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Efficient pumping of Rb vapor by high-power
volume Bragg diode laser
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A 2 W cw laser diode (LD) with an external cavity produced by a reflecting volume Bragg grating (VBG)
demonstrated a spectral width of 7 GHz (full width at half-maximum) at 780 nm. The device output power
exceeded 90% of the output power of the free-running LD. The emission wavelength was tuned over a
300 pm range by thermal control of the VBG. Rb vapor was shown to absorb more than 95% of the laser
radiation. © 2007 Optical Society of America
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Optically pumped alkali-vapor (Cs, Rb, and K) lasers
are attractive sources for high-power applications
due to their high quantum efficiency, excellent optical
beam quality, and reduced thermal load [1]. These
alkali-vapor lasers require optical pump sources that
can reliably emit energy within the narrow
��10 GHz� absorption bands of the alkali vapor.
There are several approaches for optical pumping of
such narrow absorption band media. Rb and Cs vapor
lasers optically pumped by Ti:sapphire [1,2] and dye
[3] lasers have been reported. It has been demon-
strated that the alkali-vapor lasers can be optically
pumped by laser diode (LD) arrays with linewidth ex-
ceeding several nanometers (a few terahertz); how-
ever, the optical-to-optical efficiency of such pumping
did not exceed 10% and required high-pressure buffer
gasses [4–6]. It was shown that a distributed-
feedback LD produced 1 W of output power within
0.1 nm spectral linewidth [7]. Single LDs and laser
bars integrated into wavelength selective external
cavities with planar diffraction gratings can simulta-
neously achieve narrow linewidths (hundreds of giga-
hertz) and high output powers (tens of watts) [8–11].

Recently, an LD bar with a volume Bragg external
cavity has shown an output power of more than 10 W
with a 7 GHz FWHM spectral linewidth in cw opera-
tion [12]. However, this laser had a narrow-line emis-
sion with spectral contrast less than 20 dB and a
slope efficiency of less than 0.5 W/A. Photothermore-
fractive (PTR) volume Bragg gratings (VBGs) with
higher spectral resolution power in comparison with
conventional diffractive gratings have been recently
developed [13,14]. This technology has opened new
opportunities for the design and fabrication of com-
pact external cavity diode lasers suitable for optical
pumping of solid state, fiber, and gas lasers [15].
Spectral narrowing down to the subnanometer range
for LDs, bars, and stacks integrated in VBG external
cavities has been demonstrated recently [15–17].

In this Letter, we report on the development of a
volume Bragg diode laser operating at 780 nm suit-
able for highly efficient optical pumping of Rb lasers.

Cw power up to 2 W within a linewidth of 14 pm
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�7 GHz� (FWHM) and spectral contrast better than
45 dB are demonstrated.

The volume Bragg laser (VOBLA) consisted of a
150 �m wide and 2 mm long off-the-shelf LD, a fast-
axis collimator, and a reflective VBG as a
wavelength-selective output coupler. The 17 mm
thick reflecting Bragg grating (RBG) in a PTR glass
was specially designed and fabricated at OptiGrate.
This 5 mm�6 mm aperture mirror exhibited a 70%
diffraction efficiency for plane waves at resonant
wavelength, a 30 pm �15 GHz� spectral selectivity
(FWHM), and 1° angular selectivity (FWHM). The
resonant Bragg wavelength of the RBG at normal in-
cidence (retroreflection) was 779.92 nm correspond-
ing to a refractive index modulation period of
0.26 �m. The RBG and a fast-axis collimator had an-
tireflection coatings to prevent the parasitic reflec-
tions. The LD and RBG were mounted on thermoelec-
trically cooled copper heatsinks with temperature
stability of ±0.01 K.

The laser spectral characteristics were studied in
cw operation. To evaluate the overall emission spec-
tra of the free-running LD and VOBLA, the laser out-
put radiation was collected into an integrating
sphere and was then coupled into an optical spec-
trum analyzer (OSA) using a single-mode fiber. The
spectral resolution of the experimental setup was
15 GHz �30 pm�. The laser spectral width and mode
structure were initially evaluated using a Fabry–
Perot etalon with 15 GHz free spectrum range and
0.8 GHz spectral resolution. Precise measurement of
the VOBLA mode structure was performed using a
scanning confocal Fabry–Perot interferometer with a
10 GHz free spectrum range and 67 MHz spectral
resolution.

Figure 1(a) shows the emission spectra of the free-
running (dotted curve) and volume Bragg (solid
curve) diode lasers measured at 1 W cw output
power. The temperatures of the LD and RBG were
18°C and 25°C, respectively. The emission spectrum
of the free-running LD had a maximum of �780 nm
and a spectral width of 2 nm (FWHM). The emission
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spectrum of VOBLA was narrowed to 30 pm �15 GHz�
FWHM [Fig. 1(b)], which corresponded to the spec-
tral resolution of the OSA. The spectral contrast was
better than 45 dB. The VOBLA emission spectrum
width insignificantly broadened at higher level of
output power.

The VOBLA spectral linewidth was determined by
measuring the emission spectrum using a Fabry–
Perot etalon with a free spectrum range overlapping
the spectral resolution of the optical spectrum ana-
lyzer. It was shown that the VOBLA linewidth did
not exceed 7 GHz (FWHM). The detailed mode struc-
ture of the VOBLA was measured using the scanning
confocal Fabry–Perot interferometer. Figure 2 shows
the mode structure of the VOBLA producing 1 W cw
power. The spectrum repetition spacing equals to the
free spectral range �10 GHz� of the scanning confocal
interferometer. The external cavity resonator sup-
ported up to four modes with �2 GHz mode spacing
and 7 GHz overall spectral bandwidth. This mode
spacing is in good agreement with the distance be-
tween adjacent longitudinal modes in the given ex-
ternal resonator. Typically, more that 80% of emitted
power was concentrated within one or two of those
modes. The VOBLA spatial mode distribution mea-
sured at 1 W cw output power showed multimode op-
eration with �6° FWHM of the far-field pattern.

Figure 3 shows that the dramatic spectral narrow-

Fig. 1. (a) Emission spectra of free-running (dotted curve)
and volume Bragg (solid curve) diode lasers in semilog
scale. (b) Emission spectrum of a VOBLA in linear scale.
ing to a 7 GHz linewidth leads to only an approxi-
mate 10% decrease of output power. The current
threshold decrease and slope efficiency drop resulted
from the higher reflection from the external Bragg
mirror as compared to the free-running LD. The laser
output mirror reflectivity increased from 0.5% to ap-
proximately 10% that decreased the device mirror
loss in accordance with [18]. To evaluate this result
we roughly estimated the VBG reflectivity for the in-
cident divergent beam. The far-field pattern of the
free-running LD was measured along the slow axis.
The FWHM of the far-field pattern was �7° com-
pared with the 1° angular selectivity of RBG. So, only
one seventh of the LD beam was reflected back by the
given VBG, which had 70% reflectivity for the plane
wave at resonant wavelength. The VBG reflectivity
can be roughly estimated as 10% for the incident LD
beam.

Optical pumping of Rb vapor media requires tun-
ing of pumping laser emission to precisely overlap
with the Rb absorption bands. The VOBLA emission
spectrum was thermally tuned over a 300 pm spec-
tral range by heating the RBG, which provided a
Bragg wavelength thermal shift of 8 pm/K [Fig. 4(a)].
This thermal shift of the wavelength does not dete-
riorate the width of the laser spectrum.

Fig. 2. Emission spectrum of the VOBLA measured by a
scanning confocal Fabry–Perot interferometer with 10 GHz
free spectral range.

Fig. 3. Cw output power of a free-running (hollow square)
and a volume Bragg (solid square) diode laser versus driv-

ing current.
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The absorption of the pump light by Rb atoms was
measured in a Rb cell at 420 K. The cell contained Rb
vapor mixed with C2H6 buffer gas. The buffer gas
pressure was 300 Torr �0.4 atm�. These conditions do
not significantly contribute to Doppler and collisional
broadening mechanisms of the Rb absorption spec-
trum. Figure 4(b) shows the absorption of laser radia-
tion by the Rb cell versus central wavelength of
VOBLA. The central wavelength was determined as
the average weighted wavelength of the emission
spectrum recorded by the optical spectrum analyzer.
The low-pressure Rb cell absorbed more than 95% of
VOBLA radiation at a wavelength of 779.92 nm.

In summary, a diode laser with a VBG output cou-
pler emitting at 780 nm has demonstrated a cw out-

Fig. 4. (a) Emission spectra of a volume Bragg diode laser
at different grating temperatures. (b) Absorption of VOBLA
radiation by an Rb cell versus central wavelength of
emission.
put power up to 2 W with a slope efficiency of 1 W/A,
a spectral width (FWHM) of 7 GHz �14 pm�, and a
tunability of over 300 pm. More than 95% of the laser
emission was absorbed by a Rb cell.

The authors thank L. Glebova, I. Ciapurina, I. Pop-
kova, E. Rotar, and J. Lumeau for RBG fabrication,
certification, and processing and D. Hostutler for use-
ful discussions.

References

1. W. F. Krupke, R. J. Beach, V. K. Kanz, and S. A. Payne,
Opt. Lett. 28, 2336 (2003).

2. R. J. Knize, T. Ehrenreich, and B. Zhdanov, J. Directed
Energy 2, 145 (2006).

3. A. Sharma, N. D. Bhaskar, Y. Q. Lu, and W. Happer,
Appl. Phys. Lett. 39, 209 (1981).

4. R. H. Page, R. J. Beach, V. K. Kanz, and W. F. Krupke,
Opt. Lett. 31, 353 (2006).

5. Y. Wang, M. Niigaki, H. Fukuoka, Y. Zheng, H.
Miyajima, S. Matsuoka, H. Kubomura, T. Hiruma, and
H. Kan, Phys. Lett. A 360, 659 (2007).

6. Y. Wang, T. Kasamatsu, Y. Zheng, H. Miyajima, H.
Fukuoka, S. Matsuoka, M. Niigaki, H. Kubomura, T.
Hiruma, and H. Kan, Appl. Phys. Lett. 88. 141112
(2006).

7. T. Earles, L. J. Mawst, and D. Botez, Appl. Phys. Lett.
73, 2072 (1998).

8. E. Babcock, B. Chann, I. Nelson, and T. Walker, Appl.
Opt. 44, 3098 (2005).

9. C. L. Talbot, M. E. J. Friese, D. Wang, I. Brereton, N.
R. Heckenb, and H. Rubinsztein-Dunlop Appl. Opt. 44,
6264 (2005).

10. Y. Zheng and H. Kan, Opt. Lett. 30, 2424 (2005).
11. B. V. Zhdanov, T. Ehrenreich, and R. J. Knize,

Electron. Lett. 43, 221 (2007).
12. L. S. Meng, B. Nizamov, P. Madasamy, J. K. Brasseur,

T. Henshaw, and D. K. Neumann, Opt. Express. 14,
10469 (2006).

13. O. M. Efimov, L. B. Glebov, and V. Smirnov, “High
efficiency volume diffractive elements in photo-
thermal-refractive glass,” U.S. patent 6,673,497
(January 6, 2004).

14. O. M. Efimov, L. B. Glebov, L. N. Glebova, and V. I.
Smirnov, “Process for production of high efficiency
volume diffractive elements in photo-thermal-
refractive glass,” U.S. patent 6,586,141 (July 1, 2003).

15. G. Venus, A. Sevian, V. Smirnov, and L. Glebov, Proc.
SPIE 5711, 166 (2005).

16. L. B. Glebov, Proc. SPIE 6216, 621601 (2006).
17. B. L. Volodin, S. V. Dolgy, E. D. Melnik, E. Downs, J.

Shaw, and V. S. Ban, Opt. Lett. 29, 1891 (2004).
18. L. A. Coldren and S. W. Corzine, Diode Lasers and

Photonics Integrated Circuits (Wiley, 1995).


