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Optical pumping of cesium vapor in a heat-pipe oven in which the energy of two near-infrared
photons is close to the 6D states results in high conversion efficiency (up to 1.7%) of the near-
infrared pump light to intense blue, forward-propagating radiation. The blue light corresponds to
the 7P-6S transition. The dependence of conversion efficiency upon focusing conditions, cell length,
and pump intensity is presented. Absorption and gain coefficients are measured in a second heat
pipe. The results are discussed in terms of optically pumped stimulated emission (OPSE), stimulat-
ed electronic Raman scattering (SERS), and subsequent nonlinear four-wave mixing of two pump-
laser photons and one SERS or OPSE infrared photon, leading to parametric generation at
w=2w; —w;. Two-photon resonant, three-photon ionization cross sections are also studied experi-
mentally and theoretically for the case of resonant enhancement at the 6D levels of cesium. For
comparison, similar results for rubidium are also presented for the 5D levels.

INTRODUCTION

Optical and spectroscopic studies in alkali metals are
frequently performed in ‘“‘heat-pipe” ovens'? where the
atomic density is varied by controlling the temperature of
the central region of the pipe. Buffer gas and cooling
coils near the optical windows prevent condensation and
resultant degradation of optical transmission. With the
addition of a biased collector wire, laser-produced ions or
electrons can also be collected and displayed, and a very
useful apparatus is obtained where optical and spectro-
scopic as well as photoionization experiments can be per-
formed simultaneously. The system is particularly attrac-
tive in the case of alkali-metal vapors where resonant mul-
tiphoton ionization (MPI) processes are accompanied by
dominant optical phenomena such as optically pumped
stimulated emission (OPSE),>~¢ stimulated electronic Ra-
man scattering (SERS),*” parametric mixing processes,>®
and hyper-Raman scattering (see Ref. 9 and others cited
therein) in which the significant nonlinear susceptibility
of the alkali-metal vapor plays an important role.

In this paper we present the results of an experimental
study designed to observe MPI and optical emission phe-
nomena simultaneously when cesium atoms are irradiated
by two-photon resonant near-infrared dye-laser pulses. In
cesium, the presence of the 6P;,, |/, fine-structure doub-
let at approximately half the energy of the 6Ds,, and
6D;,, levels greatly enhances the transition probability
from the 65/, ground state to the 6D states. Similar sit-
uations occur in potassium,’ barium,'® and sodium.?*!!
After excitation to or near the 6D level, absorption of a
third photon from the laser beam induces ionization to
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the continuum. Alternatively, the cesium atoms can de-
cay to the lower-lying 7P states by OPSE or SERS, caus-
ing strong forward emission in the infrared corresponding
to the 6 D-7P transitions. Finally, parametric four-wave
mixing of two laser photons and one infrared photon gen-
erates a visible blue forward-propagating beam at
A=455—460 nm corresponding to the 7P-6S transition.
Figure 1 shows the relevant partial energy-level diagram
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FIG. 1. Partial energy-level diagram of cesium showing the
transitions and processes studied in this work.
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FIG. 2. Experimental arrangement and apparatus. See inset of Fig. 4 for experimental configuration of second heat pipe used in

optical gain measurements.

of cesium. The experimental arrangement is shown
schematically in Fig. 2.

EXPERIMENT

The output of a frequency-tunable dye laser (Quanta-
Ray PDL-1) pumped by the second harmonic (A=532
nm) of a Nd:YAG laser (Quanta-Ray DCR-2, YAG is
yttrium aluminum garnet) was transmitted through a
heat-pipe oven containing saturated cesium vapor at a
pressure controlled by the temperature of the pipe
(20< T <400°C). In most studies a background buffer-
gas (argon or helium) pressure of 3 Torr was used. The
dye-laser output could be tuned from 800 to 900 nm with
a typical bandwidth of 0.2 A. The dye-laser output of
~30 mW average power consisted of 6-ns [full width at
half maximum (FWHM)] pulses of power density ~5
MW/cm? for an approximately uniform beam of diameter
3.5 mm at 10 Hz repetition rate. Two different stainless-
steel heat pipes were used in these experiments: a 75-cm-
long pipe of 2.5 cm inner diameter with an active length
of 38 cm between the cooling coils, and a 25-cm-long,
1.5-cm-internal-diameter pipe with a distance of 13 cm
between the cooling coils. The central portions of the
pipes were resistively heated with ceramic-insulated ni-
chrome wire. The ionization signal, represented as a posi-
tive or negative voltage due to the ionic or electronic flow
through a 10-k() resistor to ground, was displayed on an
oscilloscope and averaged by a gated boxcar averager, the
output of which was displayed on an X-Y recorder where
the X axis corresponded to the frequency of the dye laser
and was driven by the dye laser’s microprocessor. Light
emission in the forward direction was isolated from the

pump and analyzed by use of prisms, dielectric filters,
polarizer-analyzers, and detected by photodiodes, power
meters, or an optical multichannel analyzer (OMA).

Two-photon excitation of the 6d2D;,, and 6d 2Ds,,
levels in cesium can be achieved by tuning the dye-laser
output to A=2885.4 or 883.7 nm, respectively (see Fig. 1).
The laser dye (Exciton) LDS 867 was used in this part of
the experiment. This dye has a broad emission capability
in the (840—920)-nm region and maximum power at
Apeak=870 nm when pumped by the 532-nm second har-
monic of the YAG laser. As mentioned above, the pres-
ence of the 6p2P,,, and 6p2P;, levels resonantly
enhances the two-photon excitation rates and strong ioni-
zation signals are observed at resonance. Figure 3 shows
the infrared laser power transmitted through (a) the heat
pipe, (b) the MPI signals, and (c) the “blue”-light intensity
emitted in the forward direction, obtained when the dye-
laser wavelength was scanned between 910 and 840 nm.
Absorption was observed at the 6p2P;,3,, and
6d ’D;, 5, resonances. At these high densities absorp-
tion at the broader 6P;,, and 6P,,, one-photon reso-
nances causes subsequent collisional ionization from the
excited 6P states (energy pooling) according to
Cs*(6P)+Cs*(6P)—Cs,* +e. The ionization signals due
to these resonances were observed to grow rapidly with
temperature. This process was first reported in 1931 (Ref.
12) and has been thoroughly studied'3—' subsequently.
Under high-power laser irradiation, other processes of the
type Cs* +Cs+ hv—Cs, ™ +e are possible.

As shown in Fig. 3, the two-photon absorption dips at
A=883.7 and 885.4 nm, leading to the excitation of the
6d*Ds 12,352 States, were observed to be much narrower
than the 6P resonances because of the reduced collisional
broadening in this case. Panel (c) of Fig. 3 shows a typi-
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FIG. 3. Wavelength scan of the dye laser between A=910
and 840 nm: (a) intensity of transmitted laser light, (b) multi-
photon ionization signals, and (c) intensity of blue light in the
forward direction.

cal scan of the blue light emitted in the forward direction,
collinear with the dye-laser beam. Study of the temporal
behavior of this emission indicated that the duration of
the pulse was comparable to that of the pump-laser pulse
(~6 ns), confirming the stimulated character of the radia-
tion. Spectroscopic analysis of the emission using the
OMA as well as a grating spectrometer showed that the
blue light consisted of A=455.7 and 459.4 nm radiation,
characteristic Of the 72P3/2—6 251/2 and 72P1/2—6 2S1/2
transitions, respectively. In particular, as seen in Fig. 3,
when tuning to the 6d D5/, two-photon resonance, both
the ionization signal and the blue-light emission were

stronger than when tuning to the 6d 2Ds , level, in agree-
ment with theoretical considerations to be presented
below. Furthermore, the emission occurred only at 455.7
nm in the former case, while both components at 455.7
and 459.4 nm were observed in the latter case. These re-
sults are consistent with the selection rules governing the
6D-7P transitions (AJ =0, +1).

FOUR-WAVE MIXING RESULTS

The conversion efficiency of the two-step process lead-
ing to 7P-6S blue light was determined by measuring the
average powers of the infrared-laser pump beam at the in-
put of the cell, and the power of the blue emission at the
output (taking into account the transmission, T =70%, of
the dielectric blue filter used to isolate the emission).
Table I shows the conversion efficiencies obtained for the
two heat pipes of different lengths.

When focusing in the short heat pipe with an f =15 cm
lens in such a way that the focal waist is located near the
position of the cooling coil nearest to the input window,
higher conversion efficiencies were obtained. For the case
of the 6d 2D, resonant level the efficiency was increased
from 0.8% to 1.7%. It is important to note that these
conversion efficiencies are about 2 orders of magnitude
larger than those reported for similar processes in other
alkali-metal vapors,*~¢ except for that reported by Hartig
for the case of sodium.!! When the input beam was
focused in the heat pipe, as described above, the tuning
range of the laser in which the blue emission was still ob-
served increased from ~ +0.3 nm around the 6D;/, reso-
nance [see Fig. 3(c)] to ~*1 nm, indicating that a
broader range of phase-matching conditions can be satis-
fied in this case. A corresponding increase was also ob-
served for the 6 D3/, peak.

The above results are consistent with OPSE on reso-
nance and SERS off resonance, as discussed in more detail
below. The blue-light frequency is always coincident with
the 7P-6S transition and clearly results from parametric
four-wave mixing of two-laser photons and one OPSE or
SERS infrared photon which gives © =2w; —w;;,.

The high intensity of the blue emission in the case of
cesium is indicative of a very high gain for wavelengths
corresponding to the 7P-6S transition. In order to
characterize this gain more accurately, a series of experi-
ments using both heat pipes was performed (see Fig. 4),
where the blue emission was generated in the first pipe
(I =38 cm) and its absorption or gain measured in the
second pipe (/ =13 cm). By ingerting an interference fil-
ter (Apeax=4500 A, AA=500 A, T~70%) between the
two pipes, the blue beam is isolated. In the small signal
regime, it then undergoes absorption according to

TABLE 1. Unfocused conversion efficiencies in cesium.

Short pipe Long pipe

L =13 cm L =38 cm
Transition (%) (%)
6d D, 0.8 1.0
6d D5, 0.4 0.5
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FIG. 4. Gain (upper curve) and absorption coefficient (lower
curve) for the blue light created in the first heat pipe (L =38
cm), as measured in the second heat pipe (L =13 cm). The blue
filter is positioned before the second pipe for absorption mea-
surements of a, and after the second pipe for the measurement
of gain, g. W/ is the pump-beam intensity, Wi is the infrared
OPSE or SERS beam intensity, and Wj is the blue-beam inten-
sity.

Ilzloe"al. (1)

The intensities 1, and I, are detected by a photodiode and
their ratio determines . Measurements of a at different
input intensities I, are plotted in Fig. 4. I, is varied by
placing calibrated neutral density filters at the input of
the second pipe. When the interference filter is moved to
the output of the second pipe, however, the second pipe is
also pumped by that portion of the dye-laser beam not ab-
sorbed by the first heat pipe: gain at the 7P-6S transition
will therefore appear, leading, in the small regime, to a
signal of magnitude

12=Ioegl . (2)

The ratio I,/I)=exp[{g +a)l] therefore allows us to
measure g after subtraction for the value of a as obtained
in the first part of the experiment at the same input inten-
sity. Moving the blue filter from the input to the output
side of the short pipe allows the determination of I,/I,
on the same detector. It must be noted, however, that the
value of gain obtained by this method is strongly intensity
dependent and particular care must be taken to allow for
the effects of the infrared-pump laser-beam intensity. As
can be seen in Fig. 4, the absorption coefficient a is also
intensity dependent and its value is reduced from the
small-signal value of 0.07 cm™! to 0.02 cm~! when the
input intensity is increased by 2 orders of magnitude.
This reduction is not due only to saturation of the absorp-
tion at the high-power densities. The intensities used are
much too weak to saturate the transition. It occurs pri-
marily because of self-absorption in the first heat pipe.
Radiation emitted near the entrance window is resonant
with the 6S—7P transitions and is absorbed by the
remaining layers. Due to axial pressure gradients along
the pipe, the central portion of the spectrum is more
strongly attenuated than the wings, leading to a “self-
reversed” spectrum which is depleted at resonance, and
consequently yields lower absorption in the second heat
pipe. This effect is probably the dominant cause of the
decrease in a at higher intensities. The gain coefficient g
is expected to increase quadratically with the pump-beam

mtensxty, since for both OPSE and SERS g is proportion-
al to I (see Refs. 5, 10, and 17). In order to characterize
the gain, the infrared intensity I;, transmitted through the
neutral density filters and entering the second pipe was
also measured. The g values obtained above were then re-
normalized by multiplying by (IT®**/I,)%. IT™ is the
maximum infrared power used (corresponding to the
highest gain point, average power 4.5 mW). The upper
curve of Fig. 4 is thus obtained, which shows the results
of the measurement of the gain coefficient when the in-
frared pump beam of average power 4.5 mW is resonant
with the 6D;,, two-photon transition and the intensity of
the probe blue light is varied. A maximum value of
g =0.13 cm™! is obtained in the small-signal regime.

The experimental results described above are in agree-
ment with theoretical considerations based on the theory
of four-wave mixing processes™!®!”!® in which the in-
duced polarization at @y, =2w; —;, is given by

Py =X wp)E}EL, 3)

where E; and E;, are the electric fields of the laser wave
and the laser-induced infrared wave, respectively, and
X®wpg) designates the third-order susceptibility of the
process:

Hgiltijljkkg
E

(3) =
XOap)= Q=09 —20,)(Q—o5)

(4)
ljk

with N the atomic number density, u;; the dipole matrix
element for the transition i—j, and Q;=(E;—E;)/
#fi—il;; K is a numerical factor depending on the number
of distinguishable frequencies.!® Neglecting the depletion
of the laser wave, and the reabsorption of the blue wave
and assurmng an exponential increase of the infrared wave
E;(z)=E’exp(gy,z/2) along the medium, the emitted
light intensity can be calculated by solving the wave equa-
tion to give

€ X(3) 2121“(2)
I5(Z)= 07713"7L"7u603| '2 L ’ s)

where 1 =(uo/€p€)!?, Ak =2k; —k;, —kp is the collinear
phase mismatch, and g;, is the gain of the infrared wave.
In particular, we see that, if the pump power is large
enough so that g,, >>4(Ak)2 the phase-matching condi-
tlon Ak =0 is not significantly important. If
g2 <4(Ak)?, on the other hand, nonlinear phase matching
can be achieved by using the divergence of the laser or by
focusing the beams in the cell.

In the present experiment the third-order susceptibility
X®Nwp) is resonantly enhanced by the following factors:
(a) the presence of the 6P levels at Qgp.gs~w; enhance
the one-photon term (Q; —w; ~0), (b) the 6 D3, 5, levels
at Qgp.es~2w; resonantly enhance the two-photon term
(Q;—2w; =0), and (c) the 7P, 3, levels are resonant
with the emitted blue light, such that also the last term in
the denominator, Qx—wp=0,ps—wp=0, vanishes.
The above resonant denominators are in this case replaced
by terms including the width of the appropriate transition,
T;, thus preventing X'*(wp) from diverging.!”?® The
nonlinear susceptibility is triply enhanced by the above
simultaneous resonances, which, in turn, results in the




1942 HAMADANI, STOCKDALE, COMPTON, AND PINDZOLA 34

high intensity of the blue-light generation, as given by Eq.
(5).

IONIZATION RESULTS

Three-photon ionization cross sections resonantly
enhanced by the 6D3,, and 6Ds/, states were determined
from measurements of the laser fluence, laser space and
time profile, absolute ion yields, and cesium-atom density.
The laser beam was unfocused. These measurements were
performed at room temperature, where the number densi-
ty was low enough to assume that no collisional ionization
processes are operative, space-charge effects are minimal,
and stimulated emission processes such as those discussed
in the preceding section will not complicate the analysis.
The cesium number density was determined by measuring
the ion yields in the room-temperature heat pipe using the
output of the fourth harmonic of the Nd:YAG laser (266
nm). Using the known photoionization cross section at
266 nm,?! we determined a cesium-atom number density
of 3% 10" cm~? at T=300 K. The dye-laser beam pro-
file was determined using a photodiode behind a movable
slit of width 0.5 mm. The beam diameter was 3.5 mm
FWHM. The laser power was determined with a calibrat-
ed Scientech calorimetric power meter. The number of
ions produced per laser shot, N;, was determined by pho-
tographing the voltage pulse across a 10*-Q resistor and
performing the integral

1 p dat
N== [, viog, ()

where e =1.6X 107! C/electron, R =10* Q, and V(1) is
the measured time dependence of the voltage pulse. Typi-
cal values for N; were 108—10'° ions/pulse. Measure-
ments were made only in the region where the ion yield
varies as the cube of the laser power.

An effective three-photon ionization cross section is
given by

N;

_____13, 7
g3 nivr @

A
o=

where g‘*) is the third-order normalized correlation func-
tion. Debethune?? has shown that, in the limit of an in-
finite number of independent modes of the laser, g'™ can
be approximated by m!. Thus, we take g*' to be 6. In
Eq. (7), {n} is the cesium-atom number density, ¥ and 7
are the third-order interaction volume and time, respec-
tively, and I is the laser fluence (number of
photonscm~2s~!). Using Eq. (7) we determine apparent
values of & to be 10~% cm®s? for the 6D;,, state and
2.5% 107 cm®s? for the 6Ds,, state. These cross sec-
tions are determined for the case in which the laser is
tuned to resonance (i.e., maximum signal). Since the
homogeneous linewidth of the resonance at these laser
powers is much narrower than the bandwidth of the laser,
these cross sections are a lower limit to the true cross sec-
tion at the resonance position. An approximate value for
the resonant cross section can be obtained from
knowledge of the laser bandwidth (I'~0.2 A), and the
natural width of the resonance (AA,). For a two-photon
resonant three-photon ionization process, a first-order

correction to the resonant cross section can be obtained by
multiplying the measured cross section by the square of
the ratio of the laser bandwidth to the natural width of
the level. For two-photon excitation of the 6D levels this
factor is (0.2/0.0001)?, or ~4 10%. This gives approxi-
mate resonant cross sections of &3 ,,~4X 107 cm®s? and
85,,~10"% cm®s2. Due to the approximation involved,
these cross sections are expected to be accurate to only 1
or 2 orders of magnitude. The ratio &3,,/65,,=4 is, of
course, more accurate and provides a better test of theory.
As a further test of this procedure, similar measurements
were performed for the case of two-photon resonant
three-photon ionization of rubidium in which the laser is
tuned to two-photon resonance with the 5d 2Ds,, and
5d ’D,, states. In this case the directly measured three-
photon ionization cross sections are &s,=10"% cm®s?
and &53,=6x10"% cm®s?. The natural width of the
Ds/; or Dj,, level in terms of the two-photon laser wave-
length is AA, =0.00002; therefore the measured cross sec-
tions can be multiplied by (0.2/0.00002)% or 10%, to ob-
tain an approximate resonance cross section. This results
in &s,,=107% cm®s? and &3,,=6x 10~%' cm®s?. For ru-
bidium, ionization via the J =3 state is ~17 times
greater than the J =% state. By contrast, note that for
cesium &3/, is larger than &5/, by a factor of 4. As we
will see below, the near resonance of the 6 P and 5P states
at the one-photon level for cesium and rubidium, respec-
tively, play an important role in the multiphoton ioniza-
tion process.

The experimental results described above may be treat-
ed using a stochastically averaged density-matrix formal-
ism based on an ideal chaotic radiation field.?> At low
densities, however, the effective three-photon ionization
cross section defined by Eq. (7) is simply proportional to
the square of the flux-independent part of the two-photon
Rabi rate, R,g, given by**

4w Hpnlna
R g= .
=" 2 Ey—E,+#o

n

(8)

Since the fine-structure levels for cesium and rubidium
are observed in the experiment, the dipole matrix elements
in Eq. (8) are reduced to radial form using Isj-coupled
single-configuration wave functions. The sum over inter-
mediate states found in Eq. (8) is determined by
the inhomogeneous-differential-equation  technique.?*
For cesium |R (6Sl/2——>6D3/2)l =8.3%107'% cm? and
| R(6S,,,—6Ds,;)| =3.5%107'¢ cm?, while for rubidi-
um | R(5S|/2—~>5D3/2)| '—'—'3.6)(10’17 sz and
| R(58,/,—5Ds,,)| =6.3X107!® cm?. The two-photon
Rabi rates for both cesium and rubidium are strongly in-
fluenced by the near resonance with the 6P and 5P levels,
respectively. Since the excited-state photoionization cross
sections for both D levels of either cesium or rubidium are
approximately the same,?* the fine-structure ratio of the
experimental effective cross sections defined by Eq. (7) is
given by

A
932

R(nS,,,—nDs,,) ‘2

Gs, R(nSy/,—nDs,)
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For cesium, theory predicts &'3,,/85,,=5.6, while for ru-
bidium &5,,/85,,=17.6. Both results are in good agree-
ment with the experimental values given in the previous
paragraph.

Finally, we should emphasize that these measurements
on MPI cross sections were performed at low atom densi-
ties where competing effects, e.g., hyper-Raman effects,
collisional ionization, or relaxation, etc., are negligible. In
addition, Malcuit, Gauthier, and Boyd25 have recently ob-
served suppression of amplified spontaneous emission
(ASE) by four-wave mixing in sodium vapor. They stud-
ied two-photon resonant excitation of the sodium 3d level
leading to new frequencies either by ASE at the 3d —3p
frequency or by resonantly enhanced four-wave mixing.
Competition between the two pathways was observed.
Such phenomena may also influence the ionization rate at
high densities and high laser power. Experiments
designed to study such effects upon MPI would also be of
interest, but would be more difficult to perform due to
space-charge suppression of ion collection.

CONCLUSIONS

Two-photon resonant four-wave mixing in cesium
at the 6D resonant states results in high conversion effi-
ciencies (up to 1.7%) for the near-infrared light into in-
tense blue, forward-propagating radiation. Two-photon
resonant three-photon ionization cross sections via the
6D;,,5,, and intermediate states of cesium and the
5Dj3,, 5., states of rubidium have been determined experi-
mentally. The ratios of the results for the fine-structure
states are in good agreement with theoretical estimates.
The near resonance at the energy level of the first photon
plays an important role in both the wave mixing and mul-
tiphoton ionization processes.
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