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Abstract

The collisional dynamics of the 62P levels in cesium have been studied utilizing
steady state laser absorption and laser induced florescence techniques. In addition
the production of a blue beam produced by two photon absorption has been observed
in potassium. The collisional broadening rate for cesium, =, for He, Ne, Ar, Kr,
Xe, Ny, Hy, D, Dy, CHy, CoHg, CFy, and 3He are 24.13, 10.85, 18.31, 17.82, 19.74,
16.64, 20.81, 20.06, 18.04, 29.00, 26.70, 18.84, and 26.00 MHz/torr, respectively for
the 62P; /5 — 625) /5 transition and 20.59, 9.81, 16.47, 15.54, 18.41, 19.18, 27.13, 28.24,
22.84, 25.84, 26.14, 17.81, and 22.35 MHz/torr for the 62P3/2 — 6251/2 transition.
The corresponding pressure-induced shift rates, , are 4.24, -1.60, -6.47, -5.46, -6.43,
-7.76, 1.11, 0.47, 0.00, -9.28, -8.54, -6.06, and 6.01 MHz/torr for the 6*P; /2 — 625 /2
transition and 0.69, -2.58, -6.18, -6.09, -6.75, -6.20, -4.83, -4.49, -4.54, -8.86, -9.38,
-6.47, and 0.60 MHz/Torr for the 6% P35 — 625 ) transition. These values have been
compared with the values of other alkalis and the inter-atomic difference potentials
have been determined using the impact approximation. The energy exchange rates
between the two excited states of cesium by collisions with Ng, Hy, HD, Dy, CHy,
CoHg, CFy4, and CyFg have been measured and shown to correlate with both the
rotational energy defect and the vibrational energy defect. And finally, while pumping
from the ground state 42S to the excited 52D and 62S states of potassium, a blue
beam corresponding to the transition 52P — 425 was observed. The effects of input

power and buffer gas pressure where observed.
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COLLISIONAL DYNAMICS OF THE CESIUM D; AND D, TRANSITIONS

I. Introduction

Interest in Alkali Lasers

Through the ages Alkali atoms have been of interest for numerous reasons. Lithium,
in the form of lithium carbonate, can be used to treat depression. Sodium, while in
the form of sodium chloride is table salt and sodium nitrate is a primary ingredient in
gunpowder. Potassium is used heavily in fertilizer but in the form of potassium chlo-
rate it is used in explosives. Rubidium and cesium are more rare and are commonly
used in chemical research. But these two heavier alkalis are also used in atomic clocks
for global positioning satellites. In fact, the cesium ground state fine splitting is the
frequency and time standard used in the United States.[60]

The lighter alkalis, sodium and potassium, were discovered using electrolysis in
1807. It was not until the mid 19th century, 1861, when cesium and rubidium was
discovered. These two alkalis were some of the first elements discovered using spec-
trum analysis.[30] The spectral profile of sodium was first seen by Fraunhoffer in his
studies of the solar spectrum, but not labeled as such until Kirchhoff and Bunsen
started to assign spectrum to the elements. It is important to note that because of
the designation of the solar absorption lines the transition between the ground state
and the first excited state of sodium was called the D-Line, naming the major ab-
sorption lines sequentially, A through K. As time passed and technology increased the
D-line was resolved into two separate and distinct lines. This revelation introduced

subscripts (D; and D,) into their designations. These separate lines still refer to



sodium but the fine splitting of the 2P state has been resolved. These designations
have held and now all the transitions between 2P, /2 and ’p, /2 to the ground state,
2512, for the alkali are called the Dy and D, lines, respectively.

These two transitions have become of great interest recently for use in a three
level laser system. Beach and Krupke have proposed the use of diodes to pump an
alkali along its D, transition and utilized spin-orbit energy transfer to a buffer gas
to transfer the energy from the 2P3/2 state to the 2P, /2 state. This will then lase
along the D; transition. This process is shown in Fig. 1. While the use of alkalis as
laser is not a novel concept, the idea of using the lowest transitions is. Schawlow and
Townes proposed a potassium-based laser in 1958, but instead of pumping with red
light along the D lines to the 4%2P state they suggested pumping with blue light to
the 52P state. This excited state will naturally decay down to the 32D and the 525
states in 0.2 ps. From these states the energy can be funneled into the 42 P state, the
upper state of the lasing transition. This process is shown in Fig. 1 for comparison
to Beach and Krupke’s 3 Level Laser system. In 1962, Rabinowitz used this concept
to produce an IR laser. He used a UV source to pump from the 62S to the 82P of
cesium. This immediately created a population inversion between this excited state
and the lower states 825 and 62D, which produced lasing at 7.18 pum. All of these
lasers are possible because of the extremely large cross-sections for absorption in the
alkalis.

The Diode Pumped Alkali Laser (DPAL) is of high appeal for the United States
Air Force. This system has the possibility of providing the power of a chemical
laser, without the logistics trail and the infinite magazine depth. It also provides the
benefits of a solid state laser, without the thermal management issues. The USAF
currently is building the prototype Airborne Laser (ABL) which will utilize a chemical

oxygen iodine laser (COIL). The COIL utilizes the chemical reaction of basic hydrogen



(n+1)P3,

Figure 1. A general diagram of the transitions used for the laser proposed
by Beach (Orange) and Schawlow (Blue).



peroxide and chlorine gas to produce an excited state of oxygen, Oy(a,'A). This is

shown in the following reaction:

Due to the similarities in the energy differences, this excited oxygen is used to then
pump atomic iodine to its first excited state. This chemical process is highly efficient
and has produced the high powers needed for a weapon grade system, but this system
requires a long logistics trail to get the basic hydrogen peroxide and chlorine gas to
the battle field. The magazine of such a weapon is limited to the payload of the
airframe. These drawbacks weigh heavily on the practicality of such a system. On
the other hand, a solid-state laser could be powered by the jet engines on an aircraft.
This would make the magazine depth limited to only fuel capacity of the airframe.
But current solid-state laser systems have not achieved the high powers needed to be
deployed in most tactical weapon systems. The inherent problem in solid state lasers
(SSL) is thermal management. Temperature adversely affects the medium and its
capability to lase, being that the medium is solid. This hinders the transport of this
heat away from the medium quickly.

The DPAL system will have the benefit of high powers and efficiencies much like
the COIL. These characteristics have been theoretically determined from the high
slope efficiency and have been demonstrated via intensity scaling with the use of
short-pulsed pumps.[63] Also, because it is currently expected to be pumped with
diodes the infinite magazine depth of SSLs can be expected. The diode pump can
be arranged as needed to deal with the thermal management and the alkali gas will
simply be utilized as a filter to phase up the photons to produce a coherent beam.
The alkali itself will not produce very much heat because of the small energy defect

between the 2P, /2 and 2P, /2 states, shown in Table 1. The heat can simply flow out



of the system because this will all be accomplished in gas phase.

Table 1. The lasing transitions, pump transitions, and spin-orbit splitting
between the 2P3/2 and 2P1/2 states for each alkali atom, ordered from
smallest to largest mass.

Alkali D;(Laser)  Dy(Pump) AE
(1) () (cm™)

Li 670.98 670.96 0.34

Na 589.76 589.16 17.2

K 770.11 766.70 o7.7

Rb 794.98 780.25 237

Cs 894.59 852.35 5954

Theoretically, the DPAL system is an ideal weapon system for the Department of
Defense, but as the laser is scaled up it will face some challenges. One of these issues
is matching the wide spectral profile of the pump diodes with the narrow absorption
profile of the alkali. Two solutions have been suggested. One solution is to broaden
the absorption profile via collisions with a buffer gas. This solution would require
pressures up to 15 atmospheres to match the bandwidth of typical diodes as well as
extremely well known values for the broadening rates which this work provides for
cesium. The second solution would be to spectrally narrow the diodes with the use of
volume Bragg gratings (VBG). The University of Central Florida, has demonstrated
the use of VBGs with the diodes and have achieved linewidths of 10 GHz at the
rubidium Dy wavelength.[65] This still implies the use of pressure broadening but
reduces the pressures needed to less than an atmosphere.

Another hurdle faced by this laser system is the bottleneck of the spin orbit
energy exchange. As in typical 3-level lasers the rate at which the lasing state is
populated is the limiting factor in the performance of the system. Currently, ethane
is the most popular collisional partner used to collisionally relax the alkali from its
P35 state to its 2Py, state. But this buffer gas has produced the degrading side

effect of laser snow and soot. The carbon is then deposited on the windows affecting
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the laser performance. Fortunately with the less massive alkalis and their smaller
energy defect, rare gases can be utilized as an effective energy transfer partener.
Recently a potassium laser using helium was demonstrated by the General Atomics
with collaboration with AFIT.[74] In order for He in a potassium system to produce
the same rate as 300 Torr of ethane in a cesium system, the potassium cell would
have to have a pressure of approximately 2 atm of He. The pressure can be further
lowered by a factor of 0.87, by using *He with its smaller mass and larger velocities.
The measurement of these rates with cesium has been performed by this work.

The alkalis can not only be a laser medium for an intense red laser light source,
but it can also be a source for blue and infrared light. Recently, it has been shown
that by pumping with two red photons the highly excited S and D states can be
populated.[64] Once these states are populated, an inversion between theses states
and the second P state is created and an IR beam is produced. If pumped hard
enough, it is possible to create a population inversion between the second P state
and the ground state of the alkali. A blue beam was observed in cesium, rubidium,
and potassium. [64, 44] A blue and IR laser would also be of interest to the DoD for

underwater communication and as a countermeasure against heat seeking missiles.

Pressure Broadening

This body of work has measured the broadening and shift rates of cesium with
various buffer gases and has calculated the potential energy differences between cesium
and the buffer gas. These rates and potential energy curves were published in Physical
Review A in 2009 and 2010 and are stated in chapters II, III, and IV. While these
rates contribute directly to the DPAL community for the use of modeling the alkali
laser system, the understanding of potential energy surfaces play a deeper role in the

perception the complexity of the alkali-buffer gas interactions.



Spin Orbit

This work has also measured the spin orbit energy transfer rates between cesium
and various molecular partners. These cross-sections for atom molecule interactions
are essential for the DPAL 3-level laser models. The ability to recycle each cesium
atom is dependent on the rate the spin orbit energy difference can be transfered to a
buffer gas. If the rate is too slow this will create a bottleneck in the 3 level laser that
may inhibit the creation of a population inversion. It has been shown that ethane has
a large spin orbit energy transfer rate for Rb and Cs, but it has the disadvantage of
creating laser snow and depositing carbon on the windows of the alkali cell. It would
be ideal to find a buffer gas with a high spin orbit energy transfer rate but does not
contain carbon. The values measured have been submitted to Physical Review A and

are shown in chapter V.

Other Possible Alkali Lasers

This work has demonstrated two photon absorption in potassium to produce a
blue beam at the wavelength of the 52 P 12— 429, /2 transition. This is made possible
by amplified spontaneous emission (ASE) from the excited state 625;/,,. IR ASE
was confirmed in cesium as part of a collaboration with Sulham.[64] The potassium
blue beam was observed up to 240 Torr and had a threshold of 260 kW /cm?, which
decreased as number density of potassium increased. Similar to the other alkalis, the
relative slope efficiency increased as the number density increased.

An alkali blue laser can provide a means for underwater communication for the
U.S. Navy. In addition, the IR alkali laser could be used to blind missiles that are
heat seeking missiles. The results of this portion of work have been presented and
published with American Institute of Aeronautics and Astronautics (AIAA) and are

discussed in chapter VI.[44]



II. Pressure Broadening and Shift of the Cesium D; and D,

lines in Diode Pumped Alkali Lasers

Introduction

The quest for a high power, electrically driven laser with excellent thermal man-
agement, lightweight packaging, and high brightness for tactical military applications
may be realized with the advent of the Diode Pumped Alkali Laser (DPAL). The con-
cept of using a gas phase medium for the phasing of large diode arrays via a highly
efficient, cyclical photon engine combines the best features of electrically driven lasers
with the inherent thermal management advantages of a gas lasers. There are several
technical and scientific advances required to assess and realize the full potential of
these hybrid lasers. Matching the spectral bandwidth of the diode pump source with
the atomic absorption profile is paramount and requires both the narrow banding of
high power diode laser arrays and novel approaches to broadening the gas lineshape.
In the present work, the rates for pressure broadening and line shifts are reported
for both atomic and molecular collision partners using laser absorption and induced

fluorescence techniques.

Hyperfine Structure

The DPAL pump line, Dy 5251/ — 5*P5)2, and lasing line, Dy 52P; 5 — 5252,
are the two components of the fine structure doublet, coupling the orbital angular
momentum of the valence electron, L=1 or 0, to the spin angular momentum, S=1/2,
to yield J =L+ S and J= 1/2 or 3/2. The fine structure splitting in rubidium is
large, Efs = E(*Ps)2) - E(*Py/2) = 237.595 cm™!, and the spectroscopic data for each
line of the doublet is reported separately. The splitting of the fine structure is called

the hyperfine structure, which is the product of the coupling the resulting J with the
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nuclear spin, I (I=3/2 for 7Rb and 1=5/2 for ®5Rb) with

| J—T|<F<|J+1] 2)

Based on the quantum selections rules for F, the Dy and D; lines are composed of six
and four hyperfine components, respectively, for each of the two natural isotopes, as
shown in energy level diagram of Figure 2. The hyperfine structure is described by

the magnetic dipole and electric quadrupole interactions, yielding an energy splitting

of:
C 3C(C+1) - I(IT+1)J(J +1)
Enes (F) = FEs + A— + B4

nis (F) = Eys + A5+ 21(21 — 1)J(2J — 1) 3)

where
C=FF+1)—-II+1)—J(J+1) (4)
A = magnetic dipole constant (5)
B = electric quadrupole constant (6)

The corresponding hyperfine spectroscopic constants for Rb are provided in Table 2.

Stimulated Emission and Absorption Cross Sections

The hyperfine splitting is large enough that individual F© — F transitions from
the ground 25, ;2F state to the excited ’p ,2F" state are resolved in the absorption

spectrum for the Rb D; line of Figure 2. This spectrum was recorded using a narrow
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Figure 2. Hyperfine structure of the Rb D; and D, lines.

Table 2. Rubidium Hyperfine Spectroscopic Constants.[42, 7, 6, 14, 57,
10]

87Rb 85Rb
I 3/2 5/2
fiso 0.2783 0.7217
2S1/2 ’Py/2  *P3o ’P3 /s ’Py/2  *P3o

A (MHz) | 3417.34120642 406.2 84.852 | 1011.910813 120.72 24.99

B(MHz) — 12611 —— 25.88

g; 2.00233113  0.6667 1.3362 | 2.0023313  0.6667 1.3362

10



band (< 1 MHz) ring Ti-Sapphire laser for a rubidium cell at T = 310 K with

50 Torr of helium[50]. The total optical cross-sections for absorption includes the

contributions from each hyperfine transition in both isotopes, weighted by the fraction

of the sample in the absorbing state:

0<V) = Z O-<V;VF’%F”>fF”fiso

F" iso
gy A2
— Z (g:]]//> (8_71-) <A215F1F11>gv (V, VF’—>F”) fF//fiso
F" iso

where

v pr = line center for the I’ <— F” hyperfine component

A=

RIe

Agy = 1/7r = spontaneous emission rate

Sprpr = hyperfine line strength for the F’ < F” component
gv (v, vprpr) = Voigt lineshape centered at vgr . pr

fiso = relative natural abundance

frn = statistical distribution of population among F” states

o (2F”+1)67E(F”)/kT
- ZF//(QF”-i-l)e*E(F”)/kT

Table 3 provides the key spectroscopic data for the Dy and D, transitions. There

is small isotopic shift, d;,,, for both the D; and D5 lines.

The relative intensities of the four F' — I transitions for each of the two isotopes

11



Ln(l/lo)

Table 3. Lineshape Data for Rubidium D; and D, Transitions[61]

Property D1(2S1/2 =2 Pyj2) D2(3Sy/2 —2 Py)n)
A(nm) 794.9788501[50] 780.2412097 [50]
Die 878 + 1.9 [50] 87.4 + 1.0 [50]
T (15) 27.7 [66] 26.24 [66]
N2/ (877) 9.08 x 109 923 % 10°°
~vire (MHz/Torr) 18.9 £ 0.2[51] 20.0 £ 0.14]51]
Swe (MHz/Torr) 471 £ 0.04[51] 0.37 % 0.06 [51]
~vora (MHz/Torr)  20.1 £ 0.8[51] 26.2 £ 0.651]
Soms (MHz/Torr)  -7.02 £ 0.10 1] -7.00 £ 0.20 1]
| * Rb
F2 > F F2 5 F2 1*Rb Pt 5 Pt Ft o Fe2

F=3 > F=2 F=3 5 F=3 F=2 5> F=2 F=2 5> F=3

-0.2 A

S
=N
1

o
(2]
1

-0.8 4

-1 -0 1 1 1 T
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Figure 3. Absorption spectrum of Rb D; line: (o) Observed by tunable
dye laser at T=311K and 50 Torr of helium, ( ) simulation of equa-
tion (7), (— — —) Voigt profile for each hyperfine component. The stick
spectrum indicates the relative amplitudes of each hyperfine component.
Frequency is reported relative to low pressure reference cell.
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Table 4. Ruibidium line strengths between hyperfine transistions.

SFr pr 8"Rb 85Rb
F 1 2 F 2 3
D1 2S12 =+ %Py | 1| 1/6 | 1/2 | 2| 2/9 | 5/9
2| 5/6 | 1/213] 7/9 | 4/9
o,1/6 | — |1]3/10 | —
D 2S1/2 = ?P3/ | 1 |5/12[1/20 | 2 | 7/18 | 5/63
2 [5/12 [ 1/20 | 3 | 14/45 | 5/18
3| — |[7/104| — |9/14
is specified by the hyperfine line strengths:
2
JJ 1
SF/,F” = (QF” + 1)(2J/ + 1) (8)
F" F 1

where the final array is a Wigner 6-J symbol. Table III provides the line strengths for
the Dy and D, lines for each isotope. Note the line strengths represent the fraction of

absorption partitioned to various final states so that the following sum rule is obeyed:

> Sprpr =1 (9)
=

Figure 3 includes an indication of each of the hyperfine line strengths, Sps pr , weighted
by the isotopic abundances, f;,,, and Boltzmann distribution factors, fr, in the stick
spectrum. The more abundant **Rb isotope exhibits a smaller 25} 5 hyperfine split-

ting so that the four stronger components lie toward the center of the spectral feature.
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Linshapes

The Voigt lineshape is specified by the sample temperature, T, and the pressure

broadening associated with each collision partner:

M > v+ vz) — Mv? p
v+ vy—)ex v,
omkgT | TPV TSP gt

gv (v, vprepr) =

with

Av,
g(v) = l = Lorentzian lineshape

2 (v — v+ X, 6P)° + (32)']

where:

M = mass of Rb atom
kp = Boltzmann constant

T = gas temperature

v = o (L +2 %R’) = Lorentzian (homogeneous) linewidth (FWHM)

2r \ 7r
T7, = temperature at which the broadening rate, ~y, is measured

P, = partial pressure of buffer gas 4

v, = atom velocity in the direction of light propagation

¢ = speed of light

(10)

(11)

The rates for pressure broadening, ~;, and collision induced shifts, ¢;, for both

helium and methane are included in Table 3. Note that these rates are temperature

dependent, due to the dependence of collision frequency on density of the collision
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partner. For example, the rate for pressure broadening by the i'” buffer gas is:

8kBT 1/2 PL T 1/2
R; = 0igN; = 0; =~ (T P [ = 12
7 U(”Mi) kgT % (Th) T (12)
where
o; = collision cross-section for Rb with buffer gas i
p; = reduce mass for Rb - i specie pair = MR
MRy + 1My
(13)

The Maxwellian speed distribution within the integrand of equation (2.5) is charac-

terized by the corresponding Doppler width (FWHM):

8, Tin(2)

AVD = 1)
Mc?

(14)

which is Avp = 514 MHz for Rb D; line at T=311 K. By summing over each of the
hyperfine components as described in eqn. 3, the total absorption profile is simulated
and compared to the experimental result in Figure 3. The Voigt profile for each
hyperfine component, weighted by the relative amplitude, is also shown in Figure
3. The resulting predicted cross-section agrees quite favorably with the observed
spectrum. There is a small variation in incident laser power across the spectral scan,
leading to the small systematic difference. The absolute comparison depends on the

Rb concentration, according to Beers law:

(-

where the absorption path length is [ = 1 cm and the rubidium concentration, N,
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has been computed from the vapor pressure at T = 318 K to be 1.10519 x 1075 Torr,

corresponding closely to the apparatus exterior wall temperature of T =311 K. At the

12
c\r\
e
o
o
o
E\/_
o

O I I I I I I I

-15000 -10000 -5000 0 5000 10000 15000
v (MHz)
Figure 4. ( ) Absorption cross-section for D; line with 400 Torr

of He and 100 Torr of methane from simulation of equation (7). Also
shown: (— — —) a single lorentzian profile with the same broadening and
shifting rates, and ( ) least square fit of the simulation to a single
Lorentzian profile.

higher pressure typically employed in the Diode Pumped Alkali Laser (DPAL) system,
the distinct features associated with the hyperfine structure blend into a single, but
somewhat asymmetric line, as shown in Figure 4. Also shown in Figure 4 is a single
Lorentzian without hyperfine splitting with the same broadening rates. Neglecting
the additional effective broadening due to hyperfine structure overestimates the peak
cross-section by 13.2 % for the He: Ethane = 400:100 Torr case. This difference is

accentuated at lower pressures and Figure 5 presents the ratio of the peak cross-section
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Figure 5. Ratio of the peak cross-section for the hyperfine simulation
to the peak cross-section using a single Lorentzian profile with the same

broadening rate for the (¢)D; and (¢)D; lines.

17



for the hyperfine split transition to the same cross-section, neglecting the hyperfine
splitting. Only for total pressures of several atmospheres is the Lorentzian profile
without hyperfine splitting adequate. It is possible to fit a single Lorentzian profile
to the hyperfine split lineshape, as shown in Figure 4. Such a fit yields a linewidth
of Ay, = 12,205 + 20 MHz which is larger than that predicted without hyperfine
splitting, but less than the effective width predicted by the hyperfine structure. As a

result, the peak cross-section is somewhat larger than would be observed.
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III. Pressure Broadening and Shift of the Cesium D; Lines

Introduction

The lineshape, broadening, and shift of the atomic hyperfine profiles due to col-
lisions with other atoms or molecules have been studied thoroughly and numerous
reviews are available [2, 23]. The alkali’s have been of recent interest as a lasing
medium for diode pumped gas lasers. These alkali lasers were proposed by Krupke
in 2003 and demonstrated by Beach in 2004, but this system may be considered an
adaptation of a system first proposed by Schawlow and Townes in 1958 and built by
Rabinowitz in 1962 [32, 8, 55, 47|. This current effort will utilize large diode bars to
pump the Dy transition of the alkali and lase along the D; transition. This Diode
Pumped Alkali Laser, DPAL, is a three level laser system that depends heavily on
saturation of the pumped state, therefore the linewidth matching of the Dy transi-
tion with the diode bar or stack is crucial. Diode bars and stacks typically have a
linewidth of 30 GHz which would force the cesium to be exposed to pressures up to
10 atm. The DPAL models are then dependent on the accuracy of the information
on the collisional effects on the alkali. As part of a study to measure the spin-orbit
energy transfer between the 62P; /2 and 62P; /2 states, the broadening and shift rates
for the 6°Py /5 < 62S; /5 transition have been measured.

With the exception of two recent studies, the collisional effects on the cesium
D; transition have not been updated since 1990 [4, 15, 25]. Andalkar utilized laser
absorption spectroscopy in 2001 to study the effects of Ny and He on Cs up to 160
Torr. Andalakar was able to achieve errors less then 1.2% [4, 3]. In 2008, Couture
utilized a flash lamp and spectrometer to measure the shift and broadening rates
of He, Ny, and 'Xe with errors less than 3% [15]. One study in 1990, by Inoue,

produced results with errors less than 1.6% [25]. The Inoue study utilized laser
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absorption spectroscopy and was limited not by the measurement of the widths of
the spectrum but the measurements of the pressure, which had an error of 10%.
The studies prior to 1990 produced results with errors around 20%, and most of
these studies were performed at pressures less than 160 Torr [21, 11, 12, 59, 26]. In
addition to these experimental values for the collisional effects on cesium, Jacobson
theoretically determined the values for broadening and shift rates for cesium with
Argon, Krypton, and Xenon from the interatomic potentials [27].

The rates that are currently available from these works vary greatly between each
other. In the case of helium there is a discrepancy of 10 MHz/Torr for the broadening
rate and for nitrogen there is a 11 MHz/Torr difference. Andalakar pointed this out
in his study in 2001, but his study only included nitrogen and helium. This study
provides updated rates for all the noble gases and Hy, HD, Do, Ny, CHy, CyHg, CFy,
and *He. Of which, HD, D,, CH,, CyHg, CF4, and *He have never been measured.
The lighter isotope of helium has been predicted from theory by Couture using the
ratio of reduced masses and the rate for *He. Also, no previous study witnessed any
non-voigt lineshapes at low pressures and therefore did not determine if it has an

effect on the collisional broadening and shift rates.

Experiment

This experiment utilized a Coherent MBR-110 Ti:Sapphire ring laser tuned to 894
nm and scanned over 35 GHz. The ring laser, which was pumped by a Coherent Verdi
V-18 diode laser, has a linewidth less than 100kHz with a power less than 3.5 Watts.
This beam was greatly attenuate (< 1uWatts) before reaching the test cell to avoid
any saturation broadening and to stay within the Beer’s law regime of absorption.
The scan time was converted to the frequency utilizing an etalon with a free spectral

range of 299.45 MHz, which was calibrated using the extremely well known hyperfine
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spacing of the Dy line. The output of the ring laser was amplitude modulated, at a
frequency of 1505 Hz, and coupled into a trifurcated fiber bundle. Each branch of the
bundle was focused onto a different Hamamatsu silicon photodiode (model S2281-04).
The photodiodes were employed to record the incident intensity on the cesium cells,
a reference spectrum for an absolute frequency measurement via a low pressure cell,
and the transmitting intensity of the test cell while observing the changing absorption
profile.

Each cell was constructed from a one inch cylinder made of pyrex glass with an
ampoule of cesium attached underneath. The cells were affixed to the gas handling
system with UltraTorr seals. This allowed for pressure measurements at the time of
the scan while previously used prefilled cells only allowed for pressure measurement
at the time it was filled, which created systematic error in addition to the pressure
measurement error. The gas handling system also reduced the possibility of exposure
to air and moisture, which would result in contamination of the cesium sample and
could result in fire and creation of the very strong base, CsOH.

The cell was placed in a temperature controlled aluminum block, with the ampoule
exposed underneath. This configuration of the cesium ampoule and the oven was
designed such that they could be controlled at two different temperatures, allowing for
better control of the number density of the cesium in the upper cell. The temperature
controller maintained the temperature within 1°C. The vapor pressure at the highest
temperature (333 K) was 47.25+3.86 pTorr [61]. The control of the temperature
and number density was import to control the Doppler width and to avoid self-
absorption issues at higher temperatures. Early on in the experimental process higher
temperatures were used and this effect was seen in the relative amplitudes of the
hyperfine spectrum at temperatures over 100°C.

Cell pressure was monitored by MKS model 690A capacitance manometers with
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heads for 1000, 100, 10, and 1 Torr for cell pressures ranging from under 1 mTorr to
300 Torr. The cesium was 99.98% pure and all gases had a purity greater than 99.9

% purity, with the one exception of HD which had a purity of 97.3 %.

N.D.
Filter
Verdi Ti:S
V-18 > Ring Laser >I
A=532nm A=894 nm
Chopper
Cs Trifurcated
Reference Fiber

Lock-in Cell Bundle
Amplifier ‘I‘ ll } < /V

Lock-in /I< U Cs Lock-in

ifi Amplifier
Amplifier Test Cell P

Figure 6. Experimental apparatus for laser absorption spectroscopy.

As shown in Figure 6, phase sensitive detection was employed to monitor the
transimitted laser intensities utilizing Stanford Research Systems lock-in amplifiers,
model SR850. The recorded transmitted intensities, I, were ratioed with the incident
intensity, I, which removed the low frequency power fluctuation from the laser. A
small linear background was observed over the 35 GHz scan of the ring laser, which
had a relatively small slope in comparison to its offset, 1.4 x 1072 %. This was
mathematically removed from the known absorption profile during the numerical

fitting of the spectrum.

Results

The hyperfine spectrum of the cesium D; transition is shown in Figure 7, where the

larger ground state splitting (9.192631770 GHz) and the smaller P /» state splitting
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(1.167680 GHz) is observed [61]. In Figure 7, the lineshape profile is shown at multiple
pressures for *He and is a typical demonstration of all buffer gases and spectrums.
Each spectrum, which has an average signal to noise ratio of 700, was collected over 3
minutes and consist of over 100,000 data points. Each individual hyperfine component
is observed at 0-100 Torr and, as expected, becomes more convoluted as pressure
increases but the larger ground state hyperfine splitting is still evident at 300 Torr.
The hyperfine profile plays a significant role in the total lineshape of the transition
spectrum even at 1 atmosphere [43]. In the sample spectra shown in Figure 7, the *He
spectra is slowly blue shifted, which is only observed for the lighter species studied
which also includes, He, Hy, HD, and Ds.

3«4 -4678.6 MHz 5681.72 MHz | 3€3

N
y

1.5

4514.04MHz |

’|

Absorbance, A (unitless)

Frequency, v - v  (MHz)

Figure 7. The cesium D; hyperfine lineshape pressure broadened by
3He from 10-300 Torr (in steps of 10 Torr) with the assigned (F’«F”)
hyperfine transitions.
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The Lorentzian width and line center were determined from the absorption profile,

by a numerical fit of the spectrum to a set of four Voigt lineshapes:

4
I
A=—In (I—>:C0+C1V+022aiv (vi + 0v, Avi;vp), (16)

0 i=1

where ¢y, are the coefficients for the linear background and c; is the absolute ab-
sorbance constant. The absorbance, A, is defined as oln, where o is the cross-section,
[ is the path length of the cell, and n is the number density. Each of the four hyper-
fine lines have been assumed to share the same Doppler, vp, and Lorentzian width,
Avy,. Initially, the Lorentzian widths were allowed to vary but at low pressures they
were alway within the error bounds of the other hyperfine lines. Both widths were

measured as full width half max, FWHM, values. The Doppler width was calculated

kT
=2- 2-In(2)— 1
Vo vy[2-1n(2) =, (17)

where v is the frequency, k; is the boltzmann constant, T is the temperature, m is

via the formula:

the mass, and c is the speed of light. At the maximum temperature, 338 K, for this
experiment the Doppler width is 384 MHz and the hyperfine lineshape was constrained
to have this calculated value of the Doppler width for its corresponding temperature.
The hyperfine spectrum was also assumed to share a single spectral shift, v, and each
hyperfine line position, v;, is well known. A normalized Voigt profile, V, which utilized
each of the known hyperfine linestrengths, a;, was employed. The linestrengths are
calculated from product of the fractional Boltzmann population of the ground state
and the transition strength, which are shown in Table 5. The Voigt shape term was
found to have a value of unity (Av, = vp) at a pressure of 20 Torr with an average
broadening rate of 20 MHz/Torr.

Several fits to equation (16) to the observed spectra, with corresponding fit resid-
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Table 5. Cesium hyperfine
transition strengths for the
D; transistion.

Transition Strength

SF F (unitless)
S 4 5/12
Sis 7/12
S 4 3/4
S5 3 1/4

uals, are provided in Figure 8. The signal-to-noise is about 1500, allowing for an
observation of the lineshape well in to the wings, with scan range of more than 130
Doppler widths. At pressures about 80 Torr, the average fit residuals are unstruc-
tured and about 107° %. For the lowest pressures (P < 80 Torr) a small systematic
deviation from the Voigt profiles is observed. Allowing greater flexibility in the fit-
ting equation (16) by varying the Doppler width, relative Lorentzian widths of the
hyperfine components, or the hyperfine line strengths does not significantly reduce the
structured residuals. Line narrowing due to velocity changing collisions was examined
using several forms of the Gallatry profile [18, 19]. While the qualitative features of
the residuals are indeed matched, further analysis is required to fully characterize
the rates for the velocity changing collisions. The effects of the small residuals at
low pressures on the pressure broadening and the shift rates is negligible as discussed
below. Prior studies of the Oy A band exhibited line narrowing also demonstrate the
minor effects on the reported Lorentzian fit parameters [49)].

The extracted shifts, dv, and Lorentzian width, Avy, are displayed as a function
of pressure with various non-reactive collisional partners in Figs. 9 and 10. A linear

fit of the data was performed and the extracted slopes are the shift and broadening
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Figure 8. A sample of the resultant fits with residuals to equation (25)
for the D; transition under the influence of 3He at 20, 40 , 60, and 80
Torr.
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rates. This corresponds to the following formula for the Lorentzian width:

Avy =P + 7y, (18)

where v is the broadening rate for the buffer gas, and vy is the natural width. The
natural width is 4.575 MHz, which was calculate from the known lifetime of 34.791
ns. The natural line width was used for the y-intercept and was fixed for the weighted
linear fits that were performed on the data. Similarly, the shifts were fit to a line but
with an intercept of 0 and the slope is the shift rate, 4.

The resultant broadening and shift rates with their corresponding slope fit errors
are shown in Tables 6 and 7. The rates listed were determined from the fit of a
line with a fixed y-intercept. In other fits, the y-intercepts was allowed to vary and
on average varied 0.06 MHz/Torr which is less than the average standard deviation.
Also, the average y-intercept parameter was 2.25 MHz with an error of 9.89 MHz. The
natural linewidth lies within the error bounds of the y-intercept parameter. Secondly,
to determine the effect of the systematic residuals on the width and shift rates the
points extracted from spectrum with this effect in the residuals were removed from
the fit of equation (18). This produced on average no overall change of the slope of
the line and all values for the broadening and shift rates were still well within the
error bounds reported in Tables 6 and 7.

The only other major contributing factor to the total error was from the pressure
measurements, each of which had an error of 0.08%. The slope error was determined
from a weighted fit of the data, where the weights were determined from the reciprocal
of the Lorentzian width error. The error in the width and shifts was less than 0.34%

on average.
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Figure 9. D; hyperfine profile shift as a function of pressure of (a) the
noble gases, (b) various hydrogen isotopes, and (c) several molecules.
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Table 6. Measured values for the broadening rate for the D; transition
compared to the previous results.

Current Work Previous Work
"t 72 Yadj® Ref.
Gas T,(K) MHz/Torr Ty(K) MHz/Torr MHz/Torr
He 323 24.134+0.07 294 26.214+0.31 25.42 [4]
295 19.49+1.35 18.62 [12]
393 28.4241.03 31.34 [15]
SHe 323 26.0040.05 393 21.7140.70¢ 23.94 [15]
Ne 313 10.85+0.02 295 10.13+0.86 9.75 [12]
Ar 313 18.31£0.16 295 19.64+0.23 19.06 [12]
295 14.994 14.55 [27]
Kr 313 17.82+0.05 295 19.84+2.5 19.26 [11]
295 15.294 14.84 [27]
Xe 313 19.7440.08 295 21.4942.60 20.86 [11]
295 17.094 16.59 [27]
H, 328 20.8140.09 295 40.42+6.20 39.24 [11]
HD 318 20.0640.12 — — — —
D, 318 18.04+0.04 — — — —
N, 318 15.82+0.05 294 19.51£0.06 19.07 [4]
323 16.36+0.02 295 30.93+5.71 29.33 [12]
333 15.66+0.08 393 14.73+0.69 16.00 [15]

CHy 333 29.00+0.10 — — - —

CoHg 331 26.70£0.03 — — - —

CF, 318 18.84£0.05 — — - —

2 Error from a weighted linear fit only. P See Eqn. (21) ¢ Calculated value from 4He.
d Calculated from theoretical interatomic potentials.
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Table 7. Measured values for the shift rates for the D; transition com-
pared to the previous results.

Current Work Previous Work
Buffer Temp. 0 Temp. ) Ref.
Gas (K) (MHz/Torr) (K) (MHz/Torr)

He 323 4.24+0.02 294 4.4640.03 4]
295 6.61+1.00  [12]

393 4.45+.69 [15]

SHe 323 6.01+0.01 393 5.824+1.03" [15]
Ne 313 -1.60£0.01 205 -2.83£0.09  [12]
Ar 313 -6.47+0.03 295 -8.73+0.4 [12]
295 -5.4¢ 27]

Kr 313 -5.46+0.01 295 -2.65+£0.10 [12]
295 -5.4¢ 27]

Xe 313 -6.43+0.01 295 -8.09+1.2 [12]
295 -6.3¢ 27]

H, 328 1.11+£0.01 295 2.254+0.19 [12]
HD 318 0.47+0.03 — — —
Dy 318 0.0009+0.00004 — — —
No 318 -7.6940.01 294 -8.231+0.02 4]
323 -7.7140.01 205 7.38+0.11  [12]

333 -7.414+0.01 393 -8.90+0.69 [15]

CHy4 333 -9.2840.02 — — —
CoHg 331 -8.5440.01 — — —
CFy 318 -6.06+0.01 — — —

aError from a weighted linear fit only. P Calculated value from 4He.
¢ Calculated from theoretical interatomic potentials.
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Discussion

In general, the present broadening rates are in approximate agreement with all but
the earliest of the prior work. However, a detailed comparison requires an assessment
of the temperature dependence. These rates are certainly influenced by differences in
the average relative speed, g, of the collision pairs, and may be further modified by

an energy dependence to the cross-section, o: [62]

v = %/Ooo a(9)9f(g;T) dg, (19)

where N is the number density and P is the pressure. The temperature dependence

of the Maxwellian speed distribution, f(g;T"), and the relative speed,

9= V8T /mp, (20)

where p is the reduced mass of the collision pair, leads to a temperature dependence

of the broadening rate often described as [28]:

T

() = (1) (1) 1)

Note that the collision rates are dependent on concentration and the pressure is
related to the concentration via another temperature factor, P = nkgT. If the
cross-section is independent of speed, v ~ go and n = 1/2. Table 6 provides the
broadening rates scaled to the current temperatures for comparison. A test of the
energy independence of the cross-section is best afforded by the current temperature
dependence of the nitrogen data provided in Figure 11, which shows no change in the
cross-section of nitrogen as temperature is increased over a small range.

The shift rates are also in agreement with the previous studies, but a direct com-
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parison is difficult with current data. These rates can be calculated from the cross-
section and the velocity distribution, but in the case of the shifts, the cross-section
may have a more significant energy dependence. So, the assumption used for the
broadening rate comparison cannot be made and thus the value of n#1/2. Couture
attempted to determine the value of n for his rates utilizing both his and Andalakar’s
data [15]. Couture calculated the value for He to be 1.6+.5, while this current study
has shown the value for n in the Cs-Ny interactions is approximately 1/2. With such
limit amount of data and large error bounds, further study is needed.

Equations (19 & 20) have been utilized by Couture to show a means for calculating
the rates for similar atoms with slight differences in mass, as is the case for *He and
3He. This mass dependence arises from the relative speeds in equation (20) and can

be expressed:

() = (1) (2) " (22)

21
Employing this expression Couture calculated the value within 1.7 MHz/Torr of the
value obtained in the laboratory. This difference may again be explained by an energy
dependence within the cross-section which may depend on the individual atomic
potentials.
From the rates themselves the inter-atomic potentials can be calculated. These
potentials can be determined by using the ratio of the broadening and shift rates and

the impact approximation[54]. Assuming the potentials have a Leonard-Jones form:
V(R) - 012R712 - C6R76, (23)

where R is the interatomic separation and Cy and O, are the coefficients for the R~6
and R™12 parts of the potential respectively. The broadening and shift rates have

been analyzed before utilizing this approach [23]. The potentials derived from this
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work are shown in Figure 12. These curves compare closely to those of Rotondaro’s
work with rubidium [51]. This comparison is shown in Figure 13, with slightly smaller
interatomic distances (1.4-2.6 Angstroms) and binding energies down to 0.16 meV of
N, up to the repulsive potential of *He. Yet, this model has ignored the effects of
rotational degrees of freedom, non-spherically symmetric potentials, spin-orbit energy
transfers, and any curved trajectories.

The impact approximation and the Leonard-Jones potential suggests a linear cor-
relation between the probability per collision for phase changing collisions and polar-
izability. The present result are consistent with this prediction and is illustrated in

Figure 14. The ratio for the gas kinetic cross-section:

Og =T+ (rCs + Tbuffergas)Q ) (24>

were evaluated from reference [24]. The polarizability for the buffer gases was found

in reference [5]

Conclusions

The reported rates for collision induced line broadening and shifts for the cesium
D; line with errors of about 0.3% enable enhanced accuracy in modeling the per-
formance of Diode Pumped Alkali Lasers. Conversion of the observed rates to the
interatomic potential unifies the results for a wide range of buffer gases and enables
the comparison to another heavy alkali; Rb. The effects of the line narrowing are
observed at low pressures, further analysis is needed to discern the role of velocity

changing collisions.
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