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ABSTRACT

A series of experiments were performed in which a population of
free cesium atoms was created by photodissociation and then detected by
photoionization. Two pulsed lasers in a coaxial geometry were employed.
The first laser photodissociated cesium iodide molecules with a pulse of
ultraviolet photons and is called the source laser. The second laser,
using a technique known as resonance ionization spectroscopy, photo-
ionized the cesium atoms within its beam and is called the detector
laser. The laser beams passed through the center of a simple parallel
plate ionization gas cell filled with argon. The ionization that
occurred within a cylinder defined by the laser beam and the guarded
ionization plate was collected and measured for each pulse.

Study of the donization yield as a function of detector laser
intensity indicates the process can be strongly saturated; that is, all
of the cesium atoms within the ionization cylinder can be ijonized.

Study of the dissociation process with a focused and thus extremely
intense source pulse indicates that in the central portion of the beam
this process is also saturated. These results, combined with a pre-
viously demonstrated ability to detect single atoms of cesium, prove the
ability to detect single molecules of cesium iodide.

Saturation of the dissociation process provides a measure of the
cesium iodide concentration. By studying relative ionization as a
function of photons per pulse of the source laser, and by accounting
for the laser beam intensity profile, it was possible to determine the

absolute cross section for photodissociation of cesium iodide into its



ground-state atomic constituents. Knowledge of the vapor pressure of
cesium iodide was not required, thus obviating the task of constructing
an isothermal saturated vapor pressure cell., Absolute cross sections
for photodissociation of CsI as a function of wavelength are reported.

The dissociation/ionization technique has an excellent signal-to~
noise ratio even in a simple parallel-plate ionization chamber. By
saturating the ionization, signal dependence on buffer gas pressure or
detector laser intensity is eliminated. Furthermore, the ionization
pulse amplitude is linearly related to the absolute number of cesium
atoms in the ionization beam. Therefore, the decay in number of free
cesium atoms within the ionization cylinder can be followed for many
orders of magnitude.

Using a tightly focused source laser, free cesium atoms were
created along the axis of the ionization cylinder. The functional form
of diffusion transport out of the cylinder, accounting also for reactions
with impurities, is easily calculated. Diffusion transport was found to
dominate the decay of cesium atoms out of the ionization cylinder at
argon pressures below 100 torr. The extraction of a diffusion
coefficient was then accomplished rather directly by data fitting. The
diffusion coefficient of cesium in argon was found to be 0.12 + 0.03
cmz—sec“l at atmospheric pressure. More conventional techniques for the
determination of diffusion coefficients require the gaseous components
to be inert and noncondensing at the container walls. However, in the
present study this requirement was relaxed because diffusion was

observed on a millisecond time scale far from the walls of the counter.
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The reaction of cesium with oxygen was observed by adding smail
partial pressures of oxygen to the argon buffer gas. Oxygen pressures
were selected so that the resulting reactive decay occurred on a micro-
second time scale. The diffusion processes had a negligible influence
on the time dependence of the cesium decay. A three-body reaction rate

-30 -1 . -2 6 . .
of (7.5 + 0.7) x 10 sec ~~particle -cm was determined. This rate
is appropriate to argon pressures as high as 100 torr. The ionization

cylinder temperature was 325 K.






SECTION 1
INTRODUCTION

Resonance lonization spectroscopy (RIS) is a highly sensitive
technique for the measurement of absolute-populations of atomic
species. In its simplest form, RIS is accomplished by exciting atoms
of the desired state to an intermediate state by absorption of a photon
from a laser tuned to this transition wavelength. Absorption of an
additional photon from the same laser caﬁ promote the intermediate .
state to the ioniza;ion continuum. If a high intensity pulsed laser
is used, all of the afoms of‘the desired state can be photoionized.

The rate limiting step in this case is the ionization probability of
the excited state.

The first use of RIS was a measurement of the absolute population
of metastable He(21S) following excitation with a proton pulse l.

Each He(21S) was excited to He(3!'P) and then ionized by a pulsed laser
tuned to 5015 Z. To obtain photoionization saturation, a photon fluence
of 2.5 X 1018 photons per cﬁz per pulse was necessary. The actual
ionization kinetics can be a great deal more complicated than described
so far. In the case of He(21S), study of the ionization yield as a
function of pressure 2 indicated that at pressures of gréater than 15
torr, ;ollision~induced associative ionization of the He(3!P) state
occurred and saturation of ionization could be produced at lower power

levels.



Recent work demonstrated the ability to detect single atoms

. . . 3,4 . .
of cesium with the RIS technique “° ., 1In this experiment, cesium

proportional counter filled with P10 gas (90% argon and 107 methane).
The counter was coupled to low noise electronics, providing a system
sensitive to a single free electron. A pulsed laser tuned to 4555;
was used to excite to the 72P3/216V81 and then ionize all the cesium
within a beam volume of 5 X 10 2cm?. The cesium source strength was
reduced until one cesium ionization event was counted per twenty
laser pulses, indicating the average concentration to be much less
than one atom. This experiment also demonstrated the high selectivity
of the RIS process when it is considered the ionizationm volume contained
1017 atoms and molecules of counting gas.

Because of energy level spacings, most elements cannot be
readily ionized by a simple single-laser two-photon process in spite
of the availability of pulsed lasers with tunable outputs in the ultra-
violet, visible, and infrared spectral regionss. However, multiple
lasers can be used to promote two or more resonant steps. In addition,
recent work indicates that multi-photon resonant transitions followed
by ionization can be saturated with currently available laser systems .
Therefore, RIS techniques could be applied to a sizable fraction of the
periodic table.

buring the course of the cesium RIS work it became desirable to

gain some knowledge of the transport and decay of cesium vapor in a

typical gas atmosphere. Systematic studies were not found of cesium



reactivity appropriate to the conditions encounﬁered in the one~

atom experiments. Therefore, this work was undertaken.to,develop a
simple method to determine reaction rates of cesium vabor with typical
counting gas impurities such as oxygen. Since the RISVtechnique
provides an excellent method for monitoring the atomic cesium popu-
1ation,.all that was required was a means of introducing cesium into
a known amount of impurity within the RIS laser beam.

Absorption of ulfraviolet light has long been known to cause
dissociation of a diatomic alkali~haiide molecule into its atomic
constitueﬁts 7’8. The dominant feature of alkali—haiide absorption is
a series of broad continua. Starting on the long wavelength side, the
first continuum is interpreted as resulting in excitation to an
intermediate molecular excited state which dissociates into ground state
atoms. Absorption continua further into the ultraviolet are due to
dissociation into particular excited states of either the alkali or
halide atoms. Studies of the shape of the absorption continua resulted
in estimates of the excited molecular potentials 9’10’11.

The technique of using photodissociation to create a population
of atoms in a reactive atmosphere was first used by Terenin 12; He
studied the reaction of sodium with iodine vapor. More recently, the
same technique has been used to study several alkali metal reatctions
with halogens 13’14.

In this study, cesium iodide in the presence of a buffe; gas was
dissociated with a pulsed ultraviolet laser; which will be referred to

as the source laser. This created a population of atoms at a well

.



defined time and in a compact, well defined, volume. A second pulsed
laser, with a beam that completely surrounded that of the first,
photoionized the cesium after a known time delay. This laser will be
referred to as the detector laser. It was determined that for short
time delays, all of the cesium atoms were easily ionized. When focused,
the source laser generated an extremely intensé fluence. By accounting
for the beam intensity profile it was shown that all of the molecules
in the central portion of the beam can be dissociated and detected.
Besides proving the feasibility of single-molecule detection, this
enabled a determination of the absolute photodissociation cross section
as a function of wavelength. No independent knowledge of the number
density of cesium iodide molecules was required.

Gas diffusion studies have been the subject of considerable
interest in the past 15 and are also of current interest 16.
Conventional techniques for measuring diffusion coefficients require
the gas constituents to be inert and non-condensing at the walls of
the container vessel. For many materials these counditions can only be
achieved at high temperatures and are difficult even then. Condensable
systems require special approaches so that diffusion can be studied far
from container walls. Because of this, there are few measurements of
alkali metal diffusion in gases.

Initial studies of the time decay of the cesium signal at low
argon pressures indicated a non-exponential decay. This was consistent
with a diffusion mechanism transporting cesium atoms out of the laser

beam. Therefore, it was desired to conduct further experiments using



a tightly focused source beam, passiﬁg along the axis of the detector
beam. The theoretical behavior of this simple geometry accounting for
diffusion and reaction is easily calculated. A diffusion coefficient
can then be extracted by data fitting. 1If reactive decay is due to
impurities constituting a fixed percentage of the buffer gaé, then two?
body reaction rates will‘scale linearly with pressure and three-body
reaction rates will scale quadratically. Also, the diffusion
coefficient will scale inversely with pressure. At low pressures it
is conceivable that decay due to diffusion would be sufficiently rapid
that all other processes can be neglected. Extraction of a diffusion
coefficient would then be quite direct.

Finally, study of the reaction of cesium and oxygen was undertaken.
Small partial pressures of oxygen were added to the argon buffer gas.
The resulting time decays were sufficiently fast that diffusion losses
were completely negligible. A three-body reaction rate for this system

was obtained.



SECTION 2

EXPERIMENTAL METHOD

2.1 A Concept of the Experiment

The experimental arrangement (Figure 1) utilizes a parallel plate
ionization chamber mounted inside an inert gas cell. Cesium iodide
vapor is generated by heating a sample cup plated with CsT crystals
beneath the ionization plates and allowing the wvapor to diffuse through
the buffer gas into the active volume. A narrow pulsed beam of UV light
obtained from a frequency-doubled tunable dye laser is passed through
the center of the ionization region. This UV puise generates neutral
atomic cesium via the photodissociation process and is referred to in
the text as the source beam. After a known time delay, a second
laser beam of much larger diameter is pulsed through ghe cell along the
same axis as the first. This second laser is tuned to ionize Cs to
saturation, and is called the detector beam. The active volume of the
cell is a cylinder defined by the area of the detector beam and the
length of the guarded ionization plate. The electrons produced by the
ionization are collected at Fhe guarded plate. This pulse of tharge is
amplified and stored for readout by the electronics. Thus, at time
t = 0, free Cs atoms are produced along the axis of a cylinder. At some

later time, t = T,the ionization laser detects those atoms that have
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Figure 1. The interaction cell. The UV beam photodissociates cesium
iodide. * The visible beam ionizes free cesium,



not diffused out of the cylinder or reacted with impurities in the
inert buffer gas. Data is generated by repeating the sequence many
times while varying a single parameter, such as time delay or laser

intensity.

2.2 Electronics and Data Acquisition

The expgrimental electronics control the dissociation-to~
ionization time delay and, in addition, store three'pieces of
information for each pulse sequence (Figure 2). The three pieces of
information are: (1) a signal proportional to the energy per pulse
of the source laser; (2) ‘a signal proportional to the energy per pulse
of the detector laser; and, (3) the resonance ionization signal. Just
before the pulsed source beam enters the reaction cell, a small
fraction is picked off with a quartz beam splitter and directed onto
a fluorescent card. A light sensitive diode biased through a 1 megohm
resistance monitors the fluorescence given off. The diode generates a
signal across the load resistor proportional to the total energy of the
pulse and has a shape compatible with nucléar pulse shaping electronics.
The light sensitive diode was found to have tremendous variation in
sensitivity as a function of wavelenéth if it viewed the UV directly.
Therefore, the fluorescent wavelength conversion was employed to improve
the wavelength response. Nevertheless, the response was not wavelength
independent and it was necessary to calibrate the detector as a function
of wavelength. The voltage pulse across the diode load resistor is

amplified and then digitized by a 100 channel TMC 401 pulse height
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The data acquisition hardware.
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analyzer.

The source laser is free running at a repetition rate of 1l hertz.
Howevexr, the jonization laser can be pulsed only about every 30 seconds.
Therefore, an Ortec 418A coincidence gate is enabled by the operator
once'the detector laser is charged up and ready to flash. The next
source diodé pulse is gated into the ﬁemory of the TMC pﬁlse height
analyzer. This pulse also triggers the detector laser and a Biomation
trace recorder through an electronic delay generator. Ionization
produced in the guarded plate region of the reaction cell is amplified
with a charge sensitive Ortec 109A preamplifier and Tennelec TC200
shapiné amplifier. This system has an RMS noise of about 500 electrons.
However, rf noise from the ionization laser raised the lower limit of"
detectability to about 3 X 10% electrons/pulse. The intensity of the
detector laser is monitored with a beam splitter and light sensitive
diode biased through 50 ohms. The signal generated across the resistor
is recorded airectly by the trace recorder. Both the diode pulse and
the fonization pulse are recorded on'a single oscilloscope trace using
a differential amplifier input of the trace recorder. The ionization
pulse is delayed with respect to the diode pulse with an Ortec 4274
delay amplifier. The address of the last source diode pulse stored
in the PHA and the two pulses stored in the trace recorder are recorded
by the operator. The PHA and trace recorder memories are cleared and,
when the ionization laser is charged up, the next sequence is gated
through.

Time delays are generated by a Rutherford digital delay generator.
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This unit is driven by an internal crystal oscillator circuit and it
has a'range of 0-1 sec in hundred nanosecond intervals. The accuracy
of the various step-down counters of this unit was verified with a
Tektronix 454 oscilloscope.

The diode light sensors were calibrated for absolﬁte energy per
.pulée:with ballistic thermopiles. The UV source diode was calibrated
with a Quantronix 503 thermopile. This unit required a fast burst of
approximately 100 pulses to produce a measurable reading. The reading
was then compared to the distribution of pulsés stored in the PHA.
The detector diode was calibra;ed with both the Quantronix 503 and
Hadron 108 thermopiles. Both manufacturers claimed calibration

traceable to NBS standards but agreed only to within 15 percent.

2.3 The Interaction Cell

‘The interaction cell is a stainless steel chamber connected to a
good vacuum system. When not in use the cell was maintained at 106
torr or less. At the bottom of the cell is a thin stainless sgeel cup.
This cué is heated from underneath, outside: the vacuum éell, by a
coppér block containing an electrical heater. Temperature of the cup
is monitored with a Chromel-Alumel thermocouple mounted in the copper
block next to the steel cup. The sample was prepared by placing a
small chunk of CsI in the cup and heéting the cup to melting point of
CsI (905 X). The CsI'melted and coated the inside surface of the cup.
The normal operating temperature of the cup is 625 K which produces a

Csl density in the laser beams of about 3 X 108/cm3 for most operating
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conditions. All surfaces, except for the sample cup, were maintained

at room temperature. It was found by measurement with a fine Chromé1~
Alumel thermocouple that the temberature of the argon in the region of
the laser beam was within 5 of 325 K for all pressures used in this
study. ‘The cell windows are quartz and are mounted on small extensions.
The extensioné reduce the chances that charge produced at the windows

by the lasers will cause electric field changes in the guarded
ionization region. The ionization plates are made of stainless steel
with ceramic insulators. The ionization plate separation is 2.7 cm.

The guarded plate has a length of 4 c¢m and a width of 2.5 cm. 1t is
surrounded on all four sides by a second plate of outside dimensions

6.2 cm by 4.7 cm to eliminate spurious edgé effects. These two plates
and the walls of the interaction cell are maintained at ground potential
while the opposite plate is biased negative. With this arrangement

all electrons created in the guarded ionization region can be collected
by the guarded plate, while all electrons created by photon interactions
with the windows or the walls can be suppressed.

Matheson purity argon (99.9995%) was used without additional
purifying for the buffer gas. A flowing system was used to reduce
possible impurities due to out-gassing with an exchange rate of once
per two minutes. Measurements of oXygen reactions were done in a static
system due to lack of a flow system capable of mixing the small per-
centages of oxygen (also Matheson purity). However, this was found ta
have no effect on the results. A Wallace and Tiernan SAl45 Vacuum

gauge monitored the pressure inside the ionization cell.
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2.4 The Lasers-

The.uitraviolet séurce laser beam is obtainéd from a Chromatix
CMX~4 pulsed dye laser. This laser uses a linear flash lamp within an
elliptical cavify. The flash lamp runs along one pole of the cavity
and the dye cell along the other pole. A visible output of about 4
millijoules is produced in a 0.7 usec (FWHM) pulse. An ultraviolet
output of about 0.1 millijoule is obtained with an intra~cavity doubling
crystal.‘ The visible output is removed with a band pass filter just
beyond the output mirror. The laser beam diameter at the interaction
cell is 3 millimetgrs. Some measureménts are pérformed with a 50 em
focus quartz lens which produces a divergente limited beam of(}OS cm
diameter in the cell. When so focused, the laser produces a fluence
in the cell greater than 1017 photons/cmz.

The detector laser is a Phase-R 2100C pulsed dye laset. No tuning
element is used inside the cavity; coarse tuning is accomplished by
proper choice of.dye and solvent. Lasing action occurs at the fluores-
cent peak of the mixture. When used in this manner, the laser has a
bandwidth of 40 Z. Figure 3 shows two output spectra of the dye mix-
ture used for this study (1.5 X 10 * molar coumarin 2 in 50% Hy0 and
507% methanol). Tﬁe first spectrum is with fresh dye and puﬁps both the
Cs(72P3/2) and Cs(72P1/2) states. When both states are pumped, ioniza-
- tion saturation is easily achieved. After the dye has aged (i.e., used
.about 400 pulses), there is a shift to the red sufficient to prevent
pumping of the Cs(72P3/2) level. The second épectrgm indicates this

condition. Saturation of ionization was checked for fresh and
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aged dye and the implications of these results will be discussed.

When tuned to the Cs(72Pl/2) level, 0.4 joule of laser energy is
produced with a pulse width of 0.3 usec. Lasing action is obtained by
discharging 500 joules of electrical energy stored in a capacitor
Marx Bank through the coaxial flash lamp surrounding the dyé cell;

The Marx Bank discharge is accomplished by breaking down a spark-gap
switch with a high voltage pulse. The original spark gdp éupplied by -
the manufacturer caused excessive delay between trigger pulse and”
breakdown. The spark gap was redesigned to include the center electrode
of an automobile spark plug with a very successful result. To eliminate
thermal gradients, which tend to spoil the éavity alignment, a triaxiél
chling arrangement is employed. A closed cycle loop of cooiing water -
is circulated through a hollow cylinder between the flash lamp and dye
cavity. The dye is circulated through the heat exchange coils in the
water ;eservoir just before entering the cavity. Thus, the lamp, watef,
and dye are maintained at the same temperature.

Output energy of a flash lamp puﬁped dye laser is roughly pro- -
portional to the flash lamp energy minus a threshold energy. The
threshold is determined by many factors including type of cavity and
the dye itself. For this experiment, threshold corregponded to 40
percent of the maximum rated energy of the lamp. It is not possible to
pump the dye cavity uniformly. When viewed in cross section, various
parts of the output beam have slightly different thresholds. Therefore,
the intensity profile of the Phase-R laser is most uniform at the high-

est pumping intensities of the flash lamp. When studying ionization
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yield as a function of intensity, the laser is maintained at maximum
intensity.‘ The output beam is then attenuated by a serles of glass
slides mounted slightly off-axis to the laser beam. Each slide
surface reflects about four percent of the laser intensity and so
twenty slides are required to reduce the beam intensity to twenty
percent of its unattenuated value. Neutral density filters (e.g.,
glass absorption filters with aluminum coatingg) are not used because
of the likelihood of damage by 0.4 J pulses.

The output of the Phase-R laser is passed through a X2 double-
convex beam reducing telescope. The beam diameter at the‘ionization

cell is (6.5 *(Q5) mm and was determined by measuring burn patterns

on carbon paper and developed polaroid film.
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SECTION 3

EXPERIMENTAL RESULTS AND DISCUSSION

]

3.1 Photoionization of Cesium

When an atom of cesium is irradiated with photons from a laser
tuﬁed to an optically allowed transitiqn, absorption can occur. If
one neglects all other processes, then an excited state so produced
will decay by either spontaneous decay or stimulated emission. A high
intensity laser pulse can bring a population of cesium atoms into an
equilibrium wherg :ate of excitation by absorption is the same as the
rate of de-excitation. The rate of de-excitation by stimulated
emission can be much larger than the rate of spontaneous decay. Thus,
equilibriuﬁ can be established very rapidiy during tﬁe course of the
laser pulse and can exist throughout most of the time duration of the
pulse. The ratio of the population of the excited state to the ground
state is then simply the ratio of the degenerate magnetic substates of
the two levels. It is assumed that excitation occurs in a buffer gas
such that many collisions occur during a time comparable to the life-
time of the excited state and all memory of the excitation process is
loét. Although no collisional depolarization data for the Cs 72P levels
has been found, much data exisfs for other alkali metal excited states.

A depolarization cross section of 6 X 10715 cm? for Cs 62P level in
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17 . .
argon seems to be typical. Such a cross section would make the
degeneracy assumptidn quite valid at the pressures of this study. 1In

order to establish equilibrium it is required that

ff(u)oul(u)du»Yux s o (1)

where f(v) is the photon flux per unit frequency, Y is the cross
section fof stimulated emission and Yux is- the spontaneous decay rate
of the excited state. The ionization laser is broadband so f(v) is
effectively a constant over the absorption integral. Furthermore, the
well known Einstein formula for the integral of stimulated ewmission is
given as

Aozy )
fo(u)dv = _‘SHU1 , (2)

where A  is the line center wavelength and Yol is the spontaneous
decay rate directly to the ground state. Substituting equation (2)

into equation (1) and solving for f(u) yields,
Y
£(u)>> 525 (3)

According to Figure 4, spontaneous decay directly to the ground state
is much less frequent than spontaneous decay through other channels,
particularly the 623 levels. Also, the 40 Z FWHM bandspread of tﬁe
detector laser is much broader than most pulsed lasers. Therefére,
higher than expected photon fluences will be required to establish the
equilibrium. Assuming a frequency bandwidth appropriate to 40 2,

°

wavelength spread centered at 4593 A, and a laser pulse length of .5

psec, then equation (3) predicts that photon fluences much greater
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than 100 mJ/cm’will be required to bring the 72P1/2 level into
equilibrium Qith the ground state.

Photoionization by 72P resonance radiation can occur from_any of
the excited étates populated by sﬁontaneous decay of the 72p levels.
Howe?er, the lifetimes of all levels, except those of the 52D, are
short and little effect on the ionization yield is expected. Life-
.times of the 52D levels are approximately a wmicrosecond and so con-
siderablg population of these levels might occur during a laser pulse.
Manson, et al. 18, calculate a photoionizagion cross section for the
7p level (neglecting spin-orbit coupling) equal to 4.5 X 10718 cn?,
Manson 19 also finds the cross section for photoionization of £he 5d
to be 2.4 X 10”17 cmz, a factor of 5 greater. Both cross sections are
quoted for the resonance wavelength of the 7p level. Therefore, at
low intensities, a sizeable fraction of the ionization will come from
the 5 D levels. Also, the photon fluence required to make 0¢ unity
for the 7p level corresponds to an energy density of approximately 100
mJ/cm?. Therefore, the first excitation processes and the ionization
require about the same energy per pulse. This is unusual and is chiefly>
a result of the broadband modé of operation of the detector laser.

Figure SAis a voltage saturation curve showing the ionization
yield as a function of E/P where E is the electric field in the guarded
plate region and P is the gas pressure. This was ébtaingd at fixed
intensities of source and detector lasers. This curve remained relative~
ly constant over the raunge of argon pressures used (25-400 torr). Over

1 L1
the flat portion of the curve, from 0.5 to 2.0 volts-cm ~torr , all of
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the electrons created by the detector laser pulse are collected. At
the lower vaués of E/P there are losses due to recombination. At
higher values of E/P, electron multiplication begins go occur. Also,
voltage discharge will occur which saturates the electronies.

Operation of the ionization plates within the plateau region
assures the absence of space charge effects. 1If charge densities
within the detector beam were high enough to cause space charge effects
there would be.no plateau. Care was taken to avoid space charge during
all data acquisition.

Figure 6 shows ionization yield as a function of the detector
laser's pulse intensity when fresh dye is used. This data is for a
fixed intensity of the source laser. Strong saturatién is seen with
little dependence on the buffer gas pressure. Figure 7 shows iomization
yield as a function of intensity after the dye has aged with several
hundred pulses. Comparing the two figures, data taken at 100 torr show
little dependence on the age of the dye. Data for 25 torr show that
saturation requires a much higher inteﬁsity for the aged dye.

When the dje is fresh there is direct excitation of both the
Cs(72P3/2) and Cs(72F1/2) levels. As the dye ages there is a slight
spectrum shift toward longer waﬁelengths. Thé shift greatly decrgases
direct excitation of the 72P3/21eve1, as shown in Figure 3. However,
the 72P3/2 level can be populated by inelastic coliisions with the
argon buffer gas. The mixing is pressure dependent with a cross
section of 1.2 X 10 17 cm? (ref. 20). Assuming a collisional velocity of

4 X 10" cm/sec, a mixing rate of 1.5 X 10" P torr lsec ! is obtained
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where P is the argon pressure. The product of rate and a pulse
length of .5 usec is unity at 220 torr. Collisional mixing of the
72P and 62D levels is possible. However, the cross section for this
mixing is on the order of 1-3 X 10 2%9cm? (ref. 20). Therefore, photo~
ionization from the 6d levels should be of no consequence. The
ionization saturation prgssure'dependence neéeséitated frequent dye
changes when working at pressures below»lOO torr.

Depopulation or quenching of excited states of alkali metals by
molecular perturbers is well known to have large cross sections.
Although no quenching data have been found for Cs(72P), much data
exists for the first excited states of many alkali metals. Typical
values range from 10" 15cn? to 10" 1*em? depending on the gas and the

alkali metals 21, 22, 23

. These cross sections would require un-
reasonably high concentrations of impurities in order to have an
_appreciable effect during the detector pulse. Accurate measurements
of argon quenching have not been made, but in each case it was found
the cross section was less than the lower limit of deteétability 21’ 23.
Since the photoionization pressure dependence in Figure 7'is>inverse

to what one eipects from quenching,.it is felt that this experiment is
free of such difficulties.

24 reports_én experimental determination of the photo-

Zeman
jonization cross sections of the 72p1/2 and 72P3/2 levels with
circularly polarized resonance radiation as (6.2 * 0.5) X 10 18¢cm2 and

(8.8 + 1.6) X 10 '8cm? , respectively. A dye laser was used in this

experiment with pulses of % psec duration. (Cross sections were obtained
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by measuring the beam profile and then data fitting the nomn-linear
"ionization yield as a function of intensity. It was felt that about
90 percent of the cesium was ionized at the maximum intensities. A
specific accounting of the 52D photoionization channel was not given.
However, the results are in reasonable agreement with Manson's

1 9
calculations. "7, They do point out the need for accounting for spin-

orbit coupling.

An accurate determination of photoionization cross sections wés
not attempted in the present work because of several complications.
Dual excitation of the 72P1/2 and 72P3/2 levels, as well as failure to
establish a discrete-discrete equilibrium at low ‘intensities, are the
main difficulties. At the expense of a reduction in peak intensities,
dispersive elements placed in the lasing cavity produce much narrower
bandwidth outputs. Then a single 72P level could be excited and brought
into equilibrium with the ground state. Since the diséociation laser
has a beam diameter of only half that of the ionization laser, problems
of beam non-uniformity at the edges are avolded. Cross séctions of
both tge 52D levels and the 72P levels at the wavelengths of the
appropriate 72 unpolarized resonance radiation could be obtained by
modeling. Figure 6 indicates that some reduction. in pulse intensity

could be tolerated without loss of accuracy. ‘ .

3.2 Saturated Photodissociation

With sufficient fluence ¢, to saturate the ionization, i.e., to

detect each free atom in the laser beam, studies were made of the
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photodissbcia;ion process. These studies were performed in 100 torr
of argon with a source-to-detector time delay of 100 psec. It was
determined in the diffusion studies that losses due to diffusion or
chemicél reactions under these,coﬁditions were negligible. No
ionization signals were observed due to the source laser alone.
Berkowitz 25 observed ioniz;tion with a photoionization mass spectro-
meter only when the photon energy exceeded 7 eV.

figure 8 sﬁows the ionization signal as a function of the numbef
of photons in a single pulse of the source laser, both for a focused
and unfocused beam. Ionization yield is linear with intensity for the
unfocused but showing a degree of saturation for the focused beam.
The focused beam ionization does not reach an asymptotic value because
of a non-uniform beam profile. The edges.of the beam are not sharp.
At high pulse intensities, a sizéble fraction of the tétal number of
dissociated atoﬁs will come from the outer edge of the beam which never
saturates.

To obfain the cesiom photoéroduction cross section, o, the follow-

ing analysis was made. A Gaussian beam is assumed for the source

photon fluence a(p),

2 /52 ,
W) = ege P IR, | | W

wvhere ¢¢ is the fluence when the fadius;n= 0, and R is a ¢éonstant. The
appropriateness of this assumption was roughly confirmed by direct
photographs of a highly attenuated focused beam. The dissociation

probability of a single molecule is assumed to be
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P(¢(p)) = 1-exp(-0d(p)). (5)
The photoproduction yield per unit length of the laser beam»nI is
given by,

np = N 2mdpP(6(p)) (6)

where N is the number density of cesium iodide molecules. Substitution
of equation (5) into equation (6) yields

2402
p</R ).

n, = N 6 2npdp (1-exp(~odge

By using the variable substitution,

NTRZ 5 v : (7

The solution for this equation is given in integral tables as

1
F(090) = ez = Y + tnobg + E)(0do), (8)

where E, is the exponential integral and y is Euler's constant

(0.5772...). 1In the limit o¢g + 0, F(odg) = 0¢g .so that for o¢g<<l,

n, = NwRZadg = N [ ¢dA,

the quantity ﬂR2¢0 is just the area integrél of fhe Gaussian phbtoﬁ
fluence. This asymptotic solution has the same linear dependence on
the number of photons per pulse as the experimental unfocused geam data.
Since the function F(o¢y) for opg » 0 is gy itself, it is convenient
to work with the ratio F(o$y)/o¢g. Since the unfocused signal shows no

sign of saturation, this ratio is just the ratio of the focused signal

to the unfocused signal when both signals are measured at the same
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number of photons per pulse.  For a given total number of photons

(I used 2.5'X 101" since it falls within the largest cluster of data
points), the value of o¢y was found that made F(0¢g)/0¢g equal to the
experimental ratio (0.41). To complete the analysis for the cross
section, ¢g must be determined. This was done by measuring the energy
transmitted through a small pinhole of 125 mm diameter placed at the
beam focus with a Molectron J3 pyroelectric Joulemeter. In this way,
it was found at 3175 Z the photoproduction cross section of cesium is
2.9 X 10 17 cm?. The predicted (based-on equation (8)) ionization yield
of the focused source beam is shown as a smooth curve throﬁgh the
focused beam data of Figure 8.

Figure 9 shows the cross section for the production of neutral
cesium from CsI as a function of wavelength. The functional dependence
was obtained by scaling the ionization yield per photon to that of
3175 2 data for an unfocused beam. The photoabsorption cross section
determined at 1000 K (ref. 11) is shown in Figure 9 és a smooth curve. The
present results have a functional form which is similar to that of
photoabsorption and agree to within a few percent of those of photo-
absorption at the peak. The present results are much narrower than
‘the absorption data. This is attributed to the lower teﬁperature used
here (325 K) so that there is far less population of the higher’
vibrational states of the CsI molecules 9.A With the present techmnique,
a knowiedge of the number density (or vaéor pressure) of the Csl

molecules was not required. Results are obtained using signal strength

in relative units. Also, an explicit determination of the Gaussian
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parameter, R, is not required. Of course, reasonably good agreement
of the beam'profile, $(p), to equation (4) is required.
Alkali halide vapors are known to contain significant awmounts of
] . 25~ 28 . ;
dimers and, in some cases, trimers . However, cesium halides
have the least tendency to form dimers. Observable concentrations of
cesium iodide dimers have not been found at 700 K using mass spectro-~
. 25, 27 . X
scopic techniques . Also, Davidovits could see no evidence of
CsI dimer absorption in the wavelength region of this study 11}
Furthermore, our measurements were made at very much lower density of

Cs1 than was previously possible, thus, in any event, our data should

be more free of dimer effects.

3.3 Diffusion of Cesium in Argon

Our experimental geometry (Figure 1) is ideally suited to measure-~
ments of diffusion of alkali atoms in various atmospheres. Because of
the well defined source and detector geometry, theveffects of the
apparatus walls can be entirely neglected. We proceed now to solve the
diffusion equation appropriate to our measurements. At time, t = 0,
the cesium population n(?,t) is assumed to be

n(r,6) = §(x)8(y)8(z-29) (9)

The behavior of n(?,t) is simply the solution to the equation,

¥
_39%;‘1_) = pv2a(r,t), : “o

éubject to the initial conditions of equation (9), where D is the

" diffusion coefficient of the cesium in argon. It can be shown that the
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solution to equations (9) and (10) is,

n(r,t) = =553 | (11)

For an infinitely long line along the z axis having A dissociations

i

per unit length at t = 0, the population density N(p,t) is given by,

N(p,t) l-fnkl? ~ Tgl)dzg . (12)

> > '/ N . . . .
where rg = kzp and p x- + y~ . Substitution of equation (11) into
equation (12) yields the expression,

, w 2 2
TN L A —-p“-(2-29)
Np,t) = (4nDt)3/2:Le 4Dt dzg -

Performing the integration, the following result is obtained,

- A ~p?/4Dt
N(p,t) = 47Dt P .

(13)

Therefore, the cesium population, N<R(t), contained within a cylinder

of unit length and radius R is given by

R e~p2/4Dt
N<R(t) = {)ZWpde vl s

Evaluating this integral, it is found that the fraction of the total

populatidn within the cylinder is given by,

Ng(®
A

-p2 i
o R /4Dt' - (15)

<

For situations where the diffusing medium is not free of reactive com-
ponents, then equation (10) becomes

(T, t) _

24 16
3t DV n-Bn. , (16)
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where B is the reactive decay constant,

The final solution for the fraction of atoms within a cylinder of

radius R at time t is then given by

N X 2
<R _ o R /4Dt)e Bt

x (1- . (17)

Experimental data was fit to relation (17) by an iterative process
which assumed a value for D and solved for 8 at several time delays.
D was varied until a value was found that gave the most consistent
B's at the various delays.

Figure 10 shows data of the ionization signal as a function of
time at 25 torr of argon. At very early times, few of the atoms have
diffused far enough to escape the ionization cylinder. This produces
an initial slow decay. Intermediéte timés have the most rapid decay
but the rate of decay decreases and detectable signals are still present
at 0.3 seconds The smooth curve drawn through the points is the best
fit obtained to equation (17) and represents a 8 = 0 and D = 0.11 cm?-
Sec—i at atmospheric pressure. The curve deviages somewhat from the data
at very early times. This méy be the result of a failure to properly
normalize the data at time, t = 0. The deviation at very large times
results from the finite dimensions of the gas cell, i.e.;\the medium is
not truly unbounded. An estimate of the delay time when the wall effects
should begin to play a role can be estimated by solving eﬁuation an
for t when R = 1.4 cm, the distance from beam center to the ionizétion
plates and N/X = 0;90. The solution is found to be 64 milliseconds and,

in fact, no departure of the data from the theoretical curve is seen
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until after this time.

Figurevll shows ionization data taken at 50 torr of argon. Here
the decay is slightly more rapid. This is contrary to the situation of
pure diffusion{ therefore, considerably faster reactive processes are
involvéd at 50 torr compared to 25 torr. The best fit obtained to the
data was 8 = 10.3 sec ! and D = 0.14 cm2~sec~ at atmospheric nressure.
A good fit with these parameters was obtained over the entire time

scale. -wall effeéts do not play a significant role at late times at
50 torr because reaction losses dominate the decay processes. The
increase in the parameter B8 from 0 at 25 torr to lO sec ! at 50 torr
does not imply a threshold effect. Rather, at 25 torr the fitting of
the decay is not sufficiently sensitive to changes in B to allow a
better choice.

Additional data were taken at 100 torr and higher pressures.
However, reaction processes are too fast to allow accurate determination
of D. Also, there is an indication of other processes which may be
associated with mass flow effects.

A mean value of D for the two pressures studied is 0,12.szﬁsechl
at atmospheric pressure. The two values agree to withim 15 percent of
this mean. Additional uncertainty was introduced by the edges of the‘
detector beam. The type of laser cavity combined with the telwscope
‘optics provided a reasonably sharp edge of the beam contour. Also, the
beam was apertured just before entering the ionization cell. However,
the ease of ionization with this intense pulse makes a knowledge of the

beam radius more critical. The radius R is felt to bdbe determined to
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within 10 percent which results in an uncertainty of 20 percent in RZ,
Errors due to the finite dimensions of the cell should be small because
they affect the data at very late times. Mass flow effects resulting
from convection currents would tend to cause the estimate of D to be
too large. One suspects equation (17) would not provide a particularly
good fit if mass flow difficulties were present. Thé fit is reasonably
good so that for lack of evidence to the contrary it is assumed no such
problem existed. It is hoped that uncertainty from other sources is
small. If one assumes that the fitting procedure has an inherent un-
certainty equal to the spread of the two measurements, then this,
combined with the uncertainty in RZ, yields a total uncertainty about
D =012 cm?-sec ! of * 25%.

Directly comparable data for cesium in argon have not been found

although there is data for somewhat similar systems. Franzen

measured values of (0,25 cmzwsec“l for rubidium in argon and 0.31 cmznsec—1

for rubidium in neon. Due to the increased atomic weight, diffusion
coefficients of cesium should be smaller than those of rubidium for the
same gas. However, it has been suggested that the technique used by
. . 29, 31

Franzen provides only approximate results . Accurate measurements

32
have been made of diffusion of trace amounts of xenon in argon .
These yield a D of 0.136 cmzmsec—l. Since cesium has an atomic’ weight

very similar to that of xenon, a similar diffusion coefficient might be

expected.
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3.4 The Reaction of Free Cesium with Oxygen in an Argon Atmosphere

a

The large signal to noise ratios combined with slow time decay of
the cesium populatioﬁ in pure argon offered an excellent opportunity to
study reactions of cesium with smallvamounts of an intentionally added
impurity. Such studies were conductgd with oxygen which is inert to
cesium iodide but regcts vigorously with cesium. Figure 12 shows the
effect of addiﬁg three smali partial pressures of oxygen into 100 térr~
of argon. The ionization signal is controlled almost entirely by a
simple exponential term over the range in time of Figure 12. Losses
due to other impurities or diffusion are negligible as shown by the
uppermost curve. The slopes of the three oxygen curves yield the decay
rates of 8 = 8 X 103 sec~l, B = 1.4 X 10% sec—l, and B = 2.3 X 10% sec ?
for oxygen partial pressures of 0.01, 6.02, and 0.04 torr, respectively.
These rates indicate a near linear dependence on oxygen concentration.
Deviation of the rateslfrom 1inéari;y is probably within gxpériﬁental
error as difficulty was encounteréd mixing the small percentages qf
oxygen uséd with the existing apparatus. Additional experiments con~
ducted at 50 torr of argon revealed a linear dependence on argon_préssure..
An average of all the data at 50 torr and 100 torr results in a decay
rate of (7.5 *.7) X 10 3%sec l-particle 2-cm®. The large uncertainty in
the decay is a result of the difficulty in adding the small partial
pressures of oxygen. As shown in Figure 12, the decay constants of a
specific mix can be determined quite accurately.

Study at higher pressure was prevented by the sudden loss of the

ionization signal. This is believed to be the result of electron
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attachment by oxygen molecules. Attachment studies 33 of dilute

oxygen in argon mixtures show a strong tendency for the formation of
heavy negative iong at the pressures and electric fields used in this
study. The drift velocity of an electron is hundreds of times faster
than that of a heavy negative ion. Once a free electron is . attached

to an oxygen molecule, the charge is essentially frozen in space.

The preamplifier will not be able to aetect any furthgr change in
voltage across the ionizétion blates from this electfon; When a large
fraétion of the electrons are attached quickly, then rf noise of the
ionization 1asef pulse prevents,aécurate quantification of the reduced
signal aﬁplitude. The suddeness of the signal loss was surprising.

The linearity of the decay rate with both oxygen and argon implies
that the reactipn is associative, that is, cesium superoxidé, Cs0» and
not Cs0O, is the reaction product. The argon buffer gas then serves as
a.stabilizing "third body" and the reaction is written in the foilowing
form:
Cs + 0y + Ar > Cs0p + Ar.

Since the supefoxide is the stablest of the oxides at moderate tempera-
tures 34, no further reaction with oxygen is expected.. The

superoxide c;n react with water vapor and.other impurities in the buffer
gas. However, these rates will occur on a time séale similar ‘to that of
the diffusion studies.

Previous studies of the reactions of alkali metals with oxygen

indicate that a three body rate is to be anticipated 35, 36, 37.

Measurements of the reaction of cesium and oxygen at temperatures com-
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parabie to those of the present study have not been found. However,
Carabetta and Kaskan36 meusured the reaction of cesium and sodium
with oxygen in a hydrogen flame at lSOQ'K. They used nitrogen as the
third body and reported rates of 2.1 X 10“33secm1~partic1e"2~cm6 for
cesium and .82 X 10"333ec—1~particle—2~-cm6 for sodium. Bawn aand
Evans > measured the feaction of sodium and axygen in nitrogen at
600°K using a diffusion flow technique. They report a rate of
2.2 X 10"3°sec—1—partic1e—2~cm6. At pressures greater than 10 torr
of nitrogen, the reaction rate failed to increase linearly with
nitrogen pressure. This was interpreted as an approach to the
stabilization of all the superoxide molecules within their lifetimes.
Therefore, the reactioﬁ rate was undergoing a traunsition of character
from termolecular to bimolecular. By curve fitting, the bimolecular
reaction rate and lifetime of the unstabilized sodium superoxide were
estimated to be 3.3 X lOwlzsec~l-particleulwcmaand 2 X 10 2 sec.

In view of the results of Bawn and Evans 35, it is tempting to
speculate on the possibility of observing similér‘results for cesium

with the present apparatus. Consider the reactions:

Cs + 03 >~ (Cs03)” kK
(Cs03)” + Cs + 0y ko
(Cs03)” + A » CsOp + A kg

where Cs, Opand A are the concentrations of the reactants and the k's

are the reaction rate constants. The rate equations for the above
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system are,

d(Cs)
dt

=~k (C5) (0,) + k,(Cs0,) "  (18a)

d(Cs02) k3 (€s)(0) - ky(€s0,) "~ k3A(Cs0,) " . (18b)

The reciprocal lifetime of the unstabilized superoxide, k,, may be
quite fast compared to the rate‘of formation eof the superoxide. If
this is the case, then the population of (Cs0;)” will be much less
than'tﬁét of Cs. Also; the time derivative of (Cs0,)” will be small
compared to that of Cs. Therefofe, an approximate solution can be
obtained if equation (18b) is set equal to zero. Then,

kj (Cs) (03)

(Cs03) = *g;*;*igx— . (19)

Substitution into equation (18a) vields,

koky(Cs) (02)

ko + kaA
kZ

ks + k3A

d(Cs)
dt

i

~k1(Cs) (0p) +

~k1(Cs) (02) (1 - ) s (20)

which is always less than the rafé of formation of the unstabilized
superoxide. When kp >>k3A, then the fractional term in equation (20)
can be expanded. Keeping the first two terms of the expansio&onehas,

d(Cs)
dt

==k (C8) (0,) (1 - 1 + kAlky)

kiks

= - (€0 (21)
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Here one obtains a three body rate linear in oxygen and argon concen-

trations.

The "harpooning model” is the simplest theory which predicts

- . . s e . . 38, 39 .
reaction cross sections resulting in ionic bonding . For the
case of Cs0, the harpooning model provides an estimate of the bimolecular
rate of forming the unstabilized superoxide. Studies of alkali-T,
and alkali-Brp reactions, which are dissociative and independent of
buffer gas pressure, give results agreeing to within a factor of two of

" 13, 14 . N .

the harpooning model . In this theory, the reaction cross section

is simply an2 where r. is the distance for the crossing of the zeroth

order ionic and covalent curves. This distance is given by
r, = e?/(1(Cs)~E(02))

where I(Cs) is the ionization potential of cesium and E(0;) is the
electron affinity of the oxygen molecule. Therefore, assuming an
electron affinity of 0.45 eV 40, a reaction cross section, o, of approxi-
ma&ely 50 Z? is obtained. Assuming a collision velocity of 4 X 10%cm/sec
and an oxygen partial pressure of 0.0l torr (the smallest partial

pressure of Figure 12), the bimolecular rate for the formation of

(Cs0,)” is given by

8 = ¢Nv
= 7 X 10" sec !
This 1is only ten times the observed three-body decay of Figure 12.
Therefore, the ratio k3A/k, as contained in equation (21) could be

approximately 1/10. Increasing the argon pressure a factor of ten
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might invalidate the three body decay rate and allow an estimation of

ky to be made. The chief obstacle to such a measurement is the problem

P
of electron attachment. At 1000 torr of argon, ionization signals might
be quite small and require special effort to eliminate large uncertain-

ties due to the laser rf noise transient.
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SECTION 4
SUMMARY

Study of the ionization yield as a function of detector pulse
intensity indicates the process can be strongly saturated, that is,
all of the cesium atoms within the detector beam can be ionized.

Study of the dissociation process with a focused and thus extremely
intense source pulse indicates that in the central portion of the beam
this is also séturated. Theée results, combined with a previously
demonstrated ability to detect single atoms of cesium, prové the
ability to detect single molecules.of cesium iodide.

Saturation of the dissociation process provides a measure of the
cesium jodide concentration. By studying relative ionization as a
function of photons per pulse of the dissociating laser, and by
accounting for the laser beam intensity profile, it was possible to
determine.the absolute photodissociation of cesium iodide into its
ground-state atomic constituents. Knowledge of the vapor pressure of
cesium iodide was not required, thus obviating the task of constructing
an isothermal saturated vapor pressure cell.

The dissociation/ionization technique has an excellent signal-to-
noise ratio even in a simple parallel plate jionization chamber. By
saturating the ionization, signal dependence on buffevr gas pressure or

detector laser intensity is eliminated. Furthermore, the ionization pulse



47

amplitude is linearly related to.the absolute number of cesium atoms
in the {ionization beam. Therefore, the decay in number of free cesium
atoms within the ionization beam can be followed for many orders of
magnitude.

Using a tightly focused source laser, free cesium atoms were
created along the axis of the ionization beam. The functional form of
diffusion transport out of the ionization volume, accounting also
for reactions with impurities, is easily calculated. Diffusion trans-
port was found to dominate the decay of cesium atoms out of the
ionization column at argon pressures below 100 torr. The extraction
of a diffusion coefficient was then accomplished rather directly by
data fitting. The diffusion coefficient of cesium in argon was found
to be 0.12 cmz--sec—l + 25% at atmospheric pressure. More conventional
techniques for the determination of diffusion coefficients require the
gaseous components to be inert and noncondensing at the container walls.
However, in the present study, this requirement was relaxed because
diffusion was observed on a millisecond time scale far from the walls
of the container.

The reaction of cesium with oxygen in the atmosphere of an argon
buffer gas was studied. Oxygen pressures were selected so that the
resulting reactive decay occurred on a microsecond time scale.
Diffusion processes then had a negligible influence on the time

dependence of the cesium decay. A three-~body reaction rate of

(7.5 + 0.7) x 10~30 secwl partj’.clew2 cm6 was determined. This rate is
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appropriate to argon pressures as high at 100 torr. The ionization

volume temperature was 325 K.
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