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Diode-pumped  alkali  vapor  lasers  (DPAL)  are  attracted  much  attention  during  recent  years  for its  numer-
ous potential  applications.  Development  of  DPAL  is reviewed  in this  paper.  The  key techniques  of  DPAL
are  summarized  and  analyzed  in detail,  including  the interactions  between  buffer  gas  and  alkali  vapor,
pumping  structure  and  power  scaling  magnification.  Novel  techniques  used  in  DPAL are  discussed,  such
as  hydrocarbon-free  DPAL  and  unstable  cavity  with  transverse  pumping.  Blue-violet  lasers  by frequency
doubling  of DPAL  are  also  introduced  specifically.  In addition,  potential  applications  and  the  prospects  of
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. Introduction

Efficient operation of a high-power laser with good beam qual-
ty is investigated for several decades for its wide applications in
ndustry, medicine, military and sciences. Diode-pumped solid-
tate laser (DPSSL) [1–5] and chemical gas laser [6–9] are classical
aser sources and they have been developed quickly. But plentiful
azardous gases used in chemical gas laser will limit its appli-
ations and remarkable thermal effect in DPSSL will restrict the
mprovement of its output power and beam quality. In recent
ears, diode-pumped alkali vapor laser (DPAL) has been paid much
ttention for its merits in high efficiency, high power, and good
eam quality [10–24]. For example, the quantum efficiency and
he stimulated emission cross-section are as high as �Q = 98.1% and
s = 5.4 × 10−13 cm2, respectively, by using 795 nm laser diode (LD)
s pumping source of 780 nm Rb laser. And the refractive-index
ariation of He–Rb mixture gas under high operating temperature
s only dn/dT = 2.3 × 10−10/◦C. In addition, thermal management of
PAL is much better than DPSSL for the gaseous gain medium can
e flowed. Therefore, output power of DPAL can be scaled up by

ncreasing its oscillating volume and pumping power, and simulta-

eously the beam quality can be kept at high level. All these features

ndicate that DPAL can be a promising alternative of high power
aser system.
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ciences, Changchun 130033, China.
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At the beginning of the laser era, alkali vapor as laser gain
medium had been investigated [25–27]. In the last two  decades
of last century, the amplified spontaneous emission (ASE) in alkali
atoms was  studied [28–31]. After entering the 21st century, DPAL
has been developed rapidly with the development of high-power
LD. The concept of DPAL [10] is firstly introduced by Krupke in
2001. Subsequently, Krupke’s group demonstrated the first Rb laser
[11] operating at 795 nm by using a Ti:sapphire laser as surrogate
pumping source in 2003. After then, Rb laser pumped by LD arrays,
in fact the first DPAL, was realized in 2005 [12]. Meanwhile, DPAL
using Cs or K vapor as gain medium are also realized successively
[13–16]. For the moment, the highest output power of reported
DPAL was  145 W for continuous wave and 207 W for peak power
at 14% duty factor [17], and the highest slope-efficiency was 81.7%
[18].

In this paper, the development of DPAL is reviewed and the key
techniques are summarized and analyzed in detail, including the
interactions between buffer gas and alkali vapor, pumping struc-
ture and power scaling magnification. Novel techniques used in
DPAL are discussed, such as hydrocarbon-free DPAL and unsta-
ble cavity with transverse pumping structure. Blue-violet laser
by frequency doubling of DPAL is also introduced specifically.
Additionally, potential applications and the prospects of DPAL are
concluded briefly.
2. Key techniques of DPAL

Alkali vapor laser is a three-level laser system which is com-
posed of the ground level 2S1/2, the first excited level 2P1/2 and the

dx.doi.org/10.1016/j.ijleo.2013.01.061
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
mailto:gaofei0104@163.com
dx.doi.org/10.1016/j.ijleo.2013.01.061
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Table 2
Doppler line-widths of D2 transitions for K, Rb and Cs at 373 K.

Alkali atom Atomic mass ��D (GHz)
2S1/2

Fig. 1. Energy level diagram of the alkali vapor laser.

econd excited level 2P3/2, as shown in Fig. 1. The first and second
xcited levels are fine-structure levels split up by a relatively small
nergy due to spin–orbit interaction. The two resonance transi-
ions 2P1/2 → 2S1/2 and 2S1/2 → 2P3/2 are called D1 transition and D2
ransition corresponding to the lasing transition and pumping tran-
ition, respectively. As listed in Table 1, the quantum efficiencies of
lkali vapor lasers are very high for the energy defects between D1
nd D2 transition are quite small. It is indicated that the energy
ransfer from pumping source to alkali vapor laser is effective and
ess waste heat is generated in the gain medium. Therefore, the
lkali atoms have the potential of efficient laser operation.

.1. Interactions between buffer gas and alkali vapor

Buffer gas is used to improve the performances of alkali vapor
aser, such as broadening the absorption line-width homogenously
nd fastening the fine-structure mixing rate and so on. Although
uffer gas has important impacts on DPAL, but it is observed that
hemical contaminations appear on the gain cell windows as DPAL
s operating constantly at high temperature. To avoid the con-
aminations and ensure the operating stability, novel type named
ydrocarbon-free DPAL has been developed recently.

.1.1. Line-width broadening of D2 transition
Without buffer gas, the spectral character of D2 transition is

etermined essentially by Doppler-broadening with a Gaussian
ine-shape. The line-width is given by

�D = 7.16 × 10−7
(

c

�D2

)  (
T

M

)1/2
(1)

Here T is the operating temperature in Kelvin; M is the atomic
ass of alkali atom. The Doppler line-widths of D2 transitions for

, Rb and Cs atom are listed in Table 2.
Compared with the typical spectral width of commercial diode-

aser, the Doppler line-width is quite narrow and the Doppler
roadening D2 transition is inhomogeneous. In order to absorb the

umping power of LD efficiently, the D2 transition must be broad-
ned sufficiently. It can be realized by adding a partial pressure of
uffer gas like helium. Collisions of the alkali atoms with the buffer
as atoms will broaden and reshape the D2 transition. When the

able 1
tomic parameters of alkali vapor laser.

Alkali atom �D2 (nm) �D1 (nm) Energy gap
(2P3/2 → 2P1/2)
(cm−1)

Quantum
efficiency

K 766.70 770.11 57.7 99.5%
Rb  780.25 794.98 237.9 98.1%
Cs  852.35 894.95 554.1 95.2%
K 40 0.852
Rb 85 0.569
Cs 133 0.419

buffer gas collision is in domination, the spectrum of D2 transition
becomes Lorentzian line-shape, and the transition is broadened
homogeneously.

The Lorentzian line-width of D2 transition with the buffer gas
of He is given by

��L = �TnHe (2)

Here �T is the alkali-He collisional broadening coefficient, its
value is measured by experiments; nHe is He number density in
unit of amg  (1 amg  = 2.69 × 1019/cm3). The measured values of �T
[19] are listed in Table 3.

To obtain a certain value of ��L, the pressure of He injected into
the gain cell is calculated by

PHe = P0nHe

(
T

T0

)
(3)

Here T0 = 273.15 K, P0 = 1 atm, and T is the temperature of gas
mixture corresponding to its partial pressure. For the typical colli-
sional line-width value of 12 GHz [16,23,32,33], the pressure of He
is listed in Table 3.

Additionally, the D1 transition is also broadened homoge-
neously with He, which means that the laser transition is induced
without spatial hole burning.

2.1.2. Fast mixing of fine-structure energy levels
During the lasing process of DPAL, the alkali atoms are

cycling the photons from LD through pumping transition
2S1/2 → 2P3/2, fine-structure mixing 2P3/2 ↔ 2P1/2 and lasing transi-
tion 2P1/2 → 2S1/2. In some theoretical models on DPAL [34,35], the
mixing rate between fine-structure levels 2P3/2 and 2P1/2 is sup-
posed to be infinite, and the DPAL is operating as a quasi-two level
system in this assumption. But in fact, the fine-structure mixing is
the slowest step in the cycle, and will limit the cycling rate. Thus,
population excited to the level 2P3/2 must be relaxed to the upper
laser level 2P1/2 at a fast rate once the pumping energy is efficiently
absorbed.

The fine-structure mixing rate can be varied by adding another
molecule gas like ethane, namely the spin-mixing gas. In this
approach, the fine-structure mixing rate due to the inelastic col-
lisions between alkali atoms and ethane molecules is given by [36]

�2P3/2
→ 2P3/2 = nC2H6 �2P3/2

→ 2P3/2vr (4)

Here nC2H6 is the number density of ethane in the gain cell;
�2P3/2

→ 2P3/2 is the cross-section of alkali atoms for ethane; vr

is the relative thermal average velocity between alkali atoms and

ethane molecules, which is given by

vr =
[

3kBT

(
1

malkali
+ 1

mC2H6

)]1/2

(5)

Table 3
Measured values of �T and PHe for different alkali atoms at 373 K.

Alkali atom �T (GHz amg−1) ��L (GHz) PHe (atm)

K 26.7 12 0.614
Rb 18.6 12 0.881
Cs 21.7 12 0.755
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Table 4
Development of hydrocarbon-free DPAL.

Researcher, year, institute Alkali PHe (atm) Pout � (%) T (◦C)

S.S.Q. Wu,  2008, LLNL [32] Rb 2.7 130 mW 7 145
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Table 5
Development of transverse pumping alkali vapor laser.

Research, Year, Institute Alkali Pout � (%)

B.V. Zhdanov, 2008, USAFA [22] Cs 28 W 15
B.V.  Zhdanov, 2009, USAFA [15] Cs 49 W 49
J.  Zweiback, 2009, GAAS [23] K 2 9 mJ  57 197

J.  Zweiback, 2010, GAAS [33] Rb 2.8 28 W 2 139
J.  Zweiback, 2011, GAAS [38] K 3 32 mJ  53 205

Here kB is the Boltzmann constant; malkali and mC2H6 is the mass
f alkali atom and ethane molecule, respectively.

.1.3. Hydrocarbon-free DPAL
With the buffer gas of ethane, enough inversion population of

lkali laser can be obtained. However, chemical reaction between
he alkali and ethane will take place at high temperature, which is
iven by

X + C2H6 → 6XH + 2C (7)

Here X is the alkali atom (K, Rb, or Cs) and XH is the corre-
ponding alkali hydride. The deposition of XH and C will induce
he degradation of cell windows transmission, and result in the
ncrease of lasing threshold and the reduction of the output power
37]. This problem can be eliminated by buffering the alkali vapor
ith pure He. In this case, He is acting as both the spin-mixing and

he pressure broadening gas. As listed in Table 4, the hydrocarbon-
ree DPAL has been realized experimentally for K and Rb lasers. For
s laser, the hydrocarbon-free approach is not applicable for the
s–He fine-structure mixing cross section is too small.

.2. Pumping structure in DPAL

Longitudinal and transverse pumping structures are mainly
sed for alkali-vapor lasers. Longitudinal pumping is adopted in
ost DPAL for it is easy to obtain a relative high pump intensity

nd absorption efficiency, but it is difficult to achieve a higher out-
ut power for the thermal effect. Transverse pumping is convenient
o couple multiple pump beams into the gain cell, and it is a pre-
erred structure used in high power DPAL, but the gain distribution
hould be optimized and the output laser beam quality should be
mproved. To get a high power alkali laser with good beam quality,
nstable cavity has been used in experiments.

.2.1. Longitudinal pumping
Though the line-width of D2 transition can be broadened by

uffer gas, it is still several times narrower than the emission line-
idth of LD. The pumping energy is not absorbed maximally by the

lkali vapor yet. For this reason, longitudinal pumping structure is
dopted to overcome the line-width disparity and achieve a higher
bsorbed-fraction of pumping energy. In this pumping structure,
he opacity of the gain medium in the far spectral wings of the
ollisionally broadened D2 transition can be made sufficiently large,

esulting in a high pump absorption efficiency [19].

A typical longitudinal pumping structure of DPAL is shown in
ig. 2. The linear polarized pumping beam is focused into the center
f alkali-vapor cell by a telescope, where is also the position of

Fig. 2. Schematic diagram of a typical longitudinal pumping DPAL.
J. Zweiback, 2011, GAAS [38] Rb 40 mJ 75
K 32 mJ 53

oscillating laser beam waist. The alkali-vapor cell is placed in the
oven to keep working temperature constant. Brewster windows at
the ends of cell are set to minimize losses for oscillating laser, which
is orthogonal polarized to pumping laser. A cube-type polarized
beam splitter (PBS) is used to separate laser beam from pumping
beam.

Two  key issues should be concerned in the longitudinal pumping
structure:

(1) Coupling the pumping laser into the gain cell efficiently and
separating the oscillating laser from pumping laser.

Coating special films on dichroic mirror is usually used to
reduce losses on pumping laser and separate the oscillating
laser from pumping laser, but it is relative difficult for the minor
wavelength difference between pumping laser and oscillating
laser. Therefore, different polarizers are mostly used to getting
orthogonal polarizations, such as PBS, thin film polarizer and so
on [20,39].

(2) Optimizing the mode overlap between pumping laser and oscil-
lating laser in the gain cell.

Mode overlap is the matching degree of the pump beam to
the laser cavity mode, which is critical for the three-level gain
medium since it creates reabsorption losses at the lasing wave-
length when the pump beam size is less than the cavity mode
size or waste of inverse population when the pump beam size
is bigger than the cavity mode size [13,40]. There are several
definitions on mode overlap [13,36,41], but all definitions are
relative with the pump beam waist ωP and oscillating laser
beam waist ωL. Experiments indicate that the mismatching
between pumping laser mode and laser cavity mode exists in
longitudinal-pumped DPAL all the time, an optimal mode over-
lap can be obtained experimentally by adjusting ωP through
different expansion telescope [13]. In the model of DPAL, mode
overlap is introduced as an adjustable parameter to match the
simulated results with the experimental results [36].

2.2.2. Transverse pumping
To scale up the output power of DPAL, the transverse pumping

structure is used recently for its evident merits compared with the
longitudinal pumping structure: (1) transverse pumping DPAL has
a larger gain region generally, and it is promising to obtain high
power laser output; (2) the pump laser and the oscillating laser
are automatically separated, eliminating the need of sophisticated
optics or complicated pumping geometries; and (3) the laser inten-
sity on the laser windows is decreased, reducing less chance of
optical damage. The development of transverse pumping alkali-
vapor laser is listed in Table 5.

A typical transverse pumping DPAL is shown in Fig. 3. The alkali
vapor cell is placed inside a cylindrical diffuse reflector which has
a slit on its side paralleling to the cell axis. The diffuse reflector
is assembled inside a temperature controlled oven. The pumping
beam is coupled into cell by cylinder lens through the slit. The
first transverse pumping DPAL is realized by using Cs as the gain

medium, with an output power of 28 W and a slope efficiency of
15% [22]. The lower slope efficiency is attributed to low pump effi-
ciency for the large disparity between cavity mode size and relative
large reflector volume. As a result, a part of the pump radiation has
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Fig. 3. Schematic diagram of a typical transverse pumping DPAL.
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ig. 4. A typical MOPA system of longitudinal pumping DPAL (�/2 waveplate is used
o  adjust the input power).

ot been used sufficiently. It is demonstrated that the slope effi-
iency can be improved by using an unstable cavity to increase the
asing mode volume. The slope efficiency is increased to 43%, and
he output power is up to 49 W [15].

.3. Power scaling of DPAL

Power scaling is one of the key techniques for DPAL, and the
ain technical difficulty is to realize higher output power and

eep better thermal management simultaneously. One approach
o realize high power DPAL output is a master oscillator power
mplifier (MOPA), which allows simplifying the use of multiple
umping sources and handling the excessive heat released into
he gain medium. MOPA system for DPAL has been investigated
heoretically and its performance has been proved to be favorable
xperimentally [39,42–44].

As other MOPA laser systems, the DPAL MOPA system is also
omposed of two parts, one is the seed laser and the other is the
mplifier, as shown in Fig. 4. The performance of MOPA is deter-
ined by its amplification factor

 = Pout

Pin
= eg1 (8)

Here Pout is the output power and Pin is the input power of seed
aser, g is the gain coefficient and l is the length of gain cell.

The main issues influencing the amplification factor of the DPAL
OPA system mainly include the operating temperature, mode

verlap between the pumping beam and seed laser, and pumping
ower. Experimental results indicate that the amplification factor

ncreases with the operating temperature until it exceeds the opti-
al  value, and it also increases with mode overlap and pumping
ower until appearing obvious thermal effects [39,42]. In addition,
he incident power of the seed laser is also important for improving
he MOPA performance. Experimental results [39,42] and theo-
etical model [44] show that the amplification factor is basically

able 6
evelopment of alkali-vapor MOPA lasers.

Research, Year, Institute Alkali Pp

D.A. Hostutler, 2008, AFRL [39] Rb 2.
B.V.  Zhdanov, 2008, USAFA [42] Cs 18
B.V.  Zhdanov, 2010,
USAFA [43] Cs 28
2013) 4353– 4358

maintained at a constant for lower power of the seed laser. The
MOPA is approaching the saturated regime when the seed laser
increases to a certain value and it extracts nearly all the available
stored energy in the gain medium. With the further increase of seed
laser, the amplification factor begins to decrease, but the output
power still increases. Therefore, it is necessary to keep a balance
between the high output power and the efficiency when a DPAL
MOPA system is designed.

A transverse pumping DPAL MOPA is realized with a maximum
output power of 25 W and a maximum amplification factor of 10
[43]. It is demonstrated that the transverse pumping MOPA is more
effective than the longitudinal pumping structure for power scal-
ing of DPAL. The development of MOPA based on DPAL is listed in
Table 6.

Another approach using a planar waveguide DPAL is also
proposed to be a power-scaled system and the magnification per-
formance has been studied theoretically [12]. The thermal effect
can be mitigated by the reducing temperature gradient at the heat
transporting direction in this approach.

3. Application of DPAL

3.1. Blue-violet Laser

High power blue-violet lasers are desirable for many appli-
cations, such as data recording, laser displays, underwater
communication, laser medical treatment and environmental mon-
itoring. One promising way  to generate blue-violet lasers is
frequency doubling of the DPAL.

Now, violet laser at 397.4 nm [45] and blue laser at 447 nm
[46–48] are obtained by frequency doubling of Rb laser and Cs
laser, respectively. By intracavity frequency doubling of Rb laser
in BiBO crystal, 397.4 nm laser with output power of 250 mW and
conversion efficiency of 1.5% is obtained from the fundamental
laser [45]. 447 nm laser in PPKTP crystal is demonstrated, and con-
tinuous wave power of 600 mW with efficiency of 4% and peak
power of 2.1 W with efficiency of 14% in pulsed operation are
obtained, respectively [47]. Experimental results [48] of frequency
doubling of Cs laser by using different nonlinear crystals are shown
in Table 7.

In addition, a blue laser at 459 nm is also demonstrated by
direct optical excitation to the 72P3/2 state of Cs vapor [24].
The corresponding pumping transition and lasing transition are
62S1/2 → 72P3/2 and 72P1/2 → 62S1/2, respectively. In this experi-
ment, the Cs vapor cell is pumped by a pulsed 455 nm dye laser
and the maximum output power is 500 mW.

3.2. Potential applications

DPAL can be the excellent light source for laser cooling
and producing of the spin polarized noble atoms, where the
narrow-line-width laser is required to be precisely detuned at
specific hyperfine resonances. Therefore, DPAL can provide new

approaches for researches on atomic physics, quantum optics and
laser spectroscopy. In addition, DPAL has good beam quality and
can be scaled up to high power, so it has great potential in
laser directed energy applications, both civilian and military. For

ump (W)  Pin A

4 50 mW 6
 10 mW 145 (small signal)

0
5 W 5
0.5 W 10
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Table 7
Frequency doubling performance in different crystals and different laser mode.

Geometry Single pass extra-cavity frequency-doubling Intra-cavity frequency-doubling

Crystal PPKTP BiBO LBO PPKTP BiBO LBO

CW
PSH-max (mW)  0.132 0.275 0.344 1240 218 90
Pf-max (W)  5.0 5.4 3.9 10.3 17.8 21.7
Efficiency (%) 2.64 0.51 0.09 12.5 1.5 0.41

QCW  (pulse width = 100 �s)
PSH-max (mW)  594 30.8 11.4 2490 1120 277
Pf-max (W)  4.4 5.3 5.3 10.8 16.6 15
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nnotation: PSH-max is the maximum power of the second harmonic laser and Pf-max i

xample, it is significant to transfer ground-generated power of
PAL to remote PV cells on satellites or space shuttles because DPAL
ffers high efficiency laser beams at the wavelengths matching with
he absorption of PV cells, for example silicon cell at 895 nm (Cs
aser), GaAs cells at 795 nm (Rb laser) and 770 nm (K laser). Further-

ore, DPAL can be used in laser processing for its energy is easily
bsorbed by materials due to its shorter wavelength compared with
d:YAG laser or CO2 laser.

. Prospects of DPAL

Researches on DPAL are mainly aimed at stable operation for
igh power output with good beam quality. The trend of DPAL is
oncluded from its key techniques.

1) Hydrocarbon-free DPAL. Operating temperature is very high
for high power DPAL, so it is easy to induce chemical reaction
between the hydrocarbon gas and the alkali-vapor in long-time
operation, and degrade the laser stability.

2) Unstable cavity with transverse pumping structure. Efficiency
of transverse pumping is not as high as longitudinal pumping,
but it is more preferable to couple the pumping laser and
improve the mode overlap by employing an unstable cavity.

3) MOPA system of DPAL. To reduce the thermal effect, it is quite
feasible to scale DPAL to higher power by adopting a chain of
amplifiers.

. Conclusion

In this paper, the development of DPAL is reviewed and the key
echniques are summarized and analyzed in detail, including the
nteractions between buffer gas and alkali vapor, pumping struc-
ure and power scaling magnification. Novel techniques used in
PAL are discussed, such as hydrocarbon-free DPAL and unstable
avity with transverse pumping. Blue-violet lasers by frequency
oubling of DPAL are also introduced specifically. Additionally,
otential applications and the prospects of DPAL are concluded
riefly.
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