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Spin-orbit relaxation and quenching of cesium 7 2P in mixtures of helium, methane, and ethane
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The fine-structure mixing and quenching cross sections of the cesium 7 2P state in mixtures of helium, methane,
and ethane were measured using laser-induced fluorescence techniques. This research was performed to study
the kinetics associated with an optically pumped blue cesium laser operating on the 7 2P1/2-6S1/2 transition.
Fluorescence decay curves from pulsed-laser experiments were analyzed as a function of buffer gas density
at cell temperatures near 393 K. The fine-structure mixing cross sections for He, CH4, and C2H6 are 14 ± 3,
35 ± 6, and 73 ± 10 Å2, respectively. The 2P3/2 state is quenched more rapidly than the 2P1/2 state. A model
that includes the effects of radiation trapping and independent quenching cross sections for each fine-structure
sublevel is compared to the experimental data. The rapid quenching negatively impacts the performance of a
recently demonstrated optically pumped blue laser. We compare the cross sections for alkali-metal and noble
gases and extend the adiabaticity analysis to the higher-lying excited states.
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I. INTRODUCTION

Optically pumped alkali-metal lasers have been intensely
studied during the past decade [1–6]. When pumped with
a diode array, slope efficiency can exceed 80% [2]. These
systems appear promising for scaling to high average power.
For example, a rubidium laser pumped by a 1.28-kW diode
stack with a 0.35-nm bandwidth has recently achieved 145 W
average power [4]. The energy level diagram of some lower
energy levels of the cesium system is illustrated in Fig. 1,
and the wavelengths and transition probabilities are listed in
Table I. The near-infrared laser is diode pumped from the
ground 6 2S1/2 state to the first excited 6 2P3/2 state at 852 nm
and lases after spin-orbit relaxation from 6 2P1/2 at 894 nm.
The fine-structure splitting of the 6 2P term is 554 cm−1 and
relaxation by molecular collision partners such as ethane or
methane at several hundred Torr is required.

Several optically pumped alkali-metal lasers operating
in the blue from the second excited 7 2P3/2,1/2 states have
also been demonstrated. Two-color sequential excitation [7]
and two-photon direct excitation of the 6 2D3/2,1/2 states [5]
followed by optical cascade to the 7 2P states, or direct one-
photon excitation of the 7 2P states [8] have been investigated.
However, the fine-structure relaxation and collisional quench-
ing of these states are relatively unstudied. For Cs 7 2P3/2,1/2,
there are several older reports of rapid fine-structure mixing
by rare gases [9–11] and molecular collision partners [12], but
not for the important laser species, ethane. The corresponding
quenching rates, their dependence on spin-orbit split state,
and the product states are largely unavailable. Inter-multiplet
energy transfer between 7 2P3/2,1/2 and 6 2D3/2 states with
rare gas partners are relatively slow, with the exception being
He [10]. The presence of additional electronic levels, which
are not a factor for the first 2P state, induces a barrier structure
in the potential that reduces the cross section. For the case of
He, that barrier structure is absent allowing the collision to
proceed via long-range forces, increasing the cross section.

*Current address: Defense Threat Reduction Agency, Ft. Belvoir,
VA 22060.
†Correspondance address: glen.perram@afit.edu

The rates for fine-structure mixing of the lowest 2P states
in the alkali metals for collisions with rare gases increase with
decreased splitting, as predicted by adiabaticity arguments [13,
14]. When the splitting is large and the collision energy is low,
the duration of the collision is long relative to the oscillation pe-
riod and the rates are slow. The more impulsive collision for the
helium-potassium system leads to faster rates. Similar effects
have been observed for the higher-lying excited alkali-metal
states where the fine-structure splitting is less. For example,
collision cross sections with noble gases and the 7 2P states are
larger by a factor of 102–103 than those of the 6 2P state [9,15].
For the 8 2P state the values are larger by another factor of 10,
corresponding to a reduction in the fine-structure splitting [10].

In the present work, pulsed-laser-induced fluorescence
techniques are employed to measure the fine-structure mixing
and J -dependent quenching rates for the Cs 7 2P3/2,1/2 states.

II. THEORY

A. Derivation of eigenvalues

In this section we derive the key relationships for deter-
mining the spin-orbit mixing and quenching cross sections.
The populations in the ground state 6 2S1/2, N0, and the second
excited states 7 2P3/2, N2, and 7 2P1/2, N1, are controlled by the
following mechanism:

[Cs(6S1/2)] + hν20
R−→ [Cs(7P3/2)], optical pumping,

(1a)

[Cs(7P3/2)]
ξ2A20−→ [Cs(6S1/2)] + hν20, spontaneous emission,

(1b)

[Cs(7P1/2)]
ξ1A10−→ [Cs(6S1/2)] + hν10, spontaneous emission,

(1c)

[Cs(7P3/2)] + M
k20−→ [Cs(S,P,D)] + M, quenching,

(1d)

[Cs(7P1/2)] + M
k10−→ [Cs(S,P,D)] + M, quenching,

(1e)

[Cs(7P3/2)] + M
k21

�
k12

[Cs(7P1/2)] + M, spin-orbit mixing,

(1f)
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FIG. 1. Some lower energy levels of cesium. The wavelengths
and transition probabilities are listed in Table I.

where R is the optical pumping rate at λ20 = 455.5 nm, A10

and A20 are the spontaneous emission rates, and ξ2 and ξ1

are the radiation trapping factors discussed below. k20 and k10

are the quenching rates of the J = 3/2 and J = 1/2 levels,
respectively, and k21 and k12 are the spin-orbit mixing rates in
the forward and backward directions. The spin-orbit relaxation
rates are related by detailed balance,

k12 = g2

g1
e
− �E21

kB T k21 = ρk21, (2)

where the degeneracies are g2 = 4 and g1 = g0 = 2 for N2, N1,
and N0, respectively. kB is the Boltzman’s constant, �E21 =

181 cm−1, and at T = 373 K, ρ = 0.9948. The pump rate, R,
is specified by pump laser intensity, Ip(t):

R(t) = σstim

hν20
Ip(t)

(
g2

g0
N0 − N2

)
, (3)

where h is the Planck’s constant, ν20 is the frequency of the
2-0 pump transition, and σstim is the stimulated emission cross
section of the 2-0 transition. The arbitrary collision partner, M ,
is either helium, methane, or ethane in the present work. First-
order decay rates are defined as γ20 = k20 [M], γ10 = k10 [M],
and γ21 = k21 [M], where [M] is the number density of the
collision partner.

The coupled rate equations can be cast in matrix
form [16]:
(

Ṅ2

Ṅ1

)
=

(−(ξ2 A20 + γ20 + γ21) R + ργ21

γ21 −(ξ1 A10 + γ10 + ργ21)

)

×
(

N2

N1

)
. (4)

When the duration of the pump pulse is short relative to the
radiative and collisional time scales, the pump rate R can be
converted to an initial condition for the number pumped to the
7 2P3/2 state: N0

2 = N2(t = 0).

For instantaneous pumping, the rate equations in Eq. (4)
have a time-dependent solution for the fluorescence intensity
I (t):

I (t) = C( e(−λ−t) − e(−λ+t)), (5)

with eigenvalues

λ± = − 1
2 [ξ1A10 + ξ2A20 + γ10 + γ20 + (1 + ρ)γ21]

± 1
2

√
[(ξ1A10 + γ10) − (ξ2A20 + γ20)] + 2γ21[(ξ1A10 + γ10)(ρ − 1) + (ξ2A20 + γ20)(1 − ρ)] + (1 + ρ)2γ 2

21. (6)

The coefficient describing the initial conditions, C, is pressure dependent and may be written as

C = γ21√
[(ξ1A10 + γ10) − (ξ2A20 + γ20)] + 2γ21 [ξ1A10 + γ21)(ρ − 1) + (ξ2A20 + γ20)(1 − ρ)] + (1 + ρ)2γ 2

21

. (7)

For the present conditions, ρ ≈ 1 and Eq. (6) can be reduced to

λ± = − 1
2 (ξ1A10 + ξ2A20 + γ10 + γ20 + 2γ21) ± 1

2

√
[(ξ1A10 − ξ2A20) + (γ10 − γ20)]2 + 4γ 2

21. (8)

Using the same argument, we can now simplify Eq. (7) to
C = γ21/ (λ+ − λ−) or

C = γ21√
[(ξ1A10 − ξ2A20) + (γ10 − γ20)]2 + 4γ 2

21

. (9)

The values of k21, k10, and k20 were calculated from Eqs. (8)
and (9) using the eigenvalues of the fluorescence curves fit to

Eq. (5). Using a MATHEMATICA nonlinear least-squares fit,
the difference of the eigenvalues in Eq. (8) provides k21 and
also k10 – k20. The sum of the eigenvalues in Eq. (8) returns
k10 + k20. These two equations were solved simultaneously to
extract k10 and k20. Equation (9) can be used as an independent
check of the fit parameters in Eq. (8). The values of ξ1A10

and ξ2A20 were calculated in a similar way. The values for
σ10, σ20, and σ21 were calculated assuming k = v̄σ , with v̄ =
(8kBT /πμ)1/2, where v̄ is the average speed of the collision
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TABLE I. Transition wavelengths and probabilities for several dipole allowed transitions of cesium in Fig. 1.

Energy Wavelength Transition prob. Line Transition prob.
Transition E (cm−1) λ (nm)(air) A (106 s−1) reference reference

5D3/2-6P3/2 2766.95 3614.088 0.107 [29] [30]
5D5/2-6P3/2 2864.53 3490.967 0.781 [29] [31]
7P1/2-7S1/2 3229.81 3096.148 3.52 [29] [32]
5D3/2-6P1/2 3320.98 3011.151 0.913 [29] [30]
7P3/2-7S1/2 3410.86 2931.805 4.05 [29] [32]
7S1/2-6P3/2 6803.22 1469.490 11.4 [29] [32]
7P1/2-5D3/2 7266.09 1375.88 1.59 [29] [32]
7P3/2-5D5/2 7349.55 1360.55 1.10 [29] [32]
7S1/2-6P1/2 7357.26 1358.83 6.23 [29] [32]
7P3/2-5D3/2 7447.14 1342.43 0.13 [29] [32]
6P1/2-6S1/2 11178.268 894.347 28.63 [29] [33]
6P3/2-6S1/2 11732.307 852.113 32.79 [29] [33]
7P1/2-6S1/2 21765.348 459.317 0.793 [29] [34]
7P3/2-6S1/2 21946.397 455.528 1.84 [29] [34]

pair, kB is the Boltzmann’s constant, T is the cell temperature,
and μ is the reduced mass.

Finally, the effects of the finite duration pump pulse can be
considered by direct numerical simulation of the rate equations
in Eq. (4). Ip(t) is approximately a time-dependent Gaussian
pulse with a FWHM of τp = 10 ns, a peak intensity of Ipeak ≈
108 W/cm2, and a phase delay of t0:

Ip(t) = Ipeake
−4 ln 2

(
t−t0
τp

)2

. (10)

B. Radiation trapping

For a given volume of atomic vapor, radiation emitted
near a resonance line can be absorbed and emitted many
times before escaping. The effects of radiation trapping at
modest cell temperatures must be considered, especially at
higher Cs densities where laser action may be expected.
Detailed discussion of trapping in alkali-metal vapor and
buffer gas mixtures may be found in Refs. [17–21]. The
trapping coefficient ξ is defined as the number of times a
photon is absorbed after traveling a distance r before being
emitted [22]. For a cylindrical geometry ξ can be approximated
for Doppler-broadened transitions,

ξ = 1.60

k0r
√

π ln(k0r)
, (11a)

with k0 defined as

k0 = λ3

8π
N0

g2

g0

A√
πvCs

, (11b)

and for pressure broadening,

ξ=
1.115√
πkpr

, (12a)

with kp defined as

kp = λ2

2π
N0

g2

g0

A

γp

, (12b)

where A is the Einstein A coefficient of the transition; r is the
radial path length through the Cs vapor; γp is the collisional

broadening rate (s−1), to include the effects of self and collision
partner broadening [23]; vCs is the average velocity of Cs; and
N0 is the number density of Cs. For the Cs 7 2P3/2,1/2 states
the collision rates are high and the present study is limited to
low pressures of less than 2 Torr. Thus Doppler broadening
dominates the trapping factors: ξ1 and ξ2 are independent
of pressure. Only when pressure broadening is significantly
larger can a pressure-dependent trapping factor complicate
determination of the fine structure and quenching rates.

FIG. 2. Experiment layout. A heated glass cell contains about 1 g
of pure cesium. A 10-ns pulsed dye laser at 455.5 nm pumps the Cs
7 2P3/2-6S1/2 transition and side fluorescence is monitored via an RCA
31034 PMT attached to a 0.3-m f/5 monochromator and recorded
using a 1-GHz oscilloscope.
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FIG. 3. Helium fluorescence decay curves of the cesium 7P1/2-6S1/2 transition (459.3 nm) at 50 ◦C using a 10-ns pulsed dye laser at
455.5 nm. The solid curves are the least-squares fit of Eq. (5). The buffer gas pressures in Torr are (a) 2.0, (b) 1.2, (c) 0.6, (d), 0.4, and (e) 0.2.

III. EXPERIMENT

The pulsed, laser-induced fluorescence apparatus is
shown schematically in Fig. 2. A pulsed dye laser (Continuum
ND6000), with up to 25 mJ in a 10-ns pulse at 10 Hz was tuned
to the cesium 7 2P3/2-6S1/2 (λ20, 455 nm) transition. The pump
bandwidth is about 2.1 GHz, large compared to the Doppler-
broadened absorption profile. The fluorescence of the cesium
7 2P1/2-6S1/2 transition (λ10, 459 nm) was collected with a

pair of lenses (f 1 = 90 mm, f 2 = 250 mm) and the image
was focused on the entrance slit of a McPherson 218 (0.3 m)
monochromator with a resolution of 0.5 nm. The fluorescence
was detected with an uncooled RCA 31034 photomultiplier
tube and analyzed on a 1-GHz oscilloscope. The cesium was
contained in a Pyrex cylinder (25.4-mm radius) enclosed in an
aluminum heater block with an observation port perpendicular
to the pump beam. The cell temperature was controlled
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FIG. 4. Stern-Volmer plot of experimentally derived rates (�) and calculated rates based on Eq. (8) (�) for helium at 50 ◦C. The solid line
is a least-squares linear fit to the experimentally derived rates.
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FIG. 5. Stern-Volmer plot of experimentally derived rates (�) and calculated rates based on Eq. (8) (�) for methane at 110 ◦C. The solid
line is a least-squares linear fit to the experimentally derived rates.

(±1 ◦C) using a dual-zone heater system (Watlow) with
independent control of both the cell and the cold finger. For
these experiments the cell temperature was maintained about
5 ◦C above the cold finger to prevent condensation on the cell
windows. At 110 ◦C the concentration of Cs is about 3.4 × 1016

atoms/cm3. For C2H6 we found that a temperature of 120 ◦C
was required to create an acceptable signal-to-noise ratio. At
this temperature the concentration of Cs is about double that of

110 ◦C. The cells were baked for several hours at 250 ◦C under
vacuum (10−6 Torr) before breaking the ampoule containing
the cesium metal. Research grade He, CH4, and C2H6 gas
pressure was measured with Baratron capacitance manometers
(Model No. 690A) with 0.001–1000 Torr ranges. For each
pressure the scattered pump laser intensity was subtracted from
the observed decay profiles by tuning off the resonance and
recording the part of the signal not attributed to fluorescence.
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FIG. 6. Stern-Volmer plot of experimentally derived rates (�) and calculated rates based on Eq. (8) (�) for ethane at 120 ◦C. The solid line
is a least-squares linear fit to the experimentally derived rates.
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FIG. 7. Plot of the amplitude C from the fit of Eq. (5) (�) and predicted by Eq. (9) (�) for helium.

IV. RESULTS

The fluorescence decay curves for emission from 7 2P1/2 for
various He buffer gas pressures are provided in Fig. 3. As buffer
gas increases, the rate for spin-orbit relaxation increases, the
peak fluorescence intensity increases, and decay rates increase.
A significant population is transferred even at low pressure,
indicating near gas kinetic rates. Scattered laser light obscures
the decay curves for t < 20 ns. For each pressure, the decay
curves were fit to the double exponential function of Eq. (5)
generating the two eigenvalues λ+ and λ− and the amplitude
coefficient C. The fits are compared with the data in Fig. 3.

The pressure dependence of the fit eigenvalues are dis-
played as Stern-Volmer plots for He, CH4, and C2H6 collision
partners in Figs. 4–6. The intercepts on the Stern-Volmer
plot for helium (Fig. 4) are nearly equal for the two eigen-
values, agree to within 2–5% of the known radiative rates
of A20 = 7.5 × 106 s−1 and A10 = 6.3 × 106 s−1 [9]. Under

TABLE II. Cesium 7 2P effective radiative rates, spin-orbit and
quenching cross sections assuming unequal quenching cross sections
of the fine-structure states, calculated from Eqs. (8) and (9) (top) and
values used in the simulations of Fig. 10 (bottom). Cell temperatures
are given in parentheses.

Spin-orbit Quenching Quenching
Collision cross section cross section cross section
partner (Å2) (J = 3/2) (Å2) (J = 1/2) (Å2)

Helium 14 ± 2 (323 K) 5 ± 1 ≈1
Methane 42 ± 3 (383 K) 30 ± 2 20 ± 2
Ethane 80 ± 5 (393 K) 80 ± 6 10 ± 3

Helium 14 ± 3 (323 K) 4 ± 3 ≈1
Methane 35 ± 6 (383 K) 45 ± 8 25 ± 2
Ethane 73 ± 10 (393 K) 59 ± 6 31 ± 3

the T = 50 ◦C cell conditions for the helium data, radiation
trapping is minimal. However, for the higher temperatures (and
thus Cs concentrations) required of methane and ethane, the
intercepts diverge and the corresponding effective rates suggest
trapping factors of ξ = 0.81–0.92 ± 0.16 for T = 110 ◦C
(CH4) and ξ = 0.20–0.31 ± 0.4 for T = 120 ◦C (C2H6). The
error bounds in the Stern-Volmer plots represent a confidence
interval of 99%. The uncertainty in the pressure is small, ≈1%.
The drift in absolute pressures is less than 15 mTorr.

The trapping factors ξ are independent of He and CH4

pressure, suggesting that Doppler broadening dominates the
transition at the low buffer gas pressures. This seems probable
since the Doppler broadening of Cs at those temperatures
is about 800 MHz, whereas the Cs-He broadening is only
about 10 MHz at the highest pressure. The value of ξ for
ethane is smaller and weakly dependent on ethane pressure.
This suggests that at the Lorentzian wing of the ethane
broadened transition contributes to the radiation trapping. This
“persistence” of the Lorentzian wing in radiation trapping has
been mentioned before by Huennekens in mixtures of sodium
and noble gases [19].

TABLE III. Cesium 7 2P spin-orbit and quenching cross sections
from previous works. Cell temperatures are given in parentheses.

Collision Spin-orbit, σ21, Quenching, σ10 = σ20,
partner cross section (Å2) cross section (Å2) Reference

Helium 12.8 ± 2.6 (320 K) Not reported [9]
Helium 11 ± 2 (448 K) Not reported [10]
Helium 14.9 ± 4.5 (320 K) Not reported [11]
Helium 15.2 ± 4.6 (320 K) Not reported [11]
Methane 40 60 [12]

022713-6



SPIN-ORBIT RELAXATION AND QUENCHING OF CESIUM . . . PHYSICAL REVIEW A 85, 022713 (2012)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.0

0.2

0.4

0.6

0.8

Methane Density 1016 atoms cm3

A
m

pl
it

ud
e,

C
di

m
en

si
on

le
ss

FIG. 8. Plot of the amplitude C from the fit of Eq. (5) (�) and predicted by Eq. (9) (�) for methane.

The amplitudes for the decay curves C obtained from
the fit to Eq. (9) as a function of buffer gas concentration
are shown in Figs. 7–9. The error bounds for these plots
represent a confidence interval of 90%. The amplitude would
be independent of pressure if the radiative and quenching rates
were equal for the two spin-orbit split states. However, the
significant curvature in Figs. 7–9 is consistent with the pre-
diction of Eq. (9), establishing the variance in quenching rates
reported in Table II. The eigenvalues predicted from Eq. (6)
are wholly consistent with the observations, as illustrated in

Figs. 4 and 6. Indeed, the three pressure-dependent quantities,
λ± and C, uniquely define the three cross sections, σ20, σ10,
and σ21.

Finally, the full numerical integration of the rate
equations (4) with the time-dependent pumping of Eq. (10)
is compared to the observed decay profiles for the ethane
case in Fig. 10. A single set of cross sections, as summarized
in Table II, is sufficient to represent the full set of observed
decay profiles. These results represent the best estimate for the
spin-orbit relaxation and quenching cross sections reported
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FIG. 9. Plot of the amplitude C from the fit of Eq. (5) (�) and predicted by Eq. (9) (�) for ethane.
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FIG. 10. Simulated side fluores-
cence plots (solid) with data for ethane
at T = 120 ◦C. The buffer gas pres-
sures in Torr are (a) 0.1, (b) 0.15,
(c) 0.2, (d) 0.3, (e) 0.4, (f) 0.5,
(g) 0.6, (h) 0.8, (i) 1.0, and (j) 1.1.

in this work. The simultaneous representation of all the
decay profiles by a single set of rate coefficients illustrates
the self-consistency of the observations and analysis. The
uncertainties in the spin-orbit relaxation rates are somewhat
larger when all the data are simultaneously analyzed with the
numerical simulations. The spin-orbit rates agree within the
error bounds. The consistency of the quenching rates is poorer,

suggesting systematic error bounds for the quenching rates of
35%.

V. DISCUSSION

While the fine-structure mixing and quenching of the
first excited 2P3/2,1/2 states in the alkali-metal atoms is well
studied [9–15,24], the kinetic database for the higher-lying
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states is rather limited [9,10,15]. The rates for Cs 7 2P3/2,1/2

with helium and methane collision partners have previously
been determined and are summarized in Table III. The current
measurements of the spin-orbit relaxation rates for He and
CH4 agree favorably with the prior results. Indeed, there is
no discrepancy considering the 20% error bands. We are not
aware of any prior results of ethane.

The fine-structure mixing rates for the first excited Cs
6 2P3/2,1/2 states with rare gas partners are sufficiently rapid
to sustain near-infrared lasing only for the K and Rb diode
pumped alkali-metal laser systems [1,25]. For the heavier
alkali-metal atoms the fine-structure splitting increases and
the mixing rates decrease. This trend has been qualitatively
explained in terms of collision adiabaticity [13]. When the
duration of the collision, τc, is long relative to the period of
oscillation, τν = 1/ν21 = h/�E21, the interaction is adiabatic
and the mixing probability is low. For light collision partners
where the relative speed is high, the collision time decreases,
the interaction is more impulsive, or sudden, and the mixing
rate increases. We define adiabaticity, α, as the ratio of the
oscillator period and collision duration:

α = τν

τc

= v̄

ν21L
, (13)

where the collision time is determined from the characteristic
interaction length L and the relative speed v̄. The current
results for helium are compared with prior studies of the Cs
n = 6, 7, and 8 2P3/2,1/2 and 5 2D5/2,3/2 levels in Fig. 11. Cross
sections are reported as a probability per collision by normal-
izing relative to the gas kinetic value, σg = π (rCs + rHe)2 =
9.9 × 10−15 cm2. For a fixed interaction length, L = 0.2
nm, and given collision pair, ν̄ = 1.5–1.8 × 105 cm/s at
T = 420–601 K, the adiabaticity depends primarily on the
fine-structure splitting. The results are nicely summarized by
this single parameter. The cross sections increase linearly with
the inverse of the adiabaticity, until a near unit probability per
collision is reached. The 8 2P term has the smallest spitting,
�E21/kBT = 0.29, yielding a near gas kinetic rate.

FIG. 11. Scaling of the fine-structure mixing cross sections, σ21,
with adiabaticity for He collisions with the lowest 2P states of Cs,
Rb, K, and Na and the higher excited n = 7, 8 2P and n = 5 2D states
of Cs: (◦) prior data [14–16] and (•) present result for Cs 7 2P .

FIG. 12. Scaling of fine-structure mixing cross sections with
vibrational energy defect for (•) Cs 6 2P3/2,1/2 [14] and (◦) Cs 7 2P

(present results). Buffer gases include CH4, C2H6, and C2F6.

Mixing induced by the molecular collision partners is
generally faster than that induced by the rare gases. Recent
studies of mixing in Rb 5 2P3/2,1/2 and Cs 6 2P3/2,1/2 by
molecular collision partners attribute the efficient collisional
mixing to rovibrational excitation [14,15]. The splitting in
Cs 7 2P3/2,1/2 of 181 cm−1 is more nearly resonant with
the 289 cm−1 vibrational mode of ethane than the lowest,
1367 cm−1, mode of methane, leading to an enhancement in
the mixing rate. The scaling with energy defect for the present
study of Cs 7 2P is consistent with the recent results for Cs
6 2P , as shown in Fig. 12.

Several prior studies of inelastic collisions between alkali
metals and rare gases or small molecules report quenching
rates that depend on fine-structure splitting. Generally, the
J = 3/2 level exhibits a rate that is faster than that of the
J = 1/2 component by a factor of up to 4.5 [26]. However,
the J = 1/2 state is more rapidly quenched in mixtures of
Cs(6 2P1/2) + (H2, HD, or CH4) [27], and equally quenched
in mixtures of K(4 2P1/2) + C2H4 [28]. The current results
of Table II indicate ratios of σ20/σ10 of 4.1, 1.8, and 1.9
for helium, methane, and ethane, respectively. For molecular
collision partners, spin-orbit mixing rates in Rb and Cs have
been attributed to electronic to rovibrational energy transfer
[14]. Resonances in the molecular energy transfer might
explain the strong dependence on spin-orbit splitting.

The efficiency of the diode-pumped alkali laser depends
in part on rapid fine-structure mixing without significant
quenching. Quenching may compete with the pump rate
and effectively increase the pump intensity required to reach
threshold. Helium, methane, and ethane collision partners meet
these criteria for the first 2P3/2,1/2 states associated with the
near-infrared lasers. For the blue analog laser, intermultiplet
energy transfer is possible and quenching rates may be
enhanced.

The present results indicate quenching for Cs 7 2P3/2,1/2 by
helium is about 35% of the fine-structure mixing. Our full
numerical analysis agrees that the quenching of Cs 7 2P3/2 by
methane is about 28% greater than the fine-structure mixing.
The ethane collision partner is somewhat more favorable for
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lasing, with a mixing rate more than twice that for methane.
The ethane quenching rate remains large and significantly
impacts laser performance. Indeed, our recent demonstration
of a blue laser directly pumped on the Cs 6 2S1/2-7 2P3/2

transition requires ethane as the collision partner [8]. Clearly,
the performance of the blue analog laser is degraded by the
rapid quenching rates and the search for alternative buffer gas
partners is warranted.

VI. CONCLUSION

Collision-induced mixing in Cs 7 2P3/2,1/2 is rapid, due to
the small energy splitting. The scaling of helium-induced

mixing rates among the various excited Cs states is well
described by a single parameter, the adiabaticity. The mixing
rates by molecular collision partners are somewhat larger
and appear to be enhanced by vibrational energy transfer.
In contrast to the lowest, Cs 6 2P3/2,1/2, levels, the higher
excited states are rapidly quenched. Intermultiplet energy
transfer likely enhances the quenching rates. Quenching of
the blue laser upper level, 7 2P1/2, by ethane is about 42% of
the fine-structure mixing rate. While a blue laser with direct
optical pumping of 7 2P3/2 has been demonstrated, the rapid
quenching imposes an increased pump rate to reach threshold
and a higher heat load.
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