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ABSrRACT 

The experimental apparatus and techniques used for the 

study of sensitized fluorescence are discussed. In this 

study both glass and metal absorption cells were employed. 

Included also is a discussion of the transitions which 

11 

occur in the mercury-sodium and the cesium-rubidium systems, 

which were the two systems investigated. Both photographic 

and photometric techniques were used as means of detecting 

the sensitized fluorescence. The actual experimental 

apparatus used are discussed together with conclusions 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 in a two element 

system. Conclusions and recommendations are made mainly 

for the cesium-rubidium system and although no quantitative 

data was obtained, sufficient recommendations are made so 

that an extensive, quantitative study of the sensitized 

fluorescence of the cesium-rubidium system could be 

performed. 
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General Theory 

I. INTRODUCTION

According to the postulates of the Bohr theory, the 

energy of a system can increase only in discrete steps; 

therefore, the system exists in discrete yet well defined 

stationary energy states. If one applies these consider

ations to the atom, there exist discrete energy levels and 

the lowest is 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 is Planck's constant 

(6.62 x 10-27 erg sec) and " 1s the frequency of the radi

ation which is absorbed or emitted in the transition. 

1 

Bohr adopted the Rutherford model of the atom which 

consisted of a nucleus surrounded by electrons, which were 

later found to be contained 1n definite shells and subshells. 

The shell or orbit in which the electron exists dictates the 

integral value of n. The quantum number� represents the 

orbital angular momentum of the electron measured in units 

of h/2� and can assume integral values from Oto n-1. 

Adopting the spectroscopic notation, the values of..£ are 

represented by letters as follows: 

S P D F G 

.£ = O 1 2 3 4 • 

The observed multiple energy states of the emission 



spectra are explained by the spin of the electron which is 

expressed in units of h/2�. The spin quantum number s is an 

inherent property of the electron and can have values of 

: 1/2. The total angular momentum j is the vector sum of 

£and s. Each of the quantum numbers 1, s, and j of the 

individual electrons has a counterpart L, S, and J which 

is the vector sum of a11.,R, all s, or all j of the valence 

electrons of that particular atom. These quantum numbers 

together with the multiplicity are all that are needed to 

define an energy state. 

In order to illustrate the energy levels which exist 

for a given atom, it is customary to use an energy level 

diagram. Each term or energy level is represented by its 

respective quantum numbers n, .£, and s, where n is the 

principal quantum number, .,£is the orbital angular momentum 

quantum number, and s is the spin angular momentum quantum 

number. A typical example is 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 is a triplet. The letter P gives the quantum number 

L, which in this case is one. The subscript 1 is the 

quantum number J, which in this case is the vector sum of 

L = 1 and S = 1 to give J = 1. The mercury atom has two 

valence electrons; the rest of the electrons are more 

tightly bound to the nucleus either in closed shells or 

2 
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closed subshells. The 6P lev,1 of mercury has a singlet 

and a triplet state. If the two electron spins are anti

parallel, S = 0, the energy level is a singlet since the 

only possible value for J is 1. On the other hand, if the 

electron spins are parallel, S = 1 and the energy level is 

a triplet since J can have the values 2, 1, or O. Also 

appearing in any energy level diagram is the relative 

separation between the energy states which is given either 

in electron volts or wave numbers. Also the wavelength of 

the emitted radiation corresponding to the transition from 

the higher to the lower energy state is given. 

Since all possible transitions do not occur, a set of 

selectiQn rules have been determined based on the transition 

probabilities between specific energy levels. The selection 

rules for electric dipole radiation are as follows: 

1. !lL + 1

2. !lJ + l or O, excluding J = O -J = o.

These selection rules are based on experimental obser

vations and theory. They give the allowed transitions with 

probabilities which are high enough so that the emission 

spectra can be observed using ordinary spectrographic tech

niques with moderate resolving power. 

The former considerations include only conclusions 

which can be derived by employing quantum mechanics and have 

neglected the hyperfine structure which can be explained by 

nuclear spin. 

4 



The fact that certain transitions have been observed 

which violate the selection rules indicates that this expla

nation is far from complete; however, it does serve our 

purpose. 

There is a glow associated with arc, spark, and flame 

sources. These glows are typical 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 is called luminescence, a 

generic term representing the emission of radiation at some 

characteristic frequency caused by excitation to a higher 

energy state. A particular type of luminescence is photo

luminescence which is the emission of radiation caused by 

light excitation. 

For a one element system, the radiation emitted is 

either fluorescence or phosphorescence. harly investigators 

made a distinction between fluorescence and phosphorescence 

by the length of time that the afterglow existed after the 

exciting light was removed. If the luminescence lasted 

only as long as the irradiation, it was called fluorescence; 

if it remained after the exciting light was shut off, it 

was called phosphorescence. If one irradiates a one element 

system with monochromatic radiation of frequency P ,  there 

may be observed the emission of radiation of frequencies 

other than v .  This type of luminescence is called fluo

rescence and the lifetime of the excited states is usually 

5 



of the order of 10-7 or 10-8 sec. If the only frequency

observed is the same as the irradiation frequency, the 

fluorescence is called resonance radiation. 

6 

Referring to Figure 1 , page 3 , it is noticed that there 

is no transition wavelength between the 63P0 state and the

61
s

0 
ground state. The 63p

0 
state and similar states which 

are prohibited by the selection rules from making transitions 

to a lower energy state and emitting their characteristic 

wavelength are called metastable states. Because of the low 

transition probability between the metastable states and 

lower energy states, their lifetime is longer. Metastable 

atoms may have their theoretical lifetime shortened by three 

processes: 

1. They may collide with other atoms and be excited to

a level from which transitions are allowed.

2. They may suffer nonradiative collisions with other

atoms and their excitation energy be transferred

to the other atom.

3. They may suffer collisions with the nearly infinite

walls of the container with a loss of their energy

and angular momentum.

If a cell containing mercury vapor is irradiated with 

2537� light, atoms are excited from the 61
s

0 
state to the 

63p1 state. �mission of the 2537j line as the atom returns

to the ground state is an example of resonance radiation. 

However, some of the atoms in the 63P
1 

state can be trans-



ferred into the 6 3P0 metastable state by colliding with

other atoms. If the exciting light is turned off, one 
0

observes that the 2537A radiation is still present after a 

relatively long time. This phenomena cannot be explained 

by the resonance radiation because of its short lifetime. 

Here the 63Po atoms are acquiring sufficient energy by 

collisions to return to the 63P
1 

state and these atoms are 
0

returning to the ground state by the emission of the 2537A 

line. This process, involving a metastable state, is called 

phosphorescence� With the proper experimental conditions, 

the emission of the forbidden line 2665X ( 63p0 - 61
s

0
) can

be observed. Since the transition probability is low, the 

lifetime of the 6 3P0 state is long. This type of lumi

nescence is called fluorescence of long duration. One can 

see then that the length of time that the afterglow exists 

does not determine whether the luminescence is fluorescence 

or phosphorescence but that the type of transitions involved 

is the determining factor. 

Frank and Hertz discovered in 191 3 that an electron 

with sufficient kinetic energy can collide with a normal 

atom producing a slow electron and an excited atom; this 

process has been termed a collision of the first kind. 

Klein and Rosseland1, employing the principle of micro

scopic reversability, reasoned that the inverse process 

should occur; namely, an excited atom upon colliding with a 

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

7 



This process is called a collision of the second kind. 

Frank extended this idea 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 containing two species of atoms A and 

B. For the purpose of illustration, 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 v , atoms A 

are raised to the excited state. If the lifetime of this 

excited state is 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 v will then 

appear. This process of energy exchange is known as 

sensitized fluorescence and is the process of principal 

interest. The two excited states are said to be in energy 

resonance if 6E is zero. The probability of the energy 

transfer taking place by a collision of the second kind 

increases as 6E becomes smaller. By the conservation of 

energy and momentum, one can calculate the relative veloci

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

8 
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ILLUSTRATION OF SENSITIZED FLUORESCENCE 



II. REVIEW OF LITERATURE

Mercury-Sodium Bystem 

10 

In an attempt to verify the theory that the probability 

for energy exchange increases as AE decreases, Beutler and 

Josephy2 studied tne sensitized fluorescence spectra of a

mercury-sodium system. Figure 1, page 3, shows the energy 

level diagram for mercury and Figure 3 shows the energy 

level diagram for sodium. Assuming equal transition proba

bilities, one would expect that the intensity of sodium 

lines arising from transitions of higher n values would 

decrease since the excitation energy increases. However, 

Beutler and Josephy showed that this was not the case. In 

fact, they found in the series n2
s -32 P that the lines

arising from the 92
s- 32 p transitions were by far the most

intense. The reason was that the 92
s level is in near

resonance with the 6 3P1 state of mercury. The 82 P state of 

sodium would probably produce more intense lines, 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 72
s - 32P tranei tions since the 72

s

state is in near energy resonance with the 6 3P0 staie of

mercury. These two instances support the theory that the 

probability of energy transfer increases as the energy 

difference decreases. 
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Statement of the Mercury-Sodium Problem 

The general objective of the initial experiment was to 

further investigate the energy exchange in the mercury

sodium system. The main aim of the experiment was to 

establish the temperature dependence of the sensitized 

fluorescence. This experiment consisted of varying the 

mercury and sodium vapor pressures independently and the 

sodium line intensities of known transitions would be 

plotted versus sodium and mercury temperatures. 

The purpose of the experiment was threefold: 

12 

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

who used a mercury-thallium system, by showing that

the same conclusions could be drawn using a

different system;

2. to try to better explain and understand the energy

exchange processes of normally excited mercury

atoms, metastable mercury atoms, and mercury

molecules with unexcited atoms of another species

and also to investigate the quasi-molecules formed

by the two species in the cell;

3. to determine the lifetimes of the excited sodium

states by performing decay studies of both direct

and cascade transitions.

Swanson and hcFarland based their conclusions on the 

validity of Winan's partial selection rule4, which makes

the assumption that the two atoms form a quasi-molecule in 



13 

the collision. The assumptions made are verified by experi

mental results and for the cases cited proved that the 

probability of energy transfer increases when the resultant 

angular momentum of the quasi-molecule does not change in 

the collision. This gives the selection rule �J = O, where 

J is the resultant angular momentum of the quasi-molecule 

formed by the two atoms. 

Mercury was a natural choice for one of the elements 

because it is readily available, it is easy to use, and an 

enormous amount of information is available concerning its 

physical properties and behavior. Mercury light sources 

were also readily available. Sodium was picked as the 

second element because it is also inexpensive, readily 

available, and relatively easy to use; but, most important, 

there are a large number of sodium energy levels which have 

small energy differences with the 6 3P1 and 6 3P0 mercury

atomic states and the metastable mercury molecules. In 

addition, the elements selected had to have a sufficiently 

high vapor pressure, around 1mm of mercury, at temperatures 

which are compatible with materials commonly used for 

fabrication of the cells, usually pyrex or quartz. 

The transitions to be studied were picked because of 

the demands of the detection system to be employed. The 

transitions were as follows: 

1 . 
0 

( 4343A) 

2. 
0 

( 4 346A) 



3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21.

22.

23. 

24. 

25. 

26. 

27.

9231/2 - 32
pl/2

2 2 9 Sl/2 - 3 p3/2

8281/2 -32
pl/2

8281/2 - 32p3/2

72B1/2 -32 P1/2

72s1;2 -32P3/2

62 2 51/2 -3 pl/2

62sl/2 -32
p3/2

52 2 31/2 -3 pl/2

52S1/2 -32P3/2

2 2 9 P3/2 , 1/2 -3 S1/2

82P3/2 , 1/2 - 32 
Sl/2

72P3/2 , 1/2 - 32 51/2

62P3/2 ' 1/2 -32 
51/2

52P3/2 , 1/2 -32 51/2

92D -32

p 1/2

92D -32p3/2

82D -32p 1/2

82D -32p / 3 2

72D -32P1/2

72n -32P3/2

62D -32p 1/2

62D -32p 3/2

52D -32pl/2

52n -32p3/2

14 

0 

( 4421A) 

( 4424i) 
0 

( 4543A) 

(4546�) 
0 

( 4750A) 

(4754i) 
0 

( 5149A) 
0 

(5154A) 

(6154A) 
0 

(6161.A) 
0 

(2513A) 
0 

(2545A) 
0 

(2595A) 
0 

(2681A) 
0 

(2853A) 
0 

(4322A) 
0 

( 4326A) 
0 

(4391A) 
0 

(4395A) 
0 

(4496A) 
0 

(4499A) 

(4666i) 
0 

(4670A) 
0 

(4979A) 
0 

( 4983A) 



be 

28. 

29. 

42 D-32 p 
1/2

2 2 4 D-3 P3;2

It is probable that most of 

resolved by the monochromator 

( 5683A) 

(5688A) 

these doublets would not 

and would have to be read 

together. Also, some of the transition wavelengths would 

not be resolved because of close mercury lines. 

Cesium-Rubidium System 

Little information was available 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 properties of 

sensitized fluorescence and from similarities to other 

systems. 

1 5 

Early experiments by Boeckner5 and �ohler and 3oeckner6

on the quenching of the resonance radiation of cesium vapor 

and later experiments by Jacobs .§.1 �7 and Cummins et a1.8

2 on optical pumping of cesium vapor showed that the 8 P1;2

cesium state corresponding to a resonence transition of 

3888i is effectively excited by the strong 3888� helium 

line. This should be expected since the two wavelengths 
0 differ by only 0.037A. Therefore, it was decided to use a 

commercially available helium arc as the excitation source 

for the cesium vapor rather than build a cesium source. 



Statement of the Cesium-Rubidium Problem 

The final part of this investigation was essentially 

the same as the first: to study the mechanism of energy 

exchange within a two element 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 excited states; and it can be 

excited to the 82 P1;2 
state by readily available helium

lamps. Rubidium was picked as the second element because 

it possesses excited energy states with small energy 

differences to the excited cesium state. 

The majority of the wavelengths corresponding to the 

transitions of interest are in the near infra-red region, 

0 0 

between 7000A and 8000A. 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 5 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 82 P1;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 frequencies. 

16 
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Using the criterion that the lines corresponding to the 

smallest energy difference 

vestigated transit ions are 

decreasing intensity: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

52 03;2 - 5
2

::,3/2

2 2 5 D3/2 - 5 pl/2

2 
5

2 5 D5/2 - P3/2

72
.31/2 - 5

2
p3/2

72 Sl/2 - 52 
pl/2 

62 p - 5
2 ,... 

3/2 - i:ll/2 
62 Pl/2 - 5

2

31/2 

72 P3/2 - 5
2 

Sl/2 

2 
5

2 7 pl/2 - 51/2

are the most intense, the in-

listed below in the order of 

0 

(7760A) 
0 

(7619A) 

(7758A) 
0

(7408A) 

(7280A) 

( 4202�) 
0

( 4216A) 
0 

(3587A) 
0 

(359 2A) 

Since many of the transitions are cascade transitions 
2 0 O 

including the 5 P levels, the 7948A and 7800A lines should

also be predominant lines. 

19 
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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 Missouri. 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. 9 A. Anderson and E. E. Stepp .

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. After the system had been pumped down, the 

glass capsule was then crushed inside the stainless 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 



linear dispersion in the first order at the camera for the 

0 

wavelength region in question was over 5.6A/mw. 

The photographic plates used were class N, type I.  

Class N was the only choice because it is the only emulsion 

which is sensitive in the region of interest. The region 

of sensitivity extends from 67ooi to 88ooi. Of the two

types that are available, type I and type IV, data only on 

type I could be found. Type I-N plates are coarse grained, 

medium contrast with an average resolving power of 
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82 lines/mm. Thia limits the theoretical resolving power 

to o.01i in the region of interest. However, it is riot

necessary that the detection system be capable of high 

resolution. In fact, a capability of resolving lines which 

are 1i or 2i apart is more than adequate for this type of

experiment. 

For a complete description of spectrographic apparatus 

and techniques, refer to Experimental Spectroscopy 10 .

Chapter 8 of this book is especially useful in understanding 

the physical properties of the photographic emulsion. In 

order for a photographic measurement to be meaningful and 

accurate, one must always bear in mind that there are 

numerous steps to be taken before the data is in tangible 

form. For this reason, a definite procedure must be adopted 

and adhered to in all cases. As the need for accuracy in

creases, the amount of care and work involved also 

increases. 3ince this experiment did not require a high 



degree of accuracy, assumptions were made that could not be 

made in some types of work. The following were the 

assumptions made: 

1. It was assumed that the density of the emulsion

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

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

box, but not necessarily plates taken from 

different boxes, were processed in 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 calibrated for spectral sensitivity in 
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0 0 

the range 6700A to 8800A, which included all of the expected 

transitions except the four lines arising from the tran-

iti 6
2 P 52 � d 7

2 P 52 � s ons 3/2, 1;2- �1/2 an 3/2, 1/2- �1/2"
These could have been studied later if the time and necessity 

arose. The plates were compared against a standard NBS 

tungsten ribbon filament lamp. The filament temperature was 

measured with an optical 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 is also called the 

H-D curve after Hurter and Driffield. A typical charac

teristic curve is shown in Figure 6. 

Point A on the curve represents the threshold intensity 
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FIGURE 6 

TYPICAL CHARACTERISTIC CURVE 



at which plate darkening is first measurable. One usually 

tries to take data so that the density measurements fall in 

the region BC where the log of the intensity is a linear 

function of the plate density. The rest of the curve CD 

represents a region of decreasing response followed by a 

density reversal. 
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Once the characteristic curve for a given wavelength 

has been plotted, one has a means of determining the rela

tive intensities of the spectral lines in question. By 

knowing the exposure time and the line density, the line 

intensity can be computed from the experimentally determined 

characteristic curve. 

l!.lectron Iwlultiplier Techniques 

Another means of detection employed an electron multi

plier with the output amplified and exhibited on a read out 

device. The photometric detection is not as sensitive as 

the photographic technique but in some ways it is desirable. 

fhe two outstanding advantages are time and effort. The 

photographic technique provides a permanent record but the 

amount of time required per data point is at least an order 

of magnitude higher. The amount of effort required to pro

duce the same quality of data is also higher; for example, 

cleanliness in procedure and consistency of individual 

operations such as development of plates. 

The photometric detection system consisted of a Bausch 



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

voltmeter. Figure 7 is a block diagram of the system used. 
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VOLTMETER 

BLOCK DIAGRAM OF THE PHOTOMETRIC DETECTION SYSTEM 



Initial Apparatus 

IV. EXPERIMEN·rAL 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. hartin three stage mercury diffusion 

pump with a theoretical pumping speed of 

50 liters/sec; 

B. '1'/elch mechanical pump with a pumping speed of

21 liters/min;

e. dry ice and acetone cold traps;

D. eve thermocouple gauge model GTC-100;

E. eve ion gauge mooel Gie-110;

2. quartz absorption cell (see Figure 8);

3. monochromator designed and built at the Missouri

School of Mines and Metallurgy (see Figure 9);

4. 1P28 electron multiplier tube and associated

electronics.

A considerable amount of the initial effort was spent 

in building the equipment to be used for the experiment. 

The pumping system was fabricated of pyrex glass with a 

graded seal to quartz in order to attach the absorption 

cell. Figure 10 shows the completed vacuum system and 
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FIGURE 8 QUARTZ ABSORPTION CELL f\) 
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FIGURE 9 

MONOCHROMATOR USED IN THE INITIAL TEST 
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FIGURE 10 

INITIAL GLASS VACUUM SYSTEM 



bakeout ovens. The mercury distillation unit is inside the 

main oven. Figure 11 shows the absorption cell mounted in 

its oven and the sodium distillation unit wrapped with 
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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 

multiplier and the Keithley 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: 

1. The entire system was pumped down and outgassed

and after it had cooled down, the pressure in the

system reached 10-6 Torr.

2. The system was backfilled with dry nitrogen gas

and the mercury and sodium inserted into their 

respective distillation units.

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

4. The sodiu� was triply distilled into its reservoir

and the distillation unit sealed off at the reser

voir.

5. The mercury was doubly distilled into its reser

voir 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



FIGURE 11 CELL, OVEN, AND DISTILLATION UNITS 
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FIGURE 12 INITIAL PHOTOMETRIC SYSTEM vJ 
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were mounted in separate ovens, so the vapor 

pressures of the two could be regulated by 

measuring their respective temperatures by means 

of thermocouples. 
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In the actual preparation of the absorption cell by the 

above method, the sodium was distilled into its reservoir 

and the distillation unit sealed off. In order to further 

clean up the sodium and its reservoir, the sodium reservoir 

oven was set at a moderate temperature and left to bake 

overnight. Upon returning in the morning it was discovered 

that the pressure in the system had gone to atmospheric 

pressure. Upon further investigation it was discovered that 

the sodium had reacted with the quartz, turning it a dark 

brown and literally disintegrating the sodium reservoir. 

Apparently, the sodium leeched the oxygen from the crystal 

structure of the quartz and the resulting compound was a 

chalky, porous substance which disintegrated under the 

stresses produced by the atmospheric pressure outside the 

cell. 

It was then early in June, 1960, and the author had 

accepted employment at KcDonnell Aircraft Corporation. The 

system was contaminated and to rebuild the apparatus and 

run the experiment was an impossible task in the remaining 

time. So it was decided to leave and either return when the 

opportunity arose or try to finish the experiment at 

McDonnell. 



In order to avoid the corrosion problems, the next 

attempt was to fabricate a cell of stainless steel with 

sapphire windows brazed to Kovar using the "active alloy 

process." The "active alloy process" together with other 

ceramic-to-metal bonds are described in Chapter 14 of 

Materials� Techniques for Electron Tubes11. The process 

employed is as follows: 

The sapphire window is painted with titanium hydride 

in the region where the seal is to be made. The brazing 

material is then placed between the titanium hydride and 
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the metal part to which the window is to be brazed. As the 

unit is vacuum fired, the titaniu:n hydride decomposes at 

around 900° c and leaves a film of titanium on the sapphire

surface. As the temperature is slowly increased, the 

titanium diffuses into the sapphire and leaves a metallized 

surface which the braze can wet. The temperature is raised 

further until finally the braze melts and produces a vacuum 

joint between the Kovar and sapphire. Since the more common 

brazing alloys have one of the noble metals as their chief 

constituent, they cannot be used because they corrode in 

the presence of sodium and mercury. The alloy finally 

selected was a nickel, boron, silicon, manganese alloy 

tested by G . .i:-1. Slaughter et a1
12 .

--

However, before a successful sapphire-to-metal seal 

was fabricated, the process for sealing sapphire to 

Corning 7280, an alkali resistant glass, had been developed 
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at the h1ssour1 School of �ines and hetallurgy. Since the 

major portion of the work on the metal cell had been com

pleted, lt was decided 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 sapphire window. The cesium-rubidium system was chosen 

since the temperatures involved were not as high and hence 

the corrosion problem was reduced. Since the wavelengths 

involved were in the visible and near infra-red, it was also 

possible to use pyrex windows sealed to commercially 

available pyrex-to-Kovar tubular seals. 

Final Apparatus 

The second experimental apparatus was an all metal 

system and consisted of the following: 

1. 2 11 

eve air cooled diffusion pump with a pumping 

speed of 25 liters/sec; 

2. �elch mechanical pump model 91705;

3. Veeco ion gauge model RG-75 and Veeco electronic

circuit model RG-21A;

4. liquid nitrogen cold trap;

5. stainless steel cell with pyrex windows;

6. Bristol 12 channel temperature recorder;

7. 0sram 65 watt helium lamp model 50,056.

The entire system was constructed of 321 stainless 

steel, and all joints were hell-arc welded except the ion 



gauge and window seals. Figure 13 shows the entire system 

with the cell mounted in the main oven. The cell was iso

lated from the pumping system with a Veeco stainless steel 

valve with a teflon seal. �igures 14 and 15 show the cell 

with the two reservoirs. The rubidium reservoir was main

tained at the cell temperature and the cesium reservoir had 
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a separate oven to control its temperature. The cesium and 

rubidium specimens were sealed in pyrex capsules after being 

distilled from their 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 40o0 c for twelve hours. After cool down the 

system pressure was recorded at 3.3 x 10-7 Torr. The cesium

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 isolate the 

cell. 

The experiment was then set up and run with the spectro

o 
graph adjusted to detect light in the region from 6850A 

0 

to 8230A, which covered seven of the transitions of interest. 

The following are the rubidium transitions and their corre

sponding wavelengths which were expected to occur in this 

region: 

1. 7
2

�1/2 - 5
2

P1/2

0 

(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 
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rransitions 6 and 7 would appear only as cascade tran

sitions from higher excited states and are of interest only 

because of this fact. 
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Four photographs were taken with each plate containing 

eight exposures. Tables I, II, III, and IV show the temper

atures of the cesium and rubidium 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 variables, such as power input 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 inspected, there were no line spectra 

visible. After due consideration it was decided that either 

the transition probabilities were so small that the lines 

were not detectable or that some part of the testing pro

cedure was in error. Since this experimental apparatus was 

designed to study the temperature dependence of the sensi

tized fluorescence, it was quite complex. It was therefore 
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rABLZ I 

Photographic plate I-3 of sensitized fluorescence 

Exposure Cesium Rubidium 
Time Temperature Temperature 

(Min.) (OC) (OC)

1 142 145 

3 141 145.5 

5 141 145 

7 141 145 

9 142 146 

11 143 147 

13 143 147.5 

15 143 148 



44 

TABLE II 

Photographic plate I-4 of sensitized fluorescence 

Exposure Cesium Rubidium 
Time Tempere..ture Temperature 

(Ivlin.) (OC)
(

O 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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I'ABLE I I I 

Photographic plate I-5 of sensitized fluorescence 

Exposure Cesium Rubidium 
Time Temperature Temperature 

(Min. ) (OC) ( oc)

1 312 274 

3 312 274 

5 312 276 

7 309 276 

9 311 276 

11 311 277 

13 312 277 

15 312 277 
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TABLE IV 

Photographic plate I-6 of sensitized fluorescence 

.Exposure Cesium Rubidium 
Time Temoerature Temperature 

(Min. ) .( o C) ( oc) 

1 384 286 

3 383 287 

5 383 287 

7 383 287 

9 386 289 

11 388 292 

13 389 294 

15 392 297 



0:: 

0:: 

w 
0:: 

V'l 
V'l 

w 
0:: 

a.. 

47 

l0r------.......... -------.-----..------,r-r-------,.------

10-1 .,..... ____ -+-------+--#----+------+---------t----------t 

10-2

10-3

10-4 t-----...,_-------+-----+-------t---------1�-------1

10-S t----+---+---------+-----+-------t---------1�-------1

10-6....__..,__ ...., ____ ...,. _____ ._ __________ ....... _____ _ 

0 100 200 300 

TEMPERATURE ( °C) 

FIGURE 17 

400 

VAPOR PRESSURE CURVE FOR CESIUM 

500 600 



10 

10-2
0:: 

0:: 

w 
0:: 

w 
0:: 

10-3

I 
J 

, 

I 

I 

100 200 

V 
I 

300 

TEMPERATURE {° C) 

FIGURE 18 

400 

VAPOR PRESSURE CURVE FOR RUBIDIUM 

48 

500 600 



decided that a simpler apparatus should be constructed to 

check for the possibility of an error in the test procedure 

or apparatus. 

For a given 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 single element as 

is 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 equal mixture of cesium and 

rubidium metal vacuum distilled into it. Figures 20 and 21 

show the experimental apparatus with the cell mounted in 
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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 the cell on the gratin5 of the spectrograph. This was 

eliminated in the new apparatus, for the optical alignment 

could be checked by focusing the exciting radiation on the 

spectro5raph and observing the incident light at the plate

holder. Another series of exposures was taken at various 

temperatures and a6ain no line spectra, except the incident 

helium lines, �ere visible after development of the plates. 

This time the oven temperature was held at 4oo0 c for a 

lon3 period of ti�e and �hen the cell �as removed from the 
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oven, it was obvious that intergranular corrosion had taken 

place. Fi3ures 22 and 23 show the cell efter removal from 

the oven. It is 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 obtained at lower temperatures 

could be used. 

At this point in the experiment it became apparent that 

possibly the transition probabilities 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. Anderson, 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 

discarded for fear that gas leakage might have caused 

quenchin3 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 danger 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 
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over the full length of the absorption cell. This would 

result in a loss of output radiation of both cesium a.nd 

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 data the vapor was excited by radiation inci

dent on the front window and the emerging fluorescence was 

detected at the same window. Since 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. 

2. 

3. 

4. 

5-

6. 

1. 

8. 

Rubidium 

Rubidium 

rtubidium 

Rubidium 

Rubidium 

Rubidium 

Rubidium 

Rubidium 

0 

(7280A) 
0 

(7408A) 
0 

(7619A) 
0 

(7758A) 
0 

(7760A) 
0 

(7800A) 
0 

(7948A) 
0 

(4216A) 
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FIGURE 25 FRONT VIEW OF FINAL EXPERIMENTAL APPARATUS 
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15. 
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Cesium 
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Cesium 

Cesium 

0 
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(3876A) 

(7946A) 
0 
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0 

(8921A) 
0 

(8943A) 
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(8522A) 
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The oven temperature was varied so that vapor pressures 

8 
-2

of cesium from x 10 Torr to 50 Torr and of rubidium

from 3 x 10-2 Torr to 30 Torr existed in the cell. An RCA

model 7102 electron multiplier, a twin-t amplifier, and an 

audio VTV';:i 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 is 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 
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excitation of cesium vapor employing a helium source. 

In order to resolve this dilemma, a cylindrical pyrex 

cell with one end window was fabricated and a small amount 

of cesium metal was vacuum distilled into it. Experiments 

were then performed to see if the expected cesium tran

sitions occurred. The results were negative, which showed 

that the light source was not intense enough to produce a 

detectable amount of excitation of the cesium vapor. 
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V. DISCUSSION OF RESULT3 AND CONCLUSIONS

�lthough no actual experimental 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 Cornin3 7280 glass with 

sapphire windows will withstand temperatures up to 450° c 

in continuous operation. There is some discoloring of the 

7280 glass, but no actual harm is done either to the glass 
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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 photographic method or by 

coolin5 the electron multiplier tube in the photometric 

method in order to decrease the background current. In 

order to insure results, either of these modifications plus 

a more intense light source should be employed. It is 

recommended that two high pressure helium arc sources be 

used a.s straight tubes at the focal point of a cylindrical 

parabolic or elliptic reflector or a high pressure helical 

spiral helium source be used which surrounds the cell. In 

either arrangement, there should be specimen reservoirs 

extern�l to the main cell oven so the vapor pressures of 

both met�ls can be controlled and measured. 



The cell and associated vacuum system could be con

structed either of glass or metal, whichever is preferred. 

65 

If the systeffi is constructed of glass, pyrex can be used 

wherever parts which are exposed to cesium or rubidium vapor 

do not exceed 350° c. �ince this limits the versatility of 

the cell, i t  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 material is a 300 series 

stainless with joints being heli-arc welded. Any braze 

joints which are used must employ an alloy containing none 

of the precious metals in regions exposed for eny length of 

time to cesium or rubidium vapor at elevated temperatures. 

iither of the detection systems, photographic or 

photometric, are adequate and exhibit enough sensitivity 

to successfully run the experiment. Both systems were able 

to detect the majority of the helium lines in the region 

of interest and could give relative intensity measurements. 

If the lig.ht 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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