , the excitation will be spatially uniform , in contrast to the
metal-vapor-lamp scheme.

3.4 Single-Photon Pumping~ wi th a Tunable Laser

The experimental setup for this scheme is shown in Fia~~e 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 rnJ/pulse will be S

available in the doubled output. By tuning the dye laser off the center of

17
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the absorption l ine, 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 Ti t (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 ( rl

~
=1), a gain of 10% is predicted

for the CdHg laser. We wi ll derive expressions for the frequency of the
pump laser or, equivalently, its detun ing. We then app ly these results to
the excitation of the 5p 3P1 l evel in Cd.

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

C.

e Lw= — (3.4.1)2 (v 0
_ v )2 + (-~ L)

where: 
S

re = electron radius = 2.818 x io 13 cm

f = oscillator strength

Lw = pressure broadened linewidth

e~ v in cm~

To obtain an absorption of e~~ ~~ 
63%), we need :

o (v  ) NL = 1 (3.4.2)

Substitution of (3.~ .1) in (3.4.2) yields :

r r f NL Lw12
i~ - ~i = 

L 
e 

2 j (3.4.3)

Note that 1v 0- vi ~ t~v
2 .

Using the followi ng parameters for exci tation of Cd (5p 3P1),

19
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f = .0019

= 5.6 x io
_20 

N

= 30665 cm~~
A = .01 cm2

L = 50 cm

N = 5 x 1 017 cm 3

Yields for a 10 mJ pulse ,

~v = 0.028 cm~

and

~v 0— v~ 
= 13.7 cm~ (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~~ will usually be acceptable.

3.5 Two-Photon Pumping with a Tunable Laser

The experimental setup is shown in Fig ure 3.5. A di agram describ ing 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 elimi nating the need for a frequency doubling step. As a resul t,
pumpi ng energies at least an order of magn it ude 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 l i ke Cd , the sum of three photons is in the continuum . At the

relati vely I~igh 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.

20
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Figure 3.6 Two-Photon Pumping of the 5p 3P1 Level of Cd
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Since the experimental setups for single-photon and two-photon pumping are
nearly identical , however , it is usua lly a simple matter to compare the pump-
ing efficiencies of both scheme s 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
usuall y 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
the Stark shift of the two-photon resonance. These dynami c shifts are
usual ly very sma l l , 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

f  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
by:15

NL hv /1
Ti = 

(2) ° (3.5.1)
a 

~~~~ NL hv 0 / I

- 

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

g = 0.5 Tia Tif Tit 11B ~ 
(3.5,2)

where the factor 0.5 is due to the fact that two photons are required to
make one atom in the fina l exc i ted state, the factor 11B is the branching ratio,

and the factor ~ was defined in Section 3.3. The two-photon absorption
probability is given by:

,

~~
- 2 2 2 2

~~~ 
v~rr 11~ ~~~ ~‘12 ~ (3.5.3)

h 
~~10 ’~o~
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where ~~ 
= 377 ohms , 6 is the laser linewidth ( 6 1.2 x FWHM) in radians ,

an d are matr i x el emen ts , and I is the pump intensity . This expres-
sion is valid when the laser bandwidth is wider than the atomi c and Doppler
widths , and the atomi c 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 l ength is given by:’2’’6

z = 
d 

- (3.5.4)f 4j ~~

where d is the beam diameter and 6i1 is the Kerr contribution to the index of
refraction. If the pump radiation consists of a number of axial modes with
spacing Au~ , the index of refraction for the m ’th mode (with frequency

~u 
~20/~ 

÷~ u) is given by:’5

I ( n - i )  = 
Ti
~ 

N~~01
2
~~12

2 m~~ 
2 

( 3.5.5)
2€ ~ h (w 1O -

~~~~~~~~~~ 
(m~ w)

2 + _:~. 
S

where y is the uinewidth of the forbidden transition . Note that for the mode
which is exactly two-photon resonant (m = 0), (n -1), wh i le  the max imum
va l ue of (n - 1) occurs for the modes for which (m~~u ) y/2. The expression
for the Stark shift is:’7

= 

h2 x [
~ 

~~2K w k2 
- E 

~Ok W kO ] (3.5.6)
k w k2 ~o k kO ~o

The sums over k refer to al l  the al low ed tran s iti ons starti ng in level 2 for
the first sum and 0 for the second sum . In many cases the oscil lator strength

is not known . It is therefore use ful to study the depen dence of 
~a’ 

Zf
on this quantity . From (3.5.1), (3.5.5), and (3.5.6):

•24
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I
1 + c f12 ~1

n - 1 . 1 (3.5.7)

The denen dence of .~~5 on f12 I is not imediately obvious , but It turns out

that in many cases the contribution of the 2 - 1 transition is dominant or
V at least comparable to the other terms in the suninations (3.5.6). We thus

find that , for a given value of the product of f12 I is fixed , which then
in turn determi nes the values of (n - 1) and 

~~~~~~~~~ 

. As a resu lt , an exac t
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 3S 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~~) f i~.I (C-m)

Ss 1S 5p 3P1 0 - 30656 .ooig~
8
~ 7.0 x io 31

5s - 5p ‘P 0 - 43692 .92 (13) 1.3 x io 29

*

5p 3P0 30114 .13* 7.0 x io 30

*

5p 3P1 
- 6s 3S 30656 - 51484 .25* i.o x io

_29

5p 31827 .62* 1.6 x io
_29

*Estlmates
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To calculate W~
2
~ and (n - 1), we use the path: Ss ~S 5p 3P1 

— 6s
5p 3P1 

-, 5s 1S. To calculate 
~~~ 

we use the tr ans iti ons 6s 1S — Sp
in the first sum , an d the tran s iti on 5s S — 5p P i n the secon d sum i n
(2.4.6). The results of these calculations are:

~~~ = io 10 i2,.~

= 5 x 1 0 29 NL I/S
1 + 5 x 1 0 2

~~N L I /6

n - 1 = 6 x 10~~ N I  x m~ .u (3.5.8)
+

= 2.5 x 10 10 I

where I is in W/cm2, N in cm 3, L in cm, 6 , m~~~, ~ , and~~~5 i n cm ’.

Exam pl e

N = 5 x 1 017 cm 3

L = 50 cm

6 = 0.12 cm~
_1*y = 0.05 cm

To obtain 0.2 , the required intensity Is I = 2.4 x ,O~ W/ cm 2 . For a
100 nJ, 100 nsec long pulse, the corresponding beam parameters are:

A = P/I 0.04 cm2

d = 4 A,4i 0.23 cm

For the Kerr index, the focusing length and the Stark shift , one finds:

*Est j mate
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n - i  -‘- 1 .4xiO

Zf ~ 500 cm

0.006 cm~ ~~~~~ ~

With 1 8 
= 0.27, = 1, = 0.5, the gain (3.5.2) for this example is:

g = 0.5 x 0.2 x 0.5 x 1 x 0.27 x 2 x 10~~ x 2 x 1017/0.04 =

If the laser bandwidth would be increased by a factor 16 to a FWHM value of
1.6 cm~~, the intensity required to keep the same absorption efficiency would
go up by a factor of four to I — 108W/cm2. For the same pump energy , this
would require A = 0.01 cm2. The gain would then also be four times higher ,
i.e., g -~ ~~~~ while Zf > 250 cm and .

~~ 
= 0.024 cm 1 -.~. ~ - .

For Cd the sum of three photons (such that the sum of two photons is two
photon reson an t) i s in the con ti nuum , 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 ,
i.e.,

W1 i 1
or 

(3.5.9)

For the Cd example , wit h T 1 nsec 18 and I = 10’~ W/cm2, this requires
x io 18 cm2. Since typically 19

io 20 cm2
~ ~ ~~ 17 cm2

the effect of ionization would most likely 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 T/g, where :1°
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g = 
1.115 

- (3.5.10)
(r r  k~ R)~

wi th 2A (N 1 - N 2) g1k~~= 4 2 
~2 ~~

and g2 are degeneracy factors, and ‘Y is the pressure broadened linewidth
of the 2— 1 transition (in radians). For the Cd example , A = 480 nm , 

S
-I

g1 
= g2, T 10~~ sec an d ‘~ 1 cm

_i* ( due to the bu ffer gas) .  Th i s yi elds :

k~ = 2 x i0~~
2 (N 1 

- N2)

g = 
4 .5x105

(N 1 
- N2

)2 R2

For a beam radius of .16 cm (A = io
_2 

cm2) :

g = 
1.9x106~

(N 1 
- N2)~

The population difference N1 
- N2 varies in time , according to the rate

equations (see Figure 3.7).

N1 — g N 2/T

where R0 = NW~
2
~. These equations can be solved numericall y for various

values for W .~, or , for a given intensity , for~~ = W
~
hv/I. In the case of

Cd , level 1 is actual ly a set of 3 levels, with different lifetimes for each

transition , but in this ralculat lon we will use an average lifetime of 1 nsec

for the multiplet. Figure 3.8 shows some results , for I = io8 W/cm2. For

cross sections below 10-19 cm2, the effec t of ioniza ti on on the popula ti on
N1 is small. For a cross section of io~~

8 cm2, however , ioniza tion resul ts

28
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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.

3.6 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.

b. Flashlamp pumping

Gains up to 2~ are predicted for CdHg for a 1OJ , 1.5~.sec
oulse. However, there may be considerable oroblems associ-
ated with havin c, a hiah temoerature laser tube in an elli otica l
cavity toaether with a flashlam o . which norma ll y reauires
water coolina.

c. Sinqie-ohoton laser oumoing

For a 10 mJ doubled dye-laser oulse 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 ttie excitation

of different atoms , the method is general.

d. Two-photon laser pumping

For a 100 mJ dye laser pulse at 388.5 nm, gains of about b .~
are predicted for CdHg , if photoioniz ation 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 photoion i za ti on. As a resul t, 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

31
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compare the efficiency of both methods experimentally
for each par ti cular  case.

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.

d

1
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4.0 KINETIC MODELING OF THE CdHg SYSTEM

In order to determine the optimal gaS mixtures and the ~dHg * population density
which result~ from optical excitation of Cd , the system was modeled 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 3P1)

Reac ti on Ra te Source
* ~~~~~~~~~~~~~1. Cd + hv - Cd I, -- -

* *2. Cd + Hg + M — CdHg 6 x 10 cm6 -s 1 Ref. 6

3. CdHg* Cd + Hg + h’~ 2.1 X ~Q5 ~~~ NRTC

~~. CdHg~ + Cd + M — Cd2Hg + M -

~~. CdHg + Hg + M  -‘ CdHg 2 + M 
.] .~. 3 1 

-

. CdHg + CdHg Products 2.5 x 10 cm -s Ref. 6

1. Cd
: 

+ Cd + M -‘ C4 + M 3 x 1O~~ cm6 -s~ Ref. 5

L Cd2 -, Cd + Cd + hv 3.3 x 10 s Ref. 6

In this model , the 5 3P1 l evel of cadmium (C d*) is pumped optically at a rate

fI (v ,t)o(v ,’v0)dv
k1(t) = (4.1.1)

0

Here I( v,t)Is th~ purrp source intensity as a function of frequency and time ,
and a(v,v0) is the atomi c absorption cross section centered at frequency v~.

Three-body collisions between Cd*, Hg, and a buffer gas , suc h as Ar , form the
exc imer CdHg*. There are indications that two excimer l evels in CdHg are res—
ponsible for the blue emission .3 For the present purposes, these two l eve ls
are grouped and treated as one excimer state. A model incorporating two levels

is discussed later in conjunction with experimental results from this work .
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*Removal of CdHg can occur from radiati ve decay , biexcimer quenching . or three-
body quenching with Cd or Hg. Loss of excited cadmi um atoms by radiation is

- t 
neglected. A lthough the Cd* radiative lifetime is about 3 is , calculations
show that with Cd densities on the order of 10~~ cm 3, radiative trapping
causes the effective lifetime to be much longer. Dimerization of Cd is includ-
ed as a loss mechan i sm for Cd*.

On the basis of the reactions listed in Table 4.1, it is possible to estimate
optima l number densities for Cd and Hg. In order to maximize formation of
CdHg* rela tive to Cd~, it is required that

k2 [H g] > k~ [Cd]. (4.1.2)

* *A ratio of 10:1 for formation of CdHg relative to Cd2 i s probabl y reasona bl e ,
so

k2 [Hg] 
= 10 k7 [C d]. ‘4.1.3)

Thus the ra ti o of [Hg] to [C d] should be

LHg]/LCd] = 10 k7/k2 
= 5. (4.1.4)

Because of the spectral wid th of the pump pulse , Cd number densities on the
order of 4 x io17 cm 3 are needed for efficient absorption of the pump radia-
tion . This indicates that Hg number densities on the order of 2 x io18 cm 3

are required. It is not advisable to have Hg number densities much higher than
thi s value because of possible absorption at 326 nm by ground state Hg2. For
thi s reason , argon is used to increase the three-body form~tinn rate of CdHg.
The Ar density should be limi ted to about 8 x io18 cm~

3 to avoid excess pres-
sure when the quartz cell is heated.

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*, CdHg*, and Cd2. In tegration was performed numerically using ~ fourth-

order Runge-Kutta method.
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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
lon g metal va por 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-

. . * • * *
S lations . It is seen that Cd rapidly forms CdHg and that CdHg densities are

about a factor of ten greater than Cd2 densities. At these low excited state 
5

’

densities , biexcimer quenching processes (Step 6 in Table 4.1) are unimportant ,
although they were included in the calculations . Since rate constants for the
tr imer forma ti on reac tions (S teps 4 an d 5) are no t known , it is assumed at this
time that these processes are negligible. A value of k = 10 ’

~~ cm6 -s~ was
assumed for each of these steps .

-f

Another calculation was done to estimate the kinetic efficiency for formation S

* * * 14 -3of CdHg from Cd . Here an initial Cd density of 5 x 10 cm was assumed ,
*and the equations were integrated to find the maximum CdHg 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 CdHg

*) is taken from fluorescence measurements ob-
tam ed under experimental conditions similar to those of the gain studies , t h i s

va lue i nclu des any quenc hi ng whi ch may be presen t. Thus , it is proper to
exclu de additional quenching for the purposes of these calculations .
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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 show n 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 an g le to reduce transm i ss i on losses . The
windows are heated to the same temperature as the rest of the cell and are iso-
lated from the cooler laboratory atmosphere by a vacuum space . This prevents
metal condensation on the window s as well as distortion of the laser beams due
to thermal gradients . The cell shown in Figure 5.1 has an optically excited
vol ume which is 1 mm in diameter and 50 cm in length. Special high temperature
heating tape is used to achieve the necessary temperatures in the cell , which
i s conta ined in an Insula ti ng enclosure of fire br icks 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. Ca dmi um
densities are regulated by controlling the temperature of a side arm separately
from the main cell temperature . Cadmium partial pressures are found either by
using a graph2° of pressure versus temperature or an empirical relationship
between pressure an d tempera ture ,21

log 
~Cd = 12.467 - 5~ 1O - 1.234 log I - 0.000156 1 (5.1.1)

In the above equation , 
~Cd is g iven  in Torr and T is the side arm temperature

expressed in degrees Kelvin. The cadmi um number density in the upper cell is
then found using the i deal gas law

nCd 
= 

k (5. 1. 2)

I f P i s measure d i n Torr , n in cni3, an d I in  degrees K e l v i n , then the
appropriate value of the gas constant is k = 1.04 x 10 . Under certain con-
ditions , the formation of a cadmi um-mercury amalgam can strongly influence the
cadmium vapor pressure .6 This effect is most important at l ower cell tempera-
tures , and it becomes negligible at temperatures typically used in the NRTC
ex per imen ts.
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5.2 Processing the Meta l 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 cadmi um were weighed on an analytical balance. Since the total

volume of the cell is 54 cm3 , 36 mg of Hg are required for a number density of
2 x 1C18 cm 3. A total of 40 mg of Hg was used to allow for a small loss in
transferring the metal . It was desired to have an excess of Cd , so 40 mg of
this meta l was also weighed out. The distillation procedure used is described
in the following paragraphs .

A Pyrex tube was fabricated as shown in Fi gure 5.3. Attached to this tube was
a quartz ampule to contain the Cd and Hg. This was heated with heating tapes
and pumped wi th a liquid nitrogen trapped diffusion pump to a pressure on the
order of 1 x io 6 Torr. The tube was then cooled and pressuri zed with high
puri ty argon . Using a torch , point A was opened and the metals introduced to
point C. Point B was then sealed wi th a torch after which point C was cooled
in liquid nitrogen . At this time , the tube was reevacua ted , 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 un der vacuum , point 0 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 at tached to the high temperature cel l .  Dur i ng
the transfer process , the mercury transferred first at l ower 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 I x io 6 Torr. Following the baking and pumping , 260 Torr of puri fied
argon was added to the cell , which was then seal ed off. Under these conditions ,

the estimated number densities in the cell are:

Ar: 8.5 x io18 cm 3

Hg: 2 x io18 cm 3

Cd: 0.1-4 x io17 cm 2, con trol le d
by side-arm temperature .
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An indication of cell cleanliness is the lack of any visible fluorescence

exci ted by either an argon—ion laser or a uv laser at wavelengths near , but
no t 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
ga i n or absor pti on i n the CdHg b lue fl uorescence ban d . Thi s laser produces
continuous output with powers up to several hundred mi lIiwatts at several wave-
lengths in the CdHg spectrum. These are listed in Table 5.1 below :

Table 5.1 Argon—Ion Laser Wavelengths

(nrn )

r

472.7
4 476.5

488.0
496.5
501.7
514.5

Si “ t’ie 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 wh i ch has bypassed the metal vapor cell

(reference beam). These photodiodes are reverse biased and their output

currents are sunined at the inverting input of a high speed operational ampli-

fier (LH0032). The circuit is designed so that wi th equal light intensity

on each photodiode , the resul ti ng curren ts cancel and there i s no ou tput. Small
changes In one of the light beams create an imbalance which is amplified , whereas 
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intensity variations conuion 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

- V0~~ 
= - Rf ‘in (5.4.1)

The final amplifier shown in Figure 5.4 is a high speed , unity gain buffer
(LH0063) which is able to drive a 50 ohm transmission line leading to a storage
osc i l losco pe. ‘

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 stri ke the probe
photodio.de. The resulting signal showed a 0.32 i.s exponential decay , indicating
the circuit transfer function is that of an RC low pass filter having a time

• constant of T = 0.32 p.s.

g (s) = 
1 

1 (5. 4.2)
5 +

Pu l ses simi la r to those observe d exper imentall y (s ee F i gure 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 val ue is attenuated
abou t 15~- . Resul ts reported here are~not corrected for this attenuation , so

S actual absorption values may be slightly greater than those stated .

• In addition to the Nd:YAG laser measurement of circuit pulse response , the 1 ~.s
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

Severa l different methods have been used to generate the 326.1 nm radiation
needed for excitation of the cadmi um 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 spectra l width of about 5.5 cm 1. -

S

- 
- To obtain higher energies at 326.1 rim , a coaxial flashlarnp pumped dye laser is

used to generate output at 652.2 nm wh i ch 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 nega ti ve branc h uns tab l e resona tor22 is used to improve the spatial mode of
the coaxial dye laser. Since this approach makes frequency tuning of the dye

4 laser difficult , the CMX-4 dye laser is used to injection lock23 the higher
power dye laser. This technique works very well , concentrating nearly all of
the coaxial dye laser energy into a linewidth determi ned by the width of the
CMX-4 output (~3 cm~~). From Equation (4.4.4), the necessary detuning of the
uv laser from the Cd absorption line center is estimated to be about 14 crn ’.
This detuning is greater than the laser linewidth and in practice , the optimum
pump laser wavelength is determi ned experimentally by measuring the transmi tted
intensity through the heated metal vapor cell.

5.6 Experimenta l 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 rmi diameter by telescope 1 and directed through the metal vapor cell.
Photodiodes PD 1 and PD 2 moni tor  i npu t  and transmitted intensities with the laser
tuned to the Cd atomi c 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 wi th 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 rim.
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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 l oosely focused on the two photodiodes of the dif-

I - ferential amplifier described in Section 5.4. A variable neutra l density fi l-
ter is placed in the reference beam to equalize the light intensity on the two

- t di odes when no ga i n or absor pti on i s presen t . When thi s 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 si gnal can also be displayed on the oscilloscope for comparison wi th any
gain or absorption signal. This photomultiplier is used with a special base
hav i ng ca pac itors across the las t dynode stages to i mprove the response to
pulse d s ignals .

$
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6.0 EXPERIMENTAL RESULTS

6.1 Fluorescence Measu remen ts

Wi th the metal vapor cell containing a mixture of nAr = 8.5 x io 18 cm 3,

~Hg = 2 x io18 cm 3, and = 0.1 to 4 x io 17 cm 3 as descr i be d i n 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.! 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
F igure 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

3 *CdHg ; however, it has a stronger red wi ng than spectra of Cd obtained by
Drullinger and Stock. The blue emission is present only when the pump laser
is tuned to the Cd atomi c 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 emi tting species for the blue fluorescence. Emission at 335 rim due
to Hg2 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

exper imen ts.

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 fi l ters were used to eliminate any scattered uv pump light and stray light

outside the fluorescence spectrum. Figure 6.2 shows the temporal relationshi p
between the uv pump pulse from the CMX-4 and the CdHg fluorescence. Figure 6.3

shows the fluorescence signal in more detail. The experimenta l conditions

for Figure 6.3 are shown In Table 6.1.
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Table 6.1 Typical Experimenta l Conditions for Fluorescence Measurements

= 8.5 x io18 cm 3 
~Cd = 7.2 x io16 cm 3

~HG = 2 x io 18 cm 3 Tcel l = 836 K

Similar data were obtained wi th the cell temperature held constant (near
830 ±5 K) and varying 

~Cd between 1.0 x io
16 cm 3 and 7.2 x io16 cm 3. Also ,

data in which 
~Cd 

is held constant (near 1.2 ±0.13 x io17 cm 3) and Tcell ~
varied between 716 K and 967 K were obtained . In all these experiments , the
exponential decay time is nearly the same,

Tdecay 
= 4.8±O.25~~s, (6.1.1)

7 and shows no correlation wi th either cell temperature or cadmi um 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

‘4 either of the two values stated by McGeoch, et a1 3 (2. 8 ~.s and 4.0 ps).

When fl uorescence decay time i s measure d as a func ti on of 326.1 nm exc itation
energy, an inverse relationship is found . At low pump energies , a val ue of

4.8 ~.s is observed ; however, as the pump energy increases to severa l milli-
joules , the decay time shortens, and approaches 2.7 ~s. This data is plotted

in Figure 6.4, whi ch shows the reciproca l 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 wit h a di fferen t decay t ime , are included . If the three-body

forma tion of CdHg* has a high branchin g ratio to the longer lifetime state
‘ I (CdHg* ( a ) ) , then at low excitation energies a 4.8 ~s decay time is observed .

At hi gher pump energ ies , the excimer density increases and biexcimer collisions
transfer the population to the shorter lifetime state (CdHg (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-

ti on Is cons istent with the conclus ions of McGeoch , et al ,3 who determ i ned a
rate constant of 5 x 10-10 cm3 -s~~ for the biexcimer transfer.

6
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6.2 Gain/Absorption Measurements

Absorption on several lines of the argon-ion laser has been observed. In mQst

of these experiments , the conditions shown in Table 6.2 existed:

Table 6.2 Typical Experimenta l Conditions
for Absorp ti on Measuremen ts

~Cd 
= 34 Torr

“Cd = 3.6 x io17 cm 3

r
~Hg = 2.0 ~ io

18 cm 3

nAr = 8.5 x io18 cni3

¶ T 11 = 903 K

T i d  = 819 K 
S

~t t l  = 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

S
I 

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
thi s 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 Ar+

- . laser and are sumarized in Table 6.3. The amount of absorption was found to
scale with the 326 nm pump energy , so for comparison purposes , values were
normal i zed to a 1 mJ level. These data are plotted in Figure 6.7 as a function
of wavelength .



-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (a )  
~~r r  . ner~v
0 . 1 5  f l 5 J

CJ HQ Fluorescence

4 Absorpti on Si qna l

2~~s

I

( b )  Pump Enercy
0. 75 iiiJ

-* Cd Hci Fluorescence

‘I ~~~~~~ _ _

~\bs orp t b r  cj ~

H2 ~~
Conditions : 

~Cd 3.6 x 10 1 cm 3 I = go~ K
2 \ 101 Cfl 3 

~probe 
= -157.9 nm

fl~~,• = S. 5 x iü~~ cn1 3

Figure 6.6 Absorptic n in Exci ted ~‘ixtures of Cd and Ha

— 
_ _ _



5 — 

- 

-55 5- S 

~~~~~~~~

Table 6.3 Absorption in Laser Excited CdHg Vapor

Probe Pump Energy Single Pass Single Pass Absorption/m d
Wavelength Absorbed Absorption (

~ -md- 1 )(nm) (mJ ) (%) Avera ge 
t

457.9 0.34 3.1 9.0 - -

457.9 0.63 5.3 8.4 8.1
457.9 0.84 5.9 7.0

472.7 1.1 5.5 5.0 5.0

476.5 0.84 4.0 4.8
476.5 0.84 4.8 5.7 

5.2

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

Notes: Absorption Length = 50 cm , Pum p Beam Di ameter = 0.2 cm ,
Cell Temperature = 630 C

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 lower cel l temperature was ob-
tam ed to determine if the absorption is temperature dependent. At a cell tem-

pera ture of 495 C , absorption is still observed. This point is also shown in

Figure 6.7.

A possible error source in the data presented (n Table 6.3 involves the spatial

overlap of the pump and probe beams . The pump beam had a 2 n~n diameter at the
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cell entrance window and was focused with a 1 m lens to about a 1 niii 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
sess ions.

-
~~~ 6.3 Acoustic and Thermal Effects -

When energy is absorbed in a long, narrow volume , as in the case of these experi-
- - men ts , 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 rim pump photon has 3.8 eV energy ,

whereas the 470 nm fluorescence photon has 2.6 eV energy . The difference is
conver ted to hea t dur i ng the exc imer forma ti on and rad i a ti on processes . Thi s
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 nui and a length of 50 cm , so the excited
volume was about 0.9 cm3. Thus the heat loading, ~E , varied between 0.06 and
0.6 J/-~. This must be compared to the heat energy of the gas , which is given by

EN = ~~N kT (6.3 .1)

At a temperature of 900 K and a gas density of 1019 cm 3, EN i s calcula ted to
be 190 J/L . Therefore the fractional heat added is given by

3. x lO ‘-~
-r—

~
-- .2X 1 0

H

This is a small effect, whi ch w i l l  lea d to local tempera ture i ncreases of the
same magnitude . This will not be manifested as a density fluctuation unti l a
time wh i ch is given by

t~ = (6.3.3)

has elapsed . Here, d Is the beam di ame ter and v5 is the sound velocity , which

Is given by
= ~~~~ (6.3.4)

L-
5
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where 1i is the ratio of specific heats , k i s Bo ltzmann ’s cons tan t, 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 idea l , monatomi c gas at 900 K , V
5 

is about 5 x 1O4 cm/sec . Wi th d taken
to be 1 nm , tc i s calcula ted to be 2 ~s. However , the absorption is observed to

II 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 = k 2 Hg] L I’I]
or R 1 x ~~ 5~~ (6.3.5)

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
wavelength . This is definitely not the case, as seen in Figure 6.7. Absorption
is considerably less at 514.5 nm than at 457.9 rim.

There is the possibility that excited species create an anomalous dispersion
which leads to defocusing of the probe beam. An estimate of defocus i ng caused
by refractive index variation in the excited medium can be made followi ng 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, 
n(r) = n0 

- n2 r~, (6.3.6)

then the appropriate ray transfer matrix for propagation through a l ength d of

the excited medium is

/A B \  /cos ( d~) ___ sin (dp)\

1 1 1  JnOfl2 I
I I = I 

____ 

J (6.3.7)

oJ \- Jn0n2 sin (dp) cos (d~) /
where ,~ is given by 1n2/n0. In the present experiment , n0 is very close to
un ity . This leads to defocusing by a “thermal lens ” having a focal l ength

f = - 
1 = 1 (6.3.8)C 

1n0n2 sin (d ~T~ )
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ii
For small values of n2, the focal leng th is ap prox ima tel y 5

f 
~~~~~

— (6.3.9)

An appropriat.e express ion for n2 is found from
26

2 ,.
~ i + 4h1 Nji.~1

2
3hcLi v (6.3.10~

In Equation (6.3.10), 
~~ 

i s the elec tron ic trans iti on momen t of a trans i tion 
—

~1v cm~ away from the probe frequency . The excited state density , N , w ill
have a radial dependence given by

2
N(r)  = N0e N0 1 — 2  -c-. , (6.3.11)wo

where w0 is the pump beam radius.—

Substituting (6.3.11) into (6.3.10), and making the further assumption that the
index var iat ions are small gi ves

• 2rTN 0tI.~.j
2 4nN 0h~j 2 2n( r )  = 1 + 3hc~ v 

~ 3hc.~ vw
0
2 r (6.3.12)

H I Comparing Equation (6.3.12) wi th Equati on (6.3.6), it is seen that
22m N 0j~4n0 = 3hc~~v 

(6.3.13)

and
1 4n N,.j,~t
~ n~ = (6.3.14)

3hc~ vw0
2

For the case of a very strong transition , j~~ is on the order of io~~
8 esu-cm .

Assuming a detuning of 100 cm~~, a beam radius of 0.05 cm, and an exc ited state
density of io15 cm 3, then the index variation is found to be

1.7 x 1O~~ cr12 (6.3.15)

Using this value in Equation (6.3.9) wi th d equal to 50 cm , the focal l eng th
of the “therma l 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
as strong as io 18 esu-cm , and the detuning factors will be larger than 100 cm~
for mos t of the Ar+ laser l i nes used to probe absorption. Therefore , the ther-
mal lens will have a much l onger focal l ength 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 cm2) solid state photodiode located about 5 m from the heated cell.
One would expect that wi th such a long path length and with such small detectors,
any significant density gradient defocusing would seriously deflect the beam and
cause a large signa l change . However, only small amplitude changes were observed.
In any even t, 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 photomultip lier tube , hav ing 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 app rox imately the same magn itude as that observe d fur ther away with smaller
area detectors. Even if the therma l 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 mi ght expect to observe effects from
successive shock fronts as they reflect from the cell walls. These would occur
at time intervals given by

tr (6.3 . 17)
5

where d is the tube diameter. For d = 6 mm , tr is found to be 6 is. 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 fluc tuat ion when the pum p an d probe beams were no t we l l
aligned . The decay time for these signals was severa l 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 i dentified , 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 absor pti on , it seems likely that the cause is due to an e~cited 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 Hg2 335 nm band . If the
same processes lea d to absor pti on in CdHg* as in Hg, then the CdHg* absorption
is probab ly con tinuous 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 ” abou t the CdH g elec tron ic

44? levels. For homonuclear systems , such as Hg2, Cd2, and Mg2, there are four
potential curves coming from the lowest 3P + 1S atomi c asymptote. In the case
of Mg2, these are the 

311g (bound), 
3E~ (bound), ‘U 

(unbound) , and 3E g (un boun d )
states .28 For Hg2, spin-orbit coupling becomes more important , and these states
are now designated by the principle quantum number , ~ , according to the follow-
ing nota ti on. 29

becomes 1g’ 0g~

becomes 2
IJ~ ~~ 

0~

• 
3 E becomes lu~ ~
3h1u becomes 2~. 1g’ 0g~

In a heteronuclear molecu le, suc h as CdHg , this asymptote splits into asymptotes

• corresponding to the Cd (3P0 1 2 ) 
-
~ Hg (‘S0) an d Cd ( 150) + Hg (53P0,1) a tomic

states. Also , due to lack of nuclear symmetry, the u , g sta te des igna ti on does
not exist. The first of these gives rise to the bound CdHg excimer states ,

while the second which lies at a higher energy, coul d give rise to several un-

bound states. These unbound states may lie at an approximate energy to cause

absorption at 470 nm.29 The next higher atomic asymptotes are the Hg 
~~~ 

+

Cd ( 1P1) an d Hg ( 3P2) + Cd (iso) sta tes. The fi rst of these shoul d form boun d
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states which could lead to absorption in the 470 nm wavelength region .29 The
second asymptote should form unbound states which lie at too high energy to
cause absorpti on . Figure 7.1 shows some of the possible excited states of
CdH g whi ch could absorb i n the wavelen gth reg ion where laser action was anti-

-
~~ cipated .

Absorption cross sections for a transition to states arising from the Hg(1S ) +
- ;  Cd ( P1) asymptote should be small. This is because the absorption should

occur to vibrational l evels near the dissociation asymptote and thus , the Franck-
Condon factors w i l l  be small .  Absor pti on to the 0~ state arising from the
Hg (3P1 ) + Cd 

~
1
~O~ 

asymptote woul d proba b ly have a lar ger cross section , and
woul d also have a con ti nuous wav eleng th dependence. A th i rd elec tron i c state

¶ wh ich cou l d poss ibl y absor b near 470 nm i s i nd i ca ted by the dashe d curve i n
Figure 7.1. If a bound state having approximately 1 eV binding energy origi-
nates from the Hg ( 1S0) + Cd 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 rim are possible in the excited elec-
tronic states of CdHg . A more definitive exami nation of the subject must
depend on better calculations of the CdHg electronic levels and their associ-
ated trans it ion momen ts.

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.

66

- 55 .~~~~
-- - - -“ -~~~~~~~~~~ -



“T T  ~~~~~~~~~~~~~~~ 
~~~~~‘‘~~~~~“ “ ~~~~~~~~~~~~~~~~~~~~~~~~~ - —~~

34 - CdHg Cd +- Hg

32 - I Hg( ’P1)+Cd(
1S0)

30 - Hg(1S0)+Cd
*(150)

28 - ,.
.- Hg( 150)+Cd(

351)

22 6 -  /
1 /
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Figure 7.1 Excited CdHg Electronic States
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