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Role of rotational-energy defect in collisional transfer between the 52P1/2,3/2 levels in rubidium

Matthew D. Rotondaro* and Glen P. Perram
Department of Engineering Physics, Air Force Institute of Technology, Wright-Patterson Air Force Base, Ohio 45433-7765

~Received 1 August 1997!

Steady-state laser-induced fluorescence techniques have been used to study the rates for energy transfer
between the 52P1/2,3/2 levels in rubidium. The cross sections for collisions with the molecular species H2, D2,
N2, CH4, and CF4 have been measured ass2(2P1/2→2P3/2)510.0, 21.4, 13.2, 29.5, and 9.5310216 cm2 and
s1(2P3/2→2P1/2)513.9, 29.8, 18.4, 41.0, and 13.2310216 cm2, respectively. Correlation of these spin-orbit
transfer probabilities with rotational-energy defect is demonstrated.@S1050-2947~98!02405-6#

PACS number~s!: 34.30.1h
b
m
ic

d
lv
-
m
n

os
F
a

re

h
n

cr

in
e
ha
or
be

ne
y
t

-
ti

r
h-

dth
nt
o-

sly
on

ell
rent
in-
ally

te,
pu-
inu-

red

SE
nal
I. INTRODUCTION

The collisional transfer of energy between the spin-or
split 2PJ levels of the alkali metals has been studied in so
detail @1–14#, in part to support the development of atom
frequency standards@15#. The pioneering work by Wood@1#
on sodium has firmly established the importance of stea
state fluorescence techniques in studying quantum-reso
energy transfer@16#. The rates for energy transfer in ru
bidium induced by collisions with rare-gas atoms was exa
ined by Beahn, Condell, and Mandelberg using resona
fluorescence techniques@4#. Krause @2# and Gallagher@3#
continued this work improving the measurement of the cr
sections and examining their temperature dependence.
ther work using alkali-metal atoms as collision partners w
performed by Vadla, Knezovic, and Movre, who measu
the energy transfer cross sections for K and Cs@5#. Molecu-
lar collision partners, N2, O2, H2, HD, D2, H2O, CH4, CD4,
CH2D2, C2H4, and C2H6, have also been studied@6–13#.

The importance of energy defect in these processes
been noted, particularly with regard to the variation in e
ergy of then 2PJ levels for the alkali metals@2,3#. In the
present paper we seek to measure the energy-transfer
sections between the 52P3/2 and the 52P1/2 levels in ru-
bidium caused by collisions with the molecular partners H2,
D2, N2, CH4, and CF4. In doing so, several discrepancies
the kinetic data base are resolved. The results are interpr
in terms of an electronic-to-rotational energy-transfer mec
nism and the role of energy defect is examined. This w
forms the basis for a detailed study of energy transfer
tween the Zeeman split levels of Rb(52P1/2,3/2), which is in
progress@17#.

II. EXPERIMENTAL DETAILS

The experimental apparatus for measuring the fi
structure mixing cross sections is depicted schematicall
Fig. 1. A Coherent 899 Ti:sapphire ring laser provided up
1.5 W nearl5780 or 794 nm to pump either the2S1/2-

2P3/2
or the 2S1/2-

2P1/2 transition, as shown in Fig. 2. Side fluo
rescence as a function of laser power indicated a satura

*Present address: Phillips Laboratory/LIDB, 3550 Aberdeen
Kirtland AFB, NM 87117-5776.
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intensity of 5.460.6 mW/cm2 and therefore the laser powe
was limited to 0.03 mW for a 0.2 cm beam diameter throug
out the energy-transfer experiments. The ring laser linewi
is '0.5 MHz and laser excitation spectra indicate sufficie
spectral isolation to pump from a single hyperfine comp
nent of the ground state for a single isotope@18#. Laser ex-
citation of 87Rb on the transitions2S1/2(F52)→2P1/2(F
52) at l5794.70 nm and2S1/2(F52)→2P3/2(F52) at l
5780.02 nm were used to prepare the2P1/2 and 2P3/2 levels.

The rubidium cell has been described in detail previou
@18#. To avoid photon trapping, the rubidium concentrati
was maintained at;1027 Torr.

The total side fluorescence from the rubidium sample c
was coupled into a bifurcated 8 mm core diameter incohe
fiber optic bundle, transmitted through two narrow-band
terference filters, and detected using two thermoelectric
cooled RCA C31034 photomultiplier tubes~PMTs! via a
photon counting system@17#. The interference filters limited
detection to fluorescence primarily from either the D1 line
@l5795.1 nm with a full width at half maximum~FWHM!
of 1.2 nm# or the D2 line ~l5780.2 nm with a FWHM of 1.2
nm!. In this way, the emission from the laser pumped sta
or parent state, and the emission from the collisionally po
lated, or satellite, state could be simultaneously and cont
ously monitored as a function of buffer gas pressure.

The windows of the fluorescence cell produced scatte

,
FIG. 1. Experimental apparatus for measuring the collisio

energy-transfer cross sections between the 52P fine-structure split
levels in rubidium.
4045 © 1998 The American Physical Society
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laser light and, despite spatial filtering, were partia
coupled into the fluorescence detection system. The inten
of this scattered laser light could be assessed by tuning
laser slightly off resonance of either the D1 or D2 absorption
feature. Typically, 10–15 % of the emission on the par
line was due to scattered laser light, and was subtracted f
the observed signal.

Unfortunately, the interference filters did not provid
complete spectral isolation between the D1 and D2 lines, with
about 2% of the intensity from the parent line being detec
at the satellite wavelength. With no added buffer gas ther
essentially no collisional transfer between the fine-struct
states, and the fraction of the emission from the parent
observed at the satellite wavelength was directly observ
The satellite intensity was corrected at each buffer gas p
sure by subtraction of this fraction of the parent signal at
same buffer gas pressure.

The intensity recorded at the two PMTs, corrected
laser scatter and filter leakage, is linearly related to the po
lation of the emitting states:

I l5794 nm5d1@Rb ~2P1/2!#, ~1!

I l5780 nm5d2@Rb ~2P3/2!#, ~2!

whereI l5794 nmis the corrected signal from PMT filtered fo
D1, I l5780 nm is the corrected signal from PMT filtered fo
D2, @Rb (2P1/2)# is the concentration of Rb(2P1/2),
@Rb (2P3/2)# is the concentration of Rb(2P3/2), d1 is the de-
tectivity for emission from Rb(2P1/2) through D1 filter, and
d2 is the detectivity for emission from Rb(2P3/2) through D2
filter.

The detectivitiesdi depend on radiometric factors, dete
tor gains, filter and fiber transmissions, the spontane
emission rates A(2P1/2-

2S1/2)53.703107 s21 and
A(2P3/2-

2S1/2)53.563107 s21 @19#, and a frequency facto
of n3. The relative detectivities for emission from the tw
fine-structure states,d2 /d150.8860.05, were determined
using a calibrated lamp source, and more precisely spec
by requiring the resulting rates to obey the principle of d
tailed balance, as discussed below.

III. RESULTS

Typical data for the intensity observed from the satel
and parent emissions after laser excitation of Rb(2P3/2) as a

FIG. 2. Energy-level diagram for rubidium indicating kinet
processes.
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function of nitrogen buffer gas pressure is shown in Fig.
To obtain rate coefficients for energy transfer between
two spin-orbit split states from the observed intensities
steady-state analysis of the kinetic mechanism as indic
schematically in Fig. 2 is required. Laser excitation sel
tively populates either the2P1/2 or 2P3/2 states via the D1 or
D2 transitions:

Rb~2S1/2!1hn

→ H Rb~2P1/2! ~pump D1 at l5794 nm!
Rb~2P3/2! ~pump D2 at l5780 nm!.

~3!

~4!

The energy transfer between spin-orbit split states, with r
coefficientsk1 andk2 , via collisions with buffer gasM is the
primary process of interest:

Rb~2P1/2!1M→Rb~2P3/2!1M , ~5!

Rb~2P3/2!1M→Rb~2P1/2!1M . ~6!

Finally, spontaneous emission, with ratesA1 andA2 ,

Rb~2P1/2!→Rb~2S1/2!1hn, ~7!

Rb~2P3/2!→Rb~2S1/2!1hn, ~8!

and collisional quenching, with rateskQ1 andkQ2 ,

Rb~2P1/2!1M→Rb~2S1/2!1M , ~9!

Rb~2P3/2!1M→Rb~2S1/2!1M , ~10!

remove population from the2P1/2,3/2 manifold. Analyzing
the resulting rate equations under steady-state excitation
ditions, for the excitation of Rb(2P3/2), yields

@Rb~2P1/2!#

@Rb~2P3/2!#
5

k2@M #

A11~kQ11k1!@M #
~11!

and for excitation of Rb(2P1/2), yields

FIG. 3. Typical spin-orbit energy-transfer data in rubidium i
duced by N2. The solid lines indicate fits to Eqs.~13! and ~14!.
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@Rb~2P3/2!#

@Rb~2P1/2!#
5

k1@M #

A21~kQ21k2!@M #
. ~12!

Thus the observed intensities are related to the buffer
concentration via

S I l5794 nm

I l5780 nm
D

pump D2

5S d1

d2
D k2@M #

A11~kQ11k1!@M #
~13!

and

S I l5780 nm

I l5794 nm
D

pump D2

5S d2

d1
D k1@M #

A21~kQ21k2!@M #
. ~14!

Figure 3 shows a fit of the observed intensities to E
~13! and ~14! yielding the fit parameters (d1 /d2)k2 and
(kQ11k1) for excitation on the D2 line and (d2 /d1)k1 and
(kQ21k2) for the D1 line. The values for the spontaneou
emission rates,A1 and A2 , were constrained to the value
given above. A summary of the resulting collision cross s
tions, s15k1 /g and s25k2 /g whereg5A8kT/pm is the
average relative speed, is provided in Table I. The curva
exhibited in the data of Fig. 3 is described by the remo
rates in the denominators of Eqs.~13! and ~14!. This curva-
ture is largely accounted for by the fine-structure trans
rates,k1 or k2 , and an accurate determination of the quen
ing rate coefficients is not possible.

TABLE I. Cross sections for energy transfer between the2P1/2

and 2P3/2 levels of rubidium induced by molecular collisions.

Collision
partner

s1

(10216 cm2)
s2

(10216 cm2)
T

~K! Reference

H2 10.061.2 13.961.7 330 this work
H2 763 340 @10#

H2 26613 1720 @10#

H2 .50 .30 1720 @8#

H2 11 15 340 @7#

D2 21.462.6 29.863.6 330 this work
D2 22 30 340 @7#

N2 13.261.6 18.462.2 330 this work
N2 1065 340 @10#

N2 20610 1720 @10#

N2 99620 60612 1720 @8#

N2 16 23 340 @7#

N2 ,2 7 300 @6#

O2 66633 40620 1720 @8#

HD 18 25 340 @7#

H2O 120625 73615 1720 @8#

CH4 29.563.5 41.065.0 330 this work
CH4 36 340 @9#

CH4 30 42 340 @7#

CF4 9.561.1 13.261.6 330 this work
CD4 36 340 @9#

CD4 28 38 340 @7#

CH2D2 37 340 @9#

C2H4 23 32 340 @7#

C2H6 57 77 340 @7#
as
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Note that the rate coefficients for energy transfer betw
the 2P1/2 and 2P3/2 levels must obey the principle of detaile
balance@4#:

k1

k2
5

gJ53/2

gJ51/2
e2DE/kT50.72, ~15!

where the degeneracygJ52J11 and DE5E(2P3/2)
2E(2P1/2)5237.6 cm21. Constraining the fit parameter
via Eq. ~15! provides the relative detectivitie
d2 /d150.8860.05 and the rate coefficients reported
Table I.

The largest source of error in the energy-transfer cr
sections is from the uncertainty in the scattered laser li
correction. The analysis of this correction results in a 12
uncertainty in the cross sections which is considerably lar
than the statistical error obtained from the curve fit to t
data.

IV. DISCUSSION

Rates for energy transfer are often greatest for mec
nisms involving near-resonant excitation of the collisi
partner@16#. For example, the rates for energy transfer b
tween the2P1/2,3/2 states of the atomic halogens are strong
correlated with the degree of energy match withDv51,2
vibrational transitions in the collision partner@19,20#. The
energy separation between the2P1/2,3/2 states in the alkali
metals is considerably less, from 17 cm21 for Na to
237.6 cm21 for Rb, and rotational excitation of the molecula
collision partner is likely. The influence of rotational energ
on the Rb-H2 and D2 fine structure changing collisions ha
been examined, and processes such as

Rb~2P3/2!1D2~J50!→Rb~2P1/2!1D2~J52! ~16!

have been suggested to explain the large observed cross
tions @10,11#. The DJ52 transition in deuterium leads to
small energy defect,DE5260 cm21.

In an attempt to correlate the rate coefficients observe
the present and previous studies with energy defect for r
tional transfer, we present the following simple model. Co
sider a more general form of reaction~16!:

Rb~2P3/2!1M ~J!→Rb~2P1/2!1M ~J12!, ~17!

whereM (J) represents an arbitrary molecular collision pa
ner in rotational stateJ. Rotational excitation is limited to
DJ52 for simplicity and parity conservation@21,22#. The
J-specific rate coefficients for reaction~17!:

k~J!5A exp~2uDEu/kT! ~18!

are assumed to depend exponentially on the size of the
ergy defect:

DE5@E~2P1/2!2E~2P3/2!#2@Erot~J12!2Erot~J!#,
~19!

where E(2P1/2)2E(2P3/2)5237.6 cm21 for rubidium, Erot
5BvJ(J11), andBv is the rotational constant for the mo
lecular collision partnerM . For a statistical distribution
among rotational levels, with partitioningf (J), the average
fine-structure rate coefficient would be
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kE-R5(
J

k~J! f ~J!5(
J

Ae2uDEu/kTS hcBn

kT D
3~2J11!ehcBnJ~J11!/kT. ~20!

A plot of the fine structure mixing rate coefficients for R
and Na with molecular collision partners is shown as a fu

FIG. 4. Correlation of observed cross sections for fine-struc
mixing of reaction~6! with the rotational-energy defect model o
Eq. ~20!. Data for Na~n! from Refs. @23,24#, for Rb ~s! at T
5330– 340 K from present and previous@7,9# work, and for Rb~h!
at T51720 K from previous work@8#.
ev

m

, J

R

, J
-

tion of the average rate coefficientkE-R in Fig. 4. The corre-
lation is particularly good, considering the neglect of tran
tion matrix elements in this analysis. It thus appea
plausible that rotational energy of the molecular collisi
partner and electronic-to-rotational energy transfer plays
important role in the relaxation kinetics of the2P1/2,3/2states
in the alkali metals upon collision with molecular species

V. CONCLUSIONS

Collisional mixing of the Rb2P1/2,3/2states upon collision
with molecular collision partners has been examined us
steady-state laser-induced fluorescence techniques, w
provide continuous monitoring of the populations as a fu
tion of buffer gas pressure and improved accuracy in
reported rate coefficients. The transfer cross sections for
and Na are strongly correlated with rotational energy defe
suggesting an electronic-to-rotational energy-transfer mec
nism.
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