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ABSTRACT

The experimental apparatus and techniques used for the
study of sensitized fluorescence are dlscussed. In this
study both glass and metal absorption cells were employed.
Included also 1s a discusslion of the transitions which
occur 1n the mercury-sodium and the ceslium-rubidium systems,
which were the two systems 1nvestligated. Both photographic
and photometric techniques were used as means of detecting
the sensitilzed fluorescence. The actual experlmental
apparatus used are dlscussed together with concluslons to
be drawn and recommendations to be made from the individual
experiments. The purpose of the experiments was to better
understand the energy exchange processes 1n a two element
system. Conclusions and recommendations are made malnly
for the ceslum~-rubidium system and althouzh no quantitative
data was obtained, sufficlent recommendations sre made so
that an extenslive, quantitative study of the sensitized
fluorescence of the ceslum-rubidium system could be

performed.
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I. INTRODUCTION

General Theory

According to the postulates of the Bohr theory, the
energy of a system can 1ncrease only 1n discrete steps;
therefore, the system exlsts in discrete yet well defined
statlionary energy states. If one applles these consider-
ations to the atom, there exist discrete energy levels and
the lowest 18 called the ground level or ground state of the
atom. Furthermore, the Bohr theory employed the following
relation for a transition between two energy levels E
and E : (E° = E) = hv, where h 1s Planck's constant
(6.62 x 10-27 erg sec) and v 1s the frequency of the radi-
atlion which 1s absorbed or emitted in the transition.

Bohr adopted the Rutherford model of the atom which
consisted of a nucleus surrounded by electrons, which were
later found to be contalned 1n definite shells and subshells.
The shell or orbit in which the electron exists dictates the
integral value of n. The guantum number £ represents the
orbiltal angular momentum of the electron measured 1n units
of h/27 and can assume integral values from O to n-1.
Adopting the spectroscoplc notatlion, the values of £ are
represented by letters as follows:

58 P D F & % = =
Y =0 1 2 3 &4 ., . .

The observed multiple energy states of the emission



spectra are explalned by the spin of the electron which 1s
expressed in units of h/2w. The spin guantum number s 1is an
inherent property of the electron and cen have values of

* 1/2. The total angular momentum ] 1s the vector sum of

Z and s. Each of the gquantum numbers,g, 8, and J of the
individual electrons has a counterpart L, S, and J which

1s the vector sum of all/, all s, or all J of the valence
€electrons of that particular etom. These quantum numbers
together with the multipliclty are all that are needed to
define an energy state.

In order to 1lllustrate the energy levels which exlist
for a given atom, 1t 1s customary to use an energy level
dlagram. Each term or energy level 1s represented by 1its
respectlive quantum numbers n,_Z, and s, where n 1s the
principal quantum number, lgls the orblital angular momentum
quantum number, and s i1s the spln angular momentum quantum
number. A typlcal example 1s the 63P1 (six triplet P one)
state of mercury shown in Figure 1. The quantum number n
appears first (in this case, 6) and represents an electron
in the sixth shell. The superscript 3 indicates that the
state 1s a triplet. The letter P gives the quantum number
L, which in thls case 18 one. The subscript 1 1s the
quantum number J, which in thilis case 1s the vector sum of
L=1and 3 =1 to gilve J = 1. The mercury atom has two
valence e€lectrons; the rest of the electrons are more

tightly bound to the nucleus elther 1n closed shells or
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closed subshells. The 6P levql of mercury has a singlet
and a triplet state. If the two electron spins are anti-
parallel, S = O, the energy level 1s a singlet since the
only possible value for J 1s 1. On the other hand, 1f the
electron spins are parallel, S = 1 and the energy level 1is
a triplet since J can have the values 2, 1, or O. Also
appearing in any energy level dliagram 1s the relative
separation between the energy states whilch 1s given elither
in electron volts or wave numbers. Also the wavelength of
the emltted radiation corresponding to the transition from
the hlgher to the lower energy state 1s given.

Since all posslble transitions do not occur, a set of
selectlion rules have been determined based on the transition
probabllities between specific energy levels. The selection
rules for electric dipole radiation are as follows:

1. ALz}t

2. AJ =21 or 0, excluding J = 0 —=J = O,

These selectlon rules are based on experimental obser-
vatlons and theory. They glive the allowed transitlons with
probabilitlies which are high enough so that the emlssion
spectra can be observed using ordinary spectrographic tech-
nigques wilth moderate resolving power.

The former considerations 1include only conclusions
which can be derlved by employlng quantum mechanics and have
neglected the hyperfine structure which can be explained by

nuclear spin.



The fact that certain transitions have been observed
which violate the selectlion rules indicates that thils expla-
nation 1s far from complete; however, it does serve our
purpose.

There 1s a glow assoclated with arc, spark, and flame
sources. These glows are typlcal examples of the emission
spectra characteristic of atoms or molecules and represent
the transition of an atom or molecule from a higher to a
lower energy state. The process 1s called luminescence, a
generic term representing the emission of radliation at some
characteristic frequency caused by excitation to a higher
energy state. A particular type of luminescence 1s photo-
luminescence which 1s the emission of radlation caused by
light excitatlon.

For a one element system, the radiation emitted 1is
elther fluorescence or phosphorescence. Larly investigators
made a distinction between fluorescence and phosphorescence
by the length of time that the afterglow exlisted after the
exciting light was removed. If the luminescence lasted
only as long as the irradliation, 1t was called fluorescence;
if 1t remalned after the exciting light was shut off, 1t
was called phosphorescence. If one irradlates a one element
system with monochromatic radlation of frequency », there
may be observed the emlission of radlation of frequencles
other than v. This type of lumlinescence 1s called fluo-

rescence and the lifetime of the exclted states 1s usually



of the order of 10~ or 10'8 sec. If the only frequency

observed 1s the same as the 1lrradlatlion frequency, the
fluorescence 18 called resonance radlatlon.

Referring to Flgure 1, page 3, 1t 1s noticed that there
1s no transitlon wavelength between the 63PO state and the
6180 ground state. The 63PO state and similar states which
are prohlbited by the selectlon rules from making transitions
to a lower energy state and emitting thelr characteristic
wavelength are called metastable states. Because of the low
transition probabllity between the metastable states and
lower energy states, thelr 1ifetlme 1s longer. Metastable
atoms may have thelr theoretical 11fetime shortened by three
processes:

l. They may colllde with other atoms and be exclted to

a level from which transitlons are allowed.

2. They may suffer nonradlatilive collisions with other
atoms and thelr excltatlon energy be transferred
to the other atom.

3. They may suffer collislons with the nearly 1infinite
walls of the contalner with a loss of thelr energy
and angular momentum.

If a cell contalning mercury vapor 1s irradlated with
25372 light, atoms are excited from the 6180 state to the
63Pl state. rmisslion of the 2537& line as the atom returns
to the ground state 1s an example of resonance radlation.

However, some of the atoms in the 63P1 state can be trans-



ferred into the 63PO metastable state by colliding with
other atoms. If the exciting light 1s turned off, one
observes that the 25372 radiation 1s still present after a
relatively long time. Thls phenomena cannot be explalned

by the resonance radletion because of 1its short lifetime.
Here the 63Po atoms are acquiring sufficlient energy by
collisions to return to the 63P1 state and these atoms are
returning to the ground state by the emlission of the 25372
line. Thls process, 1nvolving a metastable state, 1s called
phosphorescence. With the proper experimental conditilons,
the emission of the forbidden line 26652 (63PO-—*-6180) can
be observed. Since the transition probabillity 1s low, the
lifetime of the 6°P, state 1s long. This type of lumi-
nescence 1s called fluorescence of long duration. One can
see then that the length of time that the afterglow exists
does not determline whether the luminescence 1s fluorescence
or phosphorescence but that the type of transitions 1involved
1s the determining factor.

Frank and Hertz discovered 1n 1913 that an electron
with sufficlient kinetlc energy can collide with a normal
atom producling a slow electron and an excited atom; this
process has been termed a collision of the first kind.
Kleln and Rosselandl, employing the principle of micro-
scopic reversablility, reasoned that the 1nverse process
should occur; namely, an exclted atom upon colliding with a

slow electron can produce a fast electron and a normal atom.



This process 1is called a collision of the second kind.
Frank extended this 1idea to include collisions between two
atoms or molecules. He reasoned that an excited atom could
collide with a normal atom resulting in an exchange of
energy. The normal atom would receive the energy as

kinetic energy, excitational energy, or both.

Sensitized Fluorescence

Consider a cell contalning two speclies of atoms A and
B. For the purpose of 1illustration, consider only the
ground state and one excited level of each species. The
energy level diagrams would then appear as in Figure 2.

By the absorption of energy of frequency », atoms A
are ralsed to the excited state. If the 1lifetime of this
excited state i1s of the same order of magnitude as the
collision frequency between atoms A and B, there will be
produced, by collisions of the second kind, normal atoms A
and excited atoms B. Both frequencies v and »" will then
appear. This process of energy exchange 1s known as
sensitized fluorescence and 1is the process of principal
interest. The two exclited states are said to be 1in energy
resonance if AE i1s zero. The probablility of the energy
transfer taking place by a collision of the second kind
increases as AE becomes smaller. By the conservation of
energy and momentum, one can calculate the relative veloci-

ties of the atoms 4 and B before and after the collision.



FIGURE 2
ILLUSTRATION OF SENSITIZED FLUORESCENCE
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II. REVIEW OF LITERATURE

Mercury-Sodium System

In an attempt to verify the theory that the probabllity
for energy exchange increases as AL decreases, Beutler and
Josephy2 studled tne sensitized fluorescence spectra of a
mercury-sodium system. Flgure 1, page 3, shows the energy
level dlagram for mercury and Figure 3 shows the energy
level dlagram for sodilum. Assuming equal transition proba-
bllitles, one would expect that the intensity of sodium
lines arising from transitions of higher n values would
decrease since the excltatlon energy 1increases. However,
Beutler and Josephy showed that this was not the case. In

25—+ 3°p that the lines

fact, they found in the series n
arising from the 923-—*-32P transitions were by far the most
intense. The reason was that the 928 level 1s 1n near
resonance wilth the 63P1 state of mercury. The 82P state of
sodium would probably produce more intense llines, but they
could not resolve these wavelengths because they were too
close to the resonance line of mercury. There was also an
enhancement of the 728——*-32P transitions since the 728
state 1s 1n near energy resonance with the 63PO state of
mercury. These two 1lnstances support the theory that the

probabllity of energy transfer increases as the energy

difference decreases.
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Statement of the Mercury-Sodium Problem

The general objectlive of the 1nitlal experiment was
further 1nvestigate the energy exchange 1n the mercury-
sodlum system. The maln alm of the experiment was to
establlish the temperature dependence of the sensitized
fluorescence. Thls experiment conslsted of varying the
mercury and sodlum vapor pressures 1lndependently and the
sodium 1line intensities of known transitions would be
plotted versus sodlum and mercury temperatures.

The purpose of the experiment wss threefold:

to

12

l. to support the work done by Swanson and McFarland3,

who used a mercury-thallium system, by showing that

the same concluslons could be drawn uslng a

different system;

2. to try to better explaln and understand the energy

exchange processes of normally exclted mercury
atoms, metastable mercury atoms, and mercury

molecules with unexclited atoms of another specle

<)

and also to investligate the quasi-molecules formed

by the two specles 1in the cell;

3. to determine the 1ifetimes of the exclted sodium

states by performing decay studles of both direct

and cascade transitions.

Swanson and McFarland based thelr concluslions on the

validity of Winan's partial selection rulea, whlch makes

the assumptlon that the two atoms form a quasl-molecule 1in
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the collislon. The assumptions made are verifled by experl-
mental results and for the cases clted proved that the
probabllity of energy transfer increases when the resultant
angular momentum of the quasli-molecule does not change 1in
the collision. Thils gives the selectlon rule AJ = O, where
J 1s the resultant angular momentum of the quasl-molecule
formed by the two atoms.

Mercury was a natural cholce for one of the elements
because 1t 1s readlly avallable, 1t 1s easy to use, and an
enormous amount of information 1s avallable concerning 1its
physlcal propertles and behavior. DMercury light sources
were also readlly avallable. 3Sodlum was plilcked as the
second element because 1t 1s also 1lnexpenslve, readlly
avallable, and relatively e€asy to use; but, most lmportant,
there are a large number of sodlum energy levels which have
small energy differences with the 63P1 and 63PO mercury
atomic states and the metastable mercury molecules. In
addition, the elements selected had to have a sufficlently
high vapor pressure, around lmm of mercury, at temperatures
which are compatible with materlials commonly used for
fabrication of the cells, usually pyrex or quartz.

The transltions to be studled were plcked because of
the demands of the detectlon system to be employed. The
transitions were as follows:

1. 10°3) ;p—3%F) (4343R)
2. 10%) ;, — 3%P, ; (4346R)



10.

12,
13.
14,
15.
16.
17.
18.
19.
20.
2l.
22.
23.
24,
25.
26.
27.

(44213)
(44243)
(45433)
(45464)
(4750R)
(47543)
(51494)
(51544)
(61544)
(61612)
(25134)
(25454)
(25952)
(26811)
(28533)
(43223)
(43263)
(43912)
(43954)
(44964)
(44994)
(46664)
(46708)
(49794)
(49833)

14
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28. 4°D —>32P1/2 (56834)

29. 42D —3%p, (56883)

It 1s probable that most of these doublets would not
oe resolved by the monochromator and would have to be read
together. Also, some of the transition wavelengths would

not be resolved because of close mercury lines.

Ceslum-Rubidium System

Little iInformatlion was avalilable in the literature
concerning the cesium-rubidium system. There have been no
experiments performed on the sensitized fluorescence of the
cesium-rubidium system. Therefore, all the insight into
the problem had to be drawn from the general propertles of
sensitized fluorescence and from similerities to other
systems.

ktarly experiments by Boeckner5 and Mohler and Boeckner6
on the guenching of the resonance radiatlion of cesium vapor
and later experiments by Jacobs gt gl;7 and Cummins et al.®
on opticel pumping of cesium vapor showed that the 82P1/2
ceslum state corresponding to & resonence transition of
38882 1s effectively excited by the strong 38882 helium
line. This should be expected since the two wavelengths
differ by only 0.0B?g. Therefore, it was decided to use a
commercially available helium arc as the excitation source

for the cesium vapor rather then build a cesium source.
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Statement of the Cesium-Rubidium Problem

The finel part of this lnvestigation was essentially
the same as the first: to study the mechanism of energy
exchange within a8 two e€lement system. Cesium was chosen
as a first element because it possesses physical properties
which are necessary in the study of fluorescence: it has
an experimentally feasible vapor pressure at low tempera-
tures; it has low energy exclted states; and it can be
excited to the 82P1/2 state by readily avallable helium
lamps. Rubidium was plcked as the second element because
it possesses exclted energy states with small energy
differences to the excited cesium state.

The majority of the wavelengths corresponding to the
transitions of interest ere in the near infra-red region,
between 70003 and 80002. Neither the school nor our
laboratory possessed an electron multiplier which was
sensitive in this region, so a spectrograph and type I-N
photographic plates were used for detection.

Figures 4 and S5 show the energy level diagrams of
cesium and rubidium, respectively. The expected sequence
of events leading to the observance of the sensitized fluo-
rescence was as follows: the helium source would excite
the cesium vapor to the 82P1/2 state; then by collisions
of the second kind, the excitation energy would be trans-
ferred to the normal rubidium atoms, which would decay to

the ground state emitting their characteristic frequenclies.
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Using the criterion that the 1lines corresponding to the
smallest energy difference are the most intense, the 1in-
vestigated transitions are listed below in the order of
decreasing intensity:

1. 52D5/;—=522;,, (7760R)

2. 52Dy —5%P) ,, (T6193)

3. 52Dgp—=5%P5,, (T758R)

b T8/ —=5%P;,, (7408R)

5. 728y, —= 52P) /; (7280R)

6. 6%P5/p—=5%5, . (42023)

7. 62P ) —=5%5 ,, (42161)

8. 72P3;p—525 ,, (35874)

9. T2P),—= 525, ,, (3592R)

Since many of the transitions are cascade transitions
including the 52P levels, the 79482 and 78003 lines should

also be predominant lines.
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III. EXPERIMENTAL TECHNIQUES

Cell Fabrication

In the first experiment the cells were fabricated of
quartz and were made by a professional glass blower at the
University of Missourl. The rest of the glass work and the
cells used in the later experiments were made by the author.
For all end window seals, the tubular section was ground and
polished on a metallographic wheel and the windows then
sealed to this polished surface. When the window was pyrex,
it was fused to the tube with a hand torch using natural gas
and oxygen. The entire unit was then oven annealed. When
the window was sapphire, it was fused to the Corning 7280
glass using a technique similar to the one described in an
article by R. A. Anderson and E. E. Steppg.

In order to break the glass capsules containing the
specimens inside the vacuum distillation apparatus and in
the all metal cell, an .020 wall stainless steel tube was
fabricated into the glass system using a pyrex-to-Kovar
graded seal. A4fter the system had been pumped down, the
glass capsule was then crushed inside the stalnless steel

tube with a pair of pliers.

Spectrographic Studies

The spectrograph used for part of the work was a
Baird-Atomic three meter grating instrument model GX-1.

The grating was a 15,000 lines/inch concave grating. The
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linear dispersilion in the first order at the camera for the
wavelength reglon in question was over 5.62/mm.

The photographic plates used were class N, type I.
Class N was the only cholce because 1t 1s the only emulsion
which 1s sensitive 1n the reglon of 1interest. The regilon
of sensitivity extends from 67002 to 88002. Of the two
types that are avallable, type I and type IV, data only on
type I could be found. Type I-N plates are coarse gralned,
medlum contrast with an average resolving power of
82 lines/mm. This 1limits the theoretical resolving power
to 0.073 in the reglon of interest. However, 1t 1s not
necessary that the detectlon system be capable of hilgh
resolutlion. In fact, a capabllity of resolving lines which
are 12 or 23 apart 1s more than adequate for thls type of
experilment.

For e complete description of spectrographic apparatus

and technlgues, refer to kxperimental Spectroscopylo.

Chapter 8 of this book 1s especilally useful in understanding
the physical propertles of the photographlic emulslion. In
order for a photographlc measurement to be meanlingful and
accurate, one must always bear 1n mind that there are
numerous steps to be taken before the data 1s in tanglble
form. For thls reason, a definlte procedure must be adopted
and adhered to in all cases. As the need for accuracy 1in-
creases, the amount of care and work 1involved also

increases. 3ince thils experiment d1d not require a high
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degree of accuracy, assumptions were made that could not be
made 1in some types of work. The followling were the
assumptions made:

l. It was assumed that the denslity of the emulsion

support, in this case a glass plate, was uniform.

2. It was assumed that all the plates from a glven

box, but not necessarily plates taken from
different boxes, were processed 1n the same manner
and would be uniform.

3., It was assumed that the response of the emulsion

to a particular frequency would be constant
across the plate,

The plates were callbrated for spectral sensitivity in
the range 67002 to 8800%, wnich included all of the expected
transitions except the four lines arising from the tran-
sitions 62P3/2’ 1/2— 5231/2 and 72P3/2’ 1/2—— 5231/2.
These could have been studled later i1f the time and necessity
arose. The plates were compared agalnst a standard NBS
tungsten ribbon fllament lamp. The fllament temperature was
measured with an optlcal pyrometer and the power density at
the desired wavelengths calculated. From these values to-
gether with the exposure times and the plate densities, one
can plot the characteristic curve, which 18 also called the
H-D curve after Hurter and Driffileld. A typlcal charac-
teristic curve 1s shown in Figure 6.

Point A on the curve represents the threshold intensity
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at which plate darkening 1s first measurable. One usually
tries to take data so that the density measurements fall in
the reglion 3C where the log of the intensity 1s a linear
function of the plate density. The rest of the curve CD
represents a reglon of decreasing response followed by a
density reversal.

Once the characteristic curve for a glven wavelength
has been plotted, one has a means of determining the rela-
tive 1ntensitles of the spectral lines 1in question. By
knowing the exposure time and the line density, the lilne
intensity can be computed from the experlmentally determined

characteristic curve.

rlectron Multipller lechnlgues

Another means of detectlon employed an electron multi-
pllier with the output amplified and exhlblted on a read out
device. The photometric detectlon 1s not as senslitive as
the photographlic technigue but in some ways 1t 1s desirable.
The two outstanding advantages are time and effort. The
photographic technique provides a permanent record but the
amount of time reguired per data polnt 1s at least an order
of magnitude higher. The amount of effort required to pro-
duce the same quality of data 1s also higher; for example,
cleanliness 1n procedure and conslistency of 1individual
operations such as development of plates.

The photometric detectlon system consisted of a Bausch
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and Lomb model 33-86-45 grating monochromator and an RCA
model 7102 electron multiplier. The output of the electron
multiplier was fed into a twin-t amplifier tuned to

120 c.p.s. The output of the amplifier was read on an audlilo

voltmeter, Filgure 7 1s a block dilagram of the system used.
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IV. EXPERIMENTAL APPARATUS

Initial Apparatus

In the period between January, 1959, and June, 1960,
the first experimental apparatus was fabricated and the
first experiment was run. The test apparatus consisted of
the following:

1. vacuum pumping system:

A. H. S. Martin three stage mercury diffusion
pump with a theoretical pumping speed of
50 liters/sec;
B. ¥elch mechanical pump with a pumplng speed of
21 liters/min;
C. dry 1ice and acetone cold traps;
D. CVC thermocouple gauge model GTC-100;
L. CVC 1on gauge model GIC-110;
2. quartz absorption cell (see Figure 8);
5. monochromator designed and bullt at the Milssouril
School of iines and Metallurgy (see Figure 9);

4, 1P28 electron multiplier tube and associlated

electronics.

A considerable amount of the initlal effort was spent
in bullding the equlipment to be used for the experiment.
The pumpling system was fabricated of pyrex glass with a
graded seal to quartz in order to attach the absorption

cell. Filgure 10 shows the completed vacuum system and
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FIGURE 10
INITIAL GLASS VACUUM SYSTEM
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bakeout ovens. The mercury distillation unit 1s inside the
main oven. Figure 11 shows the absorption cell mounted 1in
its oven and the sodium distillation unit wrapped with
heater wires. Figure 12 shows the completed monochromator
with the 1P28 electron multiplier detector mounted at the
exit slit. Shown also are the power supply for the electron
multipllier and the Kelthley electrometer model 200B which
was used to read the output signal of the electron multi-
plier.

The absorption cell for the experiment was prepared as

follows:

l. The entire system was pumped down and outgassed
and after 1t had cooled down, the pressure 1in the
system reached 10'6 Torr.

2. The system was backfllled with dry nitrogen gas
and the mercury and sodium 1inserted into their
respective distillation units.

3. The nitrogen was then pumped out of the system.

4, The sodium was triply distilled into its reservoir
and the distillation unit sealed off at the reser-
voir.

5. The mercury was doubly distilled into 1its reser-
volir and the absorption cell sealed off and
removed from the vacuum system.

6. The absorption cell was mounted in the main part

of the oven, and the mercury and sodium reservoirs
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were mounted 1in separate ovens, so the wvapor
pressures of the two could be regulated by
measuring thelr respective temperatures by means
of thermocouples.

In the actual preparation of the absorption cell by the
above method, the sodium was distilled into 1ts reservolir
and the distillation unit sealed off. In order to further
clean up the sodium and 1ts reservoir, the sodilum reservoilr
oven was set at a moderate temperature and left to bake
overnight. Upon returning in the morning 1t was discovered
that the pressure in the system had gone to atmospheric
pressure. Upon further 1nvestigation 1t was dilscovered that
the sodium had reacted with the quartz, turning 1t a dark
brown and literally disintegrating the sodium reservolr.
Apparently, the sodlum leeched the oxygen from the crystal
structure of the quartz end the resulting compound was a
chalky, porous substance which disintegrated under the
stresses produced by the atmospherilic pressure outside the
cell.

It was then ezrly 1in June, 1960, and the author had
accepted ewmployment at McDonnell alrcraft Corporation. The
system was contaminated and to rebulld the apparatus and
run the experlment was an 1lmpossible task in the remelning
time. S0 1t was declded to leeave and e€lther return when the
opportunity arose or try to finlish the experlment at

McDonnell,.
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In order to avold the corrosion problems, the next
attempt was to fabricate a cell of stalnless steel with
sapphire wilndows brazed to Kovar using the "actlve alloy
process." The "active alloy process" together with other
ceramic-to-metal bonds are described in Chapter 14 of

Materlals and Technigues for rlectron Tubes!l. The process

employed 1is as follows:

The sapphire window 18 painted with titanium hydride
in the reglion where the seal 1s to be made. The brazing
materlal 1s then placed between the titanium hydride and
the metal part to which the window 1s to be brazed. As the
unit 1s vacuum filred, the tiltanlum hydride decomposes at
around 900°C and leaves a film of titanium on the sapphilre
surfece. As the tempereture 1s slowly 1ncreased, the
titanium diffuses into the sapphire and leaves a metallized
surface which the braze can wet. The temperature 1s ralsed
further until finally the braze melts and produces a vacuum
Joint between the Kovar and sapphire. Since the more common
brazing elloys heve one of the noble metals as thelr chlef
constituent, they cannot be used because they corrode in
the presence of sodium and mercury. The alloy filnally
selected was a nicxel, boron, sllicon, manganese alloy
tested by G. kL. Slaughter et 2;12.

However, before a successful sapphire-to-metal seal
was fabricated, the process for sealling sapphire to

Corning 7280, an alksll resistant glass, had been developed



36

at the ilssourl School of i:lnes and ketallurgy. Since the
major portion of the work on the metal cell had been com-
pleted, 1t was declded to use this cell to study a different
system, and other people would work with the mercury-sodium
system using a cell fabricated from Corning 7280 glass with
a sapphlire window. The cesium-rubldium system was chosen
since the temperatures involved were not as high and hence
the corrosion problem was reduced. Since the wavelengths
involved were 1in the vislible and near infra-red, 1t was also
posslible to use pyrex windows sealed to commerclally

avallable pyrex-to-Kovar tubular sezals.

Final Apparatus

The second experimental appasratus was an all metal
system and consisted of the followilng:

1. 2" CVC air cooled diffusion pump with a pumping
speed of 25 liters/sec;

2., delch mechanical pump model 91705;

3. Veeco 1lon gauge model RG-75 and Veeco electronic
circult model RG-214;

4., 1iquid nitrogen cold trap;

5. s8stalnless steel cell with pyrex windows;

6. Bristol 12 channel temperature recorder;

7. Osram 65 watt helium lamp model 50,056.

The entire system was constructed of 321 stalnless

steel, and all Jolnts were hell-arc welded except the 1lon
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gauge and window seals. Flgure 13 shows the entire system
with the cell mounted 1n the mailn oven. The cell was 1so-
lated from the pumping system with a Veeco stalinless steel
valve with a teflon seal. Figures 14 and 15 show the cell
wilth the two reservoirs. The rubidium reservolir was main-
talned at the cell temperature and the ceslum reservolr had
a separate oven to control 1ts temperature. The ceslum and
rubldium specimens were sealed 1n pyrex capsules after belng
distilled from thelr original capsules and they were
inserted into the tubular metal appendages which can be seen
in Figure 14. The front section of the cell, Figure 16, was
then bolted on with a copper gasket used as the seal
material. The system was then pumped down and baked at a
temperature of 400°C for twelve hours. After cool down the
system pressure was recorded at 3.3 X 10'7 Torr. The cesilum
and rubidium were introduced into the cell by crushing the
glass capsules. The all metal cell was left attached to
the vacuum system and the valve was used to 1solate the
cell.

The experiment was then set up and run with the spectro-
graph adjusted to detect light in the region from 68502
to 82303, which covered seven of the transitlions of interest.
The following are the rubidium transitions and thelr corre-
sponding wavelengths which were expected to occur 1in this
region:

(o]
1. 7%3y/,—=5°P),, (7280A)



FIGURE 13 ALL METAL VACUUM SYSTEM
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FIGURE 15 REAR SECTION OF METAL CELL
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FIGURE 16

FRONT SECTION OF METAL CELL



42

2. 7281/, —=5%P,,, (7408K)

3. 5%Dy . —=5%P) s, (7619R)

4. 5%Dg 5 —=52P5 5 (7758R)

B's 521)3/2 —»52P3/2 (77604)

6. 5%P5/p —525, s, (7800R)

T. 5%Py s, —=523) ,, (7948K)

Transitions 6 and 7 would appear only as cascade tran-
sitions from higher excited states and are of 1interest only
because of this fact.

Four photographs were taken with each plate contalning
elght exposures. Tables I, II, III, and IV show the temper-
atures of the cesium and rublidium reservoirs during each
exposure. Figures 17 and 18 are the vapor pressure curves
for cesium and rubidium, respectively. In all cases the
temperature represents the average of a continuous plot of
the thermocouple output from a multichannel recorder. All
system varlables, such as power 1input to the ovens, exci-
tation output of the lamp, and development procedure of the
plates, were kept as constant as possible. After the plates
were developed and 1nspected, there were no line spectra
visible. After due consideration 1t was decided that either
the transition probabilitlies were so small that the lines
were not detectable or that some part of the testing pro-
cedure was 1n error. Since thls experimental apparatus was
designed to study the temperature dependence of the sensi-

tized fluorescence, it was quite complex. It was therefore



TABLz I

Photographlic plate I-3 of sensitized fluorescence

rxXposure Cesium Rubidium

Time Temperature Temperature
(Min. ) (25) (°c)

1 142 145

2 141 145.5

5 141 145

7 141 145

9 142 146

11 143 147

13 143 147.5

15 143 148
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TABLE II

Photographic plate I-4 of sensitized fluorescence

ELXposure Cesilum Rubidium
Time Tempereture Temperature
(Nin.) (°c) (°c)

1 216 202
3 216 202
5 216 202
7 216 202
9 216 203
11 216 204
13 216 204
15 217 204
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TaBLz III

Photographic plate I-5 of sensitized fluorescence

Exposure Ceslum Rubidium
Time Temperature Temperature
(Min.) (2€) (°c)
1 312 274
3 312 274
5 312 276
7 309 276
9 311 276
11 311 erT
13 312 277
15 512 277
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TABLE IV

Photographic plate I-6 of sensitized fluorescence

LXposure Cesium Rubildium
Time Temperature Temperature
(Min.) (°c) (°c)

1 384 286
3 383 287
5 383 287
ld 383 287
9 386 289
11 388 292
13 389 294
15 392 297
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decided that a simpler apparatus should be constructed to
check for the possibility of an error in the test procedure
or apparatus.

For a glven temperature, the vapor pressure of cesium
and rubidium are approximately the same. Therefore, after
a short period of time, the two reservoirs contained a
mixture of the two elements instead of a sinzgle element as
1s the case in most other experiments of this type. There-
fore, no reservoirs were provided on the next cell and it
was simply a cylindrical pyrex tube 3.5 inches long with
pyrex windows on both ends. Figure 19 shows the completed
cell with an approximate egual mixture of cesium and
rubidium metal vacuum distilled into it. Figures 20 and 21
show the experimental apparetus with the cell mounted 1in
the center of the oven. The main problem which was believed
to have caused the negative results in the previous experi-
ment was the difficulty of focusing the radiation emerging
from tne cell on the grating of the spectrograph. This was
eliminated in the new spparatus, for the optical alignment
could be checked by focusing the exciting radiation on the
spectrosrevh and observing the incident 1ight at the plate-
nolder. Another serles of exposures was taken at various
tenperatures zanéd agaln no line spectra, except the incident
helium lines, were visible after development of the plates.
This time the oven temperature was held at 400°C for a

lonz period of time and wnen the cell was removed from the



FIGURE 19

PYREX CYLINDRICAL CELL
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FIGURE 20 SIDE VIEW OF OVEN AND LIGHT SOURCE



FIGURE 21

FRONT VIEW OF OVEN SHOWING CELL MOUNTING
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oven, it was obvious that intergranular corrosion had taken
Place. Figures 22 and 23 show the cell 2fter removal from
the oven. It 1is not known at what point in the experiment
this cell darkening took place, but from the fact that the
pyrex windows of the cell in the previous test did not
become darkened, it can be inferred that the corrosion was
caused by extended exposure to the vapor at higher temper-
atures. Thus, data which was obtalned at lower temperatures
could be used.

At thils point in the experiment it became apparent that
possibly the transition probablilities were so low that the
lines could not be detected. However, there still remained
the task of obtaining data at the higher temperatures.

After consultation with Dr. 4anderson, it was decided
that a cell of Corning 7280 alkali resistant glass with
sapphire windows should be constructed. The completed cell
was similar to the pyrex cell shown in Figure 19 on page 50
and contained an approximate equal amount of vacuum distilled
cesium and rubidium metal. However, during experimentation
this cell cracked at the window seal and since it was not
Known when the damage took place, all the data had to be
discerded for fear that gas leakaze might have caused
qQuenching of the lines if they had existed.

During this series of experiments it was decided that
excitation at the rear window and detection at the front

window might be in fault. There was denger that the
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incident radiation was absorbed by the cesium atoms in a
thin cylindrical section at the rear of the absorption cell
and there was no excitation of either cesium or rubidium
over the full lenzth of the sbsorption cell. This would
result in a loss of output radiation of both cesium and
rubidium lines if they were observed at the opposite end of
the cell. In order to overcome this possible error, in the
next series of date the vapor was excited by radiation inci-
dent on the front window and the emerging fluorescence was
detected at the same window. 3Since only one window was
needed, the next cell was fabricated from a cylindrical tube
of Corning 7280 glass with only one sapphire end window.
Figures 24, 25, and 26 show the test setup.

Since the suspicion of a negative result was growing
stronger, in this last experiment rather than looking only
for rubidium lines, possible cesium lines were also investi-
gated. The following transitions and their corresponding
wavelengths were investigated:

1. Rubidiun 7281/2 — 52P1/2 (72805\).)
2. Rubldium 7°8),p, —=5%P5/, (T408A)
. Rubldium 5Dz, —=5°P) /5 (76194)

e 2 g
. Rubidium 5 D5/2 5 P3/2 (77584)

n N

o
. Rubldium 57D3,, —~5%P3/, (T7604)

3
4
5
2 = °
6. Rubldium 5°P5,p —523),, (78004)
o
7. Rubldium 5°P) 5, —=525) ,, (7948A)
8

2 - 1%
. Rubldium 6%P) /o 5°5) ;o (42164)
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FIGURE 26 SIDE VIEW OF FINAL EXPERIMENTAL APPARATUS
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9. Rubidium 6°P3/p — 523 s (42023)

10. Cesium 82P3/2-—-6251/2 (38762)

11. Cesium  8%5y,p — 6°P5; (79464)

12. Cesium 8231/2——62131/2 (76104)

13. Cesium  8°P) ,, — 52D5 /5  (89214)

14, Cesium 62Pl/2-——’6251/2 (89432)

15. Cesium 62P3/2'—“’6251/2 (85222)

The oven temperature was varied so thet vapor pressures
of cesium from 8 x 10°2 Torr to 50 Torr and of rubidium
from 3 x 10"° Torr to 30 Torr existed in the cell. An RCA
model 7102 electron multiplier, 2 twin-t amplifier, and an
audio VTVM were used as the detection system. None of the
lines of interest were detected. After removal of the cell
for inspection, no damage other than a slight darkening of
the Corning 7280 glass was apparent. The sapphire window
remained clear even though temperatures up to 450°C were
used. Figures 27 and 28 show the cell after removal from
the oven.

The fact that the expected cesium transitions were not
detectable could be explained in either of two ways. Either
the cesium and rubidium together formed a quasi-molecule or
stable compound for which the emission spectra i1s entirely
different, or the amount of cesium excitation by the helium
radiation was so small that it was undetectable or did not
take place. The former seemed the more feasible of the two

conclusions since there was experimental evidence for the



FIGURE 27

SIDE VIEW OF CORNING 7280 GLASS CELL
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FRONT VIEW OF CORNING 7280 GLASS CELL
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excltatlon of ceslum vepor employlng a hellum source.

In order to resolve this dillemma, a cylindrical pyrex
cell with one end window was fabricated and a small amount
of ceslum metal was vacuum distilled into 1t. Experiments
were then performed to see 1f the expected cesium tran-
sitions occurred. The results were negative, which showed
that the 1light source was not intense enough to produce a

detectable amount of excltatlon of the cesium vspor.
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V. DISCUSSION OF RrSULTS AND CONCLUSIONS

Although no actual experimenteal data as such was
obtained from this effort, much insight was obtained which
could be applied to the design of a working system. These
comments refer to the cesium-rubidium system. It has been
proved that a cell constructed of Corning 7280 gless with
sepphire windows will withstend temperatures up to 450°C
in continuous operation. There 1s some discoloring of the
7280 glass, but no actual harm 1s done either to the glass
or the sapphire which would be detrimental to the results.
The only obvious error was in choosing a helium light source
which was too weak to produce a detectable amount of cesium
excitation. Perhaps this problem could be solved by using
longer exposure times in the photogrsephic method or by
cooling the electron multiplier tube in the photometric
metnod 1n order to decreese the background current. In
order to insure results, either of these modifications plus
a more intense light source should be employed. It 1is
recommended that two high pressure helium arc sources be
used 8s straight tubes at the focel point of & cylindricel
parabolic or elliptic reflector or s high pressure helical
spiral helium source be used which surrounds the cell. 1In
€lther arrangement, there should be specimen reservoirs
externel to the main cell oven so the vapor pressures of

poth metsls can be controlled and measured.
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The cell and associated vacuum system could be con-
structed either of zlass or metel, whichever is preferred.
If the system 1s constructed of glass, pyrex can be used
wherever parts which are exposed to cesium or rubidium vapor
do not exceed 350°C. Since this limits the versatility of
the cell, it should be constructed of Corning 7280 glass
with sapphire end windows for use above this temperature.

A metal system could be employed, fabricated of weldable
stainless steel. The preferred materisl 1s a 300 series
stainless with Joints belng heli-arc welded. Any braze
Joints which are used must employ an alloy containing none
of the precious metals in regions exposed for any length of
time to ¢cesium or rubidium vapor at elevated temperatures.
sither of the detection systems, photographic or
photometric, are adequate and exhilbit enough sensltivity
to successfully run the experiment. Both systems were able
to detect the majority of the helium lines in the region
of interest and could Zive relative intensity measurements.
If the 1light source problem were improved, an extensive
study of the properties of the sensitized fluorescence of

the cesium-rubidium system could be performed.
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