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The ratios of excited molecules to excited atoms can also be cal-

culated for the a3~r state, although with much more uncertainty. Since

Keq exP(BDe)s the 1Cs2~/tCs ] will be considerably larger for the a3n

no matter which atomic state is the origin. Al so, there is a factor of

six advantage in statistical weights to the a3i~ over the A1~ due to the

spin multiplicity of 3 and the twofold degeneracy in the absolute value

of the angular momentum, (1± 1 for a ii state). If only the case(c)

state, aO~7, were considered, that factor of six would not be correct.

The EC41/[Cs
*
1 ratios of the a3

~r state are given in Table V also ,

assuming the parent atomic state i~ the 62P112 . If it were the 62P312,

al l ratios would be increased by exp(800/T). Clearly they are quite

large and one would expect a large number of Cs (a~it) molecules at the

temperatures of interest. The ratios will be checked wi th those seen

in the fluorescence data that is presented in the next section.
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Fluorescence Results

The fluorescence experiments in Cs/Cs2/Xe were performed to deter-

mine the stimulated emission coefficient in Cs2 per excited Cs atom and

to obtain rates for the primary kinetic processes. In order to do this,

the fluorescence of a Cs/Xe vapor was measured over a temperature range

of 235°C to 360°C. This represents a Cs density range of 2.6x1015 to

6x1016 cm 3. The Cs2 fluorescence was normalized to the Cs atomic emis-

sion via the CsXe Dl red wing . The resultant normal ized intensity was

used to calculate the gain in Cs2 per Cs. Fluorescence experiments

were also conducted as a function of Xe density from zero to 5x1019 cm 3.

These data were used to determine the critical kinetic rates. The results

of all the fluorescence experiments are presented in this section. Al l

of the results are presented before any detailed discussion because the

description of the atomic and molecular behavior required reference to

several different spectral plots. If the causes of all the spectral

di fferences were di scussed pi ecemeal , no cohesive picture could be

presented. Therefore, most of the discussion of the fluorescence

resul ts in terms of gai n, kinetics , and explana tions of the spectral

differences are delayed to the next section. In that section estimates

are presented of the inversion requirements necessary to achieve gain

i n Cs2 and contain an interpretation of the fluorescence data in terms

of the kinetic rates that are required to project the usefulness of

Cs2 as a laser medium.

The initial fluorescence experiments were performed wi th broad-band

pumping , that Is , there was no pump filter , so excitation occurred over

a wavelength range of about 0.4 to 1.5 microns, the approximate spectral

output of the lamp. The purpose of these experimental runs was to gain
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some prel iminary in-sight into the shape and features of the fluores-

cence spectrum as a function of Xe density. Furthermore, because the

signal strength was much hi gher, many of the features were sharper and

easier to see. Pictures of the unreduced fluorescence spectra are shown

in Fig. 17 for no buffer gas and for a Xe density of 5x1019 cn(3. The

temperatures and Cs densities are approximately the same, 340°C and

4.5x1&6 cm 3, so the Cs2 absorption doesn ’t vary between the two plots .

The Xe density is the only parameter that does change significantly. Two

points to mention are the fairly good signal-to—noise (S/N) and the

relatively small amount of scattered light. The S/N was good because

there was plenty of light incident on the cell. The amount of scattered

l ight can be seen from the non-zero signal below 0.74 microns and above

1.28 microns. This ratio of scattered light to signal was typical for

most of the experiments . Of course when a pump filter was used, the

signals in the two regions just mentioned were zero.

The spectra in Fig. 17 are similar to what one would expect from the

absorption experiments ; however , there are some significant differences

between the two spectra. For the lower one where [Xe] 0, t’ sig-

nificant B—state emission from 0.76 to 0.83 microns . For the u~, one,

[Xe] 5x1019 cm 3, there is no observable B—state emission implying

some Xe density dependent loss mechanism. The fluorescence at line cen-

ter (Dl or 02) has essentially disappeared for the high Xe density spec-

tra. Most of that light comes out on the CsXe wi ngs from 0.9 to 1.0

microns. The small bump at 0.84 microns is the blue satellite of the 02

line which originates from the 
~~~~1/2 

state of CsXe shown in Fig. 11 .

All of the emission at wavelengths greater than 1.0 microns origi-

nates from the A 1~ or a
3
~ states of Cs2. The v ibra ti ona l structure for
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X > 1.14 microns has been smeared together much more in the high Xe den-

sity spectra. There are two other differences in the Cs2 spectra for

waveleng ths beyond 1.0 microns. For the spectrum taken wi th no )(e pre-

sent, the 1.14 and 1.21 micron peaks are about the same height. Further-

more, the 1.20 micron peak is lower than the one at 1.21 microns and

there is no a3ir emission evident beyond 1.225 microns. For the high Xe

density spectrum, the 1.14, 1.20 and 1.21 micron peaks have a different

height relationship. As will be seen later, they are roughly in the pro-

portion one would expect if the A-state molecules were i.n thermal equi-

librium . Finally, there is definite a3~r emission beyond 1.225 microns in

the upper spectrum. For all ~the spectra taken in these experiments , the

increase of the a3~ fluorescence relative to the A’Z emission wi th in-

creasi ng Xe pressure is one of the most noticeable . All of the features

mentioned in this discussion are eyident in the spectra taken with the

various pump filters. They have been described using the broad-band

pumped spectra as an introduction to the section.

The first question to answer was how well do the CsXe potentials

predict the shape of the CsXe Dl wing . This is important as a check on

the consistency of the CsXe potentials (Fig. 11) and the normalization.

The experimental and predicted CsXe Dl red wing spectra for two Xe den-

sities are shown in Fig. 18. The Atomic pump filter (the one that pumps

both the Dl and 02 l ines) was used for these data. The curves labeled A

and B are the experimental fluorescence spectra normalized at 0.96 mic-

rons. The circles represent the predicted CsXe Dl wing predicted from

Eq.J and the CsXe potentials. For curve A , tXeJ = 5x1019 cm 3, the

agreement is very good for x > 0.96 microns. For shorter wavelengths,

the agreement is not good if only the Dl wi ng is considered . However,
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there is a significant D2 contribution to the intensity for that region.

The observed and predicted spectra agree within 10% for 0.92 < A < 0.99

microns for [Xe] = 5x1019 cm 3, if one assumes that there is one D2 atom

per Dl atom and add intensities.

For the lower Xe density of i&~ cn~
3, curve B in Fig. 18, the

agreement between the theoretical and observed CsXe wi ng is not as good

for A > 0.96 microns. The reason for this is that there is Cs2 fluores-

cence in that same wavelength region. Assuming that the molecule is in

vibrational equilibrium , the normalized intensity at 0.98 microns should

be roughly 30% of that at 1.02 microns. As will be seen later, this

assumption is reasonably valid. Using the dimer intensity at 1.02 microns ,

and the equilibrium assumption, the normalized Cs2 intensity at 0.98

microns should be about 9x10 ’7/cm* Adding this to the predicted CsXe

intensity , one gets the observed intensity . For curve B in Fig. 18

([Xe] = 1019 cm 3), this is about a 20% correction and quite noticeable.

However, i n curve A , it is about a 4% correction. So it is the relative

size of the Cs2 emi ssion in the l ong waveleng th region of the Dl red wi ng

that gives the appearance of a poor spectral matchup.

As the Xe density was lowered below 1019 cm 3, the Cs2 contribution

became more sign ificant, even at 0.96 microns , the normalization point.

A trial and error procedure had to be employed to separate Cs2 emission

from that of CsXe. The CsXe shape appeared from the high density data

to behave as expected . However, the relative increase of the Cs2 con-

tribution at the lowest Xe density (2.5x1018 cm 3) added additional

uncertainties into the normalization of about 20%. Some. experiments were

performed at low Cs densities (T’~ 200°C) where no Cs2 could be observed

and the CsXe Dl wi ng (A > 0.96 microns) for 1019 cm 3 agreed within 5%
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with the predicted shape first observed by HOG (Ref 27). This implies

that there are no major inherent errors in the spectra.

For the spectrum obtained with 1019 Xe/cm3, the wavelength, region

below 0.96 microns was checked for the D2 contribution. This time to

match the observed intensity , it was necessary to assume a ratio of two

02 atoms per Dl atom. This means that for each 62P 112 atom in the fluo-

rescence region of the cell , there are two 62P3112 atoms. The difference

in the D2/Dl ratio is probably caused by the difference in Xe density.

For all the spectra, this ratio increased with decreasing buffer gas.

These differences are probably related to the excitation transfer be-

tween the Dl and 02 states by both Cs and Xe and to the differences in

the CsXe absorption for each of the potentials. Because all of these

processes are dependent on the Xe density and have unknown rates, no

model could be put together to explain the behavior. Because the 62P312
- 62P

112 transfer rate is larger (see Ch. II), one might expect that as

the Xe density is increased , the D2/D1 ratio might decrease, and this

was the behavior observed . The pertinent information is the ratio of

02 to Dl atoms. This could be determined for each fluorescence scan by

subtracting the predicted Dl intensity from that measured and dividing

the remainder by the theoretical 02 normalized intensity . This was done

at 0.94, 0.93 and 0.92 microns and averaged to give the D2/D1 ratio.

The remainder of the differences between the curves in Fig. 18

occur i n the Cs2 spectra. These will be discussed in more detail later,

however, one should notice that, although the normalized intensity for

the 1019 cm 3 Xe density curve is more intense for most of the spectrum,

for A > 1.22 microns, the higher density curve has more intensity . That

is the region of the X1 E - a3~r transition. This difference was even
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more pronounced between the two spectra in Fig. 17. So, one can see that

the buffer gas density appears to have a much stronger affect on the a3i~

emission than the A’~ emission. Actually, it was expected that the

normal ized dimer emission for [Xe] = 5xl&9 cm 3 would be about five

times as intense as the emission for the 1019 cm 3 case. The fact that

this did not occur implies a Xe density dependent loss mechanism in

the denominator of Eq. 25. In the Laser Gain and Kinetics section , this

will be discussed more fully. Al though the variations of the fluores-

cence spectra wi th Xe density were the most pronounced , and the most

important, some normal ized emission spectra were taken at different

temperatures for the same buffer gas density. Spectra wi th [Xe] =
cm 3 are shown in Fig. 19 for four different temperatures using the

a’~-~rnic pump filter. The curves have , all been reduced as described in

ter III; normalized to line center , corrected for absorption , and

~ted for spectral response. The structure seen from 1.08 to 1.14

microns at the higher temperatures could not be resolved for the lower

temperatures because Of the l ower S/N.

The principle changes between the curves in Fig. 19 are the decrease

in the CsXe wing for increasi ng temperature and the increase in the Cs2 ¶ 1
emission for increasing temperature. The former is expected from Eq. 1 ,

whereas the latter is primarily caused by increased Cs density at higher

temperatures. According to Eq. 1, a plot of {ln (I/10)]/[Cs] vs. l/T

should give V
~
(co) - V

~
(R) as the slope . This was attempted for several

wavelengths beyond 1.0 mIcrons and the slope was generally around 2000 ÷

300 cm 1 . Based on the absorption resul ts, these slopes should have

been about 5000 cm~~. The conc1us~ion is that the excited atomic and

molecular populations are not in chemical equilibrium and so the tern-
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perature dependence of Eq. 1 does not hold. Evidence for molecular vib-

rational equilibrium will be presented later.

The next parameter that was varied was the pump filter. The pump-

ing wavelengths for the Atomic , Dl and Dimer filters were shown in Fig .

10 in Chapter III. The normalized fluorescence spectra shown in Figs. 18

and 19 were taken with the Atomic filter that allowed pumping of both

the Dl and 02 lines. Figure 20 shows the effect of pumping wi th each of

the three filters for the highest Xe density - 5x1019 cm ’3. The spectra

obtained for the Atomic and Dl filters were separately normalized to the

CsXe Dl red wing at 0.96 microns. In the region 0.93 - 1.0 microns ,

both had the same shape, and the same D2/Dl ratio (1.0). The predicted

CsXe Dl and D2 red wings are both given in the figure as dotted lines to

show the relative size. In the region of the dimer emission (x > 1.0

microns), the magnitude of the fluorescence for both the atomic and Dl

filters was very similar although the Dl filter seemed to produce

slightly less than the Atomic filter. This filter allowed pumping of

only the Dl line. The difference was only about 10% which is within the

experimenta l error; however ) it was reproducible for different tempera-

tures. That jc , the normalized dimer fluorescence was always about 10%

less for the Dl filter than for the Atomic filter , at [Xe] = 5x1019 cm 3.

The cause for this will be discussed in the next section.

The spectrum obta i ned using the Dimer filter could not be normal-

ized to the Dl wing because there was very little intensity there (this

is seen more clearly in Fig. 22). rnstead , all of the dimer pumped

spectra were normalized to the quasi-static satellite at 1.21 microns.

This does not imply anything quantitative about the fluorescence inten—

sity for these spectra. It only gives a way of observ i ng the spectral
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differences between pumping the dimer and pumping the atoms. As one can

see in Fig. 20, the shapes of all three spectra are very similar. The

only differences were that some vibration structure could be see.~ In the

spectra taken wi th the atomic filter because of the better S/N. Since It

does not seem to matter whether the atom or the dimer is pumped , one

might assume that the molecules are in thermal equilibrium at this Xe

density .

To check whether the A’~ molecules were in vibrational equilibrium ,

the emission spectrum was calculated from the absorption data using Eq.

35. As already discussed , based on the temperature dependence for [Xe]
= 1019 cm 3, equilibrium between the excited molecular and atomic pop-

ula tions is not expected. This can be verified by calculating the

value of I/Is from Eq. 35. Since this equation assumes that equilibrium

exists, it provides a test. For example, using Eq. 35 with the tempera-

ture and Cs density given in Fig. 20, the value of I/Ia at 1.2 microns

should be about 5xl0 4/cm~~. The experimentally determi ned value was

l.3x10 5/cm* Therefore, the exc ited atomic and mol ecular popula tions

are not in chemical equilibrium . The cause is probably quenching and

will be discussed in the next section. On the other hand , one can

match the shape of the spectrum predicted by Eq. 35 and that obtained

experimentally wi th the Atomic filter to determine the degree of vibra-

tional equilibrium in the molecule. This was done in Fig. 21. The two

spectra were adjusted to the same height at 1.10 microns.. With the excep-

tion of the gap and the a3
~ fluorescence, the overa l l shapes agree

fairly well. This implies that the A1: molecules are, close to vibra-

tiona l equilibrium. There is not enough a3
~i fluorescence to determine

whether that molecular state is in equilibr ium . The emission spectra
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taken at the other Xe densities had overall shapes similar to the equi-

l ibrium spectra shown in Fig. 21, except in the region of the gap. There

was more fluorescence in the gap for [Xe] < 1019 cm 3 and the Atomic and

Dl filters.

A plot of the pump filter dependence of the Cs2 normalized emiss ion

for [Xe] = io
19 cm 3 and T = 346°C is shown in Fig. 22. There are several

changes from Fig. 20 which was a similar plot for [Xe] = 5xl&9 cm 3.

First, in Fig. 22, the Dl filter gives a slightly l ower 02/01 ratio (1.5

vs 2) than the Atomic filter , whereas in Fig. 20, the ratios were the

same for both filters. Second, the normal ized emission spectra obtained

using the Dl filter is weaker beyond 1.0 micons than the atomic filter

curve. However, the differences in the region of the gap and in the a3i~

region are much more severe. Also .the two peaks at 1.20 and 1.215 mic-

rons are the same height while the Atomic filter had the peak at 1.20

microns higher by about 30%. These differences are even shar per for the

dimer pumping and ,in addition, the 1.14 micron peak is larger relative

to the others. The hump in that curve near 1.01 microns is just the

scattered light coming through the transmission region of the .filter (.see

Fig. 10 for filter transmission). The Dimer filter curve continues to

get wea ker a t shorter waveleng ths so that there was very litt le rad iation

near the Dl line (or the 02 either). This again emphasizes that very

little molecular dissociation is occurring .

As the Xe density Is l owered still further, all of the above effects

become more pronounced , probably because they relate to some type of

collisiona l transfer. This is discussed further in the next section.

Figure 23 shows the pump filter dependence when there is no Xe present.

Al l spectra were normalized to 100 at 1.215 microns since ther~ was no

100
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CsXe wing . The spectra obtained with the Atomic and Dl filters have

roughly the same shape, except there is no intensity beyond 1.22 microns

and the 1.20 micron peak for the 01 curve is weaker and narrower than

before. The changes again are most pronounced for the Oijner filter .

Here, relative to the 1.215 micron peak, the 1.14 peak has dramatically

increased and the 1.20 peak disappeared . The gap is still significantly

deeper for the dimer pumping and more vibrational structure is visible.

Clearly, in the case of pumping the dimer directly, the molecule is no H
longer in vibrational equilibrium .

The conclus ion from these spectra appears to be that when a Cs2(A’z)
molecule is formed by three-body formation with no buffer gas present,

there is sufficient time for, at most, a few collisions to begin the

equilibration process. If one assumes gas kinetic cross sections, the

V - T rates , wi th no Xe present, are of the order of 5 - lOxlO 7/sec
for [Cs] = 4.5xl&6 cm 3. Since the radiative rate, r2, is about 2 -

4xl07/sec, only a very few collisions can occur. When the Xe density

has been increased to 5xl019 cm 3, there are many coll i s ions that occur

in one radiation time. For [Xe] 5xl019 cm 3 and , again , assum ing a

gas kinetic cross section , one woul d expect over 100 collisions. This

is evidently enough to equilibrate the A’E molecular population evei

when pumping the dimer where the initial molecular distribution in the

A’z potential is roughly that shown in Fig. 23.

The spectra obtained from pumping the dimer directly can be used to

infer some more i nformation about the potential curves of Cs2 as follows .

Figure 24 shows the A’: potential and the relative pumping inte.ns~i’ty

within the well , using the Dimer filter . The most intense pumping occurs

near 1.01 microns because that is the region of maximum transmission of
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the filter and maximum absorption of Cs2. The peak spectral intensity ,

as seen in Fig. 23 for [Xe] = 0, however , is near 1.14 microns , the

bottom of the A’: well. So there must be time for a few collisions to

occur , but not nearly enough for equilibration. Nor are there sufficient

numbers of collisions to transfer many molecules from the A’: state to

the a3ir as evidenced by the fact that no a3ir fluorescence is observable.

The appearance of both the 1.14 and 1.21 peaks when pumping the dimer

directly confirms the earlier statement that both of these peaks belong

to the A’: state and do not represent separate transitions as suggested

by others (Refs 4, 33, 59). These spectra also lead to the conclusion

that the parts of the equilibrium spectra that are not observable at zero

Xe density are probably associated with the a3 i. Figure 25 helps to

emphasize these areas. Here the relative spectral intensity at 346°C

for four different Xe densities obtained when using the Dimer pump

filter are plotted .

For the zero Xe density curve A , the 1.20 micron peak is not visible

nor i s any fluorescence in the region ~ > 1.22 microns. And the fluores-

cence in the gap is always very weak. To be sure that these phenomena

were not just a function of the initial vibrationa l level to which the

molecule was pumped , an experiment was performed wherein the molecule
0 0

was pumped every 100 A from 0.93 to 1.14 microns using 100 A bandwidth

filters. This covers the radial range from 4.3 to 5.2 angstroms and vi-

brational levels probably up to v “~ 40 in the A’:. See Fig. 24 for the

A’: potential curve and wavelengths. A picture of three of the spectra

taken wi th the 100 A bandpass pump filters is shown in Fig. 26. These

are recor ded, not reduced data; however , the spectral response and ab-

sor pti on correc tions are not essen tial to thi s di scuss ion.
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None of these spectra showed a peak at 1.20 microns nor any observ-

able fluorescence beyond 1.22 microns . Also the fluorescence in the gap,

1 .15 - 1.18 micons , was always minimal. The spectra did show the pro-

gression expected in terms of the relative sizes of the 1.14 and 1.21

micron peaks. The spectra obtained when pumping the shortest wavelength ,

such as 0.94 microns (also the shortest radii and the highest in the A’:

potential), fluoresced most strongly near the 1.21 micron satellite as is

seen in the uppermost spectrum in Fig. 26. The intensity peaks there

because the turning point for that wavelength is much higher in the A’:

well than that for 1.14 microns. As the pumping moved down the A-state

we ll, the 1 .14 micron peak increased rela tive to the satell ite, just as
expected from the potentials. This can be seen from the progression of

spectra in Fig . 26. One concludes , then, that the 1.20 micron peak and

the fluorescence beyond 1.22 micron s are associated with the a3i~ state.

As the Xe dens ity is increased , the fluorescence from these regi ons

becomes more intense at the apparent expense of the 1 .14 micron peak ,

which is close to the crossing of the A’: and the a3i~ potential curves.

This transfer is seen very clearly in the spectral progression for in-

creasing Xe density shown in Fig. 25. A detailed discussion of this

behavior is contained in the next section.

Gain and Ki netics

The stimulated emission coefficient in Cs2 has been calcula ted for

the experimental geometry used in the fluorescence experiment. A com—

parison between the absorption and stimulated emission coefficients is

shown in Fig. 27 for a temperature of 346°C, [Cs] = 4.4x1016 cm 3, and

[Xe] = 5xlO 19 cm 3. The normalized emission intensity for the above
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experimental conditions was used in Eq. 22 along wi th an assumed atomic

inversion of 20%. The net gain at 1.215 microns is about 0.04 cm*

The minimum atomic inversion criterion for net gain [g5 (v) = ~ (v)]  under

these conditions is about 11%. If one calculates the stimulated emission

coefficient for all of the emission data at 1.215 microns , one finds that

this criterion varies only from about 9% to 15%. This result is about

a factor of forty higher than was previously calculated from Eq. 23.

That equation assumed equilibrium between the excited atomic and mole-

cular populations. Therefore, there must be some losses in the system

or the Xe density was not high enough to achieve equilibrium. To attempt

to operate a Cs/Xe discharge at 15-20% fractional inversion would

probably be very difficult and inefficient. According to the Boltzmann

analysis , the discharge efficiency would drop below 50% under these

conditi ons. Therefore, the first part of the evaluation of Cs2 seems to

imply that the molecule may have some significant loss mechanisms. The

remainder of this section will by devoted to estimating the rates for

these processes.

The two primary means of determining the processes that are

occurr i ng in the mo lecule are the Xe densi ty dependence of the experi-

mental ly determined ratio of [Cs ]/[Cs*] and of the spectral changes.

In Table VI , the experimental ratios are given for several Xe densities.

The experimenta l ratios were determined by integrating the normalized Cs2
spectra according to Eq. 29. Also shown in Table VI are the ratios calcu—

lated from the potential curves using Eqs. 26 and 27 which assume chemical

equilibrium between the excited atoms and molecules. The latter are given

in the column labeled Keq[C5]~ 
The dimer spectra were integrated from

1.0 to 1.22 microns which includes only the A’: state. The dimer fluores-
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Table VI

Experimental and Theoretical .[Cs2
*]/tCs*] Ratios

[Xe](cm 3) [Cs](cm 3) T(°C) [Cs J/ECs
*] KaqECs] D2/Dl

2.5x1&8 4.7x1&6 341 0.008 0.30 -

5.5xl018 4.8xl016 344 0.0095 0.31 2.2

lx l O19 5.2x1&6 348 0.013 0.34 2.0

lx lO 19 4.6xl016 338 0.013 0.29

lxl&9 4.lxl&6 335 0.0125 0.30 “2

lxl&9 3.3xl&6 326 0.0105 0.32

lxl&9 l.9xl016 308 0.008 0.26 2.4

lxlO 19 l.4x1&6 291 0.006 0.35 3.0

lxl& 9 1.1xl 016 285 0.0045 0.31 -

5xl&9 4.4x1016 344 0.0105 0.29 1.0

5x1&9 3.lxl&6 331 0.0085 0.28 1.0

5x1&9 1.8xl016 306 0.0065 0.26 1.1
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cence below 1.0 microns was not included because it could not be reliably

* 
separated from the CsXe and it would have contributed very little to the

integral. In all cases, the experimental values of [Cs ]/[Cs*] were

lower than those predicted in equilibrium by roughly a factor of 30 - 40.

This is not surprising considering the previously shown gain calculation.

Equation 25, which is rewritten here for convenience, must now be

examined.

[Cs*] k [Xe][Cs]
[Cs*J 

- 

+ k~ + [Xe](kq + kd)

Implicit in using this equation is the assumption that steady—state

conditions exist. Considering the chopping speed was 70 Hz and the

processes have time constants of less than 10 issec , this assumption

appears to be reasonable. The density dependence of [Cs ]/[Cs*] ratio

will be analyzed to determine which processes are important. For example ,

assume that quenching and predissociation are negligible , i.e. k~ <<

and kq << kd . Then, the size and density dependence of the ratio will

depend on the relative magnitude of r2 and kd[Xe]. If the radiative rate

is larger than the dissociative rate, the value of [Cs ]/[Cs*] is equal

to kf[Cs][Xe]/r2 and should be strongly dependent on [Xe]. However, as

can be seen, this is not what happened . The ratio varies by less than a

factor of two at 346°C over a Xe density range of 2.5xl&8 to 5x1019 cm~
3.

This implies that there is a large Xe density dependent term in the denom-

inator of Eq. 25 so that r2 ÷ k~ << [Xe](kq + kd), at least at high Xe

densities . If kq << kd, then one would have, by definition, the equi—

librium ratio for [Cs ]/[Cs*]. However, the experimental ratios are

muc h less than that as shown in Table VI. Therefore, there must be a

112

____ --. --- -~~~~— ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . - . - ~~~~~~~~~~~ .- -- -~~~~~



-~~~~ ..- -.- - -.—----- -.-- - ---. -

~~~~~

- -- -., --

quenching process such as kq occurring in the molecule. Based on this
* d iscussion, it was assumed that kd << kq~ and k~ << r2. Next, both sides

of Eq. 25 were divided by [Cs] and the equation inverted giving

[Cs][Cs*] — ~~ 1 36[Cs~J ~~+~~~[x~J ( )

According to Eq. 36, the rate constants, kf and kq~ can be calcu lated

by first plotting the experimental values of [Cs*][Cs]/[Cs ] vs l/[Xe],

and then finding the slope and intercept.

This has been done and is drawn as the solid line in Fig. 28. The

error bars around each point represent the uncertainties i n both the Xe

density and the normalization as described in Chapter III. Using that

l ine, wi th r2 = 4xl07/sec (Ref 40), one arrives at values for kf and kq
of 6.5x1c130 cm6/sec and 2.4xl0’~~

1 cm3/sec respectively. These appear

to be reasonable values . However, the experimental conditi ons were not

exactly the same for each of the cells. m e  primary differences were the

radiation trapping of the atomic lines and the ratio of D2 to Dl atoms.

The trapping of the atomic line does not enter into the ratio of

as can be seen in Eq. 25. It does have an effect on the

ratio of 02 to Dl atoms, as do all the molecular formation/dissociation

processes, but that effect is accounted for in the experimental D2/Dl

determination.

The principle variable that could affect the results was the D2/Dl

ratio. Al l of the d imer fluorescence was normal ized to the fluorescence

of a single Dl atom. However, in each experiment there were 02 atoms

contributing to molecular formation also. This effect can be seen in

Fig. 22, for [Xe] = 1019 cm 3 where the Dl filter produced a lower in-

113

.—- .- -- . , -  - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~ - ..~~~- ,~~~~-- ---- ,,- —,- ~~~~~~~~~~~~~~~~~



,--,-,~ -‘-.•--- -- -_ . — —
~~

-----.- — 
— - -- — . . - — .- 

~1

I- I •

.
4,
.1-s

I..
= 0_

~~~~~, ‘4-

ci

I-
—- C,, 

~~

C
C-,

.~~1
‘,~ •~~

C’•J
~~ (/1
- L)
•-~ L J

f-I ~

~~~~~~~~ I

(€_ w3 91 01) [~~s3}/[s3] [~]

114



tensity spectrum than did the atomic filter. The latter filter pumped

$ both 02 and Dl atoms and gave a higher D2/D1 (2 vs 1.5) ratio. In Fig.

20 at a Xe density of 5x1019 cm 3, the spectra did not show as large a

difference, although the normalized intensity for the Dl pumped spectra

was still slightly less, and the D2/Dl ratio was 1.0 for each. The

exact cause of the intensity difference is not clear. It could be for-

mation into the B’it from the 62P312 and transfer to the A’: or it could

be that the parent state of the a3it is the 62P312 atomic level . A

higher number of 02 atoms per Dl atom would then increase the number of

a3ir molecule s and possibly transfer to the A’: state. The nature of this

will be discussed later.

In order to try and compensate for the different D2/Dl ratios, it

was decided to °norrnalize ” each spectrum to the same D21 Dl ratio. The

word “normalize” will be put in quotes to distinguish it from the normal-

ization of the Cs2 spectral intensity to the atomic line intensity .

Since the spectrum for [Xe] = bxlO ’9 cm 3 appeared to be closest to

vibrational equilibrium , the 02/D1 ratio for that case was used as the

standard . For example , the 1019 cm 3 cell had a ratio of 2/1 , so

assuming the atoms contri bute the same amount to the spectral intensity ,

the [Cs ]/[Cs*] ratio for that cell was divided by 1.5. Similarly the

data for 5.5x1018 Xe/cm3 was divided by 1.6 since D2/Dl = 2.2. The CsXe

fluorescence data for the low density cel l (2.5x1&8 cm 3) was too weak

to determine the 02/Dl ratio to better than 50% (i.e. 2.5 + 25%). After

“normal i zing” the [Cs ]/[Cs*] data for the D2/D1 ratio, one gets the

dotted line shown in Fig. 28, shown without error bars . The values of

k
f 

and kq from that line are 1.8x10
3° cm6/sec and 6.5xl0~~

2 cm3/sec res-

pectively. These are down by a factor of approximately four from the
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previous values calculated directly from the data .

To this point the formation and quenching rate constants have been

calcula ted using both the data wi th different D2/Dl ratios and the data

after “normalization ” to a D2/Dl ratio of one. It is not possible to

decide from the data taken in this project whether one of these approaches

is better than the other. Therefore , the difference in the rate constants

probably represents an uncertainty in the actual values . Taking average

values gives kf = 4.2x 10 3° cm6/sec and kq = l.5xl0~~
1 cm3/ sec

each wi th an uncertainty of about + 50%. The average value of kf agrees

fortuitously well wi th the preliminary estimate of 4 - 5xl0 3° cm6/sec .

These average values will be used for the kinetic rate constants . The

attendant value for kd is 8.2xl0~~
3 cm3/sec from

The rate equation (Eq. 24) that was used here had been simplified .

One of the simplifications was that the a3ir and the A ’: states were

closely coupled . From the behavior of the fluorescence beyond 1.22

microns (compar ing sp~ctra in Fig. 17, the two curves in Fig. 18 and all

curves in Fig. 25), it appears that the states are not as closely coupled

as initially expected . The fluorescence beyond 1.22 microns increased

more rapidly wi th Xe density than did any other region beyond 1.0 microns .

Assuming the parent state is the 62P,,,, since that is the normalization

state, LCs (a3~ )]/[Cs*) can be calculated for x > 1.22 microns as a func-

tion of Xe density . There are two uncertainties in this determination.

First, how much of the fluorescence should be attributed to the a 3n , and

second , the lifetime of this state. Both of these are needed to cal-

culate CCs (a3~c))/[Cs*] from Eq. 29.

The lifetime of the -a 3ii state can be estimated by using the CFCP

(Eq. 21) to fit the absorption for \ > 1.22 microns . The agreement be—
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tween the CFCP and the experimental data is not as good as it was for

the A’: spectrum, but the magnitudes can be approximated using r(a3,r)

4x10 7 sec . This scales to A~(v 0 ) 8xl06/sec for use in Eq. 29. The

superscript “a” refers to the a 3 tr state. With regard to the extent of

the a37r emission, the maximum wavelength is known, about 1.30 microns , but

not the minimum. In absorption, no blue-shaded peaks were observed below

1.20 microns (see Figs. 12 and 14) and most were above 1.22 microns. In

emission , the shading was not discernable and, it will be assumed that

all the a 3
~r emission occurs for A > 1.22 microns and that all of that

emission was a 3 t . The emission below 1.22 microns should mostly be A’:.

Using these assumptions , the molecular /atomic ratios were calculated

for the a3i~ state by integrating the normalized spectral intensity above

1.22 microns in accordance wi th Eq. 29.

Rewriting Eq. 25 specifically for the a 3
~ state, using the super-

script “a ” as before , one gets

[Cs~(a 3 sr)] k~[Xe ][Cs]
__________ = (37)

[Cs*] + k~ ÷ k~[Xe]

where k~ refers to all Xe density dependent losses such as quenching ,

dissociation and net transfer (if any ) to the A ’: state . Equation 37

can be inverted and wri tten as

[Cs][Cs *] ka ka 
+

_______ = —~~~~+ 
p (38)

[Cs~(a 3
~r)] k k [Xe]

and plotted as was done for the A ’ : state. The results are given in

FIg. 29 where the solid line represents the data and the dotted line is

for the data “normalized” to the same D2/Dl ratio of one .
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The slopes of the lines are given by (r~ + k~~)/k~ and the intercepts

by k~/ k .  For the dotted line, the “normali zed” plot, the slope is

2.5xl038 cm6 and the intercept is 5xlO ’8 cm3 . Unfortunately, there are

now two equations and three unknowns , k~, k~ and k~. The formation rate

constant will be assumed to be about 10-29 cm6/sec based on the fact that

the Cs 2 potential is very similar to the Na2 A’ :. The formation rate for

the latter is io 29 cm6/sec (Ref 23). This gives values of 5xlO~~
cm3/ sec for k~ and 2.SxlO 9/ sec for r~ + k~~. S ince r~ is approximately

2.5x106/ sec , k~ must be the dominant term and equal to 2.5x l09/sec . For

the solid line in Fig. 29 (the one that was not “normali zed” for equal

02/Dl ratios), the slope and intercept are l.2xl038 cm
6 and iol9 cm3

respectively. Again assuming k = id 29 cm6/sec , k~ = l&° cm3/sec

and k~ = l.2x109/sec . Taking the averages as before, the final values

for k~ and k~ are 7.5xl0~~
1 cm3/sec and 2x109/sec with a + 30% uncertainty.

i~ext , the various fluorescence spectra together wi th the potential

curves , must be examined to explain more precisely what processes are

actually occurring in Cs 2. First , the spectra taken wi th no Xe in the

cel l, as shown in Fig. 23, will be analyzed . The parts of the spectrum

missing from the dimer pumped spectra have prev iously been established

as not belonging to the A ’: state. Specifically, the emission in the

gap, on the 1.20 micron peak , and beyond 1.22 microns was much weaker

when the A 1: state was pumped directly than when the Atomic pump

filter was used. On the other hand, the fluorescence in the gap and on

the 1.20 micron peak was s ignifi cantly increased when the Atomic filter

was used . It is proposed that the fluoresce nce in the gap and the 1.20

micron peak are associated wi th the a 3
~ state . At low Xe densities,

when the A’ ; state is pumped directly, few molecules are collisionally
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transferred to the a 3 !T state and, so, the emission is weak. When the

atomic lines are pumped, there is formation Into both states and,

therefore, radiation in these regions .

In the region of 5.4 A internuclear spacing , the individual elect-

ronic states are severely perturbed by the crossing . According to per-

turbation theory, the energy level s are displaced from their unperturbed

locations (Ref 29). This in turn causes an increase in the density of

level s on each side of the crossing , i.e. the 1.14 and 1.20 micron humps.

The proposed model is that the 1 .14 micron peak is associated wi th the

A’: and the 1.20 mi cron peak wi th the a3iT . When the A1: state is pumped

directly at low Xe density, very littl e emission is observed at 1.20

microns relative to that predicted from the absorption data. Even gas

gas kinetic coll is ion rates are slower than the radiative rates so the

A’: molecu les radiate before many collisions can occur. This indicates

that that peak does not correspond to nor does it originate from the A’

state. When the atomic states are excited , molecules are formed in

both states and both peaks are seen in fluorescence. When the Xe density

i s increase d, the spectra obtained from pumping the A’: state directly

appear more like the spectra obtai ned by pumping the atoms. This implies

that a collisional process is i nvolved . For low Xe density and A’:

pumping , there is i nsufficient time for transfer of A’: molecules to the

a3ir state and subsequent fluorescence in that region. The quenching or

transfer rate, Rq = kqiXe] (or kq[CS] for [Xe) < [Cs]) is 4x106/sec,

much less than the radiative rate of 4x107/sec. As the Xe density is

i ncreased, again for the dimer pumping , there i s more collis ional

mixing between the A 1Z and a3ir and all the energy levels become populated

thus increasing the fluorescence in the regions associated with the a3~r ,
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as seen in Fig. 25. The decrease in the emission at 1.14 microns is

probably caused by the transfer of A’: molecules at the bottom of the

wel l to the a3
~r state . The large amplitude of that peak at low Xe

density confirms the prescence of a high density of energy levels from

which the molecules radiate before they can be collisionally transferred .

The variation of the fluorescence intensity in the gap 1.15 - 1.18
microns cannot be completely explained . Because the fluorescence in

that region is weak (relative to that on either side) for [Xe] = 0 and

dimer pumping , it cannot be associated wi th the A’: state directly. The

intensity does not increase with Xe density either , as seen in Fig . 25.
However , when the atomic states are exc ited, the fluorescence there
decreases wi th increasing Xe density . A collisional loss is implied ,

but because the nature of the potential curves at the crossing is not

known and the fluorescence qu ite weak (lower S/N), no detailed explana-

tion is available. Further experiments probing this region very care-

fully w ill be required to unravel the behav ior of the potentials at

the crossing .

The prev ious exp lana tion assumed that kq[Xe] represents another for-

mation rate into the a3~r.Therefore, the relative magnitude of kq[Xe][Cs2J

versus k [Xe]ECs)[Cs*] must be determined. The ratio kq[Cs ]/k [Cs]LCs*]

is less than 0.25 using the average value of kq determined earlier. If

this term is included in Eq. 37, the net effect is to increase the values

of k~ and k~ by about 25% or less to 9.4xlO~~’ cm3/sec and 2.5x109/sec

respectively. Considering the other uncertainties present in the

analysis , this is not a significant change.

The final portion of the spectra to be accounted for in this model

is that for A > 1.22 microns. Since there appears to be predissociation
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from the a 3 lT to the x 3: state , these two states must cross somewhere on

the repulsi ve side of the a 3
~r potential . If one assumes that the crossing

is near the minimum of the a37r, the fluorescence would be extremely weak

or non—existent because of the rapid predissociation. Also, because the

predissociation between the a3~ and x 3: states is allowed (Ref 29), a

rate much higher than the measured value of 2.5xl09/sec would be expected .

Therefore, the conc lus ion is made that the cross ing occurs much higher

up in the potential , al though below the dissociation limit. This means

that as long as k~ + k~[Xe) is faster than the collisional mixing , there

should be few molecules in the bottom of the potential where the 1.22 -

1.30 micron emission originates . Assuming gas kinetic cross section , the

V — T col lis ion rate should be about 4xl0~~°[Xe] /sec . Therefore , at

Xe densities greater than 6 or 7xl018 cm 3, a significant proportion of

a 3i~ molecules are in the bottom of the well and their fluorescence can

be observed , as it was. The formation rate must also be considered and

it appears to be slower than the V - I rate. Therefore the magnitude of

the fluorescence is limited by the formation rate and the [Cs~]/[Cs*]

ratio should behave according to Eq. 37.

In Fig. 30, a plot of [Cs2
*(a 311)]/[Cs*] vs [Xe] has been made on a

log-log scale. According to Eq. 37, the plot should be linear at low

Xe density and become less density dependent as [Xe] is increased . This

is exactly what is seen in Fig. 30. At low Xe density the curve is almost

l inear and as [Xe] increases, the curve flattens out. This implies a

density i ndependent loss rate at low densities changing to a density

dependent loss rate at the high densities. The observed behavior , there-

fore, agrees with the model of a cross ing of the a 3i~ and x 3: states well

above the minimum of the a3ir potential and the loss of a ’~ molecules by
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quenching and predissociation.

There is one more aspect of the fluorescence spectra that deserves

convnent. That is the possibility that the parent atomic state for the

a 3
~ is the 62P

3/2 
rather than the 62P,/2 that has been assumed all along .

Evidence to support this conclusion comes from the spec tral differences

observed between the Dl and Atomic filter pumping . Specifically, the

fluorescence in the gap, the 1.20 peak , and the region beyond 1.22 microns
have been associated wi th the a3~r state. For all cells wi th a Xe density

less than or equal to 1019 cm 3, the fluorescence in these regi ons is

stronger for the atomic filter than the Dl filter. See Figs. 22 and 23.

For the highest density cell , there were essen tially no differences in

spectral intensity or D2/Dl ratio. Furthermore, for most of the spectra

whi ch coul d be normal i zed , the D2/D1 ratio was higher for the atomic fil-

ter than for the Dl filter. This implies that the D2 (62P 3, ) is the

parent atomic state for the a3 it . There is no way to “prove ” this theo-

retically because both 6P states can form an a 37r (Ref 45). The impact

of this assumption on the principle conclusions is not serious. All

of the theoretical values of I/Ia or [Cs (a 3~ )]/[Cs*] become l arger

with this assumption because 0f the factor of k0 - k in the exponent (see

Eq. 35). The experimental values Of 1/10 do not change and those for

Ecs;ca 3~fl,[cs*
_
J increase by 1.2 [ = (8944/852l)~ in Eq. 29]. The plots

of the kinetics change only in the intercept, not in slo pe, and then only

by 20%. The net result of assuming that the 62P 3/2 state is the origin

of the a3ir is to cause the theoretical and experimental values to differ

by an even greater amount.

A model of the behavior of Cs2 in the fluorescence ex periments has

now been developed . The atoms are formed into both the a 3-i and A ’: states
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with rate constants k and kf respectively. There is a net loss of A 1:

molecules through the bottom of the well to the a3i~ state. The rate con-

stant for thi s net loss i s kq • These a3lT molecules then predissociate or

are quenched to the x 3: state wi th rate constants k~ and k~. All of the

rate constants are suninarized in Table VI I. They are based on the average

of the rate constants calculated from spectra that have been “normalized”

to allow for the various D2/Dl ratios actually observed and rate constants

determined wi thout that “normalization ” . The result of all these losses

is that less than 1% of the excited Cs atoms are formed into Cs molecules

that can radiate . The theoretical estimates for this percentage were

greater than 20% depending on the .temperature and Cs number density .

Therefore, the overall efficiency is quite low because less than one mole-

cule in twenty is available for radiation. The remainder serve only to

heat the gas. These losses show that Cs2 does not appear to have the

potential to be a highly efficient laser , at least not under the condi-

tions explored in this project.

Table VII

Kinetic Rate Constants in Cs /Cs 2/Xe

Rate Constant A ’: a 3 7r Rate

r2 (sec 1) 4x107 2.5x l0 6

k (cm6/sec ) 4.2x 10 3° lx ld29 k [Cs][Xe]
k (cm /sec ) 8.2xl0 2x1d k [Xe]
k (cm /sec ) 1.6xld 9.4xl0 k [Xe]
k~(sec ) 2.5x10 k~
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Chapter V. Sumary and Conclusions

The absorption spectra of Cs 2 has been measured from 0.8 to 1.3

microns over a wide temperature range. The region from 0.9 to 1.22

microns consists mostly of red-shaded bands which are identif led wi th

the X 1z
9
+ 

- A1:u
+ transition. This portion of the spectrum has been

analyzed according to the Classical Franck-Condon Principle. Using the

X ’ zground state , determined from vibrational constant s by the RKR method,

and the CFCP analys is, a potential energy curve was determined for the

A’: state wi th Re = 5.25 A and We = 34 cm~~. The potential curve for

the B1 ir state was also computed from the vibrational constants of Kusch

and Hessel (Ref 37).

Also observed in the absorption spectrum were some blue-shaded

bands, mostly for x > 1.22 microns. These are attributed to the X1Z -

a3
~r transition for several reasons: (1) The fact that the bands are

blue-shaded indicates that the equilibrium internuclear separation of

the upper state is less than the lower state. Thus, the two sets of

bands must arise from different upper states. (2) The CFCP analysis

would not reproduce the entire spectrum using only one upper state.

(3) The minimum energy separation of the X and A states, according to

the CFCP analysis , was greater than the energy of the peaks beyond

1.22 microns. (4) The a37r
~ 

state has been postulated for many years as

the state near to the A 1:u~ 
in all the alkalis.

The third significant feature of the spectrum is the gap or region

of very low absor ption, from 1.15 to 1.18 microns. This is attributed

to the perturbation of the energy l evels cause d by the cross i ng of the

a3ir and A’: states. This crossing occurs about 50 cm~ from the bottom
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of the A’: potential curve. This crossing point was used together with

an We = 50 cm~ and a 0e = 6750 cm~ to construct an approximate

potential curve for the a31r state. The resulting equilibrium inter-
0

nuclear radius is about 4.3 A.

The fluorescence spectrum of Cs 2 was measured as a function of

temperature and Xe density using various interference filters to selec-

tively pump atoms or molecules. For the most part, the spectra l shape

appeared just about as expected . The molecules in the upper state

appeared to be in vibrational equilibrium at the highest Xe density of

5xl&9 cm 3. However , the excited molecular and atomic populations were

not in chemical equilibrium. This was seen by the temperature dependence

of the emission and the fact that very little atomic fluorescence was

observed when the molecular states were pumped directly. The fluores-

cence spectra were normal i zed to the atomic emi ss ion intens ity by means

of the CsXe wing. rn this way, the diiner intensity per excited D1

atom could be determ i ned. Using this normalized intensity , the stimu-

lated emission coefficient was calculated . The minimum atomic inversion

criterion for gain in the Cs2 vapor was about 13% at 346°C with a Cs

density of 4.5xl016 cni3. This result compares wi th a value of 0.3%

predicted from the absorption , assuming equilibrium between the excited

atoms and molecules . Suc h a large di screpancy impli es that there are

major loss mechanisms in the Cs2 mo l ecule.

The Xe density dependence of the Cs2 fluorescence was inves tigated

to determine molecular formation and loss rates in C4. Separate rates

were established for both the A’: and a 3 rT states. There are uncertain-

ties in these values because the experimental conditions were not

exactly alike for each cell. The ratio of the number of D2 atoms per
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Dl atom was different. Each spectrum was “normalized” to a 02/01 ratio

of one, that for the high Xe density cell. Using these adjusted values ,

the rate constants were determined by averag i ng the rates calculated

from the “normalized” aata and the “unnormalized” data. This averaging

gives an uncertainty of ± 
50%. The value of the formation rate constant

for the A ’: state was 4.2x1d3° crn6/sec, assuming an average radiative

lifetime of 2.5x10~
8 sec. The pr i ncipal loss from this state was colli-

sional transfer to the a371 state wi th a rate constant of l.6xld~ cm3/

sec. This represents the net transfer of molecules . For the a3ii state,

only ratios of the rate constants could be determined from the data .

Assuming a formation rate of io 29 cm6/sec, the corresponding quenching

and predissociation rate constants were 9.4xlO~~ cm3/sec and 2.5xl09/sec.

The formation rate assumed appears reasonable because the a3~ potential

is deeper and about the same volume as the A ’: so kf for the a
3Tr state

shou ld be larger. The a 3
~i potential is not qu i te as deep as that of

Na2 (A ’:), but has slightly more volume . Therefore, the two rate con-

stants should be approximately the same. That of Na2 has been determined

as lO
_29 cm6/sec (Ref 23), so the same value appears a logical choice

for CS~ (a
3lT). In any case, the resultant loss rates are still large

and dominate the molecular performance.

The crossing of the a3~ and x
3: states appears to be below the

dissociation limit of the a3ir but probably higher than the crossing of

the a3i~ and A’: states. For Na2 this crossing is predicted to be above

the dissociation limit (Ref 2). The reason for the difference appears
3 . . .to be mostly that in Cs2 the a i~ potential is shifted to shorter radii

relative to the other states than in Na~. One of the results of that

shift is that the a
3

lT - X 1: transition occurs at wavelengths that are
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longer than the A ’: - X ’E transition. This aoes not happen for the

other alkalis , i.e. no a 3
~ - X ’: radiation has been observed (absorption

or fluorescence). The overall trend in the alkalis seems to be that the

heavier the alkali , the further down in the a~~ potential the a~
1ii — x ’:

crossing occurs. The result is that the quenching and predissociation

losses are greater for the heavier alkalis such as Rb and Cs. For

instance in Cs2, less than one in every twenty A ’: molecules that are

formed actually radiate . The rest serve only to heat the gas.

One way to indicate the potential of Cs2 as a laser candida te is

to look at the intensity (I
n
) necessary to make the stimulated

emission rate equal to the predissociation rate, 2.5xl09/sec. The

observed stimulated emission cross section , is about ~~~ cm2

as determined by dividing g5(u) by [Cs
*] in Eq. 22. The stimulated

emission rate is Rse = I~o5/hv . The intensity required is 4xl07

watts/cm2. Just to overcome the quenching losses out of the A ’:

requires an I~ of l.3x10
7 watts/cm2 for IXe] = SxlO 19 cm 3. These are

likely to be difficult to achieve. It appears , then, that based on

this reasearch, Cs 2 is not an attractive candidate as a high efficiency

laser medium , at least not under the conditions studied here.
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Chapter VI . Reconinendations

The primary reconmiendation for further research in Cs 2 is in the

area of more extensive investigation of the loss rates that have been

identified here. There are pulsed dye lasers available now that operate

in the 0.85 - 1.0 micron region for pumping both the atoms and the

molecules directly. New intrinsic Ge detectors are coming onto the

market with MHz bandwidths so the time dependence of the kinetics can

be explored . Use of these tools should permi t a better determination

of the rate constants and the location of the crossing of the a 3n and

x 3: potentials. Finally, the temperature dependence of the rate

constants should be examined to establish whether other operating con-

ditions might be more favorable to lasing of Cs 2 than those used in

thi s research.
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Appendix A. Bol tzmann Ana lysis

The purpose of this appendix is to describe briefly the Boltzmann

analysis of the electron kinetics of the Cs/Xe system. Included in this

analysis are: (1) The formulation of the Boltzmann transport equation

pertinfnt to electrical discharges in gases that experience both elastic

and inelastic processes; and , (.2) A careful review of the cross sections

of essential electron kinetic mechanisms in the Cs/Xe vapor system. The

particular form of the Boltzmann equation used in this analysis is not

unique nor original. Only the results that pertain to the Cs/Xe system

are new. For more detail on the Boltzmann equation and its solution see

Refs 21,22 , 31, 46 , and 56.

Bol tzmann Tran~.port Equation

The Boltzmann transport equation for any charged or neutral particle

is given by (Ref 62)

3 — £ —~~~~~— + v . V j +— .~i r —  — -

at r m v col l (A l )

For the case of an electron gas, f = f(~,~,t) is the phase—space electron

veloc ity distribution function , ~ is the velocity of the electron, ~ is

the electron position , and F is any external force acting on the electron .

(cSf/dt)co l l describes the time rate of change of f due to collisions wi th

neutral and ionized particles and other electrons. The electron has a

mass m and a charge e. For the analysis presented in this appendix,

several s implifying assumptions have been made: (1) The discharge Is

steady-state, i.e. af/at = 0; (2) The medium is homogeneous so V
r
f = 0;
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and (3) The only external force acting on the electrons is that due to

a longitudinal electric f ield, F —eE . The final assumption is that f

is nearly spherically sylTinetric and , therefore , can be expanded in the f irst

two spherical harmonics, f f0 + f1cose . The angle theta is the elec-

tron scatter ing angle with respect to the incident particle direction ,

and f 1 <<f0. Using this assumption , one can solve for f0, as was first

done rigorously by Holstein (Ref 31). This approximation of f by the

first two terms has been found to be valid when the integral of the

momentum-transfer cross section is much greater than the integral of all

the i nelastic cross sections (Ref 31). For Cs this assumption holds fairly

we l l for low energi es (see Fig ..Al). With these approximations , the

Bol tzmann transport equation for a homogeneous cloud of elec trons drifting

through a gas of neutral density N is given by (Ref 55)

+ ~~~~~~ ~~! + 2ree(.f~!)g(u)]~~

+ ~~ u2f(u) + 3r (f~!)h(u)f(u))

+ 
~~PSNJ

E(u+u5~
)QSJ

(u+u
5J )f(u÷uS~

) - uQ5~(u)f(u)]

+ Zp r .[ (u—u 5~ )Q~~j (u—u 5~ )f(u_u 5~) - uQ_5,~ (u )f(u ).]

+ZpSNl f(u+u Sl )Q S1 (u+u Sl )f(u_u Sl ) — uQ 51 (u)f(u)]

+ 
~~PsNl~~~ 0)j,~ 

xQ51 (x) dx = 0 (AZ)
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Equation A2 has been written in terms of u , the energy variable;

the fractional concentration of the s neutral gas for the j inelastic

process (or 
~sNl for the 1th ionization process); Q5~(u)~ the cross sec-

tion for the 5th gas and jth(Or .~th ) process; and M
~
, the mass of the

5th neutral particle. The u5~ or u51, refer to the threshold energy of

the ~th or 1th process in the ~
th gas. Q~~ is the cross section for

superelastic collisions wherein the electron gains energy. The coul omb

integrals g(u) and h(u) are given by (Ref 56)

g(u) = 
1

U 
x3/2f(x)dx + u~”~ff(x)dx (A3)

and h(u) = j 
U 
xh/2f(x) dx (A4)

Furthermore we have (Ref 56)

2
= e l n r  (I~~ee .., 2 e

~ 41T CQ

r
e 

= l 271(2cou
m

e/3) 3/2/Ne
l/2 (A6)

= 

~~ sN - ~~~~~~~~~ 
+ p~1q~1 (u)] (A 7)

and Qei~~1) = ~ ree/2u~ (~3)

In these equa tions PSI IS the fractional concentration of ions ,

the momentum-transfer cross section for the ~
th gas and Um~ 

the mean

elec tron energy given by

1 3~

~ 

.
~~~~ 

,
~~~~~~~~~~~~~~~~~~~~~~~~~ .
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Urn =5 u 3/2f(u)du (A9)

The normal iza tion condi tion for f(u) is

1 =f
~~ 

u1/2f(u)du (A lO)

In Eq. A2, the first term describes the energy input to the electrons

by the electric field and the second accounts for the heating of the

electron gas by thermal motion. The third and fifth terms describe the

electron—electron interaction. The fourth , sixth, seventh and eighth

terms account for elastic , inelastic , superelastic , and ionization col-

lision processes. The fourth term includes electron energy losses to

both ions and neutrals by elastic collisions. And the ninth term is

the ionization rate, multiplied by ~(u=O) to force all secondary elec-

trons to have zero energy. An important point to note in this equation

is that f(u) depends not on specific number densities, but rather on

fractional densities and on E/N. This integral-differential-difference

equation has been solved and coded on the AFWL CDC 6600 Computer(Ref 57).

The basic solution technique was to break the energy axis into n

cells of size ~u = umax / (n_ l) ,  where u7~~ is the maximum energy for

which f(u) is determined . Equation A2 was rearranged into a finite

difference equation and a recursion relation found for f(u~~ 1)~ 
f(u~ )~

and f(u
~÷1). An initial value of f(u~~~) was chosen at a Um~~ large

enough so the f is far out on the tail of the distribution. The recur—

sion relation was then used to calculate the value of f at lower values

of u. The final distribution function was normalized accord ing to

Eq. AlO. As a test of the self-consistency of the result, an energy
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conservation balance of Eq. A2 was made. The electron energy balance

equation was obta ined by multiplying Eq. A2 by e(2e/m)hI’2udu and integ-

rating . The result can be wr itten in terms of the drift velocity , Vd
where

Vd 
= _(2e /m) 1

~~(l/3)(.E/N)fu(~~) du/ZQ 5 (Al l)

and the normalized rate constants (u/N) are

(V /N)el sN = 
(
~~~
)

1/2

J

C

~u2Qel[f(U) + .~I(~~ )]du (Al2)

(
~

IN) s N j  = 
(~~ )

112
f~~Q5~(u)f(u)du (A13)

The rate constant for ioniza tion and superelas tics can be written in an

analo gous manner. The final energy balance equation was then (Ref 56)

evd(E/N) = e!~
fl1 
~~ sN — PsI )(\?/r4)el ,sN +

+ eZPsr4jusj(v/N)s F ~J 
— 
~~~~~~~~~~~~~~~~~

+ e~~p5~1u51 (v/N)5~~1 (A14)

The term on the l eft is the power input by the electric field per elec-

tron per neutral particle and the terms on the right are the power losses

to the gas consti tuents. They are, respectively, the elas tic losses ,

the net (inelastic minus supere.lastic) inelastic losses and the ioniza—

tion loss. The electron-electron terms do not appear because they only

redistribute the el ectron energy rather than act as a source or sink.
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After the distribution function has been calcula ted, the code checks

the energy balance according to Eq. Al4 . The code results are acceptable

only if the balance is wi thin 0.1%.

Further tests have been made on the code. The code results have

been checked against analytic solutions for certain special cases and

against other codes which had been verified experimentally. I.n all

cas es the agreement was excellen t. Therefore, it is believed that the

results of the Boltzmann analysi s are vali.d and are limited only by the

input processes and their cross sections . These are discussed in the

next section.

Ces ium El ectron Cross Sec tions

In genera l , the electron impact cross sections for Cs appear to be

fa irly wel l known . There has been cons iderabl e effort dur ing the pas t

several years to determine the magnitude of the cross sec tions because

of the use of Cs as an electron seed mater ial in MMD p lasmas. Thi s

section will sununarize briefly the cross sections that were used in this

thesis rather than review all the available data. The one exception

will be the Cs electron excitation cross sections because of their impor-

tance in determining the electronic pumping efficiency .

Many experiments have been performed to infer the electron momentum-

transfer cross sections in Cs. Most have used the swarm technique

developed by Frost and Phelps (.Ref 21,22). In this method , first the

electron drift velocity is measured . Then a Boltzmann analysis is con—

ducted wi th different momentum—transfer trial cross sections until the

variation of Vd with E/N or other variables can be matched . A summary

of the significant research in Cs for these cross sections is given in

141 

--- --,~~~~~ —~~~~— —- - -~~~~~~~ . .— ~~~~— - - - - .~~~~~~- ,- - -- .—- - ,- .



V. .
~~~~

----.-- ----- .—-- .- —--—------ - 
-, 

~~~

- - -- -

Ref 46. In that reference , Nighan and Postma critically examined the

available data and determined a representative momentum-transfer cross

section that gave the best agreement with all the experimental data that

they considered to be valid. That cross section is shown in Fig. Al.

Their results have been extended to higher energies by straight l ine

extrapolation as shown by the dotted l ine . However, for most of the

analyses , the cross sections beyond 5 eV were unimportant. For example ,

see Fig. 2 in Chapter II where the electron velocity distribution is

falling quite rapidly above this energy. The cross section minim um near

0.1 eV is similar to the Ramsauer minimum seen in the noble gases. The

accuracy of these cross sections was quoted as 25-50% (Ref 47).

The excitation cross section for the resonance transition (6S-6P)

in Cs has been calculated and measured many times over the past few

F 
years. The two primary experimental techniques have been optical exci-

tation (Ref 66) and electron swarm experiments (Refs 48,49). The results

of these experiments are shown in Fig. A2 wi th the curves labeled

ZAPESOCHNYI and NOLAN for the two principle investigators . The agree-

ment in peak magnitude between these curves is within 25%. Several

theoretical calculations of the 6S—6P cross sections have also been made

using the Born approximation (Ref 25), a riod ified Born approximation

(Ref 20), and the Seaton Impact Parameter (IP) technique (Ref 58).

These are aiso shown in Fig. A2. As can be seen, the only theoretical

calculation that gave even fair agreement wi th the experimentally deter-

mined cross section was the IP method . Because there were several dif—

ferent cross sec tions , a method had to be found for choosing one or the

other. The only data available for checking the cross sections were

the electon drift velocity measurements of Nolan and Phelps (Ref 48).
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The Nolan and Phelps experiments were performed with one part Cs

in about l0~ parts of Argon. They measured the electron drift velocity

over a range of E/N from 3xl0~~
9 to 3xlO~~

8 vol t-cm2. Then they used

a Boltzmann analysis wi th the then available momentum—transfer cross

sections in Cs and Ar. As in the previously described electron swarm

experiments , they tried several excitation cross sections to match the

data. The same thing was done for each of the cross sections shown in

Fig. A2 using the Boltzmann transport code and the more recent momentum—

transfer cross sections of Nighan and Postma (Ref 47). The results are

plotted in Fig. A3. The experimental drift velocity data are represented

by the solid dots. Clearly, the NOLAN cross sections give the best

agreement. The ZAPESOCHNYI and IP curves are within 10% of each other.

As a result of this brief study, the NOLAN cross sections were used in

all of the calculations . As a check on the sensitivity of the Boltzmann

analysis results to the particular excitation cross section, al l of the

functions in Fig. A2 were used . The results for all but the Born and

Felden cross sections were negligibly different. It is the NOLAN cross

section for the Cs 6S-6P transition that is shown in Fig. Al.

Other transitions in Cs had to be considered also , including excita-

tion to levels above the 6P state from either the ground state or the

6P state. The ~atter could be especially important for large fractiona l

inversions in the 6P state as might occur in the postulated Cs2 l aser.

Sources of cross section data for direct excitation from the 6S to higher

levels were both theoretical (Re.f 20) and experimental (Refs 13,68).

Typically, the largest cross section was for the 6S-5D transition , and

its value was about 4xlO~~
6 cm2 either by theory or experiment. For two—

step excitation , the “effective” cross section , as determined by Devyatov
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et al, was about 3x10 14 cm2 for the 6P-5D transition, the largest of

* those he measured (Ref 13). These values were determined from a com-

bination of optical and electronic measurements in a low pressure gas

discharge. Because there were several processes occurring in that experi-

ment and the cross section values depended on knowing atomic densities

of eac h state, they are subject to considerabl e uncertainty. Therefore,-

it was decided to make an independent estimate of those cross sections

us ing Seaton ’s classical Impact Parameter method. This technique is de-

scribed next.

One of the most comon methods that has been used to estimate an un-

known cross section has been the Born approximation. The problem has

been that the cross section at low energies, near thres hold , is usually

overestimated quite significantly (e.g. see Cs 6S-6P Born cross section

in Fig. A2). Seaton (Ref 58) has modified this approach for the case of

optically allowed transitions . For these transitions, large impact para-

meters contribute significantly to the cross section. His technique was

to incorporate conservation of probability (P~~<1) into the Born approx-

imation. The P
,~~ 

is the probability of a transition frem state i to

state j. When the coupling between the two states is strong , the cross

section Q ( i sj )  for this transition is gi”en by (Ref 58)

Q(i+j) = ~- R~ + 
f0

P~~~~ )2~~~ 1~ (Al 5)

where R~ is the impact parameter and R
1 

is the value of R1 where P
3~~

=l/2 .

The value of P~~1 
was calcula ted from time dependent pertur bation theory

and was expressed in terms of the oscillator strength , f~1. The final

approximation that Seaton made was conservation of relative angular mo-
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men tum. With th i s, the final expression for Q(i j) is (Ref 58)

8(I
H
)2

Q(i~i) = 
~~~~ 

f
~~~

El/2 
~~~(~~~~~~) 

+ ~(~1)~~a0
2 (A 16)

where W .~ = initial kinetic energy of the electron

= energy separation of the two states

= [2~Ef j j r H~~~l )]½ 1W
W = avera ge ki ne tic energy 4

a0 = 0.529 A

and ~(i3 1)and ~(~ 1)are functions tabulated in Sea ton ’s paper. They are

also expressable in terms of modified Bessel functions (Bassett func-

tions), see for example Ref 1:374. To calculate Q(i-*j), one first

chooses 
~~~~
, calcula tes W , then W~, and finally the cross section. The

values for the oscillator strengths are taken from Stone (Ref 60) and

Fabry (Ref 18) . Since a ll of these values were for specific trans itions ,

one atomic J val ue to ano ther , they had to be averaged according to the

expected population of the 62P
1 and 62P 312 states, a ratio of 1:2.

The resulting transitions, AE , and weighted ~~ are given in Table Al.

Table Al Cs Oscillator Strengths

Trans iti on ~E(eV ) La
6 P— 5 D  0 . 3 6  0 . 3 2 5

6P-7S 0.87 0.294
6P— 6D 1.36 0.45
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The cross sections calculated from Eq. A16, based on the above values ,

are shown in Fig. A4. All the curves were cutoff just above threshold

energy. As expected , the largest cross sections are for the 6P-5D tran-

sition. The maximum value was about 4xl0~~
4 cm2 compared with 3xlO~~

4

cm2 in Ref 13. This was fairly good agreement considering the uncer-

tainties involved in both the theory and experiment. The other compari-

sons are 1.0 vs O.65xlO~~
4 cm2 for the 6P—7S and 0.65 vs O.2Ox1O~~

4 cm2

for the 6P—6D transitions . In all cases, the IP method gave larger cross

sections ; even so, the effect of these two-step processes on the dis-

charge efficiency was not large. The discharge efficiencies shown ear-

h e r , Fig. 3, had assumed a fractional inversion ([6P]/[6SJ) of 0.01%.

Calculations were also made for a 1% inversion. As can be seen in Fig.

A5 , the discharge efficiency was still qu ite high. However, as the

frac tion al invers ion was increase d fur ther , the discharge efficiency

started to drop off rapidly. For the large inversions that appeared to

be necessary for gain in the Cs 2 system, the efficiencies fall below 50%.

The ionization cross sections in Cs have been measured using the

crossed atomic and electron beam technique. The results of the two prin-

ciple experimenters agree quite well (Refs 50,69) in the threshold region

and up to 30 eV , the limit of one of the experiments . The cross sections

obtained from those references are shown in Fig. Al. The structure in

the curve is attributed to ionization not only of the 6S electron, but

also to ionization of some of the inner shell electrons such as the 5P

and 5S. Al though important in some applications , this structure was not

evident in the results of these studies , probably because Cs ionization

was generall y very small (see for example Figs. 3 and 4).
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Xenon Electron Cross Sections

All  of the Xe cross sections used in th is study are shown in Fig. A6.

The momentum-transfer cross sections for Xe are quite wel l known. The

swarm technique was used by Frost and Phelps to determine the cross sec-

tion , and these results are believed to be good to ‘tlO% (Ref 22). The Xe

data show the typical Ramsauer minimum near 1.0 eV as was seen in Cs.

The electronic excitation cross sections were taken from Schaper

and Schriebner (Ref 55), and the ionization cross sections from Rapp an d

Englander-Golden (Ref 53). The accuracy of these cross sections was not

considered to be as good as for the momentum-transfer cross sections .

However , because of their relative s z e  and the threshold energies , they

do not seriously affect the discharge efficiency in the range of E/N of

10— 17 to lO _ 1 6 
volt-cm2. At higher E/M values , these processes start to

take up energy from the Cs electronic states and are responsible for

limiting the upper end of the attractive operating region (see Fig. A5).

If one lowers the Xe density relative to that of Cs , say to l0~ from ~~~
these ionization and electronic processes in Xe have very little signif-

icance (see Fig. A7 which is a plot of the power transfer for the lO~

ra tio) .  As a resu lt , the analysis was not seriously affected by a large

uncertainty in the Xe excitation and ionization cross sections.
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Appendix B. Potential Curve Calculation

Over the years many dif ferent techn iques have been used to der ive

potential energy curves from spectroscopic constants. Some of the more

common methods are a quadratic approximation near the bottom of the

potential well and the Morse potential. These forms are fa irly limited

and do not make full use of all the information that might be ava i lable.

For instance , they use only 0e’ Re~ and We• The mos t genera l app roach i s

the Rydberg—Klein-Rees (RKR ) method (Ref 54). Originally it was a graph-

ical technique , but it has been extended to analytical solutions for some

l imited cases and to computerized solution in the most general case.

The bas ic approac h of the RKR method is to determine the classical

turning points , R+ and R for a particular vibrational energy U by means

of (Ref 54)

R~ = (f/g + f2)½ ÷ f (.Bl)

where f and g are given by

f(U) = 1 f LU — E(I ,K)]~~ dl (B2)
27r (2~ )½ 

~

g (U) = 1 f 1 ’ 
4~ 

[U - E(I ,K)]~~ dl (B3)
2~ (2~ )½ 

~

In these expressions , E(I,K) is the sum of the vibrational and rotational

energies for any level up to U expressed in term s of the radial momentum,

I = h(v + 1/2) and angular momentum, K = J(J + l)h.2/81T2 variables. The

upper level of integration , I’ , i s reached when E = U. Rees so l ved the

integral analytically for J = 0 and E cub i c i n v , that is for the case
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where 
~e’ wexe~ 

and are known (see Eq. 32, Chapter IV). The result

is presented in terms of Jacobian Elliptic Functions (Ref 1:567) and the

Weierstrassian Zeta Function (Ref 1:635). Rees’ f inal equations are not

reproduced here because several pages are required to fully define all

the terms and would contribute very littl e to the discussion. The Rees

analytic solution for the cubic case was programmed on the AFWL COG 6600

computer and used to develop the initial Cs2 potential curves. To check

the validity of the program, the resu lts were compared with a Br2 test

case in Rees ’ paper and all turning points agreed to wi thin 
± 
0.15%.

This was an error of less than 0.01 A at the very high vibrationa l levels.

Just prior to the submittal of the absorption paper (Ref 5) for

publ ication , a copy of a computer program developed by 0. Albritton of

NOAA in Boulder , Cob , was obtained . His program solved the RKR integrals
(Eq . B2 and B3) us ing Gauss ian i ntegra tion. Tha t program could make use

of up to nineteen vibrational coefficients so it was used to calculate

the final potential curves . Th.e differences between using a cubic or

quartic expansion were negligible except for large (~6O) va l ues of v.

In any case the final potentials were calculated using the NOAA computer

program with all the vibrational and rotational constants available

from Table III.
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Appendix C. I{eat Pipe Discharge Experiment

The purpose of the heat pipe discharge experiment was to observe the

Cs2 emission from a discharge. It was not to be one of the principle

sources of data for thi s research , but rather was to be an educational

tool and to give some insight as to the effects of electrons on the Cs2
dimer. The information to be obtained was qualitative in nature because

there was not enough inert gas in the discharge region for the normal-

ization that had been done in the fluorescence experiment. The primary

source of information on the kinetics in the discharge was the shape of

the emission spectrum. In particular, the relative strengths of the a3
~

and A ’ z emission were of interest. As will be shown , the spec trum was

similar to that seen in fluorescence wi th some minor changes that did

contribute to the overall understanding of the Cs2 molecule.

Heat pipe ovens have been used for several years to achieve very

uniform temperature metal vapors (Refs 63,64). In 1971 , a heat pipe oven

was modified for the first time for glow discharge operation , specifically

for the study of the emission spectra of the alkali dimers (Ref 59). That

experiment was also the first time that the Cs2 emission peaks at 1.14

and 1.20 microns had been observed in a discharge, and reported. The

experiment described in this appendix was similar in desi.gn, although

much better resolution was available (Sorokin and Lankard in Ref 59 used

a pri sm rnonochroma tor).

The experimental setup is shown in Fig. Cl. The basi.c heat pipe

was a ceramic tube surrounded by a temperature controlled oven. Inside

each end of the tube was a roll of stainless steel mesh. These rolls

were in physical contact wi th the aluminum housings at the tube ends
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and served as the electrodes for the discharge. The sapphi re windows

were held on by atmospheric pressure. Cooling coils containing water

were used to keep the ends of the tube cold. The gas pressure was held

cons tant when the pipe was heated through the use of a large volume ex-

pansion tank. A current-regulated power supply was used to control the

discharge operation. Current control was available over the range of

5 - 40 ma. The vol tages were measured from cathode to anode by a Hewlett-

Packard Model 2401C Integrating Digital Voltmeter. The emission signal

was observed at the cathode end and was detected in much the same way

as for the other experiments.

The heat pipe was filled by placing two grams of Cs in the anode

end under positive Argon flow. Then the w i ndows were put in place , and

the system was evacuated to elimi nate gaseous contaminants , espec ially

oxygen. For normal operation , the inert gas pressure was increased to

the Cs va por pressure expected at the des i red temperature . Then the

oven was turned on. According to the theory of the heat pipe oven , the

Cs vapor in the hot region diffuses outward toward the cold region (Ref

19). As shown i n Fig. Cl , all along the inside of the ends of the ceramic

pipe is a roll of stainless steel mesh on which the Cs condenses. If

L 

sufficient Cs is present to wet the mesh , the mesh will act as a wick

and the liquid Cs moves back into the hot zone by capillary action (Ref

19). The inert gas is outside the oven and discharge region and serves

to keep the Cs from diffusing too far from the hot zone. Several papers

have been written in the past explaining the operation in more detail ,

and they show that the temperature in the oven is maintained very uni-

formly, wi thin a few degrees Kelvin, along the entire hot zone (Refs 19,

63 , and 64) . For thi s exper iment, there were only two thermocouples , one
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in the center and one on the cathode end. They were usually within 10°C.

Not as good as one would like , but then the oven did not work perfectly,

as will be explained .

In the discharge experiment, the wicks also served as the electrodes,

and the glow discharge took place only in the hot region between the wicks

where, theoretically, there was only metal vapor. The emiss ion from the
discharge was focused on the entrance slit of a 0.5 m Czerny-Turner mono-

chromator and detected by the same PbS detector used in the absorption

experiments. Lock—in techniques and a strip-chart recorder were also

used to record the data . A typical scan, us ing Hel ium as the buffer gas ,

is shown in Fig. C2. There was 3.3 torr of He and T = 324°C. Thi s scan

has not been corrected for absorption or spectral response. The l ength

of the absorption path was very uncertain due to the extensive discharge

region. The spectral res ponse was measured and var ied less than 10%

between 1.0 and 1.3 microns.

Perhaps the best way to explain the spectrum in Fig. C2 is in com-

parison wi th Fig. 17 , which shows the optical fluorescence of Cs2 wi th

no buffer gas at a similar temperature. Because of the way the heat pipe

wor ks , there was littl e He in the discharge region. Looking first at

the shorter waveleng ths, we see there is only a very small amount of a—

state emission in the discharge. This contrasts sharply with. that seen

in the optical pumping spectra and implies that there may be transfer

from the B’~ to the A 1~ via electron collisions. The resonance lines are

much stronger in the discharge. The small peaks at 0.876, 0.917, 1.0024 ,

and 1.0123 microns represent the 6203,2 - 62P 112 , 6205,2 - 62P 312 , 42F312
- 52D~~~~ and 42F 715 - 52D512 transitions in Cs. Some of these should

be two lines , but the resolution was not sufficient to show the separa-
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tion. The strongest one of the pair is the one cited . The 1.08 micron

l ine is a He transition, 23P — 2~$. The presence of this l ine indicates

that there was some He in the discharge, but .not very much. This is a

very strong transition in He and would be much more intense if the He

pressure were close to 3.3 torr, the Cs vapor pressure at that temperature.

The rest of the spectra to 1.30 microns originates from the Cs 2 A’~
and a3 ir (very little) states. No detailed vibrational structure is vis-

ible because the resolution was 40 A. The shape of the discharge spectra

is very similar to the equilibrium spectra shown in Fig. 22, except for

x > 1.22 microns. In contrast, in an optical pumping experiment at a sim-

ilar temperature, and , also , wi th no buffer gas present (Fig. 17), the

molecules are clearly not in equili brium . Evidently, the electrons are

more effective at thermahizing the molecules than the Xe. Since the

molecules appear to be in thermal equilibrium, some emission should be

expected in the region 1.22 microns , as there was for the high Xe

densities. Because there was very little emission in that region, the

electrons may also be more efficient for quenching . The remainder of

the observed spectrum consists of lines at 1.342, 1.359 and 1.376 microns.

These are the 72P 3112 — 52D
3~ 2~ 

72S
112 

— 62P
112

, and 72P112 — 52D31,

transitions respectively.

The current dependence of the emission was measured from 5 - 40 ma.

The molecular emission was constant from 10 - 30 ma , decreased rapidly

for currents below 10 ma , and decreased slowly as the current was

increased above 30 ma. The weaker emission at low currents was most

likely due to the fact that there was less pumping . At the higher cur-

rents, the cause of the intensity decrease was probably electronic dis-

sed ation of the A’~ molecules.
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A final observation points out some of the difficulties associated

with this particular experiment. As already mentioned , at 1.083 microns

there was a He line, indicating that there was some He in the discharge

region. If the heat pipe were working properly, this would not have

occurred. The problem most l i kely arose because Cs was loaded into only

one end of the tube and did not diffuse to the other end. Also, more

than two grams were probably required to wet both wick s . Therefore , the

Cs diffused out of the center section and never came back. The experi-

ment was not repeated to correct these deficiencies for primarily one

reason. The original purpose had been satisfied . Some of the most im-

portant molecular behavior had be seen. Those effects could not be

quantified further for two reasons. The first was the inability to

accurately correct for the absorption. The second was that without suf-

ficient inert gas present in the discharge region, the spectrum could not

be normalized as had been done in the fluorescence experiments . There-

fore, the conclus ions were qual i tative, but they confirm that the elec-

trons are more efficient for thermalizing and quenching the molecules

than the inert gas atoms——as one would expect. This also impiied that

the gain in a discharge might even be lower than was determined in the

fluorescence experiment. Therefore, on the basi s of thi s prel im inary

discharge experiment, Cs2 appeared to be even more unacceptable for

high power laser app l ications.
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Appendix D. List of Symbols

Symbol Page first tleaning
used

Aa~ 
Aa(v) 8 Atomic radiation transition rate

Am~ 
Am(v) 8 Molecular radiation transition rate

A
v u v

i 12 Franck-Condon factor

B(v) 22 Einstein stimulated emission coefficient

Be 68 Equilibrium rotational constant

B,, 68 Rotational constant for vibrational
level v

c 8 Speed of light

Dv i v ii lb Dipole transition moment between
v ibrational levels v ’ and v ”

De 73 Dissociation energy

E 14 Kinetic energy

Ev 12 Energy of vibrational state v

E/i~i 25 Electric field/neutral particle density

f(v) 25 Electron velocity distribution
function

8 Atomic statistical weight

8 Molecular statistical weight

g5(v) 23 Stimulated emission coefficient

g* 23 - Excited state statistical weight

G(v) 79 V ibrational term value

h 1 2 Planck ’s constant

12 Planc k’s constant divided by 2i

1(v) 12 Emission intensity per cm 1 at
frequency v
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Symbol Page first Meaning
used

1a 49 Transmission intensity at 300°K in
absorption experiment

49 Transmission Intensity at high temper-
ature in absorption experiment

8 Atomic emission intensity

129 Light intensity for stimulated emission

10 Total molecular emission intensity

J 38 Total angular momentum

70 Total atomic angular momentum

k,k(R) 12 Wavenumber corresponding to an inter-
nuclear separation R

kd 35 Dissociation rate constant for A1Z

k~ 117 Dissociation rate constant for a3~t

kf 35 Formation rate constant for A1z

k 117 Formation rate constant for a~ t

61 Wavenumber for atomic l ine center

k~ 40 Predissociation rate constant for A’z

k~ 117 Predissociation rate constant for a 3 ir

kq 40 Quenching rate constant for A’~

k~ 117 Quenchi ng rate constant for a3~
K 8 Bol tzmann ’s constant

Keq 40 Equilibrium constant

z 12 Rotational angular momentum quantum
number

M 11 Dipole moment

70 Component of angular momentum al ong
internuclear axis

12 Average electric dipole moment
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Symbol Page first Meaning
used

N 8 Particle number density

N* 17 Particle number density for excited
species

Ne 29 Electron number density

p(r) 13 Radial componemt of momentum

p 49 Pressure

P’ 3 Electron pumping rate from ground
to first excited atomic state

19 Canonical distribution function

Q(~) 14 Partition function for 2~

Q’ 3 Superelastic rate constant

r 11 radius

r
~ 

15 Radi us where p ’(r
~
) = p”(rc)

r~ 11 Rad ius in nuclear coordinates

rel 11 Rad ius in electronic coordi nates

rt 13 Classical turning point

R, R(v) 10 Internuclear separation corresponding
to a transiti on of frequency v

Rd 3 Dissociation rate

Re 84 Equilibrium separation

Rf 3 Molecu l ar formation rate

11 Radius inside which is normalized

R~ 3 Predissociation rate

Rq 3 Quenching rate

R5 72 Satelli te radi us

Rse 129 Stimulated emission rate

S/N 88 Signal-to—noise ratio
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Symbol Page first Meaning
used

T 8 Temperature in degrees Kelv in

54 Temperature of fluorescence cel l

Te 86 Energy øf potential minimum relative
to minimum of ground state potential

v 12 V ibrational quantum number

V1 (R) 10 Potential energy of lower state at R

V
~
(R) 8 Potential energy of upper state at R

W(v) 11 Transition probability

22 Absorption coefficient at frequency v

16 Phase factor

68 Rotational—vibrational constant

16 l/KT

85 Constant for Morse potential

3 Radiative rate for atomic state

r2 3 Radiative rate for A ’E state

117 Radiative rate for a3ii- state

13 Phase factor

50 Variation in ci.
50 Variation in ‘a or

61 k - k 0

~V (R) 41 V
~
(R) - V1 (R)

22 Distance in medium for absorption

9 Angular frequency shi ft from

‘~quant 
3 Quantum efficiency

m 3 Pumping efficiency into upper atomicPu p state

13 Wavelen gth
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Symbol Page first Mean ing
used

23 Atomic l ine center wavelength

A 70 Component of orbital angular momentum
along internuclear axi s

12 Reduced mass

v ,v(R) 8 Frequency corresponding to an inter-
nuclear separation R

8 Frequency of atomic line center

v/N 29 Electronic rate constant

129 Stimulated emission cross section

70 Componen t of spi n alon g in ternuc l ear
axis

-r 9 Collision duration

22 Lifetime of molecule at

9 Phase change due collision of l eiigth -
~
-

.
T(r ,r l ) 11 Total wavefunction

~e1~
’el~ 

11 Electronic wavefunction

11 Vibrational wave-function

We 68 First vibrationa l constant

79 Second vibrational constant

We.Ye 79 Third vibrational constant

WeZe .79 Fourth vibrationa l constant

9 An gul ar frequency =

70 Component of total angular momentum
al ong internuclear axis

22 Number density of species A
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Pref ace

This report summarizes twenty months of experimental effort devoted

to the evaluation of the potential of Cs2 as a high power laser by

absorption and optical fluorescence spectroscopy. This study was an

integral part of the visible laser program at the Air Force Weapons

Labora tory, Kirtland AFB , New Mexico. The Air Force Weapons Laboratory

has been interested in the alkal i d imers such as Na2 and this reasearch

was a con tinua tion of that effor t to the heav ies t alkal i molecule , Cs2.

It was performe d under the aus pi ces of the Elec tr ica l Laser Branch of

the Advanced Laser Technology Division at the Air Force Weapons Laboratory.

Two different types of experimental measurements were made in the

course of thi s wor k, absorption and fluorescence spectroscopy. These

are very powerful tools for determining molecular potential energy

curves and the rate constants for important kinetics processes. Through

the use of these tools and the associated theory, I have been able to
increase my understanding and appreciation of physics research.

I would like to extend my sincere thanks to my advisor , Dr. L. A.

Sch l ie of the Ai r Force Weapons Laboratory for h i s patience and gu idance

throughout the course of this project. I would also like to express

my great appreciation to Dr. 0. L. Drumond , also of the Air Force

Weapons Laboratory , for hi s invalua b le adv ice on both the exper imen tal

and theoretical aspects of this work. Finally, I wish to thank the

Cha i rma n of my committee, Major K. L. Jungli .ng, for the interest and

time that he took In this project.

Rettig P. Benedict. Jr.
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Abstract

The potential of Cs2 as a candidate for a high efficiency laser

has been exam ined us ing absorp tion and fluorescen ce spec troscopy. The

absorption spectra of the Cs2 molecule has been measured over the wave-

length range of 0.8 - 1.3 microns. The observed spectra, taken from

182°C to 325°C, were interpreted as both the allowed X1 Eg~ - 
AIEu

+

and the normally forbidden X1~g
+ 

- a31r
~ 

trans it ions . Based on the

Classical Franck-Condon Principle , the temperature dependence of the

absorption of the X1 Eg
+ 

- A 1 Eu
+ trans iti on for the wavelen gth ran ge

0.9 - 1.21 microns was used to determine the potential energy curve for

the A 1 Eu
+ state. Also , the po ten tial curve for the a 31r

~ 
state was esti-

mated .

The fl uorescence of Cs2 was observed for tempera tures between

225°C and 360°C with a xenon buffer gas density ranging from zero to

5xl019 cm 3. The spectra were normalized to the atomic line emission

v ia the CsXe red w~’i of the 0.894 micron line of Cs. The normalized

emission was used to calculate the stimulated emission coefficient per

excited Cs atom. On the basis of tnese experiments , gain could

possibly be achieved for a 15% atomic inversion. The variations of the

integrated normalized emission spectra with xenon density were used to

quantify the important kinetic rate constants. There definitely appears

to be quenching and predissociation from the a 3 ir to the x 3
~ state. As

a result , most of the molecules formed into either the A’z or a3ir are

lost through the x3
~. Thus, Cs2 appears to be a less viable laser can-

didate than the other alkali dimers such as Na2.

lx
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Chap ter I . In troduc tion

Dur ing the past several years , there has been cons iderable i nterest

on the part of the Air Force Weapons Laboratory and others in the metal

va pors , and specifically in the alkal i dimers, as electronic transition

la sers (Refs 16, 28, 51 , 52 , 66). Their attractiveness stems from their

potential for very high efficiency in the ~isible t~’ near infrared . As a

group, the alkali dimers have quantum efficiencies of about 70% and dis-

charge efficiencies greater than 90%. For example, Na2 an d have been

studied by York and Gallagher (Ref 66) wi th the initial conclusion that

both molecules appear to be good electric discharge laser c ?- ’lidates .

Lasing has been observed in Na2 by Henes ian , Herbst and Bye~ (Ref 28) via

optical pumping with a doubled Nd :YAG laser. Lasing action was obtained

from two different exci ted mo l ecular states, the B’n
~ 

and A1~u
+ states,

to the ground state, X1~9
+. The spectra and kinetics of Rb2 have been

examined also and, although Rb2 has potential for lasing , the prospects are

not as favorable as for Na2 (Ref 16). It was a natural extension to

consider the heaviest alkali dimer , Cs2.

The basic premise for this research was that Cs2 might be a good

candidate for a high-efficiency, high power gas laser on the A1~ - X 1
~

transition. The purpose of this project was to explore that premise and

to determine whether there were some detrimental factors that had to be

considered . Specifically, the objective was to ~Jerive the Cs2 potential

curves , estimate the likelihood of gain , and quantify any significant

losses in the system. The concept for the proposed Cs2 system was that

of a high temperature (~300°C) gas electric discharge laser (EDL). One

of the noble gases would be used as a diluent and third body . A schematic
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diagram of the proposed Cs 2 electr ic discharge laser is presented in

Fig. 1. The diagram has been simplified by showi ng only the most impor-

tant atomic levels and by representing the molecular potentials as single

energy levels. This is sufficient for the purposes of the introductory

discussion.

The proposed Cs 2 laser can be represented as a four-level system .

Electrons in the discharge excite ground state (6S ) Cs a toms to the 6P

level . Then three-body collisions , using a noble gas atom as the third

body, form excited Cs 2 molecules in the and a3ii states . For this pro-

ject, Xe was chosen as the buffer gas, because it is the most polarizable

noble gas. The interaction strength is proportional to the polarizabilit y .

Lasing might occur from near the minimum of the Cs2 (A ’~) potential to

high vibrational levels in the Cs2 ground state X
1
~ . The lower laser

level would be depopulated by either electronic dissociation of the mole-

cules or by relaxation to the bottom of the Cs2 ground state via vib-

rational-translational (V-I) collisions. The overall efficiency of this

laser was expected to be high. The quantum efficiency is near 75% for a

lasing wavelength of about 1.2 microns and a pump transition of 1.4 e’!

(0.89 microns). The pumping or discharge efficiency should be high also

because the Cs (6S-6P ) cross sections are larger , >100 ~2, than those of

any of the competing processes such as Cs ionization or Xe electronic

excitation or ionization. As will be shown by a Boltzmann ana lysis , the

theoretical discharge efficiencies are better than 80%. The pertinent

results of this analysis are discussed in Chapter II along wi th a

detailed discussion of all the important kinetic processes.

In order to examine the potential of Cs2 as a laser , three things

must be known. These are the molecular potential energy curves , the

2
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possibility of a population inversion (gain) and the critical kinetics

parameters. The potential energy curves for the three molecular states

of interest, the X1~, A’z and a 3ii , were unknown prior to this research.

The vibrationa l constants for the ground state were known (Ref 37), so

they could be used to calculate the X’~ potential. The excited molecular

potentials could be determined by means of absorption spectroscopy.

Absor ption spectra of Cs2 were i n iti al l y observed by Loomis and Kusc h

(Ref 41) , but did not include the entire X - A band because of photo-

graphic limitations. Absorption spectra have also been observed by

Bayley et. al. (Ref 4) and by Kostin a,~d Khodovo i (Ref 33); however , no

detailed analysis was performed. Absorption experiments were carried out

• as part of this research. The absorption spectra were analyzed according

to the Classical Franck-Condon Principle as detailed in Chapter II. The

experiment is described in Chapter III and the results , inclu di ng the Cs2
potential curves, are given in Chapter IV.

Once the potent ial curves are ava i lable , the stimulated emission

coefficient of the molecule can be calculated for an assumed excited Cs

atomic state density. In the lighter alkalis, such as Na2, the A1 E

potential is displaced to longer radii than the ground state (Ref 66).

This causes a broad fluorescence spectrum on the red side of the parent

atomic line and the possibility of obtaining gain at the longer wave-

l engths wi thout requiring l arge fractiona l population inversions. For

example, in Na2, where the potentials were known , prel iminary estimates

were that a frac tional molecular popula tion invers ion of 5% was suff icien t

to obtain gain (Ref 66). It was expected that the potential curves of

Cs2 were similar to those of Na2 and that gain might be achievable.

4
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The stimulated emission coefficient can also be determined exper-

imentally, i.e. from fluorescence spectroscopy . Prior to this research ,

the only Cs2 emission spectra reported in the literature were the heat

pipe discharge experiments of Sorokin and Lankard (Ref 59). Fluorescence

spectra were taken as part of this project. As wi th the absorption , the

experimental description is in Chapter III and the results are in Chapter

IV. The comparison of the theoretical and experimental determinations of

the stimulated emission are also given in Chapter IV.

The final data required for this evaluation of Cs 2 were the kinetic

rates as shown in Fig. 1. The rates that are probably the most critical

to the ultimate efficiency of this system are the formation rate RfI into

the excited molecular state, and any loss rates out of that state such as

Rq or ~~ the quenching and predissociation rates. For most of the

analyses, the a3~ and A ’z states were considered as one . In an electrical

discharge wi th sufficiently high electron number density , this should be a

good approximation. The two states will be closely coupled by electron

spin—exchange collisions (Ref 66). Therefore, in this context, the forma-

tion rate would be for the combin .~tion A
’
~ + a3Tr .

In addition to the formation rate, the most important processes

are the losses: dissociation (Rd), quenching (R q)~ and predissociation

(R
n
). The dissociation and quenching are caused by the buffer gas.

The dissociation rates should be sma’l because the potentia ls were

expected to be very deep (>6000 cm~~). The quenching and predissoci-

ation rates are entirely dependent on the relative location of the

x~z1~ and a 3
~~ 

potentials. If they do not cross, but rather , are

close together deep in the attractive region of the a3~i , then quenching

should be important. If on the other hand , the potentials cross, both5



~

quenching and predissociation should be important. In either of these

cases , the losses could be significant.

The fluorescence experiments were performed at several different

Xe densities. Using the kinetic theory outl i ned in Chapter II and the

Xe density dependence of the fluorescence spectra , estima tes of Rf~ Rq~
and R~ for the Cs2 excited states were made. The analysis and results

are given in the latter part of Chapter IV .

Finally, all of these data are put together to assess the potential

of Cs2 as a high efficiency laser med i um . This assessment is presented

in Chapter V along with a brief comparison wi th the other alkali dimers.

6
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Chap ter II .  Theory

Introduction

In this chapter , the theoretical analyses used to evaluate the

potential of the Cs 2 molecule as a laser will be presented in four

sections. First, the Classical Franck—Condon Principle (CFCP) of

spectral intensity will be described . This theory is fundamental to

all of the subsequent work because it forms the basis for the inter-

pretation of the absorption and fluorescence data. Using this theory,

express ions can be wr itten for the normal ized fluorescence intens ity

and absorp tion coeff icient in terms of atomic, ra ther than molecular

dens iti es. Thi s is very useful because the atomic dens ities are muc h

easier to determine experimentally. These equations do not require

a-priori knowl edge of the molecular potentials and , in fact, it will be

through the use of these equations that the potentials will be determined.

As a follow—up to this theory, the subsequent section contains a detailed

discussion of the l imitations of the CFCP approach and its applicability

to this study.

In the third section , the method by which these equations will be

used to interpret the absorption data , to determine the potential

curves and to predict the gain in Cs2 from the fluorescence da ta are

discussed. Then, in the last section, the elec tron , atom ic an d

molecular kinetics processes relevant to the postulated Cs/Cs2 elec-

tronic transition laser are described . The first part of this section

describes the electron kinetics which have been analyzed via the Boltz-

mann transport equation. This analysis demonstrates that the electronic

pumping of Cs should be highly efficient. The secona part describes

7
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both the atomic and the molecular kinetics processes in Cs/Cs 2/Xe .

Emphasis is placed on the dominant processes such as molecular formation,

quenching and predissociation. The rates of these processes are crucial

since they affect the ultimate efficiency of the proposed Cs2 laser.

The last part of that section will describe how the fluorescence data

can be interpreted to obtain the magnitudes of these critical kinetic

rates.

CFCP Theory of Spect1 al Intensity

This section contains a review of the basis for the CFCP theory of

spectral intensity as it was formulated by Jablonski (Ref 32) and Hedges,

Drummond and Gal l agher (Ref 27) , hereafter abbreviated HOG. The basic

approac h used in thi s an alysi s is to cons ider a s i ngle rad iati ng atom

and a perturbing atom that causes the first atom to change state and

radiate. The final result of this approach is an equation that describes

the molecular fluorescence intensity per wavenumber , between fre quency

‘ and v+dv, I(v)dv, normalized to the total atomic fluorescence intensity ,

• 10. The equa tion i s (Re f 27)

I(v)dv 
= N 41rcR 21~~ ~!!i(~~) 

exp (_tV
~
(R)_V

~
(o
~
)]/KT} d~ Cl)

where and are the sta ti stical weights of the molecule and paren t

atomic state. N is the perturber density and c is the speed of light.

R = R(v) is the internuclear radius at which an electronic transition at

frequency ‘ occurs. Am an d Aa are the molecular and atomic radiative

transition rates, respectively, and i s the frequency of the atomic

transition , atomic line center. The quantity V
~
(R) is the potential

8
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energy of the upper state at radius R, K i• s Bol tzmann ’s constan t and

I is the temperature in degrees Kelvin. The physical meaning of these

terms can be described as fol lows. The N 471cR2 
~~~~~~~~ 

is the number of

perturbers per wavenumber. Am/Aa is the ratio of the radiative rates.

The (v/v
0)~ term is made up of two factors. The first is the ratio of

the photon frequencies (v/v a) . The second descr ibes the frequency

scaling of the radiative rate Am(v) 
= Am (V o)(V/V o)

3 (Re f 27 ) . The

exponential term is the Bol tzmann factor for the initial state (the

upper state for emiss ion). The usefulness of th i s equa tion can be

summarized by noting that only atomic densities are involved and that

the molecular emission intensity is related to the atomic emission.

The advantages will be discussed in more detail later. The rest of this

section will be devoted to the devel opment of Eq. 1.

Historically, there have been several ways to determ ine the

spectral intens ity from a pa ir of atoms (for a rev iew see Margen au and

Wa tson , Ref 42, an d Chen an d Takeo , Ref 10). One of the first theories

devel oped was the Lorentz collisional damping theory. In that approach,

• the atom radiating at frequency u~~ was regarded as a class ica l osc i l la tor.

There has also been a theory which considers a radiating atom in a static

• ensemble of perturbers. Since the intensity predicted by this approach

• is proportional to the probability of the ensemble being in the particular

con figurat ion , it is called the statistical , or the quasi—static theory.

Both of the above theor ies can be seen to be l imiti ng cases of the more

general Fourier Integral Theory (Ref 10). Starting again with a classical

oscillator at w~, one looks at the spectral changes due to a collision of

• duration r . The oscillator undergoes a rapid phase change ~~(r) = Iâw (t)dt

where ~ is the frequency shift from that occurs during the collision. 9
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One can consider two limiting cases, ~wt<<l , and ~wt>>l . The first corre-

sponds to the Lorenztian or instantaneous collision case and predicts the

intensity near w
0 
(Ref 10). The resultant intensity distribution has the

Lorenztian lineshape. The second l imit considers a slow collision or

equivalently, lar ge 1~t~ Therefore, the intensity far from will arise

from a situation where the atoms and perturbers are, to a first approxi-

mation, static (Ref 10). For this case, the intensity distribution of

the radiation between v and v+dv is proportional to the number of per-

turbers between R and R+dR and is given by (Ref 14)

I(vjdv 
= N 471cR2dR. (2)

total

where ‘total is the total intensity . This quasi-static theory bears a

close analogy to the theory based on the Classical Franck-Condon

Principle (CFCP) (Ref 10). In fact, the frequency of the radiation is

rel ated to the poten tials as v (R) [V u
(R)_V 1 (R)] /h where V~ an d V 1 are

the potentials of the upper and lower states and h is Planck ’s cons tan t.

Jablonski (Ref 32) gave the quasi-static theory of line broadening a

quantum-mechanical foundation , and it is his development that will be

presented first. HOG (Ref 27) extended this to include the temperature

dependence and an additional frequency dependence. Theirs is the final

result required to complete the derivation of Eq. 1 for the normalized

emission intensity . The corresponding absorption coefficient will be

determ ined from their resul ts i n a subse quen t section.

Next, a review of Jablonski ’s formulation of the General Theory of

Pressure Broadening (Ref 32) will be presented. The initial step Is to

use statistical theories to determine the probability of an interaction

10
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between the radiating and perturbing atoms, including the possibility of

mul tip le i nterac tions. To isola te the pro blem to that of only two atoms ,

one assumes a perturber density low enough so that only bi nary inter-

actions , or equ ivalen tly diatom ic molecules , occur an d tha t the nuc l ear

motions are independent. This first assumption is generally met if the

perturber density is less than 1021 cm 3. The resulting intensity

distribution , “total’ is nW (v)c where n is the total number of pertur-

bers equal to N(47TR0
3/3) and R0 is the radius of the container. W(v) is

the probability that a sing le perturber and radiator interact and cause

the emission of a photon of frequency v. The factor of c, the speed of

light, is included to convert to wavenumbers. But before determining

W(v), a discussion of the basic quantum—mechanical formulation of the

probl em is given.

The basic calculation of interest is that of determining the prob-

ability of a transition between two separate states of the diatomic

molecule. This probability is proportional to D2 where D is the matrix

element of the electric dipole moment and is given by (Ref 29,32)

0 = 
ff~P.f

(r ,rei ) M 
~~
(rn ,rei ) 

d3r~ d3rel (3)

where are the total (electronic and nuclear) wavefunctions of

the initial and final states respectively, M is the electric dipole

moment and d3r is a volume element for the nuclear and electronic coor-

dinates. According to the Born-Oppenheimer approximation (Ref 32),

can be separated into a nuclear and electronic part as fol lows

~1
(r n ,re1) = ~v(’n)~el (r el ) (4)

11



where ‘
~el 

Is the electronic wavefunction and the vibrational wave-

function. Next, using Condon ’s approximation that M is not a strong

function of the nuclear coordinates (Ref 29), 0 becomes

Dv i v ii = M0f~~, ~~~~ ~~~~~~ = MoAv i v ii • (5)

M0 is the avera ge d ipole moment, the superscripts refer to the initial

and f inal elec tron ic states, and Ay s v it is sometimes called the Franck—

Condon factor. This approximation is known as the quantum-mechanical

form of the Franck—Condon Principle (Ref 32).

Each of the vibrational wavefunctions will depend on the relative

energy of nuclear motion , 
~~~ 

the potential energy, of the particular

electron ic state, V(r ) , and the rotational angular momentum .- Since only

the radial part of *~ (or now tL’~~~) is important , 
~~~ 

must satisfy the

radial part of Schroed inger ’s equation

d2
~ 1 + ~~~~~ [E - V( r ) - ~(L+l)] ~ 

= 0 (6)
dr2 ~ 2 V 9 2pr2 V2.

where v an d ~ are the vibrationa l and rotational quantum numbers of

the nuclear states, i.i is the reduced mass of the couple , and ~h is h/2rr .

The-re is a separate equation like Eq. 6 for each electronic state.

The ro tational wavefunc tions have no t been cons idered here spec ifi call y;

however , if they were, they would introduce the transition criterion

9.’=~ ” (Re f 32) ar ising from the orthogonality of the wavefunctions.

Equation 6 has been solved for the case of a slowly varying

potential , V(r). The solution takes the form of tk(r)]~~cosEfk(r)dr]

12
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where k(r) is related to the particle momentum, p(r) by p(r) = llk(r)

(Ref 44). This is known as the Wentzel-Kramers—Brillouin(WKB) approxi-

mation. One of the requirements for the validity of this solution is that
d~(r )~ << lk (r)12 (Ref 44). Stated simply, this means that the par-

ticle momen tum must be reasonabl y constant over severa l wavelen gths ,

(x(r) = 2ir/k(r)). The place where this approximation breaks down is the

region of the classical turning point (re) where p (rt) = 0. The impact

of this limitation is discussed in the next section.

Applying the WKB approximation to Eq. 6, one gets (Ref 32)

= 

~~ 

P~~]½ cos[ 
~
j  r p(r) dr + (7)

In this equation [2p(co)/R03 is a normalization constant found from the
R

condition f
~ 

°k 2dr = 1, R0 is the radius of the volume inside

which 
~v~

(r) must be normalized and p (r) is the radial component of

momentum given by

p(r) = 2
~[Evz - V(r) ~2~~~+l )]½ (8)

i.xr

One can identify fp(r)dr as a phase integral analogous to p(t) in the

Fourier integral theory (Ref 14). The quantity o is a phase factor

used to match up the solution for r< r
~
.

One can now proceed to calculate the transition probability W(v)

of a transition from v ’ in the initial electronic state to v ” in the

final state. To get the relative intensity distribution in energy,

must be mu l tiplied by the density of fina l vibrational states,

Here the assumption has been made that the vibrational statesa

13
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are close enou gh together to assume that v is a conti nuous function of

The value of 

~~ 
is computed from the boundary condition ~~2.(R) = 0 and

one obta ins (Ref 32)

dv ~~~~~dEv 71hp (1

Finally, 
~~~~ 

must be averaged over the angu lar momentum quan tum

number 2. which is distri buted according to a partition law, Q(2.) . So

the expression for W(v) becomes for a single perturber {Ref 32)

2max 0 ,, ,  dv 1W(u) f  Q(2.)~~~
1 2. 

— d2. C 0)
v ’v I’ z v i 

-

Actually it should be a sum over 2. but for large 2.max ’ the sum can be

approximated wi th an integral (Ref 32). Since ~~~~ = M0A
~ i~

ii2. and

ZA , ,, = 1V V 2

A , , , 2 ~ dR. (11)

The partition function Q( 9.) can be determined from the partition

function for the classical impact parameter p and the statistical weight

of the state 2., 22+1 . The impact parameter is given by

= li[i(z + 1)/2~EfI (12)

where E is the relative kinetic energy of the radiation and perturbing

atoms . For large ~~, one can write Q(.Q) as (Ref 32)

Q(~
) = 37~2(~~~ + l)/4R2 pE (13)

14
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Next the integral A
~

,
~

ii 2 
= I p~~p~,,

2dr i s calcu l ated us ing Eq. 7

A ,, = 1f0tP s
~~~ ~“(°°)~½ [cos(f p ’(r) - p”(r) dr + ~~

‘ -

V V 2. rt p ’(r) p”(r) rt h.

+ cos(f p ’(r) + p”(r) dr + ~~
‘ + ~ )] dr (14)

h

The primary contribution to this integral comes from the region of r = rc
defined by p ’(r

~
) = p”(r c ) because the fi rst cos i ne term osc il la tes

slowly here. The second cosine term oscillates very rapidly and will be

neglected . The significance of p ’(rc) 
= p”(r

~
) becomes clea r u pon

writinç, out the terms, remembering 2.’ = 9.” and swi tching terms

E
~

, — E
~ui = V (r

~
) - V ” ( r

~
) = hv (15)

This is the CFCP , which states that a transition between electronic

states occurs with no change in momentum or position. Since A
~

i
~ ii9. is

essentially the transition probability and the major contribution to the

value of A
~
.
~

ii 2.comes from the regi on r 
~~ 

one can see the corres-

pondence between the classical and the quantum forms of the Franck—Condon

Principle. Using this approximation , the integral in Eq. 14 is expanded

around rc to compute A~ ,
~ ui 2 . This is sometimes called the “stationary

phase” approximation from the analogy with ~(t) and in essence neglects

the nuclear motion.

Substituting Eqs 9,13, and 14 into Eq. 11 , one gets for the tran-

sition probability

15
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ç (4nR~/3) ’t71~ñ
2 (2z + 1 )f2E]f2cos

2
(c’~ ± 71/4)]

W(~) = d2. (16)
.1 [1 — V(r c)/E - ~F12 Z(2. + l)/2jiEr~ J3uIdv/dR I

where c~’ = f ~p ’(r)—p”(r)]dr + ~~~

‘
—
~~~
“ is a quantum—mechanical interfer-

ence term tha t is an osc i l la tory func tion of the energy of the l ower

state. Inclusion of this term creates an oscillation of the spectrum

as a function of frequency. Assuming that cos c~’ oscillates rapidly wi th

9., it can be replaced with its average va lue of 1/2 . This is called the

“ran dom phase ” approximation and smoothes out the vibrational structure.

It will be discussed further in the next section of this chapter.

Performing the integration of Eq. 16, multiplying by the n’~r’.be~ of

perturbers n=N (4irR03/3), and identifying rc as R(v), one has

I(v)dv 
= N 471cR2(~ )[ 1 - V ( R) /E]½dR (17)

total

which in the limit of large kinetic energies, goes to Eq. 2, the class ical

distribution of intensities for the quasi-static model . This completes

Ja blonsk i’ s treatment of the probl em.

The quasi—static theory was extended by Hedges , Drun,nond and

Gallagher (Ref 27) to include temperature dependence by multiplying

Eq. 17 by the Boltzmann distribution of kinetic energies to give

dl 
= N 4ircR2(v)dRE4~(E — V(R))/71~~exp[—~(E - V(o~))]d~E (18)

total

where ~ = l/KT. This is the distribution of perturbers at R(v) to R(v) +

dR wi th energy E to E + dE. It can be written N 471cR2dPfdR where dP~ i.s

[48(E—V(R))/ir~~expt-~(E—V (~o)]d~E. The expression 471R2dRdPf is the

16
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canonical distribution d~pd~Re~~ which, when integrated over momen-

tum space, gives the particle distribution in configuration space. See

Appendix A in Ref 27 for a much more complete description of this dis-

tribution and its uses. The integral of dPF over energy ranges for both

free and bound perturbers l eads to the expression exp~—~(V(R)—V(’°))J

which is the equilibrium distribution of all perturbers. Clearly then ,

thi s approac h i s val id onl y when equ i l ibr ium cond iti ons ex ist.

To obtain the final expression for the total emission intensity

between v and ~+ dv , Eq. 18 is multiplied by ttotal 
= N A m C_v)hv where

N* is the number density of excited atoms (radiators); hv , the photon

energy and Am(v)~ the molecular electronic transition rate. One gets,

after the energy integration

N*N hvA (v)471c[R(v)]2dv
I(v)dv m exp[-~(V(R) - V(°°~))] (19)

dv/dRl

In the fluorescence experiments that are discussed later , the value

of N* will not be known so it is convenient to normalize Eq. 19 to the

total emission intensity per excited state atom. This total atomic emis-

sion is given by 10 
= N hv A (v ) the emission at line center, where v

0

is the line center frequency and Aa is the atomic transition rate. This

approximation of the total emission by that at line center will be shown

to be valid in Chapter IV. Using the fact that A (v)czv3 from the Einstein

rela tions , and including the appropriate molecular and atomic statisti-

cal weights 
~ 

and 
~~ 

Eq. 1 is obtained for the normalized emission inten—

sity per waven umber. Th is equa ti on has been used successfully in the

examination of alkali -inert gas fluorescence and proved a valuable tool

for developing potential curves (Refs 14, 15, 27). In this work, the

17
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normalized emission intensity, 1/10, will be measured under a variety of

conditions , as will the absorption coefficient. The equation for the

absorption coefficient, alon g with an ex press ion for the stimula ted

emission coefficient in terms of t/ I~ , will be derived . But , first , a

brief discussion of the limitations of the CFCP theory will be presented.

Limitations of the CFCP Theory

The CFCP theory, as developed in the previous section, has several

approximati ons that could limit its use. The first approximation is the

use of the W KB wavefunctions in the solution of Schroedinger ’ s radial

equation. The restriction here -is that the momentum must be reasonably

constant over several wavelengths. This approximation should hold for

heavy perturbers like Xe or Cs, but will not be valid for light atoms

like He (Ref 10). Experimental evidence supporting the validity for

heavy atoms will be discussed shortly.

The others were the stationary-phase and random-phase approxima-

tions. The stationary-phase approximation neglects the nuclear motion.

The primary effect of this is in the far red wi ngs of the spectrum .

The random-phase approximation smooths out any vibrational structure.

This is certainly valid for the free-free transitions that were initially

cons idered by Ja blons ki . However , the approach should also be valid for

bound—free and bound-bound transitions where the vibrational structure

does not dominate the spectrum.

Work on the alkali-noble gas molecules (Ref 7, 15, 27) shows that

the CFCP does give a good prediction of the observed spectra for most

bound-free transitions. For example, using the emission spectra and the

CFCP theory, i.e. Eq. 1 , poten tial ener gy curves have been develo ped for

18
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Cs-noble gas molecules (Ref 27), and Rb-noble gas molecules (Ref 15).

These potentials were then used in a fully quantum-mechanical calculation

of the spectra and the agreement was very good for Ar and Xe (Ref 7). The

only major discrepancy was for the alkali-Hel ium molecules (Ref 15). But

that is to be expected because the WKB approximation does not hold for

light perturbers. Because in this Cs 2 research the perturber was a heavy

atom, Cs, the WKB approximation should be valid.

The other discrepancies noted in the Cs.Xe (Ref 7) and RbXe (Ref 15)

emission experiments were small oscillations about the continuum spectrum

and failure of the red wing to drop off as fast as it should according

to the CFCP. The quantum oscillations result from the fact that there

really are discrete vibrational levels in the upper state, so the random

phase approximation breaks down slightl y; the oscillations were less than

1 5% on top of a smooth continuum spectrum. For bound-bound transitions ,

such as in Cs 2, the oscillation could be greater . The vibrational spac-

ing in Cs2 is only about 42 cm~~, so even at room temperature, severa l

vibrational levels will be populated at the same time. The rotational

spaci ng is qu ite sma ll so even weak pressure broaden ing wi ll cause the

rotationa l lines to overlap. Therefore , it is expected that the vibra-

tional structure in Cs2 will not be strong enough to invalidate the CFCP

approach for calculating the average spectrum.

The second fa i lure of the CFCP theory in the alkali -inert gas mol-

ecules was the failure of the intensity far out on the red wings to drop

off as rapidly as the CFCP theory predicts . This is attributed to a

breakdown In the stationary phase approximation. In any region of the

spectrum where the intensity is changing rapidly with frequency, the

nuclear motions cannot be neglected . The motion spreads the emission

19
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into regions not predicted by Eq. 1. This motional broadening effect is

expected in Cs2 also. By analogy wi th the other alkalis, the upper state

of Cs
2 could be shifted to longer radii than the ground state (Ref 66).

This produces a broad red wing and the point of closest approach of the

two potentials should denote the long wavelength cutoff in the spectrum.

In fact, Eq. 1 predicts a singularity in the spectral intensity at that

point because the potentials are parallel ~~~~~~~ Fur thermore , the

equation predicts no intensity at longer wavelengths. What is observed

in Na 2 (Ref 66) and is expected to occur in Cs2, is tha t the nuclear

motion will spread out the intensity into a broad peak known as the quasi-

static satellite. The intensity beyond that point will fall off exponen-

tially. This is the only breakdown of the stationary phase approximation

that is expected and it does not invalidate the use of the CFCP theory.

In summary, then, for these two sections , the equation for the nor-

malized emission intensity has been developed based on the quasi-static

theory of line broadening . This theory has been shown to be equivalent

to the CFCP applied to molecular theory. This equation has been given

a firm quantum-mechanical foundation by Ja bl onsk i (Ref 32) and has been

verified experimentally by HDG (Ref 27) for most regions of the alkali-

inert gas spectra. It is expected that it can also be used for Cs2
spectra , if one averages through the vibrational structure. The next

section will describe how to obtain expressions for absorption and

stimulated emission coefficients and , then , how to interpret the data

to determine the molecular potentials.

20
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Absorption and Stimulated Emission Coefficients

The first step in the determ inat i on of whether Cs2 has potential as

a high power laser was to assess the possibility of gain in the medium .

The information available prior to this research consisted of some pre-

l iminary absorption and discharge spectroscopy (Ref s 4, 58) and some

detailed studies of other alkalis , primarily Na2 (Ref 65) and Rb2 (Ref 16).

None of this information was sufficient to specify the gain quantitatively

in Cs2. The A’~ potential curve of the other alkali dimers , such as Na2
was shifted to longer radii than the Xl:. In theory, this meant that

gain could be achieved wi th fractional molecular inversions of about 5%

in the Na2 system for example (Ref 66). This same shift was expected in

Cs2 thus indicating that the molecule might exhibit gain for a reasonable

inversion.

There were two methods of determining the gain. They were to

perform either a direct gain measurement at 1.2 microns or to do both

a bsorp tion an d fluorescence spectrosco py an d ca l cula te the expected ga i n

from those measurements . The former approach probably would have demon-

strated only that gain could or could not be achieved under some partic-

ular operating conditions. As will be seen, the spectroscopy would

allow determination of the pctential energy curves so that gain could be

calculated under any set of conditions. Furthermore , some of the most

important kinetic processes might be quantified , suc h as the forma ti on

and quenching rates described in the In troduc tion. The la tter approach

appeared to be more reasonable and to give much more of the needed tnfor-

mation , so it was pursued . The next step, then, is to der ive ex press ions

for both the absorption and stimulated emission coefficients from the

CFCP theory.

21
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The expression for the absorption coefficient cL(v), is obtained by

performing the energy integration on Eq. 18 as before and multiplying by

1total In absorption , t total = l (x=O) AX NB( v )hv .  In this expression N

is the atomic ground state density, B(v) is the Einstein absorption

probability coefficient and i~x is the distance in the medium . B(v) is

related to A(v) by (Ref 29)

2
8(v) = 

c A (v) (20)
8irftv

After including the statistical weights for the states and using

A(v) = (v/v
0)

3
A(v0) as before , the absorption coefficient is given by

g 2 3 -1
= A~ (\) 0 ) N 2 R 2~~~.~ exp [—~ (V 1 (R) - V 1

(cc))] (21 )

The V 1 (R) is the lower state potential. The molecular electronic transi—

tion rate A
~

(v 0 ) = l/t~ is the molecular lifetime at frequency v
0

. The

relationship of -r~ to ra (the atomic lifetime ) will be discussed in the

Chapter IV. For absorption experiments in Cs2, N will be the ground

atomic state Cs density , [Cs], which can be determined from the gas tem-

perature.

Equation 21 is the basis for the analysis the absorption data .

For severa l wavelen gths , a plot is made of 1n[c~(~)/N
2
J versus 1/1 and

the slope is V 1(~o) — V1 (R) .  The groun d state of Cs2 is determined by

the Rydberg-Klein-Rees method (Ref 54) using the vibrational constants

obtained by Kusch and Hessel (Ref 37). From V 1(~ ) — V 1 (R), the radial

‘kosition of each absorption wavelength (or frequency ) can b,e determined .

Next the several v(R)’s are p lotted an d a smoo th curve drawn throug h
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them. This curve will have a minimum at the quasi—static satellite.

Since dy /dR can be determined at any point on the v (R) curve, all the

parameters in Eq. 21 are known and the absorption spectrum can be cal-

culated. Because there is some error associated wi th v (R), from the

error in V
1
(oo) - V 1 (R), several iterations of the v(R) curve may be

required to obtain the best fit to a (v ) .  Once v(R) has been finalized,

V
~

(R) is calculated by adding v(R) and V 1(R). Once V u (R) is determined,

other parameters such as the normalized emission or the stimulated

emi ss ion coeffic ien t can be calcula ted an d compared with tha t measured

experimenta l ly.

The stimulated emission coefficient is written g5(v) = X
2
1(v)/871hv

(Ref 44). If this is multiplied by N hvAa(vo)/Io 
= 1, g

5 (v) can be

written as
2 3

= ~iL (i.) [9v)] (22 )

The quantity in brackets is that which will be measured in the fluores-

cence ex per imen ts. So one can compare the exper imen ta l ga i n with that

determined from using the potentials to calculate 1(v)/I0 via Eq. 1.

This comparison should be indicative of whether the molecule is behaving

as expected or are there some loss mechanisms that must be understood.

Al though it was not possible to predict the molecular inversion

• required for net gain, it is possible to estimate the atomic inversion

criterion. Using the equations for stimulated emission and absorption

and solving for c~(v) /g~(v) = 1, the atomic inversion cr iter ion becomes

_____ = 
~~~~~

. exp[ h(v - v
~~

)] (2 3)
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where = [V
~
(oo) - V 1 (co)]/h and v(R) 

= [V
~

(R)  - V 1 (R) ]/h. For the 6S

and 6P states in Cs , the ratio of the atomic statistical weights is

g*/g = 3 and is the frequency correspond ing to 0.8944 microns. At

346°C, net gain should be achievable at a fractional atomic inversion

of 0.0025. This looks very attractive; however, it appl ies onl y when

the excited atoms and molecules are in equilibrium and there are no sig-

nificant losses. It does provide a starting point, and the absorption!

emission spectroscopy will be used to obtain a better value.

Laser Kinetics

In the next two sections’, discussions of the kinetics processes that

may be important in the Cs 2 system will be presented . This will include

electron , atomic, and molecular k inetics processes. The mec han i sms that

were expected to be the most important are discussed in detail. The

others are briefly mentioned along with the reasons they were considered

less significant. The electron kinetics will be discussed first because

it was the hiqhly efficient electronic pumping of the atomic Cs that

helped make Cs 2 appear to be a good candidate for an electr ic di scharge

laser. They wi l l  be analyzed us i ng Bol tzmann transpor t theory. These

electron processes would be important in an actual Cs /Xe discharge, but

not in the fluorescence expe~iment. Therefore , there was no experimental

verification ~f these rates and efficiencies in this research. (See

App endix A for comparison with other exper imen ts).  The second set of

processes to be considered in these sections are the gas kinetics (atomic

and molecular). These mechanisms would occur in a discharge as we ll as

in the fluorescence experiments . In fact , the rates for the important

atomic and molecular processes were obtained from the analyses of the
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fluorescence data. First, most of these processes are discussed and

estima tes made for the expected rates of the mos t impor tan t ones .

Secondly, the derivation of the actual rates from the fluorescence

experiments will be described . Summary charts for both the electron and

gas kinetics are included .

Electron Kinetics

The elec tron ic processes” that are of interest in a high pressure

Cs / inert gas discharge are momentum—transfer , excitation , ionization,

and quenching . A list of all the pertinent inelastic processes is pre-

sented in Table I. Of the processes mentioned in Table I, the excitation

to the 6P level and the quenching of the A~~ + a 3 iT molecular states are

probably the most important. No data on electron quenching of C4 was

ava i lable an d therefore , this process was not included in the basic

analysis. Later , quenching by inert gas atoms is discussed and will be

seen to be quite significant , but this was not known apriori . The

target particle in these processes can be either an atom or a molecule.

The analysis of the electron kinetics , however, will consider only

atom ic processes because the molecu l ar dens iti es are less than 1% of

the atomic densities at the temperatures of interest.

The method of analysis was to solve the Boltzmann transport equa-

tion for a steady-state, homogeneous, isotropic gas of total density N,

and obtain the electron velocity distribution, f(v) .  E/N is the electric

field divided by the total density . From this , one calcula tes al l  of the

impor tan t ra te cons tan ts an d the power trans fer into eac h of the pro-

cesses. The method of doing this and the pertinent equations, are

described in Appendix A. A Maxwellian distribution for f(v) could have
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Tab le I

Inelastic Electron Processes in Cs /Cs 2/Xe

Excitation

Cs(6S ) + e -~~ Cs*(6P) + e Pumping of 6P state

Cs(6S ) + e Cs** + e Exc itation of other leve l s

Cs* (6P) + e ~ Cs** + e Exc itation loss from 6P
1 - * I

Cs 2 (X ~
) + e -, Cs 2 (A ~ +

a 3 71) + e Molecular Exc itation
*

Xe + e -‘• Xe + e

Ionization

+
Cs(6S) + e -

~ Cs + 2e

Xe + e -~ Xe+ + 2e

Quenc hj~~

Cs (6P) + e -
~ Cs( 6S) + e

(~KE>O) Superelastic

* i 3 -
Cs 2(A ~+a ~ + e -

~ Cs2
(x 3

~) + e ~iol ecular Quenc hi ng

Note: Cs** is any excited level that lies above the 6P state

26
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been assumed ; however , as can be seen from Fig. 2, the distribution

actually obtained from the analysis was quite different. The additional

elec trons at low ener gies i n a Maxwell ian d i str ibu tion rela tive to the

actual distribution could have given very different answers. Further-

more, the computer method of solving the Boltzmann equation had been

well validated (Ref 57).

In order to explore the elec tron d ischarge k i netics , one mus t first

define the gas mixture . The basic mixture used in this analysis con-

sisted of groun d state Cs an d Xe atoms in a ra tio of 1 to lO~ at a

temperature of 55O°K. Xenon was chosen because it is the most polar-

izable of the inert gases. These conditions are representative of the

approximate range where such a discharge laser might be operated and so

are used as an illustrative example. In an equilibrium vapor at this

temperature, Cs has a vapor pressure of 1.0 torr so the corresponding

Xe pressure is 13 atmospheres. The basic mixture in the analysis con-

ta ined no Cs2 molecules for the reason already stated . Furthermore, the

primary effect would probably be the pumping of ground state molecules

to the excited state. The net result would be to increase the number

of Cs 2
* molecules and , therefore , the overall efficiency . Even wi thout

their inclusion, the electronic pumping efficiency will be seen to be

quite high. Therefore, all the electro~u-molecu le processes have been ex-

cluded .

Next, one must decide which inelastic processes should be included

in the analysis. Ionization of both atomic species and electronic ex-

citation of the Xe will , of course , be included . The excitation (pump-

ing) of Cs 6S atoms to the 6P state (rate I” in Fig. 1) and the reverse

p rocess (the super elastic rate Q ’)  mus ta lso be cons idered . They are
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included in the basic analysis. Additional processes that could be

important are excitation of 6S and/or 6P atoms to higher lying levels

in Cs. These will be additions to the basic analysis. Cross sections

for all these processes are given in Appendix A.

First the efficiency of the 6S—6P pumping will be examined . Fig. 3

shows that it could be about 95%. The gas mixture was as described

above with a fractional ionization of 10-6. The important result is

that the efficiency of energy transfer to the 6P state is greater than

90% over a wide range of E/N. This was expec ted becaus e of the lar ge

Cs resonance cross sections (see Fig. Al in Appendix A for specific

cross sections used). The high efficiency does not change signifi-

cantly as one varies the ratio between Cs and Xe. In fact, as the ratio

of Cs to Xe i ncreases , the range of E/N where high efficiencies are

obtained , increases (see Fig. A7 in Appendix A).

The second product of the Boltzmann analysis (Appendix A) was the

determination of the rate constants (v/ N), for each of the elastic ,

excitation and ionization processes. These constants are shown in

Fig. 4 for the same mixture of Cs and Xe. The superelastic rate constant

is not shown ; however , it is approximately constant over the range of

E/N of lO~~ to 10-16 at a value of l .lxlO 6 cm3/sec . The ra te cons tan ts

also are not very sensitive to the Cs /Xe ratio or the temperature . From

the rate constants , one can determine all the rates of interest. For

example , wi th an electron density Ne = 1014 cm 3, the pumping rate,
P1 = Ne(v /N)excjt~ 

is about 6x107/sec at E/N = lO~~
6 vol t-cm2.

As already mentioned , the initial Bol tzmann analysis described

above left out several processes that must be considered . First is

the electron pumping of ground state Cs atoms to atomic l evels higher

29 
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than the 6P, for example to the 5D, 7S, etc. Very little information

exists on the cross sections for these transitions. The maximum cross
• section found in the literature was 4 A for the 6S-5D transition

(Re fs 13, 20). This is down by a factor of 30 from the peak reson-

ance cross section (see Fig. Al), and so excitations to higher levels

from the ground state is not expected to be significant. The second,

and perhaps more important, process is excitation of the Cs (6P) atoms

to higher levels , especially when a signif cant fractional population

inversion is achieved. Early rough estimates indicated that the ratio

of excited to ground state atoms might be in the range of 0.001 to 0.01

for net gain , depending on the temperature. Since the next higher

lying level , the 50, is only 0.4 eV above the 6P, significant losses

in the excited population might occur. In the literature , estimates

were gi ven onl y for an ~effective~ peak cross section of 350 A2 (Ref 13),

so the Impact Parameter method (Ref 58) was used to approximate the

cross sections as a function of energy (see Appendix A for details).

The peak values of these theoretical cross sections agreed wi th those

determined experimentally (Ref 13) to within 15% for the 6P - 5D tran-

sition. The cross sections were qu ite lar ge, 400 A2 for the 6P - 50

transition; however , the two step excitation did not seriously reduce

the high efficiency of transferring power to the 6P level , even for

fractional inversions of 0.01 (see Fig. A6). However, at a 5% inversion ,

the peak efficiency is reduced below 80%. The net result of introducing

these two perturbations to the original analysis is to change the

answer by less than 10%. The or igi na l conclus ion of h igh ef ficiency

appears to still be true.
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There is one more elec tron process tha t has not been men tioned

and that is excitation transfer , either between the resonance doublet

(6
2
P112 ~~

-+ 6
2
P3/2) or between the A’z 

-~—~~ a3ir potentials. In a discharge

it is expected tha t these pa irs wi l l  be strongl y cou p led because of spi n

exchange collisions (Ref 66). For example, the spin exchange cross

sections in Cs (62P 1/2 -
~
—

~~ 
62P 3/2 ) are about 2xl0 14 cm2 (Ref 12) which

gives a rate constant of about 3xlO 7 cm3/sec in a discharge, comparable

to the excitation rate constant. The rate between the A’~ and the a
3 lT

should be even faster because the energy defect is smaller. In any case,

the rates are fast enough to ensure an equilibrium ratio between the

respective states.

This concludes the discussion of the electron kinetics pertinent

to the proposed Cs2 electric discharge laser. The principle conclusions

are that the electronic pumping should be quite efficient and there does

not appear to be any major loss mechanism such as excitation to higher

atom ic lev els.

Gas Kinetics (Atomic and Molecular )

The processes to be considered in this section are of interest to

both the postulated Cs2 laser discharge and the optical emission experi-

ment that was carried out as part of this work. In fact, that experi-

ment was performed to elucidate some of the most important kinetic

rates. The gas kinetics can be separated into four general categories:

1) excitation transfer, 2) radiation , 3) molecular formation and dissoci-

ation , and 4) intermolecular transitions. The principle atomic states

are the Cs 62S 1/2~ 62P 1/~ and 62P 3/ 2 and the primary molecules are the

Cs2 (X ’ z , x 3
~, A’ s, a 3 ii , B~ir) and CsXe(X 2~112 , A 2-~ /~~ A - ’T / ). A
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summary chart of all the processes mentioned in this section is given

in Table I I .  Prel im inary estimates, where ava i lable , of the more impor-

tant rate constants are also listed there. Each of the general cate-

gories of processes will be discussed and the equations that describe

the steady—state kinetics will be derived . Finally, both the theoretical

and experimental determination of some of the important rates will be

discussed .

The first process is excitation transfer between the first two

excited states of Cs, the resonance doublet. The excitation transfer

can occur due to collisions either wi th Cs or Xe atoms. For Cs atoms,

the cross sections are about 6xlO~~
6 cm2 for P 1/2 -

~ P3/2 an d abou t

3.1xl0~~
5 cm2 for the reverse process (Ref 36). Using Xe for the

transfer reduces the cross sections to 7.2xl0 21 cm2 and 2.7xl0~~
9 cm2

respectively (Ref 36). For the operating parameters of the fluorescence

experiment. [Xe] = 6x10 19 cm 3 and [Cs) = 5x1&6 cm 3 only the Cs

induced excitation transfer will be significant and the rate will be

roughly l06__ l 07 sec~~.

The second type of process of interest in both the Cs/Xe fluores-

cence experiment and the laser is radiation by exc ited atoms or mole-

cules. The Xe atoms will all be in the ground state ~nd do not contrib-

ute. The Cs atomic fluorescence should be relatively weak because

at one torr of Cs , the resonance l ines wi l l be opti call y tra pped . The

natural lifetime of Cs is about 30 nsec (Ref 41) for either 6P state.

But with trapping , the actual lifetime , 1/1’1, will probably be increased

by a fac tor of 10 or more , in the fluorescence experiment. In a long

di scharge laser at these pressures , the resonance l ines woul d have

much longer lifetimes and would be, i n a sense , metas table states.
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Table II

Atomic and Molecular Processes in Cs/Cs2/Xe

Excitation Transfer Forward-Reverse Constants

Cs*(62P1/2 ) + Cs Cs*(62P ,) + Cs 2xl 0~~
1 -lxlO~~° cm3/sec(Ref 36)

Cs*(62P1,2) + Xe Cs*(62P3/2 ) + Xe 2x lO~~
6-l0~~

4 cm3/sec (Ref 36)

Radiation Rate

Cs*(62P 1,..,) -
~~ Cs(62S11,) + hv 2.9x107/sec (Ref 41)

Cs*(62P3/2) -
~ Cs(62S1/2) + hv 3.3x107/sec (Re f 41)

Cs2
*(A1E) -

~~ Cs2(X’E) + hv 4xl07/sec

CsXe*(A27T) CsXe(X2~) + hv 3x1Q 7/ sec (Ref 27)

Molecular Formation (k f -, , kd ~- ) Ra te Cons tan t

* -4 *
Cs (6P)+Cs+Cs -# Cs2 

(A1 E+á3ir) + Cs

Cs*(6P)+Cs+Xe Cs2~(A~z +a 3
~ ) + Xe kf 4-5xlO 30 cm6/sec (Ref 66)

Cs*(62P3/2)+Cs+Xe ~ Cs 2 (B1 IT) + Xe

Cs*(62P1/2 )+Xe+Xe ~ CsXe*(A2~r l/2 ) + Xe kf 
= 8.2xl0 32 cm6/sec (Re f 27)

kd 
= 2.4xl0~~

1 cm3/sec (Ref 27)

Cs*(62P3/2)+Xe+Xe ~ CsXe*(A2 113/2 ) + Xe

• Intermolecular Transfer
* -4 *Cs2 (A’s) Cs2 (a 3-rt)

Cs2
* (B1 f f )  + Xe -~ C5 2

* (A1~ ) + Xe

Cs2
*(a 3 r) + Xe -~~ Cs2 (x 3

~ ) + Xe Quenc hi ng

Cs2
*(a 3lT) -~ C52

*(x 3E) Predissociation
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Precise determination of r1 depends on the specific geometry. In any

case, these atomic decay rates will be relatively slow and , therefore,

not too important. Actually, it is the fact that the effective atomic

l ifetime is long that allows time for the atoms to form the molecules

necessary for lasing .

The molecu lar ra di ative rates, suc h as r2 in Fig. 1 , are of some

interest an d can be estima ted from the relat ion A(v) (v/v0)3A(v0) as

already mentioned . A(v) is the transition probability per sec for an

untrapped transition. The use of F(v) denotes the actual radiative rate

which may include some trapping . For an opticall y thin vapor r(v)=A(v).

So the molecular radiative rates at any frequency can be referred to the

ra te at the a tom ic l ine cen ter as has common ly been done (Re f 27). Some

data is available which ind icates that Am (v o ) is abou t twice Aa(vo ) an d

this will be rev iewed in the data analysis sections. Therefore, estimates

of these rates are available for any of the allowed transitions. The

a3ir - X 1Z transition is normally forbidden by spin conservation.

The third category of gas kinetic rates are those of molecular

formation and dissociation referred to as Rf an d Rd in Fig. 1. The

data required are the formation and dissociation rate constants which ,

for the process Cs* + Cs + Xe -~ Cs2
* 

+ Xe , are defined by

kf 
= Rf/[Xe][CsJ and kd 

= Rd/[Xe]. The formation rate of Cs2
*(A1~ + a3Tr)

is one of the most critical kinetic parameters in the laser operation .

Prior to this research , there was no data in Cs on which to base an

estimate of kf for the excited state formation. In Ref. 66, York and

Gallagher made estimates of kf with Xe for Na2
* of 8xl0~

3° cm6/sec ,

based on scaling known rate constants of other molecules. Subsequent

discharge experiments have shown that rate actually to be io 29 cm6/sec
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(Ref 23). By way of comparison , the formation rate for the process

Cs + Cs + Cs + Cs2 + Cs has been estimated from experiment to be about

3xl0 3° cm6/sec at 600°K (Ref 24). Since the upper state of Cs2 is

deeper and longer ran ge, it is not unreasonable to expect that the kf
for Cs 2 might be larger . There is, of course, a dependence of kf on

the polarizability of the third body. The polarizabilities are about

6.3x10 23 cm3 for Cs (Ref 26) an d abou t 4xl 0 24 cm3 for Xe (Ref 11) so

the rate constant for Xe is expected to be smaller than for Cs. There

was no conclus ive way to pred ict a spec ific value , therefore, the pre-

liminary estimate of the Cs2
* formation rate was made fol lowing the

arguments of York and Gallagher. They proposed that the ratio of kf/r2
should be about the same in all the alkali dimers . This leads to an

estimate of about 4-5x10 3° cm6/sec for kf in Cs 2
*. The corresponding

dissociation rate constant should be fairly small because the potential

wells for C52
*(A 1 Y. + a3~i) are deep , probably more than 5000 cm

1 (Ref 66).

Molecu lar forma tion i nto Cs2
* states other than the A’~ + a3~r

from the 6P can be expected since the 6P splits into eight separate

states (not counting degeneracies) (Ref 45). By analogy with Li2,

only two of these may be significant , the Bi Tr u and ~~~~ The others

are expected to be repulsive (Ref 66). Mothing is known of the b3~ in

any of the alkalis other than Li 2; however , the X’z - B~ir transition

has been examined photographically in Cs2 (Re f 38) so some informa tion

was available. The formation rate into the B~-rr shou ld be much lower

than for the A’ E because the potential is only 2200 cm~ deep (Ref 38)

compared wi th an estimated 5-6000 cm~ for the A’s. The ran ge of the

potentials should be about the same. Since the formation rate will be

cons iderabl y smaller , the B4 state should not drain many of the 6P
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atoms that could otherwise form into the A 1z and a3ir states.

There is also molecular formation into the CsXe excited potentials

A2~112 and A2ir312. The CsXe*(B2z1/2) should be of no concern because

it is repulsive (see Fig. 11 in Chap. III). Although the formation

* *rate constants for CsXe have not been measured, those of RbXe have.

The value for the A2n112 state was 8.2xl0~
32 cm6/sec (Ref 8). The

CsXe*(A27r1/2) is somewhat shallowe r but longer range (Ref 27), so the

value for RbXe is probably a reasonable estimate for CsXe. The corres-

pond ing value of kd in RbXe is 2.4xl0~~ cm3/sec (Ref 8). Since the

actual formation rate in CsXe depends on [Xe]2 rather than EXe)[Cs], it

is possible that at high Xe densities the excited CsXe potentials will

soak up some of the Cs atoms. These rates should be considered in the

kinetics equations that describe the behavior of [Cs*].

The fina l category of processes to be considered are those that in-

volve trans fer between mo lecu lar states. Here one is concerne d pr imar i ly

with transfer between the a3ir and A’E states and between the a3ir and x3z

states of Cs 2. Collisionless transitions between the CsXe and Cs 2 states

are strictly forbidden because the rotational angular momentum (J) must

change by 0 or ±1 and the molecules have half-integer and integer J

values respectively. Collisions may occur which would transfer CsXe

molecules into the B’-IT state of Cs2. It is possible , however , to get

coll isionless transfer between the B1-rr and A~~, especially if these

states approach each other in the attractive region of the B1 TT. York

and Gallagher have estimated the rate constant to be about 2.5 X10 12

cm3/sec i n Na 2 (Ref 66). This would be bene ficial to popula ti ng the

A’~ state.
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Up to this point, the A~ + a3-ir combination has been considered as

a single state. To continue to do this requires that they be closely

coupled by collisions. The assumption is made that this is true in a

discharge by means of electron spin exchange collisions (Ref 66). In

the optical emission experiment, the coupling depends on the collisions

by Xe to induce the transfer, and there are no data on these cross sec-

tions. In addition , by analogy with Na2, the two states may actually

overlap or cross (Ref 2). So the separation between electronic states

becomes very indistinct and the effective transfer rate may be qu ite

large. For this reason , the A1Z and a3-~r states will be assumed to be

closely coupled and can be treated as a single state , at least for the

prel iminary kinetics equations.

The final intermolecu l ar process involves the poss ib le transfer of

molecules from the a 3ir to the x3~ repu l sive state. This trans fer can

occur either by predissociation when the potential curves cross, or by

collisional quenching by a third body at a point where the molecular

potential curves are very close. The occurence of either one of these

processes at a point deep in the a3-rr potential well will likely be det-

rimental to the concept of a Cs2 las er. Mos t of the Cs2 would go rapidly

to the x3E state and then dissociate into ground state atoms with large

kinetic energies, thereby heating the gas. York and Gallagher predict

that this does not occur, at leas t not i n Na 2 (Ref 66), an d so far there

has been no substantial analysis of what these rates might be. The

transition is allowed by all the selec tion rules (Re f 29) an d, so, if it

occurs , it should be fast. Rates of about l&2/sec might be expected

for predissoclation (a vibrational period) and maybe as high as lO 10/sec

for quench ing , based on hard sphere cross sections an d a Xe dens ity of
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5x1019 cm 3. These processes must very definitely be considered and the

fluorescence data should indicate whether or not they occur.

At this point , only the processes shown in Fig. 1 remain , that is

formation and dissociation of the Cs (A1~ + a3ir) state, radiation from

the and quenching or predissociation to the x3
~ state. The rate

equation for [Cs ] can be written as follows :

*d [Cs2] * * * * *
dt 

= Rf [CS ] - Rd[Cs 2] - Rq[C52] - R~tCs2] — r2[Cs2] (24)

where the transfer from the Bi ir state as well as any collisional transfer

from the CsXe states have been neglected . Solving Eq. 24 for steady—state

conditions and using the rate constants, gives

[Cs ] kf[Cs][Xe]
* 

= (25)
[Cs ] r2 + k~ + [Xe1(kq + kd)

where k~ = R~ and kq = Rq[Xe] and are the rate constants for predissocia-

tion and quenching respectively. Equation 25 is the basic tool for deter-

mining the various kinetic rates in the fluorescence experiment.

There are two ways to obta in va lues of [Cs ]/[Cs*], one theoretical

and one experimental. The theoretical approach involves the equilibrium

cons tan t Keq which , by the law of mass action (Ref 27) can be written

[Cs ] kfKe 
= 

* 

e 
~~~~~~ 

(26)q [Cs ]e[CS]e d

for the process Cs* + Cs + M -
~ Cs + M where M is any third body and the

subscript e denotes equilibrium concentrations. This defines the ratio

between [Cs ] and [Cs*] when they are in chemical equilibrium , that is

40
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when kd dominates al l other terms in the denominator of Eq. 25. The

equilibrium constant can also be written in terms of the potential

curves as (Ref 66) j .
Keq = d~Re~~~~~ P[3/2,-~~V(R)) (27)

where ~V(R) = V(R) — V(~) and P[3/2,—~~.V(R)] is the normalized incomplete

gamma function. The importance of Keq is that for a known Cs density

and tempera ture , the value of [Cs J/[Cs*] can be predicted once the po-

tential curves have been determined from the absorption experiment.

One can also make a determination of that ratio by integrating the

norma l ized Cs2 emission spectrum (I/Is) multiplied by (vo/v)~
. This

can be seen by writing Eq. 1 in terms of [Cs;] by use of Eq. 27 wi th

N = [Cs ] so that

= 

~~~~, [Cs2~] 4~rcR
2 dv 

1 e~~~’ (28)
~ 

Vd [Cs ] Aa dR fd~Re
8
~~P I I

Integrating both sides over dv (the right hand side integral becomes one

over dR ) one gets

A (v ~~I(v) [Cs*]
dv 

* 
9)

mJ v [Cs ]

Since I/Ia i s an ex per imen tal quan tity determ ined from the fluorescence ,

one has a method to determine whether the excited molecules and atoms are

in equilibrium and , If not, what might be the important loss rates. For

example , if the [C4]/[Cs*] ra tio is muc h smaller than expected in equi-

libr ium, then either r2, k~ or kqtXe] are larger than kd[XeJ in the ae—
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nominator of Eq. 25. For either of the first two processes, [C4]/tCs*]

will be [Xe] dependent and for the quench ing , the ratio will be indepen-

dent of the Xe density. Therefore, this particular formulation of the

kinetics equation gives one a powerful tool for interpreting the fluo-

rescence data.

The key processes in the Cs/Xe system can be summar ized as follows .

First the pumping efficiency (6S-6P) should be very high. The Boltzmann

analysis confirms this as well as providing all the necessary rates invol-

ving electrons. The absorption experiment will help determine the poten-

tial curves and , therefore , the equilibrium constant. By integrating the

normal ized fluorescence spectrum , the ratio tcs;],[cs*J is obtained .

This can be compared with that calculated from Keq to determine whether

the excited atoms and molecules are in chemical equilibrium. Using this

information and the Xe density dependence of [Cs ]/tCs*], estimates of

kf and kd can be made. And , if necessary, one can estimate the quenching

rates and predissociation rates.
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Chapter III. Experimental Description

Introduction

As previously stated, the purpose of the experiments was to measure

the absorp tion coeff icient and norma li zed emiss ion i ntens ity of Cs 2. Two

separate experiments were performed to do this, and they are described

in the second and fourth sections of this chapter. The data reduction

necessary to determine the absorption coefficient was fairly straight-

forward and so is included in the experimental description. For the

fluorescence exper iment, the data reduction was more involved and is

presented separately in the fifth section. Because the uncertainties in

any experiment are very important, they are discussed in detail within

both the absorption and fluorescence experimental description sections.

In addition , the more important uncertainties are summarized in separate

sections. Since some of the equipment and the cell preparation pro-

cedures were common to both experiments , they are enumerated for the

absorption experiment only. A third experiment was performed in the

course of this thesis , a heat pipe discharge experiment. Because it was

not a primary contributor to the overall objective , it is included as

Apendix C rather than in the main body of the thesis.

Absorption Experiment Description

The absorption experiment was the first experiment to be performed.

A schematic diagram of the experimental layout is shown in Fig. 5. The

150 watt tungsten-halogen projec tor lamp (General Electric FCS) was

powered by a current-regulated (0.1%) dc power supply. The spatially

filtered and collimated light from the lamp passed through the pyrex
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absor pt ion ce ll and was focused on the entrance sl it of a one meter ,

Jarrell-Ash , Czerny-Turner scanning spectrometer. A 0.665 micron lower

cu toff f i l ter on the spectrometer entrance sl it was used to exclude

second and higher order spectra. The grating had 1180 lines/rn and a

blaze waveleng th of 0.75 microns. The dispersion at the exit slit was

8.2 A/mm and, since the slit width was 1.0 mm , the resolution , for the

absorp tion exper imen t, can be expressed as app rox ima tel y 8.2 A.

Synchronous detection was perform ed at 375 Hz with a room tempera ture

PbS detector and a PAR Model 122 lock—in amplifier. The scanning speed

of the spectrometer was either 250 A/mm or 500 A/mm with a lock-in

time constant of 1.0 or 0.3 sec respectively. The Santa Barbara Research

Model 4598 PbS detector had an area of 0.16 cm2 and a detectivity of

8.6xl&° cmHz½/watt. A two-stage amplifier enhanced the signal from

the detector to the lock-in amplifier. A Hewlett Packard Model 7051

strip chart recorder was used to record the data.

Absorption measurements were made on two different 12 nun diameter

pyrex cells , 15.1 and 30.0 cm long. The Cs was 99.95% pure and was

obta ined from the Researc h Organ ic/Inor gan ic Chem ica l Co. The cells

were cleaned with HC1 , HN O3, and acetone and baked out at about 350°C

for at least four hours. The residual pressure was 2-4x10 6 torr , and

the outgassing was less than 2x10 6 torr when the cel l was closed of f

for several hours. The Cs was added , after cleaning , by distillation .

The basic geometry of all the cells was the same as the one shown in

Fig. 5. The 0.125 in. thick pyrex windows were sealed onto the cell

by melting the pyrex slightly at 810°C for five mi nutes and then

allowi ng a slow cooling and annealing .
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Originally, the experiment was set up using a stainless steel pipe

with sapphire wi ndows mounted into Varian flanges at the end of the pipe.

When the f irst absorp tion experimen ts were conduc ted , a periodic undu-

lation in the spectrum was observed. The location of these peaks changed

with temperature. The pattern was eventually attributed to some type of

interference effect in the sapphire wi ndow. It could be seen in a

• single window at any tempera ture . Because th i s backgound var iation

could not be tolerated, the absor pti on cell was chan ged to a pyrex tube

with pyrex wi ndows. Initial attempts were made to attach the pyrex wi n-

dows via a ceramic seal . This technique failed also. Eventually the

windows were fuse bonded onto the cell. This finally led to the method

described above that was used for sealing all the absorption cells.

The very slight curvature of the windows that resulted from the melting

had no observable effect on the absorption measurements.

The oven shown in Fig. 5 consisted of a three-inch pyrex pipe with

three independently controlled heating coils. The exterior of the oven

was wrapped with asbestos tape for increased insulation. An aluminum

jacket helped achieve fairly uniform temperatures over the cel l (+ 2°C).

The ends of the pyrex oven conta i ned maronite plugs and separate heaters.

These end heaters were used to maintain the wi ndows at slightly higher

(~1O°C) tempera tures than the cel l body to preven t Cs condensa tion on

the windows. The chromel-alumel thermocouples , which had been calibrated

at 0°C and 100°C, were typically wi thin ± 2°C of the average temperature
on the cell body. There was no noticeable deterioration or discolor-

ation of the wi ndows or the cell at temperatures up to 325°C.

Temperature control was probably the most important and difficult

aspect of the absorption experiment. One data scan will be used to
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expla in the temperature measurement and variation. Figure 7 on the

next page shows a typical data run from 0.7 to 1.3 microns at an

average temperature of 271°C. The series of nine numbers written hori-

zontally are the readings for the nine thermocouples placed around the

cell. Their locations are shown in Fig. 6 below. The ones placed at

the windows, numbers 1,3,7, and 8, register about 10°C hotter than the

ones on the cel l body, numbers 2,4,5, and 6. The latter are all within

2°C of each other. Thermocouple #9, which registered 21/22°C, was

l ocated at the cold junction of the other thermocouples to ensure that

the reference temperature did not change significantly. The reference

junction of #9 was located sufficiently far from the oven that it was

always at room temperature. Thermocouple #8 was significantly hotter

for this scan because it slipped away from the wi ndow toward the heater.

For thi s reason , thermocouples were placed just inside the wi ndow, e.g.

#1 and #7, to better measure the window temperature. The temperature

was recorded several times during the 25 mm scan , and the variation

was usual l y 1°C or less.

8. 6 .3

~Li~~~~~~~

Fig. 6 Thermocouple Arrangement in Absorption Experiment
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The Cs vapor pressure P was determined from the average temperature

on the body of the cell using the Taylor—Langmuir vapor pressure formula

(Ref. 60)

LOG 10P = 11.0531 - LOG1QT - 4041/T (30)

where T is in degrees Kelvin. During and after an experimental run , the

Cs condensed fa i rly un iforml y alon g the cell body ra ther than in jus t

one cold spot. The average temperature, therefore, seemed to be the

best reference for the Cs vapor pressure. Because the temperature at

any single point was within ± 2°C of the average, the temperature un-
certainty was estimated to be ± 2°C. Since the Cs density was calculated

from [Cs] = 9.66 X 1&8P/T, the uncertainty in the Cs number density

was ± 5% at 325°C an d ± 8% at 182°C .

The data reduction in the absorption experiment was straightfor-

ward and the same data scan will be used as an example of the procedure.

The upper , snooth curve in Fi g. 7, is the background low temperature scan

(I a) taken before and after each high temperature scan (Ib). The system

was alwa ys allowe d to equ i l ibra te for at leas t one hour at the eleva ted

tempera ture before t b was recorded . The absorption coefficient (cz ) was

calculated from c~ = _ [lfl(Ib/Ia)]/d~ 
where d is the cell length. In

order for a set of data to be acceptable, the before and after scans

at low temperature had to agree within 1.0 mm over the entire spectrum.

Each major division on the chart paper -in Fig. 7 is 1.0 cm. Furthermore,

the 1a and scans had to match up in the regions 0.72 - 0.74 microns

and beyond 1.30 microns. There was no absorption observed in these

regions even for temperatures of up to 390°C, so these regions could be
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used as cal ibration points to be checked each scan. This gave assur—

ance that the system was not changing during the heating and cooling

periods. Since the experimental setup was quite stable, over 90% of

the data taken met the above requirements. The remaining 10% could not

be rel iably reduced and were discarded .

Absorption Exper iment Error Summary

The two primary sources of uncertainty , or error , in the absorp-

tion experiment were in the temperature determination and in the meas-

urement of and The length of the tube was known to ± 0.5%, a neg-
ligible contribution to the overall error. As previously described, the

temperature uncertainty was estimated at ± 2°C. There was also an un-

certainty of less than ± 1.5% in the vapor pressure predicted by Eq. 30
(Ref. 61) which , when added to the temperature uncertainty , gives an

uncertainty in the Cs number density of ± 6.5% to ± 9.5%. The uncer-

tainty in ‘a was previously stated as 1.0 nm (or 
~~ . 
0.5 mm) giving a

percentage error of ± 0.2% to ± 0.5% depend i ng on the wavelength. The

possible error in was also estimated to be 1.0 mm. By differentiating

the equation used to determine ct, one can determ ine the var iation i n ~
i.e. &~, for a given variation in ‘b’ i.e. 61. The result is

= 

~~
11bC~ 

To do this, the errors in and ‘a are ascribed to ‘b and

the average uncertainty taken to be 
~ 
0.5%. For the worst case , d = 15.1

cm and 6I/Ib 
= ± .005, so ~ a = ± .0003/cm. The percentage error in ~~,

therefore , ranged from ± 30% to less than 1% depending on the temperature,

waveleng th, an d cel l len gth . As a rou gh avera ge, the absorption coef-

ficient for 0.9 to 1.22 microns usually had an uncertainty of less than

± 5% and the uncertainty ~ > 1.22 microns was approximately ± 10%.
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Fluorescence Experiment Description

A schematic diagram of the fluorescence experiment is shown in

Fig. 8. The light from the 150 watt lamp was filtered by the pump filter ,

mechanically chopped at 70 Hz, and focused on the center of the pyrex

cell by an F/l lens. The lamp was controlled by the regulated dc power

supply previously mentioned. The fluorescence light from the cell was

focused on the front of the same spectrometer used in the absorption

experiment. Since the slit width was set at 3 nun, the resolu tion coul d

be estimated as approximately 25 A. A 0.665 micron sharp cutoff filter

on the spectrometer entrance slit eliminated second and higher order

spectra. An intrinsic Germanium photodiode was used to detect the

ou tput from the spectrometer. Th is detector was manufac tured by

North Coast Optical Systems, had a detectivity of l.SxlO 13 cmHz½/watt

and an area of 0.25 cm2. It was operated wi th a 350 volt reverse bias

at 77°K and had a sapphire wi ndow. The light exited the spectrometer

horizontally, was reflected 90° to the vertical , and focused on the

detector by an F/l lens. Vertical operation of the detector allowed

refilling of the surrounding liquid nitrogen dewar without disturbing

the detector alignment. The alignment was extremely critical for this

experiment so it was imperative that nothing have to be moved during

the experiment. The signal from the photodiode was sent through a low

pass filter into the lock—in amplifier and the spectra was displayed

on the strip—chart recorder. These equipments are not shown in Fig. 8,

however , they are the same ones used in the absorption experiment.

The pyrex cells used in the fluorescence experiments are shown in

Fig. 8. They were typically 1.0 In. diameter cyclinders and about 1.0

in. long with a short 3/8 in. stem. They were prepared in the same
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manner as the absorption cells. The Cs was added by distillation after

the cells had been cleaned . Finally the cell was filled with Research

Grade Xenon to the desired pressure arid the cell sealed off. Since the

pressure gauge could be read wi th an accuracy of ± 0.1 psi, the pressure

had an uncer ta inty of ± 1% to ± 7% depend ing on the Xe pressure . The
• cells which required densities greater than atmospheric density were

filled by freezing the Xe into the cell. Thi s was done by first pres-

sur iz ing the cell and part of the vacuum system to a pressure determ ined

by the desired Xe density and the ratio of the cell volume to the total

volume under pressure. Next the Xe gas bottle was closed off from the

cell so that a known and fixed amount of Xe was available. The cell was

cooled to liquid nitrogen temperature and , since the va por pressure of

Xe is less than 1.0 torr at 77°K, essentially all of the Xe was frozen

into the cell. The cell was then sealed wi th a torch. The resultant Xe

density had an uncertainty of ± 2%. This is a combination of the uncer-

tainties in measuring the appropriate volumes and in reading the pressure

gauge. None of the cells used in the experiment showed any signs of

leakage during the course of the observations. A total of six cells

were used during these experiments , five with the following Xe densities:

5xl&9, lx l 0’9, 5.5xl&8, 2.5x10’18 cm 3 and one cell filled just with

Cs. The density limit was 5xl019 cm 3 because the cells tha t were

filled to a higher density exploded when heated higher than 200°C.

The oven was cons truc ted of maron ite, an as bestos Insula tor , wi th

co i led nlchrome wire on eac h side as the hea ti ng elemen t. The fro n t

and back of the oven had two-inch holes in the maronite covered by 1/8

in, thick pyrex windows . In the center of the oven a heavy ceramic

insulator was used to hold the cell. A hole was cut in the center of
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the ceram ic for the cel l stem. Thi s open ing con tinued throug h the bottom

of the maronite oven so that the stem could be kept at a lower temperature

than the rest of the ce l l .  Th is caused the Cs to condense in the stem

rather than on the wi ndows.

In order to determine the temperature of the cell, four thermocouples

were used . One thermocouple was placed next to the stem in the ceramic

b lock to measure the cold spot tempera ture. Th is was the temperature

that determined the Cs vapor pressure. The temperature variation along

the bottom of the stem, where the Cs always condensed , was always less

than 6°C so the cold po i nt tempera ture was assume d to be accura te to

± 3°C for all the experiments. Three more thermocouples were placed

around the main cel l body, one near the bottom of the ce l l on the ceram ic

block and the other two between the middle and top of the cell on either

side. Usually, the top two thermocou p les were with i n 2°C of each other.

The lower one was about 15°C colder since it was closer to the cold

point. Most of the temperature variation occurred in the lower third of

the cell——determined by moving the thermocouples to several locations.

The average of all three thermocouples was used to specify the cell temp-

erature giving an uncertainty of about 
~~. 
6°C or ± 1% at 345°C. This

average was typically wi thin 25°C of the cold point. The Cs vapor pres-

sure was determined from Eq. 30 using the cold point temperature. The

Cs number density was calculated from [Cs] = 9.66x1018 P/Tc where

was the average cell temperature in degrees Kelvin. Therefore, the un-

certainty in the Cs density at 345°C was ± 8% primarily due to the un-
certainty in the cold point temperature. When the estimated error in

Eq. 30 was added , the total error in ECs] was 
~ 
9.5% for tempera tures

near 345°C , the temperature .where most of the data was taken.
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The relative spectral response of the system was measured twice

during the course of the fluorescence experiments. A 1000 watt Eppley

Standard Lamp (Model ES-750l), wi th a known spectral irradiance and

powered by the previously mentioned precision dc power supply was used .

The light from the lam p was chopped and sen t through the cell an d opti cal

components into the spectrometer and to the Ge detector. The response

was measured both with and wi thout the cell and with and without a CaF2
diffuser. The di ffuser was placed between the lam p and the ce l l to

el iminate any chromatic aberrations. The transmission of CaF2 is

essentially independent of wavelength over the range of interest. In

all  cases , the data was repeatable to within ± 2%. The resultant spectral

response curve is shown i n Fig . 9 i n terms of rela tive response per

wavenumber. The response at 0.96 microns was set equal to 1.0 because

that was the wavelength that was chosen for the normalization. Each of

the cells used i n these exper imen ts was checked before an d after the

data acquisition to determine any transmission changes. Al though the

cells did darken slightly because Cs slowly attacks pyrex at the high

tempera tures used , only the magnitude of the transmission changed : there

were no spectral changes. Therefore , the relative spectral response did

not change with time or with cell discoloration.

For most of the experimental effort, three different pump filters

were used. The transmission of each shown in Fig. 10. The filter re-

ferred to as the Atomic filter was used for optica l pumping of both the

Dl(0.894 microns) and the D2(O.852 microns) lines of Cs. The location

of these lines is also shown in Fig. 10. The Dl filter primarily allows

pump ing of the Dl l ine , bu t some d irect pump ing of the D2 l ine occurs

(1 0% transmission) also . The Dl filter also permits some direct pumping
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of the Cs2 molecule , although the contribution should not be significant

because of the low transmission of the filter in that region. Further-

more , the molecular absorption is not very strong there. Both filters

permit cons iderable pumpi ng on the CsXe w ings of eac h line , but since the
* *CsXe and the Cs should be in thermal equilibrium with each other, this

was about the same as pumping the atom directly. When using the Dimer

filter , both the Cs2 molecule and part of the CsXe Dl red wing were

pumped. The Atomic filter was the primary filter used in these experi-

ments because 1) it permitted direct pumping of only the atoms, 2) there

was no leakage or scattered light near 0.96 microns , and 3) it gave

the strongest fluorescence signal.

In order to conduct the ac tua l fluorescence exper iment, the equip-

ment was arranged as shown in Fig. 8. The height of the pump light was

adjusted so that the light was focused near the center of the cell.

Howeve r, because of the large absorption , the pump light near line center

was optically trapped wi thin about 1 mm of the top of the cell. Most

of the fluorescence originated from this location. This could be seen

from the fact that the maximum signal was obtained when this portion of

the cel l was imaged on the center of the entrance slit. Final adjustments

in the alig nment were made to max imi ze the fluorescence signal whi le a l so

minimizing the amount of light incident on the spectrometer that had been

scattered from the edges of the cell. • The scattered light outside the

f ilter transm iss ion was , of course , unimportant; however, scattered light

from 0.9 to 0.95 microns could affect some of the data and , therefore, was

minimized . Light scattered inside the spectrometer from the strong sig-

nal region was, for the most part, less than 1%. Corrections made for

this are discussed -in the data reduction section.
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Before each fluorescence scan was made, the cell al lowed to equil-

ibrate at the desired temperature for at least one hour. The fluorescence

at one particular wavelength , usually on the Dl CsXe red wing, was

monitored unt il it rema ined steady, within ± 3%, before recording the
data. Most of the data scans were taken from 0.8 to 1.3 microns wi th

occasional runs starting at 0.7 microns to measure any possible B’-IT

fluorescence. The scattered light from a cold cel l wi th the pump filter

in p lace was also measured so that it could later be subtracted from the

high temperature scan. The early data was usually taken at 250 A/mm

with a 1 or 3 sec time constant. Because the detector sensitivity

decreased over a period of weeks, the later data was recorded at
°

125 AIm-in and a 10 sec time constant.

The cause of the decrease in detector capability was thought to be

a gradual contamination of the Ge chip due to continual temperature

cycl ing or even very smal l outgass ing of its evacua ted conta iner. For

proper operation at the advertised detectivity , the intrinsic Ge must be

extremely pure and free from contaminants . Even a slight change will

significantly affect the signal-to noise ratio. In any case , the major

effec t of this decrease in sensitivity was to slow down the data taking

and , finally, to significantly increase the noise in the data. At the

end of the experiments, the detector had to be returned to the manu-

facturer for repair.

Fluorescence Experiment Data Reduction

There were four separa te steps involve d in the reduc tion of the

fluorescence data. First the scattered (or leakage) light that had been

measured on a col d cel l , was subtracted from the signal. Thi s was less

59



________________________—- 

than a few per cent correction except where the signal was very weak.

For example, beyond 1.23 microns, the uncertainty in the data was sig-

nificantly greater than elsewhere because of this correction. Next,

the spectrum was adjusted for the relative spectral response. This cor-

rection was the largest for the long wavelengths , 25% for 1.26 microns,

but had an uncertainty of only about ± 2%. Therefore, it added little to

the overall experimenta l ery~j r. Third , the spectrum had to be corrected

for the self-absorption of Cs2. The appropriate Cs2 absorption coef-

ficient was determined from Eq. 21 using the potential curves derived in

the absorption experiment. The distance from the main fluorescence

volume to the cell edge was 1 cm. Since the maximum Cs2 absorption was

0.12 cm1, wi th an uncertainty of 5%, the largest correc tion was

12 ± 0.6%. As with the spectral response correction , the Cs2 correction

added little to the overall error.

The fourth step in the reduction of the fluorescence data w~ the

• normali zation of the Cs2 emission to the Cs atomic emission , specifical-

ly the Dl line. Because, in these experiments , the atomic lines were

optically trapped , the dimer emission could not be normalized directly.

The normalized emiss ion of CsXe had been measured (Ref 27). Therefore ,

the dimer emission was normalized to the CsXe emission and , thereby , to

the atomic emission. By this process, the Cs2 emission per excited Cs

atom (Dl ) was obtained . The key to this was the normalized CsXe emission.

• In Ref 27, the authors measured the relative emission of CsXe to that of

atomic Cs for a variety of temperatures. Using that normalized emission

of CsXe and a CFCP analysis (Eq. 1), they developed the CsXe potential

curves. Those potentials could then be used to calculate the normalized

CsXe emission for the temperatures and Xe densities used in this research.
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*The primary requirement for this procedure was that the Cs and
*

CsXe be in chemical equilibrium as this is a condition for the validity

of Eq. 1. To define what is meant by chemica l equilibrium, one must

rewrite Eq. 25 for CsXe assuming the only important processes are

formation, radiation and dissociation.

rC 
~< 

*1 kf EXe ] 2
L. S e ~~I _  (31)
[Cs ] r+kd[Xe)

* *One says that CsXe and Cs are in chemical equilibri um when radiation

is unimportant , i.e. when kd[Xe]>~
r. This condition is satisfied for

Xe densities greater than 4xl&8 cm ’3, but probably not significantl y

below 2.5x1&8 cm 3 (Ref 27). For thi s thes i s, the assumption was made
* *that equilibrium between Cs and CsXe existed for Xe dens iti es greater

than 2.5xl&8 cm 3. This assumption was based both on the above men-

tioned CsXe data and a more detailed study of the Xe density dependence

of the RbXe fluorescence (Ref 15). That study concluded that the Rb*

* 18 -3and RbXe were in equilibrium for Xe densities greater than 2xlO cm

Since the CsXe (A2 Tr) potentials are shallower than the RbXe (A21T)
*potentials , one would expect that equilibrium would exist in Cs.Xe under

*the same conditions of temperature and density that it does in RbXe

The source of the graphs of the Cs.Xe potentials was Ref 27. In

addition to the potential curves, the article had graphs o-f the CsXe

infinite temperature spectrum and the temperature dependence of the

normal ized emission at one wavelength on each of the CsXe Dl and D2 wings.

There was also a plot of ~k(R) = k0-k where k0 is the atomic line center
and k(R) = Vu

(R)_V
u
(o3)

~ 
All the variabl es are in wavenumbers. Each
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graph was digitized using a Tektronix Node] 4662 digitizer to a precision

of ± 0.01 in. which corresponds to about ~~ , 
10 cm 1 on the potentials.

These potentials and i~k(R) are shown in Fig. 11. By using each graph

as a check on the other in conjunction with Eq. 1, an internally consis-

tent model of the temperature dependence of the CsXe Dl and 02 wings

was made.

The accuracy of the CsXe potentials has been estimated at about

± 50 cm”1 (Ref 27). The major source of this error was the difference

in the CsXe ground states der ived from se parate analyses of the Dl and

02 wings (see Fig. 11). This uncertainty was reflected in two different

ways. First , there was an uncerta inty in the temperature dependence of

the fluorescence at a particular wavelength. This was of the order of

~ 
10% (Ref 27). Second , there was an uncertainty in the shape of the

win gs which was also about ± 10% (Ref 27). Putting these together gave

an uncertainty in the magnitude of the CsXe spectrum of ±20% at any

particular wavelength .

Because of the uncertainty in the shape of the CsXe wing, it was

decided to normalize the Cs2 data to one point on the wing . Then , the

measured and predi cted w ings shapes were compared . As w ill be seen , the

comparison was qu ite good. Three factors had to be considered in choosing

the right normalization wavelength: Leakage of scattered light in the

filter w ings; 02 w ing contributions to the observed Dl fluorescence ; and

Cs2 fluorescence in the neighborhood of the normalization point. The

first two restricted the choice to a wavelength greater than 0.95 mi-

crons. Consideration of the Cs2 emission meant choosing as short a wave-

l ength as possible. The result was the use of 0.96 microns as the nor—

malization point. The potential curves predicted no ii2 CsXe fluorescence
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there; no leakage light through the Atomic filter was seen on the cold

cel l tests; and, except for very low Xe aensities, the Cs2 emiss ion was
only a small contribution . Therefore, given the magnitude of the CsXe

fluorescence from the CFCP ana lys is and correc ting the observed spectrum

for absorption and spectral response , the Cs 2 emission intensity per

exc ited Cs atom could be determined.

Fluorescence E~per iment Error Summary

The sources of error in the fluorescenc e experiment were certa inly

more numerous than for the absorption, but they were not as critical to

the final result. They are recounted here briefly. The error in Xe

density varied from ± 2% to ± 7% as [Xe] varied from 5x1019 to 2.5x1018

cm”3. The temperature uncertainty was about ± 3°C for the cold spot and

± 6°C for the cel l body giving a total variation in Cs density of ± 9.5%.
The spectral response and absorption corrections contributed another ± 2%
and ± 1% to the uncertainty of the fluorescence data respectively. The

CsXe normal i za tion error from the potential curves was estimated at

about ± 20%. There are additional uncertainties (~5%) due to the signal-

to—noise ratio, but these vary from scan to scan and have to be cons idered

individually. Finally, at the low Xe densities, there are additiona l

norma li zation errors because of the Cs2 fl uorescence near 0.96 microns.

These will be discussed for each case, where they are important, in

Chapter IV.
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Chapter IV. Results and Analysis

The purpose of this chapter is to present the results of the

absorption and fluorescence experiments and to discuss the analysis of

these data. The absorption spectra are analyzed according to the CFCP

and the pr imary resul t is the develo pment of the Cs2 potential curves.

The fluorescence data is used to determine the fractional inversions

necessary for ga in in Cs2 and to quantify the principle kinetic processes.

The results of the fluorescence analysis are then used to model the be-

havior of the Cs2 molecule and to explain the variations in the Cs2
spectra for different Xe densities. Finally, the implications of this

behavior on the viability of Cs 2 as a laser are discussed . Throughout

the rest of this paper , all energy or frequency var iab les will be put

in wavenumbers (cm”~).

Absorption Results

The absorption of Cs/Cs2 was measure d over a temperature range of

182°C to 323°C. This represents a Cs density range of 8xl014 cm 3 to

5.45x1016 cm”3. The data was reduced us ing the procedures di scussed

in Chapter III. The temperature dependence of the absorption was then

used to determine the A1 Z potential curve from Eq. 21. In this section

the absorption spectra , their interpretation , and the CFCP analysis,

are di scussed.

The experimenta l absorption spectra of Cs/Cs2 vapor for five dif-

ferent temperatures and Cs densities are shown in Fig. 12. The respective

Cs densities , starting with A , are 5.45xl&6, 2.76xl016, l.4xl016,

3.98xl015, and 2.l2xl&5 cm’’3. These spectra are typical of all the
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data taken from 182°C to 323°C. Below 182°C no molecular absorption

could be seen and above 323°C the transmission in the region of

strongest absorption was less than 5%. No reliable data could be taken

when this occurred.

The strong absorption near 0.8 microns is part of the .X1Z9~
1’ 

- Bl
~~

transition of Cs2. Thi s trans iti on has been photographically analyzed
in detail by Kusch and Hessel (Ref 37), wherein they determined the

first four vibrationa l constants for each state. The entire band can

be seen in Fig. 7, which shows the unreduced absorption data. The

peaks near 0.817 and 0.827 microns have been explained a~ absorption to

the B—state and predissociation to a repulsive state that dissociates

into 6P and 6S states of atomic Cs (Ref 37). The band near 0.877

mi crons , also reported by Loomis and Kusch (Ref 41) could possibly be

absorption to high vibrational levels in the A1~ state from the X1 E

ground state. The two large peaks centered at 0.8521 and 0.8944 microns

are the D2 and Dl resonance li nes of Cs , respectively. They are colli-

sionally broadened by the Cs since there is no other broadening gas

present. Because the resolution of the spectrometer was about 8 A

and because of the large optical depth , the linewidths could not be com-

pared with those measured by other researchers suc h as Chen and Phel ps
(Ref 9).

The remainder of the spectrum is attributed to Cs2, and there are

several features of interest. First i s the ma in sequence of bands from

0.9 - 1.14 microns , which are identified as the X’L
9
1’ 

- A1
~u

+ tran-

sition both here and others (Refs 4, 33, 59). They are red-shaded

which indicates that the equilibrium internuclear radius for the upper

state is greater than that for the ground state (4.47 A) (Ref 38).
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Specifically, it is the relative size of the rotational constant

B
~ 

= Be
_
~e

(v+l /2) of each of the two states that determines the shading

(Ref 29). 6e is the equilibrium rotational constant and 
~e 

the coup—

l ing constant between the rotational and vibrationa l energy. However,

as will be shown, the difference in the Be ’ s of each state is large

relative to the c&e’s
~ 

so for the lower vibrational level s (v<40) in-

volved in this study, the relative sizes of the Be’s determine the

shading . One higher resolution scan was taken wherein the spacing of

the major peaks could be seen to vary from 37 cm1 to 42 cm1. The

larger spac ing occurred near 1.0 microns and decreased in va lue in

either direction. The observed spacing is consistent with the vibrationa l

constant, We~ 
of 42 cm1 given by Kusch and Hessel (Ref 37) for the

ground state (X ’ L) of Cs2.
The second feature of the spectrum is the gap between the 1.135

micron and 1.195 micron peaks where the absorption is significantly

decreased. This gap is thought to arise from the crossing of the A~’~
and the a3

~ states. The result oi the crossing is a perturbation

between the two electronic states that shifts the energy l evels of

each state away from their “norma l ” position (Ref 29), Since some

levels are displaced to higher energies , and some to lower, there are

now more energy l evels available above and below the crossing , and so

the absorption increases on either side of the gap. The gap itself

represents the region of the unperturbed or zero-approx imation energy

levels. The density of the level s in this region has been significantly

reduced because of the perturbation. Therefore, the absorption is sub-

• stantially less than would be expected. A similar , although narrower ,

gap has been seen in Rb2 and it also is thought to arise from the
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crossing (Ref 16).

The third spectral region of interest is that from 1.22 microns to

1.30 microns. Here the absorption is reduced considerably from the

1.19—1.21 micron peak, and the vibrational spacing is about 40 cm1.

In higher (3.5 A) resolution scans, there appears to be several sequences

of subs idary peaks spaced about 50 cm’
~ apart. All the absorption

peaks in this region are shaded to the blue rather than to the red as

was observed for x < 1.13 microns. The blue shading implies that the

upper sta te has an equilibrium separation less than 4.47 A , that of the

Cs2 ground state. Therefore, these blue-shaded peaks are assumed to

arise from a different transition than the X’~ - A’E responsible for the

red-shaded bands. This new state necessarily lies below the A’~ state

and is believed to be the a3-T
~ 

state first predicted by Mulliken (Ref 45).

The X1z - a3ir is normally a forbidden transition; however, in a heavy

molecule like Cs2, the spin-orbi t coupling is thought to be sufficient to

weakly allow the transition (see discussion below). In addition to the

region 1.22-1.30 microns, there are some blue-shaded peaks on the

1.19—1.21 micron hump . This also indicates the presence of two different

electronic states at these wavelengths. Previous authors (Refs 4 , 33 , 59)

have identified the 1.13 micron peak wi th the A 1E state and the 1.19-1.21

micron peak wi th the a3-
~t state. The blue—shaded peaks from 1.22-1.30

microns can be seen in Bayley’s (Ref 4) and Kostin ’s (Ref 33) data but

they are not discussed .

Before continuing this discussion , a few wor ds mus t be sa id about

allowed versus forbidden transitions for the case of large spin—orbit

coupl ing . I-lund originally described several coupling cases for mole—

cules, two of which are of importance here, case (a) and case (c).
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(see for example Herzberg, Ref 29, and Mul lik en, Ref 45). Case Ca) refers

to the situation where the electronic motion is strongly coupled to the

internuclear axis and case (c) occurs when the interaction between the

resultant molecular orbital angular momentum (L) and spin (5) are more

closely coupled to each other. In case (a), both A, the component of

electronic orbital angular momentum along the internuclear axis, and

~~, the spin component along the internuclear axis are good quantum

numbers. The resultant electronic angular momentum quantum number

is given by ~ = I A+ El . For case (c), L and S are strongly coupled to

form a resultant total angular momentum ja, The only good quantum

number is ~ = M~ 
+ M~ j where M~ is the component of the resultant1 2

atomic angular momentum along the internuclear ax is. The pertinent
se lection rules for case (a ) are ~A = 0, 

~ 
1 and ~z = 0, whereas for

case Cc) the corresponding selection rule is ~ 0, ± 1. The case (a)

states use A = 0,1 ,2... to designate the states as ~~, it , &... states,

etc. For case (c), c2 is used and the states are denoted by 0,1 ,2...

In a heavy molecu l e suc h as Cs2, the spin—o rbit coupling is fairly

large and the molecular states might be characterized as case (a) or

case (c). The halogen homonuclear molecules have been treated this way

for years (Ref 45). The effect of the l arge spin-orbit coupl ing is a

breakdown in the &~ 
= 0 selection rule. Previously, the a 3

~T - X1z

transition has been referred to as forbidden by spin consveration. If

or!e uses case (c) nomencla ture, this would become the a0U~
’ 
- XO g

+ or

al
~ 

- X0g~ transition , depending on the value of ~~~. Both of these

trans iti ons are allowed . When referr ing to the a 3it , the value of ~
should be specified also , suc h as a 3it0~ 

or a3
~’lu

, rather than the

enti re a~ir man ifold. However, there was no way to distinguish them .
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Most likely Cs2 could be described as belonging to either or both

coupl ing cases. The case (a) terminology w ill be used because it is
more coniiion, with the proviso that the singlet—triplet (intercombination)

transition may be partially allowed .

The traditional type of vibrational analysis of the absorption data

was not attempted because the resolution was not good enough to unam-

biguously assign the band heads in a Deslandres Table. The sensitivity

of the PbS detector limited the resolution. Therefore Eq. 21 , which

gives the absorption coefficient according to the Classical Franck—

Condon Princip le , was used to analyze the data. In using this approach,

several assumptions and approximations were made. The theory developed

in Chapter II was based on the assumpti on that the spec trum is a smooth

function of wavelength. As seen in Fig. 12, the vibrational structure

is only about a 25% variation on top of a smooth average spectrum.

Therefore, that assumption is reasonably valid , except in the region

of the crossing . That region is an exception to the entire quantitative

analysis because it presents a breakdown of the Born-Oppenheimer

approx imation (separa tion of elec tronic and nuclear wave functions).

Another assumption made i n the developmen t of Eq. 21 was that the

electric di pole moment M was not a function of nuclear coordinates,

i.e., M M0 in Eq. 5. There is no direct experimental evidence in

Cs2 to confirm or deny this assumption. Some work has been done in

Na2 on this question and the most recent results indicate that M is

constant wi th R (Ref 6). Previous experiments have indicated a

var iation (Ref 30); however , those results have been severely called

into question and the latest work maintains that M is independent of

R (Ref 6). This result is used in Eq. 21. The third assumption concerns
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the magnitude of Am (vo)~ 
Us ing v~~ as the Cs Dl line, the mol ecular

A—coefficient at was assumed to be twice as strong as the atomic

A—coefficient. This was predicated on the fact that there are two

“outer ” electrons that can participate in the transition. Also past

work on Na2 and K2 B-state lifetimes (Ref 3) and on the Na2 A—s tate

lifetimes (Ref 17) indicate that this ratio varies between a factor of

1.5 to 2.0. This gives A,n(vo) 
= 5.9xl07/sec since Ta 

= ~ nsec (Ref 39)

for the Dl state.

The final assumption is that ~ is a single-valued function of R.

However , v (R) is not truly single-valued since it  goes through a minimum

near 1.22 microns giving the quasistatic satellite mentioned in Chapter

II, the last part of which can be seen as a shoulder on the 1.19 — 1.22

micron hump . Contributions to the absorption from radii greater than

the satellite radius (R5 
= 6.0 A) are negligible , except at very high

temperatures, because they originate high in the ground state potential

well. This satellite denotes the closest approach of the X~~ and A’:

potential curves. Therefore , any absorption from the X1 state at longer

wavelengths , other than the motional broadening resulting from the

breakdown of the stationary phase approximation , must be to a different

state, i.e., the a3ir .

The temperature dependence of the absorption at specific wavelengths

was determined by plotting c~/[Cs] 2 vs 1/1. According to Eq. 21 , the

slope gives V1 (R) - V 1
(co ) ,  so one can identify the depth in the ground

state well from which the absorption originates. These data , together

.~ith the ground state potential , are later used to predict the observed

,.~~
- ~rum . The temperature dependences of five dif ferent waveleng ths

ire ~ otted in Fig. 13. The slopes are 3650, 3410, 2970, 2310, and
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3810 cm1 respectively. In fact, for al l wavelengths shorter than 1.22

microns , the slopes varied from 1800 to 3650 cm1. The 1.228 micron

temperature dependence will be discussed later. All of the slopes were

determined using a least squares fit to the data . The one sigma varia-

tions were always less than 10% and mostly less than 5%. In addition,

there was the estimated 
~ 

12% uncertainty in [Cs]2, so the total uncer-

tainty was about 
~~. 

17%. As will be seen, the agreement between

experiment and theory is much better than that. There was one more

minor source of uncertainty . At the higher temperatures (T>300°C),

where the transmission through the absorption cel l was less than 10%,

the scattered li ght in the spectrometer became noticeable. The scat-

tered light was approxima tely 1% of the background level . The effect

was to increase the temperature dependence slightly, l ess than 2%.

The second step was to attempt to match the magnitude and shape of

the spectra using Eq. 21. The ground potent ial well , obta ined from the

spectroscopic constants of Kusch and Hessel (Ref 37) by the Rydberg-

Klein—Rees (RKR) method (Ref 54), was used as a starting point. The RKR

method is described in Appendix B. The X’ potential curve will be

discussed further in the next section. The next step was to assume

or equivalentl y k(R), using the temperature dependence together

with the ground state, and compute the spectrum from Eq. 21. After

several iterations, a k(R) curve was determined that resulted in agree-

ment wi th the. data over all temperatures. In order to get good quanti-

tative agreement wi th the experimental data , a well depth(De) of 3420

cm’1 was requ ired. This compares with a De 3197 ± 80 cm1 from Kusc h

and Hessel (Ref 37). The uncertainties in this analysis, in the Cs num-

ber density , and the A-coefficient; result in an uncertainty of about
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± 200 cm1 in the estimate of De~ Therefore, the variation between the

De of Kusch and Hessel and the one developed here appears to be within

the range of the combined uncertainties.

A sample comparision of the measured spectrum and the one calculated

by Eq. 21 is shown in Fig . 14. As can be seen in that figure , the

entire spectrum is very well matched in shape for A < 1.14 microns. For

longer wavelen gths , the cross ing severely perturbs the spectrum . The

CFCP theory cannot account for the gap around 1.16 microns nor the

“extra ’ absorption around 1.2 microns. Using Eq. 21 and averaging over

about 10 A on either side of the discontinuity at 1.215 microns where

0, the quasi-static satellite can be approximated as shown by the

dotted line in Fig. 14. The magnitude is uncertain again because of

the proximity of the crossing ; however , the sharp dropoff for A > 1.215

microns is according to the CFCP (neglecting the slight nuclear motional

broadening). For all of the temperatures , the agreement between the

experimenta l and theoretical spectra was better than 15% and usually

better than 5%. The absorption beyond 1.22 microns could not be

reproduced using the CFCP and a single upper state.

The ground state potential used for this analysis is shown in Fig.

15. Also given in that figure are the locations in the well from which

the absorption at several different wavelengths originates. The radial

position is determined from the spectrum matching and the well depth

from the slo pe of the tempera ture dependence curves. The error bars

represent only the one sigma devia~tion obtained from the least squares

fit. There is also the 
~ 

12% uncertainty in [Cs]2. If thi s were

included , it would put the potential well within all the error limits.

To improve the agreement, one coul d have assume d Am (vo) = 5xl0 7/sec .
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Then all the temperature dependences, except for 1.135 microns, would

have fallen wi thin the one sigma range. However, in order to match the

spectrum in magnitude also, De would have to be equal to 3500 cm
1 or

300 cm 1 larger than that obtained by Kusch and Hessel. As a compromise,

the previously men tioned values of Am(uo) = 5.9x10
7/sec and 0e = 3420

cm1 were used. The anomalous temperature dependence at 1.135 microns

is probably related to the perturbation and a spectrometer anomaly

at that wavelength (see Fig. 7). Thus both the temperature dependence

and the spectral matchup confirm the belief that the 1.13 and 1.19

m icron humps are part of the same - A 1: transition rather than split

between the X’: - A’: and X’: - a 3it transitions as others have mentioned

• (Refs 4, 37, 59).

Previously, Kostin and Khodovoi (Ref 33) have measured the absorp-

tion of Cs2 and , although the shapes and features of the data in this

work are essentially identical to theirs, the magnitude of their absorp-

tion was approximately a factor of four smaller for temperatures between

280°C and 320°C. This difference could be caused by a temperature error

of 20°C. Some early absorption data obtained by Wechsler (Ref 65) over

a narrow wavelength range and only at 329°C agrees wi th the absorption

data in this work to wi thin 30%. Based on the CFCP analysis and the

corroboration of Wechsler ’s data, the conclusion is made that the

absorption coefficient obtained is accurate at least to wi thin 20%.

As previously mentioned , the entire spectrum , 0.9 to 1.3 microns ,

could not be matched in the CFCP analysis using a single upper state.

The absorption beyond 1.22 microns could not be obtained from the anal-

ysis. The temperature dependence of the blue-shaded peaks beyond 1.22

microns - for example see. Fig. 13: x = 1.228 microns - exhibited a
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steeper slope than any others, especially the nearby peaks such as the

one at 1.195 microns. This steep slope imp l ies that these peaks orig-

inate near the bottom of the ground state. In fact, the slope is 3800

cm 1 which is considerably deeper than the previous analysis shows the

ground state to be. Since the absorption was very weak (-<l0~ cm1) at

low temperatures, the slope has a greater uncertainty than for the re-

gions of stron ger absorption. See, for example, the relationship of óa

t’.~ ~ in Chapter I I I .  Also , the vibrational structure is a major part of

the spectra in this region, much more so than the 25% variation on the

continuum seen at shorter wavelengths . Since this represents a more

severe breakdown of the random phase approximation , the CFCP anal ysis

is not as usefu l or as appro pr iate as for the X1: - A’: transition . A

vibrational analysis, us i ng a Deslan dres Tabl e, was attempted but again

the ambiguity of placement was too great. Nevertheless, it is apparent

that these blue-shaded peaks do not belong to the same transition as the

red—shaded ones. This further confirms the belief that they identify

the X’: — a3
~ transition.

Poten tial Curves

The ground state potential of Cs2 is shown in Figs. 15 and 16.

It was calculated from the spectroscopic constants determi ned by Kusch

and Hessel (Ref 37) which are shown in Table III. The first four con-

stants are the coefficients in the vibrational term value , G(v), as

shown in Eq. 32

G ( v ) = we(V+½) 
_w
exe(V+½)2 + w~y~(v+½)

3 + weze(v+½)’~ 
(32)
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The technique used to calculate the potential curves is known as the

Rydberg-Klein-Rees method and is explained in more detail in APpfndix B.

The B1i~ potential was calculated in the same manner and from spectro—

scopic constants of Kusch and Hessel (Ref 37). The potential is shown

in Fig. 16 and the constants in Table III.

Table III

Spectrosco pi c Cons tants For Cs2 (X 1
~g~ and B’7T

~
)(Ref 37)

X1Zg
+ Bl

~
Tu

42.0267 34.3293
x (cm1) 8.3482x10 2 7.9962x10’2

~~~~~ 
) 2.361xl0 l.511x10

weze(cm
~
1) 1.5371xl0 6 2.86xl0 ’7

Re( A ) 4.47 4.66
2.635xl0 5 2.8x10’~

5

The potential curve for the A’: state of Cs2 is also shown i n Fig .

L 

16. Since the radial distribution of the photon energy, hck(R), is

known from us i ng Eq. 21 to ma tch the spectrum , the upper state is deter-

mined by the sum of photon energy and the X’E potential energy at each

R. In cm1 un its k(R) = Vu (R) - V 1 (R). Because the ground state is

known reasona bly we l l , the principle uncertainty in the upper state

arises from k(R). In the CFCP analysis, where k(R) was determined ,

the value of k(R) could not be changed more than 100 cm1 without alter-

ing the spectrum by at least 50%. This places an approximate bound on

the uncertainty of the A’: potential curve. The equilibrium internuc-

lear ra di us , Re~ is 5.25 A and , therefore, the Be of this state is con-

siderably less than that of the ground state (0.0092 cm1 vs 0.0127
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cm~~) . Since 
~e 

= 2.6x10 5, Bv i - Bv~i 
will be negative for v< 40, so

all the X’z - A’: band heads will be shaded to the red. Therefore, any

blue-shaded bands must arise from some other transition. The value

of the vibrational constant, We~ 
was determ ined to be abou t 34 cm 1 by

a parabolic approximation [V CR_R
e)2] near the bottom of the well.

This compares favorably with the higher resolution (.2.5 A) absorption

dat.a which show subsidiary peaks in the X’~ - 
A1~ spectrum with spacing

of about 34 ± 2 cm1. The onl y other spectroscopic cons tan t that coul d

be estimated was the dissociation energy. Its value was about 5100 cm1

assuming that the A’: state originates from the 6S ,,2 + 62P112 combina-

tion of free Cs atoms. There was no information obtained in the absorp-

tion experiment that allows a determination of the parent atomic state

for either the A’: or a3-i states. The assumption is made that the

6S ,,2 + 62P112 combination splits to form both the A’: and a3-ir .

The a 3
~ potential curve is also presented in Fig. 16. The method

of cons truc tion i s as fol l ows . The Morse Po ten ti al form was used where

v(R) = DeLl — e$’ _ R
e)j2 (33)

and ~~
‘ is given by (Ref 29)

= ~~~~~~~~~~~~ (34)

Assuming that the spacing of the subsidiary peaks mentioned previously

represents the vibrational spacing of the a3~i state, we 
= 50 cm1. The

origin of the state is assumed to be the 62S11~ + 62P,,,2 combination of

free Cs atoms. Using the 62P3/. wou l d chan ge De~ but not the relative
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location of the potential. The location is fixed by the wavelengths and

the crossing . The middle of the gap in the spectrum , 1.165 microns ,

was taken as the crossing point of the a3ir and A’s. According to the

CFCP analysiz, this occurred at R = 5.4 A. The only other information

available was the energy of the transitions and the fact that the peaks

were blue—shaded implying an Re for the a 3ir state less than that of the

X’: state, 4.47 A. Next Re was calcu lated from the known V at R = 5.4 A

and, then, the potential was calculated from Eq. 33. This approach

clearly does not lead to a unique solution. The point was to show an

approximate shape and location for the a3ir state. The curve in Fig. 16

fits all the available information, as wou ld several others , and repre-

sents a kind of average potential curve. The most significant point is

that the repulsive portion of the curve will necessarily fall at very

short radii which enhances the possibility of a crossing by the repul-

sive x3E ground state. The parameters of the A’: and a3Tr states are

summa ri zed i n Ta bl e IV. One new parame ter has been added , Te~ which is

the energy of the potential minim um relative to the minimum of the )( 1

ground state.

Tab le IV

Spectrosco pi c Cons tan ts For Cs2 (A1:~
’
~ 

and a 3Tr
~
)

+Al:
~ 

a37r
~

w (cm1) 34 50
D (cm ) 5150 6750
Te (crn ) 9470 7850
Re (A) 5.25 4.3
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Figure 16 also shows an estimate of the x3: repuls ive potential.

Its location is based on a rough analogy with the l ocation of the X’:

an d x 3: in Na2 and L i2 where there are theoretical calculations of the

x3: state (Refs 2,39). The main point is that the x3: and a3-rr states

will approach each other in the repulsive region of the a3ir potential.

More evidence this will be presented in later sections of this chapter.

Now that the poten tial cur ves are ava i la b le , the equilibrium con-

stant can be calculated for each of the states using Eq. 27. This was

done for several temperatures and the expected ratios of tCs2J/[Cs J

from Keq = [C4]l[Cs
*]tCs] for the A’: state are shown in Table V. It

is also possible using Eq. 1 and Eq. 21 to write 1/10 in terms of c(v).

The expression becomes

= ~~~~~ 
~~~~~~ T x (

~~
) (

~
-
~) 

exp{-1.44(k - k )/T] (35)
o [Cs] ~ a o g ~~~ g~~1 o

Using this expression in Eq. 29, the ratio [Cs ]/[Cs*] was calculated

from the absorption data for three of the four temperatures shown in

Tab l e V. The four th tempera ture , 346°C wi th a Cs density of 4.5xl016

cm’3 , was chosen because that is the temperature where most of the

fluorescence data was taken. The absorption predicted ratio for this

temperature was extrapolated from the 323°C data using the temperature

dependences develo ped earl ier. For al l tempera tures , the ratio predicted

from the a bsorp tion gave lar ger num bers.



Ta ble V

Equ ilibrium Molecular Fractions [Cs ]/fCs*]

Temp(°C) [Cs](cnf’3) A’E(Keg) A’:(Abs) a3
~

(Keq)

250 8.4x1&5 0.35 0.40 79

305 3.6x1016 0.42 0.50 61

323 5.4xl016 0.43 0.53 56
346 4.5x1016 0.23 0.29 26

The difference cou ld be caused by the increase d absor pti on near

1 .20 microns , but more likely it is due to the sensitivity of Keq to the

dissociation energy of the A’: state. An increase of 60-80 cm”1 in

would bring both ratios wi thin 5% of each other. The De(A’E) depends

on the De (X ’:) because the atomic states are separated by 11180 cm”1 .

Any uncertainty in the well depth of the ground state is , therefore, an

uncertainty in the upper state. Since De(X l:) has an uncertainty of

± 200 cm1, the range of uncertainty of [C4]/tCs*] from Keq over l aps

that from absorption. The absorption-based calculation of [Cs ]/[Cs ]

does not depend on the dissociation energy of either state, as can be

seen in Eq. 35. Therefore, it is more likely to represent the true sit-

uation and it will be used for comparison with the fluorescence data.

The conclusion from the data in Table V is that, in an equilibrium

situation , 25-50% of the excited atoms should be formed into molecules.

In performing these calculations, it was assumed that the A’ state

dissociates into the 62S + 5P combination. If it goes into the
1/2 1/2

62P,,2 , the dissociation energy would be larger and the resulting

[Cs 2]/[Cs ] bigger since k0 would then be the 02 line. The increase

would be about a factor of four depending on the temperature.
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