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Abstract We have observed frequency up-conversion in
Cs vapor. The pulsed pumping laser beam of 767.2 nm was
converted to simultaneous collinear ultraviolet and blue
radiation of wavelengths 387.7 and 455.6 nm, respectively
(double-line frequency up-conversion). We examined prop-
erties of this up-conversion such as energy efficiency and
pulse widths. An infrared laser of ~2.4 pm was success-
ful in modulating the laser beam of the frequency up-con-
version. The modulation shifts the wavelength of the blue
radiation and the intensities of both the blue and ultravio-
let radiation. At nanosecond grade, such modulations are
expected to have applications in near-infrared up-conver-
sion and optical communications.

1 Introduction

Because their beam wavelengths are short, lasers in the blue
band of the visual spectra have great potential applications
in under-water laser communications within the “water
transmission window” [1] and information storage (such as
CDs [2], compared with infrared laser). Recently, for their
high efficiency and high power density, the diode pumped
alkali laser (DPAL) has become a popular topic of high-
power laser research. [3] To obtain extended wavelength
ranges in alkali-metal vapors, generating up-conversion
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blue beams with laser-like properties in an alkali-metal
vapor using a pumping system similar to DPAL is attracting
increasing interest. In 2001, Zibrov et al. [4] reported a cw
420-nm beam from Rb vapor with a dual-wavelength pump-
ing beam (780 and 776 nm); since then, higher conversion
efficiency has been pursued by researchers. Meijer et al. [5]
and Sell et al. [6] also reported 420-nm collimated radia-
tion from the same system. Vernier et al. [7] reported a 1.1-
mW 420-nm collimated radiation based on Rb vapor with
a power conversion efficiency of 2.6 %. The same group
also performed a study of laser transfer of orbital angular
momentum using the same pumping route [8]. Sulham et al.
[9] reported achieving 420-nm output with Rb vapor with a
single-wavelength pulsed laser at 778 nm; a slope efficiency
of 0.5 % was also achieved. For Cs vapor, Schultz et al. [10]
reported a 455-nm collimated radiation output by pumping
with a dual-wavelength beam (852 and 917 nm). However,
from previous work, the choices of generated wavelengths
for applications are few and the conversion efficiency still
needs improvement. Moreover, schemes for frequency up-
conversion have not been fully explored.

A nanosecond-pulsed dye laser is more convenient than
any cw diode lasers for studying the transient properties of
frequency up-conversion. Alkali-metal vapors have nar-
rower absorption lines (1-GHz grade, Doppler broadened)
than the usual linewidths of nanosecond-pulsed dye lasers
(>3 GHz). However, the large power density (~MW/cm?)
of the pulsed dye lasers can compensate the mismatch
between the narrow alkali-metal lines and the broad dye
laser lines. Therefore, using nanosecond-pulsed dye lasers
instead of the widely used kHz-grade narrow band cw diode
lasers can realize frequency up-conversions in alkali vapor.
In our experiment, nanosecond-pulsed lasers were used to
produce frequency up-conversion in Cs vapor. Two new
wavelengths (387.7, 455.6 nm) were identified from the
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output-collimated beam. After measuring the wavelengths
of the pumping laser and the generated new radiations, the
states 6%S,,, 7°Ds,, 7°P5,, and 8%P5, of the Cs atom were
identified with the transitions. Modulation of the frequency
up-conversion using an infrared laser with wavelength of
2.42 um (resonance transition 7°Ds,, — 7%P;,) was also
realized. Results show that the infrared laser was successful
in controlling the wavelength and pulse energy of the up-
conversion. Theoretical analysis of this up-conversion and
the modulation mechanism were also performed. We devel-
oped a two-step theory to explain both, including the gen-
eration of amplified spontaneous emission (ASE) and the
subsequent application of four-wave mixing (FWM).

2 Experimental setup
2.1 Conversion medium

Figure 1 illustrates schematically the experimental layout.
A quartz cell was filled with metal Cs vapor under vacuum.
The residual background pressure of the cell at room tem-
perature is <0.01 Pa. The inner cavity of the cell is cylindri-
cal with a diameter of 2.5 cm and a length of 10 cm. The
cell was placed in a thermostatic oven for heating during
which the metal Cs vaporizes and later used as medium for
the frequency up-conversion.

2.2 Frequency up-conversion

A Nd:YAG laser (GCR200, Spectra Physics, Santa Clara,
CA, USA) pumped dye laser (ND6000, Continuum, San

g - JLTTL
N g 2 DDG
SO %
=
g 2 g z
E S = N ol e
= g = =
~e S = ::l
sa g 2 ] —
00 3] 7 2 =
on < o 15} = e
~ &
g
SN
~
A 200 C =
R AR o0t
1 1 INd:YAG
=] 2.42 pym m nm
Grating Cs vapor cell DM

Fig. 1 Schematic of the experimental layout. A Cs vapor cell is
heated to 200 °C to generate a Cs atom density of 1 x 10> cm™. An
optically pumped dye laser and an optically pumped optical param-
eter oscillator provide nanosecond laser pulses at ~767.2 nm and
~2.4 pwm, respectively. The two beams are combined by a dichroic
mirror (DM) and pass through a Cs vapor cell. A digital delay gen-
erator is used to synchronize the two lasers. Frequency up-conversion
occurs in the vapor cell; a grating separates the generated radiations
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Jose, CA, USA) is used as a pump laser in this experiment.
The full width at half maximum (FWHM) pulse width
of the dye laser is ~2.5 ns, and the linewidth is 0.1 cm” L,
The repetition rate is 10 Hz. Following careful wavelength
scanning of the pumping laser, an intense frequency up-
conversion was found at 767.2 nm. In this work, the con-
version based on a 767.2-nm pumping laser was fully
examined. The ratio of the pulse energies of the generated
beams and the pump beam determines the conversion effi-
ciency. An iris with a fixed diameter of 1.5 mm placed in
front of the Cs cell confined the laser beam diameter. This
produced a near flattop spot intensity distribution across the
beam that was then used throughout the experimental work.
The pulse energies of the pumping laser and the frequency
up-conversion beams were measured with an energy detec-
tor (QE12SP-S-MT-DO0, Gentec-EO, Quebec City, Canada)
and a photodetector (PE10B-Si-D0/DA, Gentec-EO). The
pulse shape was measured using a high-speed diode detec-
tor with a bandwidth larger than 1 GHz. The spectra of the
generated lasers were recorded using a spectrometer with
charge-coupled device (CCD) (Syner]JY iHR320, HOR-
IBA, Kyoto, Japan).

2.3 Modulation

Modulation is a means of controlling the wavelength, the
intensity, or other properties of a laser in real time. Because
the frequency up-conversion involves specific energy lev-
els of Cs, it is possible to modulate the conversion using
transitions between these levels. A tunable infrared laser
generated by an optical parameter oscillator (OPO) modu-
lated the frequency up-conversion. A dichroic mirror was
used to combine the beams from the pumping laser and the
modulation laser. The OPO beam is confined to a diameter
of 1.5 mm by the iris before the Cs cell to obtain a near
flattop spot intensity distribution. This confined beam was
used throughout the experiments. The FWHM pulse width
is ~2.5 ns, and the linewidth is 0.2 cm~'. The repetition rate
is 10 Hz. A digital delay generator (DDG; DG645, Stanford
Research Systems, Sunnyvale, CA, USA) synchronizes
the dye laser and the OPO through precisely arranged TTL
signals.

3 Results and discussion
3.1 Generation of blue and ultraviolet radiations

After scanning the cell temperature and the pumping wave-
length, frequency up-conversion develops at a temperature
of 200 °C and wavelength of 767.20 £ 0.05 nm. After pass-
ing through the cell, the pumping laser beam appears pink.
A grating separates the beam into its different wavelengths,
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Fig. 2 Measured frequency up-conversion spectrum. The output-
collimated radiations are centered at 387.7 nm (denoted as UV) and
455.6 nm (denoted as BLUE)

producing an ultraviolet spot and a blue spot that are clearly
visible on a laser view card. Both are forward propagating
and align with the pumping laser, i.e., no backward waves
are observed. Moreover, both beams have the same linear
polarization as that of the pumping laser. The ultraviolet
radiation has a similar divergence angle to the pumping
laser, whereas the blue radiation has a slightly larger diver-
gence angle.

The output spectrum of the frequency up-conversion
process (Fig. 2) shows the 387.7 and 455.6-nm peaks cor-
responding to the ultraviolet and blue spots, respectively;
for convenience, these beams are referred to as “UV” and
“BLUE,” respectively. These wavelengths correlate with
transitions 8°P;, — 6°S,, (“UV”) and 7°P;, — 6°S,,
(“BLUE”).

An energy level scheme for these Cs transitions
is depicted in Fig. 3a. Radiations at 2.42 um and
36 pwm are related to transitions 7°Ds, — 7°P5, and
7’Ds, — 8Py, respectively, but they could not be
detected because of experimental limitations. For con-
venience in comparison and understanding, a similar
scheme for well-studied up-conversion in Rb vapor is
given (Fig. 3b) [4-8].

The output energies of UV and BLUE versus pulse
energy of pumping laser (Fig. 4) show that the conver-
sion is clearly linear yielding a steady slope efficiency and
a threshold pump power (<0.1 mJ/pulse for both UV and
BLUE). This phenomenon is very similar to that of many
ordinary laser systems when the pump power is far below
saturation. The energy conversion efficiencies of the UV
and BLUE are 0.08 and 0.03 %, respectively. The absorp-
tion of the pumping laser beam is too small to be detected
(estimated to be <3 %).
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Fig. 3 a Schematic of four-wave mixing in Cs vapor by non-resonant
one-color two-photon excitation. The wavelength of the pump laser
is centered on 767.2 nm, the generated radiation is on 455.6 and
387.7 nm, and a modulation laser of 2.42 pwm is used. The 36-pm
radiation is inferred from the detected radiation, but has not been
detected. b A similar process in Rb vapor is given for comparison
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Fig. 4 Intensities of UV and BLUE recorded using a spectrometer.
The conversion efficiencies are nearly constant. By measuring the
same beam with energy of ~100 nJ using both the spectrometer and
the nJ-grade energy detector, the spectrometer is then calibrated for
measuring pulse energies. The absolute error bounds of the nJ-grade
energy detector is £30 % (not shown in the figure)

Pulse shapes for the UV and BLUE radiation and the
pumping laser beam (Fig. 5) were measured with a high-
speed detector fixed in place. Switching the different beams
for measurement was done by rotating the grating (Fig. 1).
The arrival times of the three different pulses are compara-
ble. To eliminate time jitter, all pulse curves were the aver-
age of a sufficient number of pulses. The arrival times for
the UV, BLUE, and pumping laser pulses are almost iden-
tical, which means UV and BLUE are generated almost
simultaneously following beam illumination of the Cs
vapor. Of the two beams, BLUE is weaker in intensity than
the UV.
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Fig. 5 Pulse shapes of the pumping laser, BLUE, and UV beams
with the same reference start point. A high-speed diode detector with
a rise and fall time of less than 1 ns is used for recording. Each pulse
shape is an average of 100 pulses to reduce the jitter and instability as
much as possible. The relative intensities of all curves are normalized

3.2 Modulation

A laser beam of wavelength 2.42 pm is chosen to modu-
late the frequency up-conversion, using the transition
7’Ds, — 7°P5, (Fig. 3). In the experiment, when the
beams from the pumping laser and the modulation laser
are collinear and time-overlapped (illuminating the Cs
vapor simultaneously), an enhancement of the BLUE spot
and an attenuation of the UV spot are obvious. This result
indicates a successful modulation, for which both UV and
BLUE have similar divergence angle to the pumping laser.

The frequency shift of the BLUE beam is observed
when the frequency of the modulating laser is tuned around
2.42 pm. A plot (Fig. 6) of the central frequencies of the
BLUE spectra versus the modulation laser frequency
(in ecm™") shows a linear fit indicating an identical fre-
quency displacement of the BLUE and modulation beams,
but in opposite directions. The phenomenon is subject to
condition

Vg =v;+v —13 (D

where v,, v, and v; are the frequencies of the BLUE,
pump, and modulation laser beams, respectively.

The intensity modulations of the UV and BLUE beams
by the 2.42-pm laser (Fig. 7) show a clear inverse relation-
ship between the two normalized intensity. Without modu-
lation, UV is stronger than BLUE. With modulation, UV
is suppressed to the detection limit, and BLUE is greatly
enhanced. Absolute beam energies are also compared; UV is
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Fig. 6 Effect of the modulation laser on the frequency of the BLUE
radiation. The linear fit indicates that the modulation laser and BLUE
radiation exhibits a direct negative frequency correlation. The FWHM
width of the measured spectral peaks (not given here) is ~5 cm™"
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Fig. 7 Effect of the modulation on the normalized relative intensi-
ties of BLUE and UV radiation measured using two photodiodes.
The energy of the 767.2-nm laser is fixed to ~0.5 mJ/pulse, and that
of the modulation laser is ~0.1 mJ/pulse. The dashed line shows the
duty cycle of the modulation laser (high for on and low for off). The
UV and BLUE intensities are shown as positive and negative, respec-
tively; the modulation is clearly observed

stronger than BLUE without modulation (Fig. 4). However,
with modulation of ~ 0.1 mJ/pulse, BLUE is stronger than
both the modulated UV and the original unmodulated UV.

For better understanding of the modulation process, the
pulse shapes for the modulated UV and BLUE are plotted.
Whereas UV is delayed by 1.4 ns (Fig. 8), BLUE does not
show any obvious delay or advance and therefore is not
shown here.
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Fig. 8 Time shift of the UV pulse when the frequency up-conver-
sion is modulated (“UV Modulated”). The curve is obtained using
the same method and optical path used for Fig. 5. The UV curve in
Fig. 5 is given as a dotted line for comparison. The shift is approxi-
mately 1.4 ns. The intensity of UV decreases considerably, as shown
in Fig. 7. (Both curves are normalized for ease in viewing the figure.)
Here, the energy of the 767.2-nm laser is fixed at ~0.5 mJ/pulse, and
the energy of the modulation laser is ~0.1 mJ/pulse

3.3 Theoretical analysis
3.3.1 ASE and FWM

The mechanism of frequency up-conversions in previous
work has not been clarified fully. The most deeply stud-
ied process is converting a dual-wavelength beam (780
and 776 nm) to 420 nm. The most popular mechanism is
amplified spontaneous emission (ASE) and four-wave mix-
ing (FWM) [5, 11], which involves two transitions and an
energy criterion:

780.2 nm+776.0 nm

Rb (5231 /2) T Rb (52D5 /2) )
5 5.23um(ASE) 5

Rb (5 D5/2) —— > Rb (6 P3/2) 3

FWM
hv7802 nm + AV776.0 nm — hvs523 yum ———> hv403 nm  (4)

Understanding the transitions is easiest when referring
to the energy level diagram (Fig. 3b). Here transition (2)
is realized through a two-photon absorption. Two photons
(780.2 and 776.0 nm) are resonantly absorbed by the same
Rb atom, which is excited from the 5°S, state to the 5Ds,,
state via the 5°P,, state.

Following transition (2), there are a large number of Rb
atoms populated in the 5’Ds, state, but the lower 6°P5,
state is empty. Therefore, a population inversion is formed
between the 5°Ds), and 6°P, states, which results in a

stimulated emission beam at the wavelength corresponding
to the ASE transition 5°Dsj, — 6°P;, (5.23 um).

FWM (4) is the last step in realizing frequency up-
conversion. FWM is a parametric third-order nonlinear
optics process. In a FWM process, three light waves inter-
act in a nonlinear medium to generate a fourth light wave.
In Eq. (4), the 780.2-nm beam (exciting the transition
5%S,, — 5°P3)), the 776.0-nm beam (5°Ps, — 5°Ds),),
and the 5.23 um ASE beam (5°Ds), — 67P5),) interact with
Rb atoms to initiate the FWM process. The result is the
absorption of the 780.2-nm beam and the 776.0-nm beam,
the gain of the 5.23-um ASE beam, and the emission of
the 420.3-nm blue beam (6°P;,, — 5°S,,,). From previous
work, we infer that the mechanism for the up-conversion in
Cs vapor is

M
2 hv7672 0m — 1 hvo4 ym ————> 1 hvass5.6nm ®)
FWM
2 hv767.2 0m — 1 hvzgum —> 1 hv3g7.70m (6)

The energy level diagram (Fig. 3a) is given for ease in
understanding. First, each Cs atom can absorb two 767.2-
nm photons and transitions from state 6°S,, to state 7°Ds,.
Second, two ASE beams at 2.42 um (7°Ds;, — 7°P5,) and
36 um (7°Ds;, — 8°P,),) are generated. A previous study
of similar transitions for Cs vapor was performed using a
ruby laser [12]. Finally, the two FWM processes, Egs. (5)
and (6), occur, each FWM process comprises the interac-
tion of two degenerate photons of 767.2 nm and one ASE
photon of 2.42 pm (or 36 wm) to generate one photon of
455.6 nm (or 387.7 nm).

In a FWM process, the direction of the generated beam
(light wave) is related to the three interacting beams (light
waves). Conservation of the photon momenta governs this
relationship. The FWMs described by Egs. (5) and (6)
should have approximately the same direction of light wave
propagating directions according to photon—-momenta con-
servation. Therefore, the convincing evidence that FWM is
occurring in the conversion is that UV and BLUE are only
forward propagating along with the pumping laser beam
(no backward waves are observed). Being a parametric
optical process, a FWM process always gives a real-time
light wave conversion. Hence, the real-time characteristics
of the UV and the BLUE (Fig. 5) show no absence of con-
formity with a FWM process.

Furthermore, the modulation is an alternative method of
probing the mechanism for frequency up-conversion. From
Fig. 6, Eq. (1) obtains and infers that the wavelength of the
BLUE beam is determined by two wavelengths, that of the
pumping laser and the modulation laser. The dual-wave-
length dependence is quite consistent with FWM.

@ Springer



165 Page 6 of 7

B. Gai et al.

3.3.2 Mechanism of modulation

Radiation of wavelength 2.42 and 36 wm is presumed to
exist and originate from ASE because of the population
inversion that occurs between the 7°Ds, and 8P, states,
and between the 7°Ds;, and 7°P,, states. The modulation
can be important evidence of the existence of ASE.

In a laser system, lasing occurs only after a population
inversion has formed between two energy levels for laser
transition. A small-signal gain factor G expresses the ease
with which a system lases. The G factor can be expressed
as [13]

Gi = (N' _ ng_) ﬁB“F(v) (7
ji j i | 5 Dji
8i 4ji
where N; and N; are the populations of the upper and lower
levels, respectively. For the laser transition, g; is the degen-
eracy of energy level j; A; is the laser transition wave-
length; Bji is the stimulated radiation coefficient; and I{v)
is the normalized line shape function.

The gain G can also be used to express the ease with
which a population-inverted system undergoes ASE [14].
In this work, at the very beginning of each pumping pulse,
levels 8%P;, and 7°P;, are empty, whereas the 7°Ds/, is
populated via two-photon excitation using the pumping
laser. Therefore, population inversions form between the
7°Ds,, and 8°P;,, states, and between the 7°Ds,, and 7°P;,
states. Furthermore, the pumping area for this system is a
thin and long pole-like area, which suits ASEs [15, 16].
As a result, ASEs of 2.42 and 36 wm are generated and the
FWDMs described in Egs. (5) and (6) proceed, producing the
UV and BLUE beams.

In Figs. 2 and 4, the generation of UV is seen to be more
efficient than that of BLUE, as measured by either energy
efficiency or quantum efficiency. The higher efficiency
of UV is believed to result from a combination of both
the high efficiency in generating the ASE beam of 36 pwm
and the high efficiency of the FWM process involving the
767.2 nm beam and the 36 wm ASE beam. Nevertheless,
the contributions of ASE and FWM processes to UV gen-
eration were not distinguished because of the lack of data
on the absolute intensities of the ASE beams at 2.42 and
36 pm.

However, when the laser beam is modulated, the ASE
mechanism is changed. The modulated beam has the same
wavelength as the transition 7°Ds,, — 7°P;,; as a result,
this modulation serves as ‘“seed light,” which amplifies
itself by diminishing much of the population in the 7°Ds,,
state. Thus, the population inversion of 7°Ds;, — 8%Ps,
reduces considerably accompanied by a reduction in
G(7’Ds,, — 8%Ps,) in accord with Eq. (7). Both ASE of
36 wm and UV are significantly weakened. The UV beam
can only resurge if the modulated laser beam weakens. This
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result is quite consistent with pulse shapes (Fig. 8). The
FWM of the pumping laser and the modulated laser beam
produce a much larger BLUE energy beam than that with-
out modulation. The situation here is similar to the 2.9-pm
mid-infrared parametric up-conversion in Cs vapor [17].

Modulation of the output frequency or intensity in fre-
quency up-conversions has been described in various
works. For example, Akulshin et al. [18] report the conver-
sion in Rb vapor of the dual-wavelength beams (780 and
776 nm) into 420 nm. With another counter-propagating
beam at 795 nm, modulation of the intensity of the 420-
nm beam was realized by varying the number density of Rb
atoms on 5°S,,, (F = 3). Brekke et al. [19] report the con-
version in Rb vapor of a 778-nm beam into 420 nm. The
frequency of the 420-nm beam was modulated over a range
of ~1 GHz by detuning the 778-nm beam. The energy lev-
els related to both conversions mentioned above are shown
in Fig. 3b.

The mechanisms involved in both systems studied by
Akulshin et al. and Brekke et al. are related to the selection
of the group with certain velocity of the Doppler-broad-
ened Rb atoms resonating with the narrow-linewidth laser
beams. The modulation mechanism of our system is differ-
ent. No resolution of the different group velocities of the
atoms is needed. The modulation is realized by changing
the balanced ratio between the generation of ASEs at 2.4
and 36 pm.

3.3.3 Conversion efficiency

The energy conversion efficiency is moderate for our sys-
tem. When Cs metal is heated to 200 °C, the vaporized Cs
atom density is approximately 1 x 10'3 cm™3. The absorp-
tion linewidth is mainly determined by Doppler broaden-
ing; its full width at half maximum (FWHM) is [13]

24T
=2 In2 ®)

Avpoppler = 2V
PP me

where v, is the central absorption frequency, k Boltzmann’s
constant, 7 the absolute temperature, ¢ the velocity of light,
and m the mass of the Cs atom. Av(7°Ds,) at 200 °C is
calculated to be 1.0 GHz. The linewidth of the dye laser
is approximately 3 GHz; however, the experimental tuning
range is approximately 50 GHz (40.05 nm). This result is
a consequence of the high pumping power and nonlinear
two-photon absorption by the Cs atoms, so the “wavelength
wing tips” of the pumping laser beam can also be absorbed
during up-conversion.

With modulation, the range of frequency tuning for the
BLUE beam is as large as ~40 cm™! (1.2 THz, detectable
full range); see Fig. 6. This large range is related to the
two different ways of generating BLUE. At the resonating
wavelengths (Fig. 3a), the BLUE can be generated by ASE.
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Also, if the modulated beam is far from the resonating
wavelengths, BLUE is generated mainly through non-res-
onating FWM that occurs between the 778.1-nm pumping
laser beam and the modulated beam (according to Eq. 1),
and is believed to be generated without a participating ASE.

Figure 4 implies that the frequency up-conversion sys-
tem is far from saturation. An absorption test indicates only
a small amount of the pump laser is absorbed. The low effi-
ciency can be attributed to the low two-photon absorption
efficiency of 7°Ds, because the broad linewidth of the dye
laser does not match up with the narrow linewidth of the
atom absorption line [20].

The modulation can be viewed as a probe to prove the
mechanism including ASE and FWM in the frequency
up-conversion. The atomic energy level system is simi-
lar to other systems mentioned in the introduction. Trends
encountered in this study are also expected to be appli-
cable to those systems. Also, the results may be useful in
improving the conversion efficiency of the system [4-9].
For example, we can expect to improve the efficiency of the
process described by Egs. (2)—-(4) and Fig. 3b in Rb vapor
using a 5.23-pm modulation laser.

4 Conclusion

Frequency up-conversion was demonstrated in Cs vapor.
New wavelengths of 455.6 and 387.7 nm were obtained.
The energy conversion efficiency was measured to be
0.03 and 0.08 %, respectively, and the output energies of
the up-conversion show linear rise with increasing pump-
ing power. Nanosecond-scale modulations of the frequency
up-conversion were realized, and the wavelength of the
BLUE beam can be precisely adjusted by fine-tuning the
wavelength of modulation laser. Introducing a modulation
laser enhances the intensity of the BLUE beam and sup-
presses the intensity of UV. Pulses of the output radia-
tions occur simultaneously with the pump laser, while the
addition of the modulation laser delays the generation of
UV by 1.4 ns. Experimental results have proved that the

mechanism of frequency up-conversion involves both ASEs
and FWM together. This frequency up-conversion mecha-
nism is expected to be applicable to other alkali—metal sys-
tems, and the efficiency of up-conversion can be improved
by resonant excitation of Cs by a two-color two-photon
process and narrower linewidths of the excitation lasers and
modulation laser.
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