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Abstract The 5 D3y, 5 2Dsyp, and 7 2Sy)» states of rubid-
jum and the 7 2D33, 7 2Dspa, and 9 28y, states of cesium
were populated at low pressure by two photon excitation us-
ing a pulsed dye laser. Blue beams from the Rb 6 2P3/2, 12—
528y, and Cs 7 2P3/2, 126 281, transitions were observed.
In addition, infrared beams were observed arising directly
from the pumped 2D states, establishing a collisionless cas-
cade mechanism. Threshold is modest at about 0.3 mJ/pulse
or 2 x 10° W/em?. Slope efficiencies increase dramatically
with alkali concentration and peak at 0.4%, with consid-
erable opportunity for improvement. This versatile system
might find applications in both underwater communications
and for infrared counter measures.

1 Introduction

A new class of diode pumped lasers based on excitation of
the D line and subsequent lasing on the D line in alkali
atoms is receiving considerable attention [1]. Diode pumped
alkali lasers (DPAL) have been demonstrated at 17 W with
53% slope efficiency in rubidium and 48 W (quasi-cw) with
52% efficiency in cesium [2, 3]. The lasers typically require:
(1) high buffer gas pressures, ~1 atmosphere, to match the
width of the absorption profile to the spectral lineshape of
the diode pump source, and (2) a collision partner such as
ethane at pressures of several hundred Torr to relax the pop-
ulation in the pumped 2P3), to the upper laser 2Pj/. The
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alkali atoms provide high absorption even at low concen-
tration and a single atom may rapidly cycle under intense
pump conditions, suggesting high power operation from a
small gain volume.

A similar approach has been attempted using multiple
lasers to sequentially pump excited states of rubidium and
cesium with the goal of lasing in the blue on the (n +
1)2P3/2, 1/2—(n)281/2 transitions [4, 5]. Two, low power, cw
diode lasers tuned to the D5 line in cesium, 6 2S; n—06 2P3/2
at 852 nm, and the 6 2P3;, — 6 2Ds, transition at 917 nm
yields a ~4 uW blue beam at 455 nm on the 7 2Py —
6 2S5 transition [5]. Cascade through the infrared 6 2Ds)y
— 7 2P3p at 15.1 um presumably completes the pump cycle.
Such a source might find application for laser communica-
tions through water [6]. However, the two wavelength pump
requirement adds complexity to the system.

Lasing without inversion (LWI) has been demonstrated in
rubidium via both a V-type and sequential double resonance
processes [7-10]. In the sequential double resonance exper-
iment, two 20 mW lasers at 780 and 776 nm produce a blue
beam with power up to 40 uW by coherently coupling the 5S
state with the 5P and 5D states. Detuning the 780 nm pump
from the F” =3 — F’ = 4 resonance by about 2 GHz allows
for higher alkali concentration and maximizes the conver-
sion efficiency at about 0.1% [8]. A collimated infrared field
at 5.5 um arising from the 5 2Ds;, — 6 2P3 transition is
affected only marginally by the blue beam, but the blue field
occurs only when the infrared field is present [9]. Most re-
cently, four wave mixing as the mechanism responsible for
the blue light generation and the required phase matching
conditions has been presented [10].

The infrared transitions are more easily inverted. Contin-
uous-wave lasing without a resonator was demonstrated in
1981 for both Rb and Cs at 1.3-3.1 pm by pumping in the
blue on the second resonances, Rb 5 2§ n—6 2P3/2’1 ;2 and
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Cs6281, —> 7 2P3/2,1/2 [11]. Lasing on 16 different IR lines
was observed. The infrared gain-length product was about
30 and the beam divergence was about 10 mrad [11].
Another type of infrared alkali atom laser has been
demonstrated based on energy transfer for optically excited
alkali dimers [12, 13]. For example, broad band absorption
to repulsive electronic states in the Csy yields prompt dis-
sociation and the production of the Cs 5 2D5/2, 3/2 states.
Lasing has been achieved at 3.01 and 3. 49 um on the
5 2D5/2 — 6 2P3/2 and 5 2D3/2 -6 2P1/2 transitions, respec-
tively [13]. Narrow band absorption at the same pump wave-
length, 584.5 nm, can produce the highly excited 9 ?Dsy,
state. Subsequent laser emission can be achieved at 2.43—
8.66 um [13]. This system requires high alkali temperatures,
~500°C, to generate sufficient alkali dimer concentrations.
The present work generates a blue beam using a single
red laser tuned to the two-photon absorption excitation of
the (n) or (n+1) 2D3/2, 5p and (n+2) or (n+3) 281/2 states
in Rb (n =5) and Cs (n = 6), respectively. Indeed, lasing is
simultaneously achieved in the mid infrared and blue after
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excitation in the red via the processes illustrated in Fig. 1.
The system operates at low pressure without collisional en-
ergy transfer offering minimal heat load and requires only
a single near infrared pump source. Conversion efficiency
in the blue is similar or better than the prior double reso-
nance experiments. Several mid infrared lasing transitions
in the 2-5 pm atmospheric transmission window are also
available.

2 Experimental apparatus

A schematic diagram of the laser apparatus is provided in
Fig. 2. A Spectra Physics Nd:YAG pumped Sirah dye laser
with LDS-765 dye, provided a tunable pump source from
745785 nm, with up to 100 mJ in 4 ns pulses at 10 Hz and a
bandwidth of ~16 GHz. The pump beam radius of ~3.5 mm
and <0.5 mrad divergence was not a TEMgp mode. A 2.5 cm
diameter by 7.5 cm long Triad technologies rubidium vapor
cell with Pyrex windows was heated to 175-250°C in an alu-
minum oven. Similarly, a 2.5 cm diameter by 5.0 cm long
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Fig. 2 Laser apparatus

Triad technologies cesium vapor cell with Pyrex windows
was heated to 175-200°C. Both were low pressure cells and
contained no buffer gases. For rubidium, the 8Rb isotope
was employed, while for cesium, the natural isotopic abun-
dance was used.

The transmitted pump and resulting stimulated beams
were dispersed through a readily available BK7 prism and
visually recorded with a Canon G9 CCD camera. A fast
FND-100 photodiode behind a 500 nm short pass filter
recorded the temporal nature of the blue beam on a 1 GHz
oscilloscope. Alternatively, a large area silicon detector was
employed with Boxcar detection to record laser excitation
spectra. The spectral content of the blue beam was exam-
ined using a 0.5 m Triax monochromator verifying the blue
ASE beams were a result of the (n + 1)2P3/2, 1/2—(n)2S 12
transitions. Average power was measured with a Coherent
LM-3 HTD or a Newport 818-SL power meter. Time re-
solved side fluorescence from both the blue and red 2P-
ground 2S transitions were also monitored via a Hamamatsu
R943-02 PMT. A single pixel InSb detector was employed
to detect the infrared beam for the cesium laser. The cesium
cell window, InSb detector response and IR filter provide an
effective band pass of 2.0-2.5 um with peak transmission of
>40%, allowing for detection of the IR beam. The longer
wavelengths of the rubidium system are blocked by the cell
windows.

3 Results
3.1 Blue and Mid IR beam observations

A blue beam with divergence angle of 61 2 = 6 mrad was ob-
served as the pump laser was tuned through the two-photon
absorption wavelengths in both rubidium and cesium. A vis-
ible image of the blue beam and the transmitted far red pump
laser spot recorded after the dispersing prism for the Cs cell

Pump beam

)

Mid IR spot

Blue spot

Fig. 3 Dispersed beams for the Cs cell in the forward direction. The
pump beam saturates the camera. The mid IR spot was not imaged,
but is schematically located by spatially scanning with the point InSb
detector
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Fig. 4 Cs blue spot intensity as a function of pump laser wavelength

is illustrated in Fig. 3. The blue beam divergence is larger
than the pump beam, <0.5 mrad, but considerably smaller
than the fluorescence solid angle of 47 mrad. A mid IR beam
was also observed in Cs when the pump laser was tuned to
the 7 2D3/2—6 2P1/2 and 7 2D5/2—6 2133/2 transitions. The lo-
cation and extent of the mid IR beam was determined by
spatially scanning the InSb detector in the same dispersed
image plane. The location of the mid IR beam is schemati-
cally overlaid on the image of Fig. 3. To ensure the IR beams
were near the expected values (2.34 um and 2.43 pm spots
for the 7 2D3/p—6 2Py;» and 7 2Ds;,—6 P35 transitions, re-
spectively) a 2.5 um long pass filter was employed and the
infrared spot was no longer detected.

To validate that the alkali atoms were pumped by two-
photon absorption, an excitation spectrum using the blue
stimulated emission as the signal was performed. The spec-
trum for a cesium cell at 200°C is shown in Fig. 4. The
blue spot in cesium occurred when the pump was tuned to
743.2 nm, 767.2 nm, and 767.8 nm, corresponding to the
6 2S12-9 2Si12, 6 2S12-7 *Dsp, 6 2S1p-7 2D3) transi-
tions, respectively. A small leakage of the pump beam inten-
sity through the blue band pass filter produces the observed
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Fig. 5 Rb laser excitation spectrum for a cell at 7 = 217°C

baseline intensity. Similarly, the blue spots for rubidium oc-
curred at pump wavelengths of 778.1, 778.2, and 760.1 nm
as illustrated in Fig. 5. The Rb spectrum also illustrates in-
creased absorption of the pump beam at the D, feature. No
blue beam was observed when tuned to the D; or D, lines
and the two photon lines are well outside of the wings of the
D, absorption.

Attenuation of the pump laser at the D, resonance is
reduced by two factors: (1) much of the pump bandwidth
is outside of the absorption lineshape, and (2) the very in-
tense pulsed laser bleaches the sample. At 7' = 200°C, the
Rb concentration is ~10'3 atoms/cm? and the optical den-
sity is very high, opp[Rb] I > 10*. However, the attenua-
tion illustrated in Fig. 5 is only ~10%. The pump spectral
bandwidth of 16 GHz is about 25 times larger than the un-
saturated, hyperfine split, Doppler broadened D; line. Ad-
ditional broadening or absorption in the near wings may
explain additional attenuation. In Fig. 4, the pump energy
per pulse is 3 mJ, providing a pump intensity of =2 x
10° W/cm?2, much higher than the saturation intensity of
Iat = (hv/opp) Aol =5 W/cm?. With a saturation parame-
ter of § = I/l =5 x 107, the sample is strongly bleached.
At 10% absorption and 3 mJ/pulse incident, the number of
absorbed photons is 1.2 x 10, nearly equal to the number
of Rb atoms in the pumped volume. A discussion of absorp-
tion at the two photon wavelengths is provided below.

By spectrally resolving the stimulated emission for ru-
bidium as in Fig. 6, we note that the 6 2P3/p—5 %S is 16
times more intense than the 6 2P1 n=5S 2g, /> transition when
pumping the 7 2Sy/, state. When pumping the 5 2D3; level,
lasing was limited to the 6 2P, =5 %S, transition. When
pumping the 5 2Ds); level, lasing was of course limited to
the 6 2P3/,—5 %S, transition due to optical selection rules.
Collisional relaxation between the spin-orbit split 6 2P3/2, 12
states is minimal at these low pressures and lasing follows
the strongest optical transitions between the pumped and up-
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Fig. 6 Spectrally resolved blue beam intensity from the Rb cell,
when pumped on the: (a) 5 28,2-7 281, line at 760.3 nm, and the
(b) 5 2S1/5-5 2D3y, line at 778.1 nm

per laser level. Furthermore, collisional excitation of the up-
per laser level of the blue transition from the pumped level
would be slow under the low pressure conditions. The mid
IR stimulated emission appears necessary for the blue beam.

The temporal dynamics of the blue spot are illustrated
in Fig. 7. The blue pulse is prompt, with minimal discern-
able delay of ~1 ns from the pump pulse indicating a very
rapid cascade through the infrared transition. The duration
of the blue beam is about 4 ns, closely following the pump
pulse temporal profile. In contrast, the blue side fluores-
cence shown in Fig. 8 is long lived. The side fluorescence
decay profile is prompt and double-exponential with an ini-
tial decay of 0.11 s, consistent with the radiative lifetime
of 0.12 us [14]. A longer tail with decay rate of 0.53 ps is
also evident. The alkali cells are optically thick and radiation
trapping along the un-pumped, radial direction is clearly ev-
ident.

3.2 Threshold and slope efficiency in the blue

The energy in the blue beam pulse scales with pump en-
ergy and alkali concentration (cell temperature) as illus-
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Fig. 8 Temporal profile for the side fluorescence at 420 nm for the Rb
cell at 7 = 175°C pumped at 778.2 nm

trated in Figs. 9-10. The blue beam exhibits a pump thresh-
old for the Rb 5 281/,—5 2Dsyy transition of ~0.3 mJ/pulse
(2 x 10> W/ecm?) and somewhat higher, ~1.5 mJ/pulse
(1 x 10° W/cm?), for the Cs 6 2S1,—7 2D3,; transition. Sur-
prisingly, the threshold for Rb decreases by a factor of 2.5
as the vapor pressure increases from 0.015-.29 Torr. A sim-
ilar decrease in threshold at high Cs concentration is also
observed.

The blue transition slope efficiencies increase dramati-
cally with alkali concentration, increasing from 0.03% to
0.5% for RbD as the cell temperature increases from 7' = 175
to 250°C. The peak Rb efficiency of 0.5% is about 5 times
larger than reported for the previous two wavelength pump
schemes [8]. The efficiency for Cs is somewhat less, 0.02—
0.06% for T = 175 and 200°C, despite the higher vapor
pressure. Almost 10 uJ per pulse or 0.1 mW average power
is achieved for the scaled Cs system.
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Fig. 9 Blue 6 2P3/2, 12=5 2S1/2 beam energy after pulsed laser pump-
ing of the Rb 5 2S15—5 2Dsy, transition at cell temperatures of: (A)
175°C, (©) 200°C and ([) 250°C

Both threshold and pump efficiency should depend on the
absorption cross-section. Typically two photon absorption
cross-sections are quite low. However, the cross-section for
the Rb 5 2S;,2-5 2Ds;, has been calculated [15] as 0.57 x
10~!8 ¢cm*/W and measured [16, 17] as 4 x 1072 cm*/W
and 1.240.5 x 108 cm* /W. At the threshold pump energy
of 0.3 mJ, the corresponding intensity is ~200 kW/cm?,
yielding an effective absorption cross-section of 0.08-2.4 x
10~13 cm?, depending on which of the prior two photon
cross-sections is employed. At T = 200°C, the Rb concen-
tration is 9.16 x 104 atoms/cm?3 and the line center, unsatu-
rated optical thickness of the two photon absorption is high,
0 2photon[RD]] = 93 — 2792.

Again, the optical density is reduced by both the mis-
match between the narrow absorption feature and the
broad band pump, and the effects of saturation. Indeed,
the 778.2 nm absorption in Rb at 7 = 200°C was ob-
served to be about 3%. Thus, the slope efficiencies based
on the number of absorbed photons is higher. At 3 mJ/pulse
(2 x 10® W/cm?) and 200°C, the Rb blue output energy
per pulse is 3 pJ. For 3% of the incident photons absorbed,
the blue energy corresponds to 3% of the absorbed pump
energy. The addition of a buffer gas to spectrally broaden
the atomic absorption feature should lead to increased ab-
sorption and slope efficiency. The output energy appears to
be limited at higher pump energies particularly when the
alkali concentration is low. A full description of bleaching
and saturation will require a better determination of the two
photon absorption cross-section and lineshapes and a thor-
ough understanding of the kinetic processes. Finally, recall
that no optical cavity was used in the present experiment.
The high optical loss is probably suboptimal output cou-
pling and efficiency may be increased with an appropriate
resonator design.
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ing of the Cs 6 2S1—7 D3y transition at cell temperatures of:
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A comparison of the blue alkali performance relative to
the standard DPAL system is illustrative. The standard red
DPAL typically exhibits a threshold at 4 kW/cm? [2, 3, 18],
about 50 times less than the present results. The two photon
absorption cross-section is between 2 and 60 times lower
than the value for single photon absorption on the D line
with broadening associated with 600 Torr of helium. Thus,
the relative thresholds appear consistent with the rather un-
certain ratio of absorption cross-sections.

3.3 Infrared lasers

All of the current experiments were performed at low pres-
sure with no added buffer gas and the transfer of population
from the initially pumped 5 2D3/2, 5 2Ds/2, and 7 2S; states
of rubidium and the 7 2Ds5, 7 2Dsp, and 9 2S5 states of
cesium to the upper blue laser level n = 6 or 7 2P3/2,1 > states
occurs optically. Given the minimal delay between the pump
pulse and the appearance of the blue beam as illustrated in
Fig. 7, it appears that stimulated emission on the infrared
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Fig. 11. Since no population initially exists in the n = 6 or
7 2P3/2,1 /2 states, the inversion would be prompt. The radia-
tive lifetime of the Cs 7 2Ds, state is about 88 ns [17] yield-
ing a Doppler broadened stimulated emission cross-section
of olr =3 x 10719 cm?. With a 100% loss per single pass,
threshold is achieved at [Cs(7 2D5/2] =~ 10% atoms/cm?. As-
suming every absorbed photon leads to an inverted atom and
10% absorption, suggests an IR threshold pump energy of
~3 nJ/pulse (2 W/cm?).

In contrast with the energy in the blue beam, the IR en-
ergy exhibits linear scaling with pump energy to 100 mJ.
At these highest pump energies, there are more photons in-
cident than atoms in the pumped volume. Given that the
sample must be bleached at the lower threshold for the blue
beams, it appears necessary that the atoms undergo a num-
ber of pump/IR/blue cycles over the short duration of the
pump pulse. The transit time for a photon along the beam
axis in the gain medium is about 0.2 ns and more than 10
cycles might be possible. However, the rate limiting step in
the cycle would seem to be the blue transition that exhibits
decreased efficiency at higher pump energies. A full inter-
pretation of the IR and blue slope efficiencies await a thor-
ough kinetic model of this system.

Several mid-IR laser wavelengths appear achievable un-
der two photon pumping. In rubidium the 5 D5/, — 6 2P3



Blue and infrared stimulated emission from alkali vapors pumped through two-photon absorption 63

and 5 2D3/2 — 6 2P, s2 transitions at 5.03 and 5.23 um and
the 7 281/2 — 6 2P3/2,1/2 transitions at 3.85 and 3.97 um
are evident in the present work. Likewise, Cs operates at
2.34 and 2.43 pm for the 7 2Ds; — 7 2P3p and 7 2D3pp —
7 2P1/2 transitions and at 1.94 and 2.01 um for the 9 281/2
- 7 2P3/2,1/2 transitions. Additional wavelengths of 1.87—
12.14 pm may also be available by pumping the 6D and 8S
states of Rb and the 8S and 6D states of Cs.

4 Conclusions

Stimulated emission on the blue >P—2$ transitions in Rb and
Cs has been achieved by pumping at a single wavelength
in the red via two photon absorption. The slope efficiency
of 0.5% in Rb is considerably higher than achieved in the
prior sequential double resonance experiments [8] and re-
quires only a single wavelength pump source. Incomplete
(10%) absorption of the pump photons is an important con-
tributor to the decreased efficiency and might be improved
with narrow band pumping or pressure broadening. Cascade
lasing on the infrared transition followed by the blue transi-
tion offers no quantum defect and the potential for low heat
loads. There would also be no need for a spin-orbit coupling
gas, such as ethane, which has caused soot buildup prob-
lems in traditional DPALSs cells at high temperature [19]. It
appears that the performance of this system can be enhanced
by scaling to higher alkali concentrations, possible in a heat
pipe configuration. Threshold pump intensities are high, but
the ultimate performance limits of this system have not been
assessed. Indeed, a full analysis of the kinetic mechanism is
required to evaluate both the scaling and efficiency of this
new system. Potential applications for this new laser system
include underwater communications and infrared counter-
measures such as blinding heat seeking missiles.
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