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Collimated blue light generation in rubidium vapor

Marcus B. Kienlen, Noah T. Holte, Hunter A. Dassonville, and Andrew M. C. Dawes
Department of Physics, Pacific University, Forest Grove, Oregon 97116

Kurt D. Iversen, Ryan M. McLaughlin, and Shannon K. Mayer
Department of Physics, University of Portland, Portland, Oregon 97203

(Received 7 June 2012; accepted 27 February 2013)

We describe an experiment for generating and characterizing a beam of collimated blue light
(CBL) in a rubidium vapor. Two low-power, grating-feedback diode lasers, operating at 780.2 nm
(5812 — 5P3),) and 776.0nm (5P3/, — 5Ds5), respectively, provide step-wise excitation to the
5D excited state in rubidium. Under the right experimental conditions, cascade decay through the
6P excited state will yield a collimated blue (420-nm) beam of light with high temporal and spatial
coherence. We investigate the production of a blue beam under a variety of experimental
conditions and characterize the spatial coherence and spectral characteristics. This experiment
provides advanced undergraduate students with a unique opportunity to investigate nonlinear
optical phenomena in the laboratory and uses equipment that is commonly available in laboratories
equipped to investigate diode-laser-based absorption spectroscopy in rubidium. © 2013 American

Association of Physics Teachers.

[http://dx.doi.org/10.1119/1.4795311]

I. INTRODUCTION

Nonlinear optics is an important field in optical physics
and one that enables a wide variety of tools and technologies.
In a nonlinear material, processes such as second-harmonic
generation and multi-wave mixing can be used to generate
coherent light at frequencies unavailable from conventional
laser sources. Nonlinear materials are particularly important
in providing access to light in the UV region of the spectrum
where the development of coherent sources is more difficult
using traditional lasing schemes due to the extremely large
pump power required to sustain a population inversion.

Atomic coherence and quantum interference effects can
be used to enhance nonlinear interactions between light and
matter. Effects such as lasing without inversion (LWI)l’2 and
electromagnetically induced transparency (EIT)? have been
studied actively in recent years. In LWI, quantum interfer-
ence effects suppress the absorption of resonant light,
making lasing possible without a traditional population
inversion. Lasing without inversion was first conclusively
demonstrated using the D; and D, lines in rubidium to pro-
duce laser oscillations at 794nm.* Scientists continue to
investigate LWI as a means of developing short-wavelength
coherent sources. One example is the production of 389-nm
light based on the D, line in cesium.’ A related quantum in-
terference effect, EIT, can render a normally resonant transi-
tion transparent to resonant light. Electromagnetically
induced transparency has applications in LWL as well as in
the reduction of the speed of light (i.e., slow light),” optical
switches,g’9 and all-optical wavelength converters. '’

Frequency up-conversion is another method for producing
short-wavelength sources. The generation of collimated blue
light (CBL) in rubidium via frequency up-conversion was
first reported by Zibrov et al., who utilized low-powered,
near-IR diode lasers and the 5S-5P-5D ladder transition in
rubidium to produce a 15 yW, 420-nm beam with a spectral
width <3 MHz."" Meijer er al. improved the up-conversion
efficiency, achieving 40 uW of CBL, by detuning the two ex-
citation lasers far from the two-step resonance and demon-
strated that the collimated light exhibited a high degree of
spatial and temporal coherence.'> With careful optimization

442 Am. J. Phys. 81 (6), June 2013 http://aapt.org/ajp

of the polarizations and frequencies of the excitation lasers,
Vernier et al. reported generating 1 mW of CBL using the
same ladder transition in rubidium.'? This conversion effi-
ciency far exceeds that of traditional nonlinear crystals for
low power input. The generation of coherent 455-nm light
has been reported in cesium vapor utilizing a similar ladder-
type scheme and UV light at 330nm (sodium) and 323 nm
(lithium) has been proposed.'* More recently, Akulshin ez al.
reported an increase in intensity and enhancement in control
of the direction and divergence of the CBL in rubidium by
using an additional laser for optical pumping.15

The alkali metal vapors have provided a rich environment
for experiments in atomic and optical physics. The accessi-
bility of electronic transitions in rubidium to resonant light
from inexpensive diode laser systems has made rubidium a
popular choice for laser-based atomic physics experiments in
the undergraduate laboratory. Recent undergraduate-level
experiments in rubidium include laser spectroscopy,'® the
temperature dependence of Doppler-broadening,'” Faraday
rotation,18 demonstration of the Kramers-Kronig relation,19
two-photon spectroscopy,®” coherent population trapping,
and EIT.*

Nonlinear optics is an intriguing and important topic in
modern optics. Nonetheless, undergraduate physics labora-
tory experiments in nonlinear optical processes are some-
what rare, due in part to the relatively high laser powers and/
or expensive crystals often required to observe many nonlin-
ear effects. Matlin et al. described an undergraduate labora-
tory in nonlinear optics where they investigate both 2-wave
and 4-wave mixing in inexpensive photorefractive organic
polymers.?® Nonlinear optical phenomena can also be simu-
lated in the undergraduate physics laboratory using Chinese
tea.”* Theoretical discussions of nonlinear optics can be
found in a classic paper on second harmonic generation®
and a discussion of degenerate 4-wave mixing can be found
in the work by Ghosh ez al.*®

In this paper, we describe an experiment for generating
and characterizing CBL in rubidium vapor, bringing a con-
temporary topic in nonlinear optics research into the under-
graduate laboratory. We provide a detailed description of the
experimental procedure and equipment, including references
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for commercial suppliers,”’ and include some typical experi-
mental results. We report on the results of experiments car-
ried out in two different laboratories with different
equipment thereby addressing a wide range of possible ex-
perimental conditions. The CBL experiment presented here
uses the same equipment as saturated absorption spectros-
copy'® and two-photon spectroscopy>’ in rubidium and can
therefore be easily performed in laboratories with apparatus
for these experiments.

II. THEORY

The optical transitions relevant to the production of CBL in
rubidium are illustrated in the partial energy-level diagram
shown in Fig. 1. Two lasers, tuned to the 55, — 5P3),
(780.2-nm) and 5P3/, — 5Ds/, (776.0-nm) transitions, excite
atoms to the 5Ds/, excited state. The long lifetime of the
5Ds , state (t = 240ns) allows for a large fraction of the pop-
ulation to build up in the 5Ds/, state. Atoms can decay
through the 5P3/; intermediate state (t = 26 ns) emitting near-
IR light or through the 6P3/, intermediate state (= 112ns)
emitting IR light at 5.2 um and blue fluorescence at 420 nm.
Blue fluorescence can be observed for both co- and counter-
propagating pump beams under a wide range of experimental
conditions (cell temperature, laser detuning, laser power,
etc.). However, using co-propagating pump beams and the
right experimental conditions, a collimated blue (420-nm)
beam with a high degree of spatial and temporal coherence
can be produced. The process responsible for the generation
of CBL has been described theoretically via the nonlinear
optical process of four-wave mixing.

In a nonlinear material, the polarization can be expressed
as a series of terms given by*’

P:FOXE+2dE2+4X(3)E3—|—, (1)

where ¢ is the permittivity of free space, y is the electric sus-
ceptibility, E is the electric field, and coefficients d and }((3)
describe the second- and third-order nonlinear effects, respec-
tively. In a linear, non-dispersive, isotropic, homogeneous
dielectric material the higher-order terms in Eq. (1) are zero
so the polarization is simply proportional to the electric field
P = gyyE. In a nonlinear material, the second term in Eq. (1)
represents the second-order nonlinearity of the material and
gives rise to effects such as second-harmonic generation, the
electro-optic effect, and three-wave mixing. In a material
with inversion symmetry, the coefficient d vanishes and the
third-order term is the lowest nonlinear term.”” In this case,
the nonlinearity can be expressed simply as Py, = 47 E>.
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Fig. 1. Partial energy level diagram for rubidium.
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Third-order nonlinearity is responsible for processes such as
third-harmonic generation, the optical Kerr effect, coherent
Stokes and anti-Stokes Raman spectroscopy, and four-wave
mixing.

In four-wave mixing, three optical fields couple in a %)
medium to produce a fourth coherent light field. Most gener-
ally, three distinct laser fields are combined in a nonlinear
material to generate the fourth optical field. However, in this
rubidium system, the two laser fields are combined in the ru-
bidium vapor, and the third field is produced by amplified
spontaneous emission arising from the population inversion
in the 5D5,, — 6P3, transition.

Energy conservation dictates that the frequencies of the
four light fields are related by the frequency-matching condi-
tion w1 + wy = w3 + w4, whereas momentum conservation
requires the phase-matching relation k| + ky = k3 + k4. In
the rubidium system, the phase-matching condition is satis-
fied by the relationship k730 + k776 = kir + kpr, where kg0
and k776 are the two incident laser beams at 780nm and
776 nm, respectively, k;z is the light field produced by
amplified spontaneous emission from the population inver-
sion on the 5D5,, — 6P3/, transition, and kp, is the 420 nm
blue beam. The phase-matching condition is satisfied in this
system when the two incident light fields co-propagate and
the CBL is produced in the forward direction. It is interesting
to note that since we observe on-axis wave mixing, the
energy conservation equation is nearly equivalent to the
phase-matching condition. That is because the index of
refraction is near unity for all wavelengths involved.

Consideration of the phase-matching condition provides
students with a framework for thinking about nonlinear
optical processes and puts the process in the context of physi-
cal principles commonly encountered in the undergraduate
physics curriculum. Detailed analysis of CBL generation in
rubidium is complicated due to the presence of multiple
atomic hyperfine and Zeeman sublevels, Doppler-broadening,
and competing processes such as single-photon absorption,
two-photon absorption, and fluorescence. Theoretical analysis
of the rubidium system can be performed using the density
matrix formalism.”® While comprehensive analysis using this
method is beyond the scope of most undergraduate courses, a
brief overview of the process and summary of the general
results can provide students with insight into how this type of
problem can be analyzed in detail. The interested reader is
referred to the work of Meijer,'* Vernier,'® and Morigi®' for a
more detailed theoretical analysis.

The density matrix formalism is a semi-classical approach
to characterizing light-atom interactions where the laser
fields are treated as classical plane-waves and the atom is
modeled quantum mechanically. To analyze the behavior of
the system, the density matrix elements are determined from
the Liouville equation of motion (i.e., Schrodin%er’s equa-
tion expressed in terms of the density operator ,0)3

) i
where the Hamiltonian H describes the coupling between the
atomic states and the applied electric field. The decay of the
atomic levels due to spontaneous emission can be incorpo-
rated by adding a decay term to the density operator equa-
tion, giving

o I
p__%[va]_E{rap}v (3)
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where {I',p} =T'p+ pI and I' is a matrix that describes
the relaxation processes.’” The ijth matrix element of the
density matrix equation is then given by the equation

: i !
Pij = ~7% ;(Hikpkj — piHij)— ig(rikpkj + pully)-
“)

The steady-state solution for the density matrix p yields in-
formation regarding the state of the system. The on-diagonal
density matrix elements correspond to the probability of
being in a particular state, and the off-diagonal elements
describe the coherence associated with the transition and are
proportional to the electric dipole moment of the transition.
The off-diagonal elements of the density matrix determine
the polarization P and the electric field and polarization are
linked by Maxwell’s wave equation, which is expressed in a
nonlinear medium as

- 1PE 9P
VE- Gt e )

The steady-state solution of the density matrix equation
for a four-level atomic system can be found in the work of
Morigi et al.®' These authors use the density matrix approach
to calculate the steady-state solution for the rubidium ladder
system for four (5S, 5P, 5D, 6P), five [5S (F=2, 3), 5P, 5D,
6P], and sixteen (all hyperfine states) levels and their analy-
sis indicates the possibility of strong gain on the 420-nm
transition.'> A summary of some of the parameters that
impact CBL production is provided below.

The efficiency of the frequency up-conversion process
depends significantly on the population of the 5D excited
state. This state can be reached via step-wise excitation
through the intermediate 5P state or via two-photon excita-
tion provided the sum of the two laser frequencies corre-
sponds to that of the 551, — 5Ds, transition. Two photon
absorption using even a single laser is relatively efficient for
this ladder transition in rubidium due to the near coincident
wavelengths (2 nm detuning) of the two transitions; however,
excitation to the 5D state is significantly enhanced when the
two pump lasers are resonant with the intermediate 5P
state.”

In a Doppler-broadened media, step-wise excitation from
the ¥°Rb 58, ,2F =3 ground state excitation can occur through
one of three intermediate 5P hyperfine states (F' =2, 3, 4)
(ignoring the hyperfine levels of the 5D state). The only true
cycling transition is the 55, ,(F = 3) — 5P3,(F' = 4) tran-
sition since optical pumping to the F =2 hyperfine ground
state tends to depopulate the other states. Thus, excitation
through the 5P, (F' = 4) state is the most efficient means of
populating the 5D state. Furthermore, because the efficiency
of the process depends on the distribution of atoms among
the hyperfine and magnetic sub-levels of the states, the polar-
ization of the pump lasers will impact CBL production. Just
as the excitation efficiency to the 5D state is maximized by
transitions among hyperfine levels of maximum hyperfine
level F, optimal excitation to the 5D state will occur among
magnetic sublevels of maximum m;*® This situation can
be achieved by using pump lasers with the same circular
polarization.

The temperature of the cell will also play an important
role in the process of CBL production. At higher cell
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temperatures, more rubidium atoms will be found in the
vapor; however, this may not result in a straightforward
increase in CBL production as there will also be an increase
in absorption of the 780-nm light along the length of the cell.
Analysis of the density matrix suggests that a significant
enhancement in CBL production can be achieved by detun-
ing the 780-nm laser to a frequency between the two hyper-
fine ground states.'>*® This detuning should increase the
transmission of the 780-nm beam along the cell and provide
for longer interaction region for excitation to the 5D state.

The CBL produced in this ladder transition in rubidium
has been shown to exhibit a high degree of temporal and spa-
tial coherence.'? The experiment can therefore provide stu-
dents with a valuable opportunity to explore the topic of
optical coherence. The coherence properties of an optical
source can be classified in terms of the temporal and spatial
coherence. The temporal coherence is a measure of the fre-
quency bandwidth Av of the source. For a purely monochro-
matic source, the frequency bandwidth is zero and the
corresponding coherence time (A7, = 1/Av) and coherence
length (cAt.) are infinite. For a polychromatic source, the co-
herence time and coherence length, respectively, provide a
measure of the time interval and distance over which points
on the wave have a fixed (predictable) phase relationship rel-
ative to one another. Highly monochromatic sources, such as
lasers, have a narrow spectral linewidth and a correspond-
ingly long coherence length, with typical values of coher-
ence length on the order of a few meters. This high degree of
temporal coherence makes laser sources handy tools for in-
terference experiments. The degree of temporal coherence
exhibited by a partially coherent source can be measured
using a Michelson or Mach-Zehnder interferometer wherein
a wave interferes with a copy of itself that is time delayed
due to the difference in optical path length between the two
interfering beams. Interference fringes will be visible for op-
tical path differences less than the coherence length.

For a “point source” all waves emanate from the same
physical location. For a real optical source of finite extent,
waves emanate from different lateral positions. The spatial
coherence of an optical source is a measure of the lateral
extent over which points along the wavefront have a fixed
phase relationship with one another and can thereby demon-
strate interference effects. The spatial coherence of an opti-
cal source can be investigated by observing the double-slit
interference pattern for different slit spacings.

III. EXPERIMENTAL APPARATUS

This experiment was carried out in two laboratories on dif-
ferent campuses. A diagram of the common experimental
setup is shown in Fig. 2. In both experiments, the two lasers
were hand-built, grating-feedback, extended-cavity diode
lasers operating in a Littrow conﬁguration.‘%_35 The laser
injection current was provided by a low noise current-control
circuit®® and temperature control was provided by a Peltier
element and temperature-control circuit.>’ Grating-feedback
diode laser systems provide reliable, tunable (3—10GHz),
narrow-band (<1 MHz) laser light at low cost and are suita-
ble for construction by undergraduates.16’33_35’38 Tunable
diode lasers, current-control circuits, and temperature-
control circuits with similar characteristics are also commer-
cially available.

Two different types of diodes were used: Hitachi model
HL 78516 and Roithner LaserTechnik ADL 78901TX. The
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Fig. 2. Experimental apparatus. Components include grating-feedback diode lasers, quarter-wave plate (QWP), beam splitter (BS), lens, rubidium cell (heated
and room temperature), 420-nm bandpass filter, photodetector (PD), and photomultiplier tube (PMT).

laser diodes have a typical free-running wavelength of
approximately 785 nm and specified maximum optical power
of 50 and 90 mW, respectively. The laser beams were nomi-
nally linearly polarized upon exiting the lasers. The subse-
quent polarizations of the two beams were independently
adjusted using quarter-wave plates (Meadowlark Optics
RQM-100-0780). The beams were aligned to co-propagate
and were then focused into a rubidium cell using a converg-
ing lens. The rubidium vapor cell had optical quality
windows and contained natural rubidium (72% 85Rb,
28% ®'Rb). The rubidium cells used in the experiments dif-
fered slightly from one another. In the Mayer laboratory, the
rubidium vapor cell was 100 mm long with parallel windows
(Opthos Instruments). In the Dawes laboratory, the rubidium
cell was 75 mm long and had angled quartz windows set at
11° (Triad Technology TT-RB-75-V-Q). In both cases, the
cell was heated using a simple hand-built cylindrical oven
and the temperature was monitored using a thermocouple
probe placed in contact with the cell near the center. The
Mayer oven was comprised of an aluminum tube wrapped
with heat tape. Holes in the tube provided optical access for
the laser beams as well as for observation of blue florescence
from the side. To prevent rubidium vapor from condensing
on the cell windows, they were kept hotter than the center of
the rubidium cell. The Dawes oven utilized a pair of flexible
polyimide film heaters (Omega, KHLV-103/5-P) mounted to
a tube of magnetic shielding foil (CO-NETIC material, 0.004
in. thickness). The heater and CO-NETIC foil are wrapped
around the Rb vapor cell.

The laser power was measured using an optical power me-
ter (Thorlabs S120A with S110 detector or Thorlabs
PM100D with S1120C detector). In the Mayer laboratory,
the maximum power at the entrance face of the rubidium
vapor cell was 8.5 mW and 9.0 mW at 780 nm and 776 nm,
respectively. The cross sections of the laser beams were
elliptical with dimensions 11 mm x3.5mm and 7mm
x 2.5 mm, respectively, for the 780-nm and 776-nm lasers.
The beams were focused into the cell using the 250-mm
lens. The maximum power measured at the entrance face of
the vapor cell in the Dawes laboratory was 21 mW and 13.8
mW at 780 nm and 776 nm, respectively. The cross sections
of the laser beams were nearly circular with a diameter of
I mm in both beams. The beams were focused into the cell
using a 90-mm lens. The different beam parameters (width
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and focus) between the laboratories result in slightly differ-
ent beam intensity throughout the cell. In particular, the
Mayer laboratory setup uses a higher focal intensity but a
lower average intensity compared to the Dawes laboratory.
We find that the CBL process, while intensity dependent,
can be observed over a wide variety of beam parameters. For
narrow beams, such as those used in the Dawes laboratory,
careful alignment of the co-propagating pump beams
becomes more important for maximizing the CBL power.

A 90/10 beam-splitter diverted a portion of the 780-nm
beam to a second rubidium cell and onto a homebuilt silicon
photodetector (photodiode: Thorlabs FDS100) that provided
a frequency reference. By monitoring for blue fluorescence
from the 5D-6P-5S decay at 420 nm, the frequency of the
776-nm laser was determined.

The frequency of the 776-nm laser was set to the 5P3/, —
5Ds,, transition wavelength using temperature and current
adjustments. The 780-nm laser beam was scanned in frequency
3-10 GHz across the 5§, — 5P;3; Doppler-broadened
absorption profile by driving a piezoelectric transducer in the
flexure of the laser assembly. The laser wavelength was moni-
tored using a wavelength meter with 0.0l nm resolution
(Burleigh WA-2500 Wavemeter Jr. or Bristol 512-VIS).

While the Doppler-broadened absorption profile of the
780-nm laser beam was monitored, the collimated blue beam
was simultaneously measured using a photo-multiplier tube
(PMT Burle 931A, Mayer laboratory) or amplified photo-
diode (Hamamatsu S5971, Dawes laboratory), with a 420-
nm bandpass filter (Thorlabs FB420-10). Blue fluorescence
from the cell was easily observable in a dark room at cell
temperature above approximately 60 °C. The collimated blue
beam was characterized using a variety of optical detectors
(PMT, silicon photodetector, optical power meter, CCD
camera, and spectrometer) under various experimental con-
ditions including different combinations of laser power,
polarization, and pump laser frequency.

As a final note on the experimental setup, it is tempting to
split the output with a beamsplitter in order to observe the
CBL with a CCD and PD/PMT simultaneously. While this is
advantageous for simply observing the effect, we caution
that most beamsplitters are designed or AR coated for a par-
ticular wavelength range. The output and pump beam wave-
lengths differ by hundreds of nm so the performance of
wavelength dependent devices must be considered. In
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particular, //2-thickness AR coatings designed for 780 nm
are highly reflective at 420 nm where they are ~/ thick.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The process of CBL generation is very robust and observ-
able over wide range of experimental conditions; however,
because there are several competing and complicated proc-
esses at work, many experimental factors impact CBL pro-
duction. Easily adjustable parameters include the pump laser
powers, beam polarization, frequency detuning, alignment
and collimation, and the temperature of the vapor cell. The
impact of these parameters on CBL production provides for
a wealth of experimental investigations. Some typical experi-
mental results are described below.

A sample output spectrum from the rubidium cell is
shown in Fig. 3. Taken using StellarNet Spectrometer
EPP2000, the spectrum shows the blue beam at 420 nm gen-
erated within the cell along with the incident laser beams at
776 and 780 nm. Similar results were observed using an
Ocean Optics Red Tide USB650 spectrometer. The near-IR
beams were attenuated after the cell so that all three beams
could be displayed on the same graph; the actual power of
the near-IR lasers is much larger than that of the blue beam.
All other data were collected with the blue bandpass
filter positioned at the exit end of the cell to attenuate the
near-IR laser beams by 40dB. Accurate measurement of
the CBL linewidth was limited by the resolution of the
spectrometer.

The CBL was found to be highly collimated with a typical
beam divergence of 3—4 mrad. The spatial coherence of the
blue beam was investigated via two-slit interference as
shown in Fig. 4. The interference pattern was generated by
sending the blue beam through a double slit (slit separation
0.25 mm; slit width 0.04 mm). The wavelength of the blue
beam was measured from the double-slit pattern to be
431 = 10nm. The blue interference pattern, clearly visible
on a white screen in a dark room, was recorded using a
black-and-white CCD camera. High contrast fringes were
observable out to order 22, suggesting a high degree of spa-
tial coherence. Similar fringes, with less contrast, are clearly
visible even at low pump-laser powers. The temporal coher-
ence of the beam could be characterized using a Michelson
interferometer.

420 nm beam

776 and 780 nm beams

[ JL JL

00 400 500 600 700 800 900
Wavelength (nm)

w Spectrometer Output (rel.)

Fig. 3. Sample output spectrum from the heated rubidium cell taken using a
StellarNet EPP2000 spectrometer. The spectrum shows the blue beam at
420nm generated within the cell along with the incident (much stronger)
laser beams at 776 nm and 780 nm. The near-IR beams were attenuated so
that all three beams could be displayed on the same graph.
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el L

Fig. 4. Interference pattern of the blue beam through a double-slit aperture
with slit separation of 0.25mm. The interference pattern was monitored
using a black and white CCD camera.

Without the bandpass filter in place a diffraction grating
can be used to produce diffraction peaks on the screen simul-
taneously for the blue and near-IR beams. The colorful dis-
play reinforces to students the wavelength dependence of the
peak spacing.

The CBL power was characterized as a function of the fre-
quency of the pump lasers, cell temperature, and the incident
laser beam power and polarization. Figure 5(a) shows a sample
PMT signal as the 780-nm laser was scanned over the
85Rb (F=3) and 8Rb (F=2) ground-state transitions. The
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Fig. 5. (a) Sample PMT signal (solid line) of the “on-resonance” collimated
blue beam as the 780-nm laser is scanned over the Rb (F=3) and *’Rb
(F=2) ground-state transitions. The laser powers were 8.5 mW and 8.9
mW, respectively, for the 780-nm and 776-nm laser beams. The rubidium
absorption spectrum of the 780-nm laser (dashed line), taken in a room tem-
perature cell, is included for reference. (b) Collimated blue-beam power as a
function of cell temperature for the “on-resonance” (squares) and “off-
resonance” (circles) beam.
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Fig. 6. Photodetector signals for the collimated blue beam as the 780-nm
pump laser scans through the D, resonance at a cell temperature of
T =87°C. Approximate detuning (A7) is: (i) 0GHz, (ii) —1GHz, (iii)
—1.6 GHz, (iv) —2.9 GHz. The rubidium absorption spectrum of the 780-nm
laser (upper trace), taken in a room temperature cell, is included for
reference.

frequency of the 776-nm laser was set to optimize the CBL
power and fixed (not scanning). Figure 5(b) (solid squares) dis-
plays the peak blue-beam power as a function of cell tempera-
ture for the “on-resonance” blue beam shown in Fig. 5(a). At
higher cell temperatures, absorption of the 780 nm pump beam
diminished the 2-photon process leading to decreased power in
the generated blue beam. Above 110°C a smaller “off-
resonance” peak appeared (unfilled circles). An output of 15
1W was achieved in the Mayer laboratory at a cell temperature
of 89°C for incident laser powers of 8.5 and 9.0 mW at 780
and 776 nm, respectively.

At cell temperatures between 70°C and 110°C, we
observe collimated blue light for on- and off-resonance
detunings of the 780 nm pump laser. Figure 6 includes four
example scans of the 780-nm laser for various 776 nm pump
detunings. At 87 °C, the maximum CBL effect occurs when
the 780-nm pump is tuned to resonance. An off-resonance
effect is also observed for a variety of pump detunings.
We find the off-resonance CBL process is most efficient for
a pump laser detuning Asg0 = —A776 of approximately
1.6 GHz (relative to the *Rb F = 3 ground state) correspond-
ing to Fig. 6(iii), in agreement with prior observations.'*!?

The off-resonance peak was investigated in greater detail in
the Dawes lab; this was made easier due to the larger scanning
range of the 780-nm laser and higher power of the two pump
lasers. Figure 7(a) shows the photodetector signal as the 780-
nm laser was scanned over three of the four ground state
hyperfine transitions in rubidium and the frequency of the
776-nm laser was fixed. As shown, the peak power increases
with temperature from 60 °C through 130 °C. Above this tem-
perature, the output power decreases smoothly and symmetri-
cally about 130°C. Figure 7(b) shows the peak blue-beam
power as a function of cell temperature for the off-resonance
blue beam. An optimum off-resonance signal of 110 uW was
achieved at a cell temperature of 127 °C for incident lasers
power of 21 mW and 13.8 mW at 780 nm and 776 nm, respec-
tively. The off-resonance peak was observed in both laborato-
ries with approximately the same temperature dependence,
though the power was significantly higher in the Dawes labo-
ratory. The off-resonance configuration has been shown by
others to significantly enhance the generation of collimated
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Fig. 7. (a) Sample photodetector signals of the “off-resonance” collimated
blue beam at a variety of temperatures as the 780-nm laser is scanned over
three of the rubidium hyperfine ground states. The laser powers were 21
mW and 13.8 mW, respectively, for the 780-nm and 776-nm laser beams.
The rubidium absorption spectrum is included for reference. (b) Collimated
blue-beam power as a function of cell temperature for the “off-resonance”
beam.

blue light because single-photon absorption and nonlinear
self—focusirll§1 3of the 780-nm laser beam are minimized off
resonance.

Figure 8 shows the relative power of the blue beam as a
function of the incident laser beam powers. Figure 8(a)
shows the results for the on-resonance peak in the Mayer lab-
oratory. Figure 8(b) shows the results for the off-resonance
peak in the Dawes laboratory. Figure 8(c) is a log-log plot of
the data from Fig. 8(b). In each case, the squares (circles)
correspond to adjusting the 780nm (776 nm) laser power
with the 776 nm (780 nm) laser power fixed. The dashed line,
provided for reference in Fig. 8(c), corresponds to an x'~
power dependence. For the on-resonance effect, and in the
low-power regime, the output increases with increasing
pump power regardless of which pump laser is adjusted [see
Fig. 8(a)]. Below 5 mW, the output power increases nonli-
nearly with pump power, but above 5 mW, the relationship
is approximately linear. Compared to the on-resonance case,
the off-resonance effect is more dependent on the power of
the 776-nm pump laser than on the power of the 780-nm
laser. This observation is in agreement with prior studies on
CBL generation (as an example, see Fig. 3 in Ref. 13).

The polarization of the two near-IR pump lasers had a sig-
nificant impact on the output power of the CBL. Figure 9(a)
shows sample PMT signals for the on-resonance blue beam
as the 780-nm laser was scanned in frequency over the *"Rb
(F=3) and ¥Rb (F=2) ground state transitions. Figure 9(b)
shows the corresponding PMT signal of the blue fluores-
cence measured from the side of the cell. The results show
that the blue-beam power is strongly dependent on the pump
laser polarization. The optimum blue-beam power was
observed when the two incident beams had the same circular
polarization. Parallel (crossed) linear polarizations yielded a
blue beam of approximately forty (twenty) percent power.
Opposite circular polarizations essentially eliminated the
collimated blue beam, though the blue fluorescence signal
was still clearly visible in the cell with this configuration of
polarizations. Figure 9(c) shows a similar power dependence
on pump laser polarization for the off-resonance blue beam.
Pump beam polarization determines the distribution of atoms
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among the hyperfine and Zeeman sub-levels of the excited
5D level. In the case of co-circular polarization, the excited
atoms become concentrated in a few specific Zeeman
sub-levels—those with the maximum |m|; relaxation then
occurs via specific sub-levels. As an example, from the *Rb
5Dsp (F' =5, mp=+5) state, the relaxation process occurs
via two specific states: the 6P3, (F' =4, mp=+4) and the
581, (F =3, mg=+3). These transition pathways have the
highest probabilities and thus lead to the strongest output sig-
nal.?® In contrast to the collimated blue beam, the fluores-
cence process is less sensitive to these particular conditions
as the process is not phase-matched; the transitions involved
need not satisfy the same requirements for momentum
conservation.

V. SUMMARY

We have described an advanced undergraduate laboratory
experiment to generate and characterize collimated blue light
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in rubidium vapor. Two grating-feedback diode lasers are
used to drive the 5S-5P-5D ladder transition in rubidium and
up to 110 uW of CBL (420nm) is generated by frequency
up-conversion. Spatial coherence of the beam is investigated
via two-slit interference, and the beam power is character-
ized as a function of the adjustable experimental parameters.
This experiment brings a contemporary field of research
in nonlinear optics and quantum coherence into the under-
graduate laboratory while utilizing equipment commonly
available in laboratories that perform traditional optical spec-
troscopy experiments in rubidium vapor.
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