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Photoassociation of alkali-rare gas atomic collision pairs provides an alternative approach to
optically pumping atomic alkali lasers. Lasing on the 6 2P1/2→6 2S1/2 �D1� transition of Cs has been
observed when the blue satellite of the 6 2P3/2←6 2S1/2 �D2� transition, peaking at �837 nm for
mixtures of Cs vapor, Ar, and ethane, is pumped by a pulsed dye laser. For 50% output coupling,
laser threshold with respect to absorbed pump energy is �40 �J at T=435 K and the slope
efficiency approaches 10%. The measured spectral breadth for the blue satellite ��5 nm at 410 K�
will accommodate cw pumping of the Cs laser with conventional semiconductor lasers. © 2009
American Institute of Physics. �DOI: 10.1063/1.3151854�

Spectral satellites associated with resonance transitions
of the atomic alkalis were observed in alkali-rare gas mix-
tures early in the last century.1 Their origin remained a sub-
ject of debate until 1972 when Hedges et al.2 interpreted far
wing line broadening, and the blue satellite of the n 2P3/2
← 2S1/2 alkali absorption lines �n�6 for Cs�, in terms of
optical transitions between electronic states of the alkali-rare
gas excimer. The reduced absorption coefficient ����, ex-
pressed in units of cm5, was described by the relation

���� � A�R��d�VB − VX�
dR

�−1

, �1�

where the Einstein A coefficient is a weak function of the
interatomic separation R, and the upper and lower diatomic
state potentials VB�R� and VX�R�, respectively, are related to
the absorption wavelength � by the Franck–Condon relation,

VB�R� − VX�R� =
hc

�
. �2�

Consequently, blue �and red� satellites are attributed to a pair
of alkali-rare gas interatomic potentials that are essentially
parallel �i.e., d /dR �VB�R�−VX�R��→0� within a specific re-
gion of internuclear separation. As illustrated in Fig. 1, for
example, dipole-allowed transitions of Cs–Ar collision pairs
from the thermal and vibrational continua of the ground state
�X 2�1/2

+ � to the dissociative B 2�1/2
+ potential of CsAr �cor-

related with Cs�6p 2P3/2�+Ar�3p6 1S0� in the separated atom
limit�3 give rise to a satellite lying to the short wavelength
side of the Cs 6p 2P3/2←6s 2S1/2 �D2� transition.4 The posi-
tion and spectral profile of the satellite specify the window in
internuclear separation in which the transitions occur.

In this letter, blue satellites of the alkali principal series
are shown to provide a pathway for optically pumping
atomic lasers on either the D1 �np 2P1/2�ns 2S1/2� or D2

�np 2P3/2�ns 2S1/2� transitions of the atom. Lasing on the
D1 line of Cs at 894.3 nm has been observed5 when the blue
satellite of the D2 transition, peaking at �837 nm in Cs/Ar/

ethane mixtures, is pumped with a pulsed dye laser. Since
2003, several laboratories6–8 have demonstrated lasing on the
D1 lines of Cs, Rb, and K by exciting the D2 transition di-
rectly with Ti:sapphire or semiconductor diode lasers. This
three level laser system is characterized by quantum efficien-
cies above 90% but requires pump bandwidths of typically
10 GHz or less. The laser excitation approach reported here
relies on the photoassociation of ground state Cs–Ar colli-
sion pairs in the �836 nm���850 nm spectral interval,
thereby populating the B 2�1/2

+ state of the CsAr excimer.
Rapid dissociation of the excited molecule generates
Cs 6p 2P3/2 atoms, and at no time during the pumping pro-
cess is the Cs–Ar complex in a bound state. Inserting the
transient alkali-rare gas species into the pumping scheme
serves primarily to shift and broaden the absorption spectrum
so that the linewidths of conventional, high power semicon-
ductor lasers can now be accommodated directly. Another
benefit of this excitation scheme is the ability to specify,
through the choice of rare gas perturber and the alkali/rare
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FIG. 1. Interaction potentials for the ground and lowest excited states of the
CsAr molecule �after Pascale and Vandeplanque, Ref. 3�. Also illustrated is
photopumping of the Cs�6 2P3/2←6 2S1/2� blue satellite, peaking at
�837 nm in Cs–Ar mixtures, so as to excite Cs–Ar collision pairs to the
dissociative B 2�1/2

+ state of the CsAr excimer.
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gas number densities, the peak absorption coefficient and the
bandwidth of the blue satellite. Both are distinct assets when
scaling the power and volume of alkali atomic laser systems.

A schematic diagram of the experimental arrangement
for demonstrating the Cs 894.3 nm laser is given in Fig. 2.
Single pulses having an energy and spectral linewidth of
�1.5 mJ and 0.2 cm−1 ��7 GHz�, respectively, are gener-
ated by a neodymium-doped yttrium aluminum garnet
�Nd:YAG�/dye laser system at a repetition frequency of 10
Hz. Mixing two laser dyes permits continuous tuning over
the �819–856 nm spectral range. A polarizing beamsplitter
couples the pump beam into the optical cavity, which con-
sists of two 3 m radius of curvature mirrors—one high re-
flector and an output coupler having a transmission of 50%
at 894 nm. The optical cell has a diameter and length of 2.5
and 10 cm, respectively, and is equipped with plane parallel
windows. Throughout the cell, the pump beam cross-section
was slightly elliptical �major and minor axis lengths of 7 and
5 mm, respectively�. For all of the experiments described
here, the gas/vapor mixture in the cell comprised natural
abundance Cs �saturated vapor�, 100 Torr of ethane, and 500
Torr of Ar. As described previously,5–7 ethane serves the pur-
pose of collisionally relaxing a portion of the Cs 6p 2P3/2
population into the lower-lying fine structure level, 6p 2P1/2.

When tuning the pump dye laser through the blue satel-
lite of the D2 line in Cs–Ar–C2H6 mixtures, lasing on the D1
transition of Cs is observed readily and Fig. 3 presents laser
excitation spectra obtained at three values of the optical cell
temperature �410, 434, and 450 K�, which correspond to Cs
number densities of �Cs�=1.2	1014 cm−3, 3.6	1014 cm−3,
and 7.2	1014 cm−3, respectively. Obtained by recording the
relative D1 laser intensity as the pump wavelength ��p� was
scanned, the excitation spectra show clearly that lasing is,
indeed, attributable to photopumping of Cs–Ar collision
pairs. Over the entire range of alkali number densities inves-
tigated in these experiments, the laser excitation spectra re-
tain virtually all of the prominent characteristics of the blue
satellite observed in absorption �illustrated in Fig. 3 for T
=471 K�. These include the steep slope between �834 and
836 nm, the local maximum at �837 nm, and a distinct,
gradually rising plateau extending from �842.5 to
�850 nm. Note that the spectral breadth of the satellite is
�5 nm, and the rise in the laser intensity with increasing
temperature for 835 nm
�p
848 nm is approximately
linear in �Cs�.

The �p �852 nm portion of the excitation spectra of
Fig. 3 reflects lasing at 894.3 nm driven by direct photoex-

citation of the Cs D2 transition. Laser output energy grows
more slowly here than does the satellite �834 nm
�p

843 nm when �Cs� is increased from 1.2	1014 to 7.2
	1014 cm−3�. Indeed, the onset of collapse of the 450 K
excitation spectrum �blue circles� in the vicinity of the D2
line suggests the influence of superradiance, parasitic oscil-
lations �owing to the plane parallel windows of the Pyrex
cell�, and multiphoton ionization of the Cs vapor when
pumping on resonance. With respect to the latter, tuning onto
the D2 line resonantly enhances the three photon ionization
cross-section. Since the oscillator strengths for the first
n 2P1/2,3/2� 2S1/2 doublet in all of the alkalis are known to be
large �f �1�9, this three photon process is presumably satu-
rated for the peak pump intensities characteristic of these
experiments. Before leaving Fig. 3, it should be mentioned
that the shoulder evident on the red side of the D2 line sug-
gests that the 894.3 laser can also be pumped by photoexcit-
ing Cs–Ar pairs to large R portions of the shallow A 2�3/2
state of CsAr.

Figure 4 compares measurements of the optical conver-
sion efficiency for the Cs 894.3 nm laser when pumped at
836.7 nm �blue satellite� or excited directly on the D2 line at
852.1 nm. Both sets of experiments, conducted under the
same conditions with the cell temperature fixed at
435�2 K, entailed recording the dependence of the laser
output energy Eo �monitored by calibrated pyroelectric de-
tectors� on the absorbed pump pulse energy Ea. Considerable
care was devoted to ensuring the calibration and linearity of
the detectors, as well as determining accurately the absorbed
pump pulse energy in the double pass arrangement of Fig. 2.
Given the available dye laser pulse energy, the limit for the
single pulse energy absorbed in two passes by the Cs/Ar/
ethane mixture at �p=836.7 nm was found to be �160 �J.
From the data of Fig. 4, the slope efficiency for the excimer-
pumped Cs atomic laser approaches 10% and its threshold
pulse energy is �40 �J. Both values are virtually identical
to those for the three level, D2 line-pumped system. We con-
clude that, on a per photon absorbed basis, the laser thresh-

FIG. 2. Schematic diagram of the experimental arrangement for demonstrat-
ing lasing on the D1 line of Cs.

FIG. 3. �Color� Excitation spectra acquired by recording the 894.3 nm rela-
tive laser intensity as the pump laser wavelength was scanned over the
�832–856 nm interval. Data were obtained for three cell temperatures
�410 K �red�, 434 K �green�, and 450 K �blue��, corresponding to �Cs�
=1.2	1014 cm−3, 3.6	1014 cm−3, and 7.2	1014 cm−3, respectively. The
absorption spectrum recorded at 471 K over the same wavelength interval is
also given but, for the sake of clarity, data in the �851.5–853.0 nm region
are not shown. Note that the ordinate is logarithmic.
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old is identical when pumping the CsAr excimer or photoex-
citing the Cs atom directly. With the ultimate performance of
cw, diode-pumped alkali lasers in mind, the critical point to
be made is that populating the lowest 2P1/2,3/2 states of the
alkalis by dissociating alkali-rare gas diatomics yields slope
efficiencies that are also the same �to within experimental
uncertainty� as those associated with direct photopumping of
the alkali 2P3/2 level.

In summary, lasing on the D1 transition of Cs has been
realized by photoexciting the blue satellite of the D2 line,
peaking at �837 nm in Cs/Ar/ethane mixtures. Furthermore,
the slope efficiency and threshold pump pulse energy for the
excimer-based pumping process are the same as those mea-
sured �with respect to the absorbed pump energy� for the
conventional atomic three level scheme.6,7 Satellites similar
to those of interest here have also been observed in other
atoms �Tl, In, and the alkaline earths, for example�10–12 when

perturbed by the rare gases, suggesting that a family of effi-
cient cw and pulsed lasers pumped in this manner is feasible.
It is also anticipated that lasing on the D2 line of Cs at 852.1
nm will be realized in the near future.

The laser pumping mechanism reported here is intrigu-
ing because a transient diatomic molecule is the intermediate
species in populating the upper state of an atomic laser. The
blue satellite associated with an alkali-rare gas pair specifies
a Franck-Condon region that is the vehicle for accessing ex-
cited states of the alkali while bypassing the constraints im-
posed by photopumping a resonance line of the atom. The
spectra of Fig. 3 demonstrate that the bandwidth of at least
the n
6 satellite for Cs-Ar �and other alkali-rare gas pairs as
well� is more than adequate to accommodate the linewidths
of conventional, high power diode arrays.
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FIG. 4. Dependence of the 894.3 nm laser pulse energy �Eo� on the absorbed
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852.1 nm ���. All data were recorded at a temperature of 435�2 K, which
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