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Transfer between the cesium 62 P, 2and 6 2p; /2 levels induced by collisions with H,, HD, D,, CHy,
C2H6, CF4, and C2F6
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The cross sections of spin-orbit energy exchange between the cesium 62P;/, <> 62P3, states induced by
collisions with Ny, H,, HD, D,, CHy4, C,Hg, CF,4, and C,F were obtained for pressures less than 100 Torr at room
temperature by means of steady-state laser-induced fluorescence techniques. The spin-orbit energy exchange
rate with N, H,, HD, D,, CHy, C,Hg, CF,, and C,F, have been measured as 051(6%Ps;, — 6%P; ) = 16.3,
34.1, 30.0, 22.7, 21.4, 65.6, 64.8, and 137 A” and 012(62Pyjn — 62P;0) = 1.8, 44, 4.1, 3.0, 2.9, 13.3, 9.7,

and 16.3 Az, respectively. Correlations of the spin-orbit transfer probabilities with rotational-energy defect and

vibrational-energy defect have been shown.
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I. INTRODUCTION

Since the 1960s, collision-induced mixing between the
Zp /2,3/2 states of alkalis have been thoroughly studied [1-9].
These mixing rates have again become of keen interest because
of their role in diode-pumped alkali-metal lasers (DPAL). The
DPAL system was first demonstrated by Krupke and Beach
[10,11]. This alkali-metal laser can be considered an adaptation
of the laser system proposed in 1958 by Schawlow and Townes
[12]. The DPAL system is a three-level laser system that is
pumped by diode bars or stacks along the D, transition to its
2p; /2 state, then collisionally relaxed to the Zp /2 state where
it lases down the D, transition. Recent demonstrations have
employed ethane and methane as the collisional partner for
spin-orbit relaxation. While ethane has an excellent rate for
energy transfer, it also degrades laser performance with the
production of laser snow and soot [13,14]. Hydrocarbon-free
lasers have recently been demonstrated for both potassium and
rubidium using rare-gas collision partners [15]. For cesium,
the larger spin-orbit splitting requires molecular collision
partners [14].

The most recent study of the mixing rate between the
cesium 62P, 2 < 62pP; /2 states was performed in 1974 by
Walentynowicz [7,8]. In that investigation, a cesium discharge
lamp was used to excite the desired states in cesium with
a pair of photomultiplier tubes to monitor the fluorescence
of the two mixing states. In addition, Walentynowicz assumed
quenching was negligible and observed the resulting intensities
at several different pressures of no more than 1.5 Torr.
Revisiting the cesium rates using laser-based methods and
continuous variation of buffer gas pressures offer significant
improvements in the signal-to-noise ratios and allows for lower
alkali-metal densities avoiding optically trapped conditions.

The rates for fine-structure mixing in the alkali metals for
collisions with rare-gas partners decrease with adiabaticity [2].
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The higher relative speed of the lighter rare gases shortens the
collision duration. The rubidium-rare-gas potentials exhibit
interaction lengths of 0.3-0.7 nm, suggesting interaction
times of 7. = (0.2—2.0) x 107!2 5. The fine-structure split-
ting increases for the heavier alkali-metal atoms: AE =
57.7, 237.6, and 554 cm~! for K, Rb, and Cs, respectively.
The corresponding oscillation periods, T, = i/ AE decrease
from 1013 s for K to 10~ s for Cs. The collisions are nearly
adiabatic, £ = 7./1, = 2—200, and the rates are low. The
scaling of the rates with rare-gas mass, alkali-metal fine-
structure splitting, and gas temperature all support adiabaticity
controlling the rate [2]. Only Li and Na approach the sudden
limit.

The scaling of relaxation rates with molecular collision
partners is less clear. A rotational energy-transfer mechanism
has been suggested for rubidium [9]. Indeed, the rates increase
when the fine-structure splitting and available rovibrational
excitation in the collision partner are matched [9]. In the
present work we explore the role of energy transfer for the
larger fine-structure splitting in Cs. The spin-orbit mixing rate
between the 62 P;), and the 62 Py, levels of cesium caused
by collision with N,, H,, HD, D,, CHy4, CF,4, and C;Hg over a
continuous range of 0—100 Torr are observed. Quenching rates
are also reported from the high pressure limit. The role of the
energy defect between cesium and the rovibrational model of
the collision partner is examined and compared with the prior
results for rubidium [9].

II. EXPERIMENT

The apparatus used to measure the spin-orbit energy transfer
between the 62 P; /2 and the 62p, /2 states is shown in Fig. 1
with the associated energy-level diagram. A Coherent MBR-
110 Ti:sapphire ring laser was tuned to either 852 or 894 nm
to prepare the 62p; /2 or the 6%p, /2 states, respectively. The
ring laser, which was pumped by a Coherent Verdi V-18 diode
laser, has a linewidth less than 100 kHz with power less than
3.5 W. The hyperfine splitting of the ground 2S; /2 state is
9.192 63 7 GHz and the laser was tuned to excite the (F” = 4)
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FIG. 1. Experimental apparatus to observe side fluorescence of
cesium (a) with the associated energy level diagram (b).

component of the D; and D, transitions, at frequencies of
v; =335 111 GHz and v, = 351 722 GHz. These frequencies
were actively monitored with a Bristol 621 laser wave meter
to minimize laser drifting.

This beam was greatly attenuated (<4 wW), expanded to a
diameter of 9.7 mm, and amplitude modulated before reaching
the test cell. The resulting pump intensities were less than
5 W /cm?, significantly less than the saturation intensity. At
low pressures the saturation intensity of the D transition is
approximately 2.5 mW/cm? [16]. Phase-sensitive detection
with amplitude modulation at 100 Hz detection was employed
to improve the signal-to-noise ratio.

Previously, the cell was described in detail and could
sufficiently maintain and vary the cell temperature and pressure
[17,18]. The single end of a bifurcated fiber bundle was placed
perpendicular to the beam to observe the side fluorescence
of the cell and was coupled into a pair of Hamamatsu
photomultiplier tubes (R5509). Two ThorLabs bandpass filters
centered near the D; [A = 890 nm with a full width at half
maximum (FWHM) of 10 nm] and D, (A = 850 nm with a
FWHM of 10 nm) transitions were used to limit the detection of
out-of-band light to the two desired states. This allowed for the
simultaneous monitoring of both the laser-prepared state and
the collisionally populated satellite state, while continuously
varying the pressure of buffer gas. Cell pressure was monitored
with a MKS model 690A capacitance manometer with a range
of 0—100 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%. To avoid optical trapping,
the cell was maintained at room temperature (7 = 298 K),
which resulted in a cesium vapor pressure of 1.5 x 1076 Torr.

A small amount of scattered laser light was coupled into
the photomultiplier tubes (PMTs). The level of the scattered
light was measured by tuning slightly off resonance from the
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pump line while the cell contained no buffer gas. The scattered
laser light was recorded to be less than 2% of the emission of
the prepared state and was subtracted from the total observed
signal. Additionally, the bandpass filter did not completely
isolate the emission of the satellite state from the parent. The
fraction of light passed through the satellite filter at the pump
wavelength was measured to be less than 1% at zero buffer gas
pressure, where no collisional transfer exists.

The observed intensities for both the D and D, transitions,
Ip, and Ip,, are linearly proportional to the concentration of
the corresponding emitting states, N and N,:

Ip, = [Cs(Pyp)]d; = Nydy, (1
Ip, = [Cs(*P32)]ds = Nady, 2)

where the proportionality constants, d; and d,, depend on the
spontaneous emission rates, detector response, and radiometric
factors. The relative spectral response was initially Tp, / Tp, =
0.70 based on the transmission of the bandpass filters. The
details of the spectral response calibration are developed in
Ref. [19]. An improved value for the spectral response d =
di/dy, = 0.98 £ 0.19, was achieved by assessing the resulting
rates with respect to the principle of detailed balance.

III. RESULTS

Figure 2 shows the observed relative intensities from the D
and D, transitions converted to relative concentrations for N;
and N,, as the ethane or methane gas pressure is continuously
increased. The ethane data in Fig. 2(a) was obtained during
a period of less than 20 minutes while the pressure increased
at an average rate of 80 mTort/s, yielding greater than 25 000
samples. The methane data is more highly sampled at 124 000
samples over the 100 Torr range.

The signal for the satellite state initially increases linearly
due to direct energy transfer. At higher pressures, collisional
transfer back to the parent state begins to limit the satellite
concentration and the ratio approaches a nearly statistical
distribution.

In order to determine the rate of energy transfer from
the observed intensity ratio, the following kinetic analysis is
developed. First, laser excitation is used to populate either the
2P1/2 or the 2P3/2 via

s
Cs(*S1/2) + hvy = Cs(*Py)) 3)
or
2 S 2
Cs(*S1/2) +hvy — Cs(“P3)2), €]

where the rates S; and S, depend on the absorption cross
section and the laser intensity. Second, the energy of the excited
states is then transferred by collisions with the buffer gas, M:

CsCP1j2) + M & Cs(P3y) + M, 5)
21

with rate coefficients k1, and k5 to be determined in this work.
Third, population of the excited state may return to the ground
state via quenching or spontaneous emission:

2 kai 2

Cs(°Pij2) + M — Cs(“Sy2) + M, (6)
2 ko2 2

Cs(*P32) + M — Cs(“Sy2) + M, N
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FIG. 2. Population ratios while preparing both the ?P;, and 2Py states with varying pressure of (a) ethane and (b) methane with their
corresponding fits to Egs. (10) and (11). An expanded view of the methane data at low pressures is compared with the prior work (®, X) at

440 K (c) [7].

A

Cs(*P1j2) = Cs(*Sy)2) + hvy, (8)
A

Cs(*P32) = Cs(*Sy2) + hvy. )

The quenching coefficients, kp; and kg,, depend slightly
on the excited state. The radiative rates are A; = 28.743 x
10° s~! and A, = 32.889 x 10° s~! [16].

A steady-state analysis of the rate equations establishes the
ratio of concentrations as

[&] _ (ﬂ) (@) . ki2[M]
N> pumpD, ID2 d A+ (le + ko) [M] '

(10)

) = () (&) -5
N pumpD; IDI da A2+(kQ2+k12)[M],

(1)

when pumping the D, and D; transitions, respectively.
A least-squares fit of Egs. (10) and (11) to the observed
population ratios are shown in Fig. 2. The resulting fit

parameters are reported as the spin-orbit and quenching cross
sections in Table I. The average relative speed is defined as

_ 8kpgT
V= _[|——,
T

(12)

where p is the reduced mass of the collision pair, T is the gas
temperature, and kp is Boltzmann’s constant. The thermally
averaged rate coefficients

k(T):/ooa(v)vf(v;T)dvzm‘z (13)
0

are related to the energy-dependent collision cross section,
o(v), and Maxwellian relative speed distribution, f(v). For
a collision cross-section independent of energy, the rate
coefficient is simply the product of the cross section and the
average relative speed. The error bounds reported in Table I
reflect only the statistical errors as determined by one standard
deviation in the corresponding fit parameter.

The ratio of the forward and the reverse spin-orbit rates
must obey the principle of detailed balance:

k
2 _ 012 _ 82 -ARu/beT _ f (14
ki2 021 81
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TABLE I. Cross sections for the energy transfer from the 2Py /2 to the 2p, ,2 levels of cesium induced by collisions at 298 K.

Collisional Cross sections (Az) Ratio Temp. Ref.
artner 012/021 (K)
021 012
N, 16.32 £ 0.03 1.81 + 0.01 11.09 £ 0.82% 298 This work
162 +2 36L.5 22 £ 4% 313 [4]
25.0+2.5 47+ 0.5 19 £2.7% 315 [5]
H, 34.11 £0.04 443 +0.01 13.00 £ 0.91 % 298 This work
29.6 £ 4.4 65+1 22 £ 5% 313 [4]
44 + 4.4 6.7+ .5 152+ 1.9% 315 [5]
25.8 +2.58 36+ 4 140 +2.1% 300 [8]
HD 30.01 £ 0.05 4.09 £ 0.01 13.62 £ 0.95 % 298 This work
32432 48 +0.5 150 +£2.2% 315 [5]
22.54+2.25 39+ 04 173 +£2.5% 300 [8]
D, 22.69 £ 0.02 3.02 +£0.01 13.31 £0.93 % 298 This work
28 +2.8 42 +04 150 +£2.1% 315 [5]
164+ 1.6 23402 14.0 + 1.6% 300 [8]
CH, 21.36 £ 0.01 2.95 4+ 0.01 13.82 £0.96 % 298 This work
16.8 = 1.7 23402 13.7 £ 1.83% 298 [7]
CF, 65.56 £ 0.06 13.26 £ 0.01 20.23 £+ 1.04% 298 This work
520452 79£0.8 152 +2.2% 310 [7]
C,Hg 64.81 £+ 0.08 9.70 + 0.01 14.97 + 0.84% 298 This work
57.5+5.8 7.9+0.8 13.7 £ 2.0% 298 [8]
C,Fg 137.53 + 0.08 16.28 £ 0.01 11.84 £ 0.84% 298 This work

where the degeneracies are go =4 and g =2 and the
spin-orbit splitting is AEg, = 554 cm™!. Constraining the
average value for this ratio for all collision partners to
f=0.132 at T =298 K provides an improved measure
of the relative detectivity, Z—; = 0.979 = 0.186. The observed

ratios % range between 0.12-0.16, suggesting a systematic
error of about 15%. Note that the prior determination of the
spin-orbit relaxation rates exhibit greater violations of detail
balance.

The curvature at higher pressures observed in Fig. 2 reflects
the combined contributions of the reverse spin-orbit rate and
quenching rate, as expressed in the denominator of Egs. (10)
and (11). Any difference between the high pressure asymptotic
limit and the detail balance ratio of Egs. (14) implies a
significant quenching rate. These expected asymptotic values
for pumping the D, transition when no quenching is present
is 1/f =7.58. Utilizing the limits, one can compute the
quenching rate for each of the gases measured noting that as
quenching increases, the limiting value decreases. As shown

TABLE II. Quenching rates from D, pumping.

Buffer gas knkj}cgl 091 Previous work  Ref.
C,Hg 6.19 (£0.29) 2.2 (40.6)

C,F¢ 543 (£0.28) 6.4 (x1.2)

CH, 5.12 (£0.68) 1.4 (£0.6)

CF, 4.16 (£0.55) 11 (£3)

H, 345 (£0.29) 5.3(£0.8) 7(£2) A’ [5]
HD 2.78 (£0.24) T(£1) 4 (£1) A’ [5]
D, 3.09 (£0.25) 4.4 (£0.6) 8 (£3) A’ [5]
N, 0.38 (£0.03) 34 (£3) 69 (£4) A’ [5]

in Table II, the quenching for nitrogen is the greatest and is
followed by that of the H,, HD, and D,. These four rates have
previously been measured and follow closely the trend shown
in Table II [5]. The error bounds reported in Table II reflect
only the statistical uncertainty in the asymptotic limit. The
larger systematic errors of ~15% discussed for the spin-orbit
rates imply that the lower quenching rate represents an upper
bound. For example, the ethane asymptotic limit of 6.2 is
nearly compatible with 1/f = 7.58 and thus exhibits little to
no quenching.

Hexafluoroethane, C,Fg, exhibits the largest spin-orbit
relaxation rate of the current gasses studied. The corresponding
quenching rate is marginally faster than ethane. This shows for
a DPAL system that hexaflouroethane may be ideal in terms
of quenching and spin-orbit rates. No decomposition of C,Fg
was observed in the course of this investigation, however, these
studies were performed at room temperature with very low
laser intensities which are not typical DPAL system conditions.

IV. DISCUSSION

The spin-orbit mixing rates are usually enhanced when they
have a resonant path for the energy exchange. Only electronic
to translational energy exchange is available with cesium—
rare-gas collisions [2]. The temperature dependence of the
cesium-rare-gas energy transfer is not observed in the complex
molecules of Walentynowicz, suggesting that the molecules
may transfer the energy by rovibrational pathways [7,8].

Rotondaro suggested the possibility for accessing the
rotational states of the buffer gas for the spin-orbit relaxation
of rubidium [9]. The spin-orbit splitting in rubidium of 237.6
cm™! is less than for cesium which has an energy defect of
554 cm™!. Cesium may be able to access some of the lower
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FIG. 3. Demonstrations of the possible energy exchange between
electronic to rotational, where F(J) = ’]'\‘BT‘ (2J + 1)eleBr/U+D/ksT
(a) and electronic to vibrational (b) with inclusion of data from

Rotondaro in gray [9].

vibrational states of the more complex molecules. Rotondaro
used the general reaction model

ACPsp) + MW"y = ACPip) + M), (15)

where AC P, ,2) represents the alkali-metal atom and M (J)
represents the molecular collision partner in rotational level J.
He demonstrated a correlation between Rb and the total energy
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defect of the rotating buffer gas [9]. The correlation expressed
by Rotondaro utilized the relation

_ hcB, .
ke_r = Ze \AE\/kBTkB_T(zJ + DelBIUHT - (16)
J

where kg_g is the electronic-to-rotational energy exchange
rate, AE is the difference on the alkali-metal energy defect
from the rotational energy defect, B, is the rotational constant,
and J is the rotational state. Figure 3 places the current results
for cesium in the context of this prior work for rubidium.

As one can see, the rubidium correlation seems to fit nicely,
and the cesium cross sections seem to follow a similar trend,
with the exception of ethane and carbon tetraflouride. While
these molecules have the smaller theoretical electronic energy
exchange rate, they have the largest cross sections.

Walentynowicz noted that carbon tetraflouride has a set of
vibrational states (437 and 635 cm™') that are close to the
energy defect for cesium [7]. This leads one to believe that
the energy is not being transferred to the rotational states
as in the other cases but instead into a vibrational state.
Ethane has vibrational states (289 and 822 cm™') that have
the same magnitude as the energy defect of cesium, and
hexafluoroethane has vibrational states at 520 and 619 cm™!.
The relationship for electronic-vibrational energy transfer is
shown in Fig. 3(b). The hydrides appear to achieve a maximum

for the correlation to electronic-rotational transfer at 30 A”.
The correlation for electronic-to-vibrational energy transfer
CF, and C;,Fs achieve a maximum ranging from 60 to 130 A%,
It appears easier to access vibrational states over the rotational
states of the collisional partner.

V. CONCLUSION

The collision-induced mixing of the 62P 2.3/2 levels of
atomic cesium by molecular partners has been revisited, and
new rates have been reported to support the development of
diodepumped alkali-metal lasers. The results further support a
rovibrational energy-transfer mechanism for enhancing these
rates. Hexafluoroethane offers the faster relaxation rate with
modest quenching and might be explored as a buffer gas in
optically pumped cesium lasers.
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