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Abstract: Lasing on the D1 transition (62 P1/2 → 62 S1/2 ) of cesium can be reached in both diode
and excimer pumped alkali lasers. The first uses D2 transition (62 S1/2 → 62 P3/2 ) for pumping,
whereas the second is pumped by photoexcitation of ground state Cs-Ar collisional pairs and
subsequent dissociation of diatomic, electronically-excited CsAr molecules (excimers). Despite
lasing on the same D1 transition, differences in pumping schemes enables chemical pathways and
characteristic timescales unique for each system. We investigate unavoidable plasma formation
during operation of both systems side by side in Ar/C2 H6 /Cs.
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1.

Introduction

DPALs, first demonstrated in 2003 [1], are a type of optically pumped lasers which use inexpensive
semiconductor diode lasers as a pump to alkali vapor. Lasing on the D1 (894.59 nm) transition of
alkali atom by directly exciting the D2 (852.35 nm) transition by the pump radiation are discussed
in various references [1–3]. Recent studies showed that Rb and K based DPALs have yielding
efficiencies in excess of 50% [2, 4], while models predict efficiencies up to 90%.
XPALs provide an alternative approach to optically pumping alkali lasers by photo-association
+ )
of alkali-rare gas atomic collision pairs. In the four-level XPAL pumping scheme, the CsAr(B2 Σ1/2
state, the blue satellite, is optically pumped by 837 nm pulses, which followed by the dissociation
+ ) and population of Cs(62 P
of CsAr(B2 Σ1/2
3/2 ). The alternative pumping scheme, not discussed
in present work, is pumping of weakly-bound CsAr(A2 Π3/2 ) state, the red satellite, by 853 nm
pump pulse, which followed by the dissociation of CsAr(A2 Π3/2 ) and population of Cs(62 P3/2 ).
In both systems the 2 P3/2 states are further collisionally quenched to the 2 P1/2 state. Lasing
occurs on the 2 P1/2 → 2 S1/2 transition, which requires the upper laser level to be inverted with
respect to the ground state. During the operation of DPAL and XPAL a laser induced plasma is
formed [5, 6]. One efficient mechanism for laser induced plasma is LIBORS (Laser Ionization
Based on Resonance Saturation) proposed by Measures [7], according to which the electron
heating by superelastic relaxation of laser-produced excited species then rapidly avalanches to
nearly full ionization. Laser induced plasma can potentially decrease the laser performance.
Other factors affecting the laser performance are the gas heating and rarefication of the laser
medium [8–17]. The semi-analytical model developed by Barmashenko et al. exhibited a laser
power increase during high power pumping of flowing gas DPALs by convective cooling [14].
Palla et al. and Carrol et al. have developed global and multidimensional models for XPALs in the
Ar/Cs system [15–17]. They found that the increase in the cell temperature and Cs vapor pressure
increases the XPAL efficiencies. Computational investigation of Cs/Ar XPALs conducted by
Zatsarinny et al. revealed that 4 ns (3 µs inter-pulse period) 32 MW/cm2 pulses produce electron
densities exceeding the values of 1014 cm−3 , which ultimately reduces laser power by depletion
of the ground state through ionization and by electron collision mixing of the laser levels [21].
In present paper, we discuss results from a computational investigation of the DPAL and
XPAL systems in Ar/Cs/C2 H6 mixture with lasing oscillations on D1 (894.59 nm) transition,
Cs(62 P1/2 )→ Cs(62 S1/2 ). Our focus in this study was a side by side comparison of the mechanisms
of the laser induced plasma formation in DPAL and XPAL. A weakly ionized plasma is formed
and has the electron densities up to 1014 cm−3 . The dominant reactions underling in our analysis
are obtained by the post-processing PumpKin tool [18, 19]. The global model used in the present
work is described in section 2. Pumping two regimes of continuous wave (CW) and pulsed form,
are discussed in sections 3 and 4. Our conclusions and remarks are made in section 5.
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2.

Description of the model

In this computational investigation we used Global_Kin, a global plasma kinetics model described
in [20], where the rate equations for species densities, temperatures, pump intensities, and laser
intensities are integrated as a function of time over successive pulsed periods. Electron impact
processes are included in Global_Kin for elastic and inelastic collisions, including electronic and
vibrational excitations, super-elastic collisions, ionization and recombination. The coefficients are
obtained from solutions of Boltzmann’s equation for the electron energy distribution function and
are functions of electron temperature, which is the solution of the electron energy conservation
equation.
The gas mixture of Ar/C2 H6 /Cs = 85/15/1.8 × 10−5 at 600 Torr pressure sustained in a cell at
temperature of 425 K. We chose the initial electron density to be 106 cm−3 . The steady state (or
pulsed-periodic steady state) electron density is not sensitive to the initial value. The initial Cs/Cs2
densities are calculated by the vapor pressure based on the temperature of the laser cell, and are
2.4 × 1014 cm−3 for Cs and 2.4 × 1012 cm−3 for Cs2 . The cell used in this computational study is
described in [21], which is 5 cm long resonator with a rear mirror having 100% reflectivity and
output coupler with 98% reflectivity for the laser wavelength. Laser is pumped longitudinally
with a single pass of the pump beam.

Fig. 1. Energy level diagram for cesium (Cs), DPAL and XPAL pumping schemes.

We have considered 629 reactions among the following species: e, Cs(62 S1/2 , 62 P1/2 , 62 P3/2 ,
52 D5/2 , 72 S1/2 , 72 P1/2 , 72 P3/2 , Ryd), Cs+ , Cs2 , Cs2 + , Cs2 ∗ , Ar, Ar2 ∗ , Ar+ , Ar2 + , Ar(1s5 ,
+ ), CsAr+ (X, A), C H , C H (v13, v24),
1s4 , 1s3 , 1s2 , 4p, 4d), CsAr(A2 Π1/2 , A2 Π3/2 , B2 Σ1/2
2 6
2 6
+
−
C2 H6 , C2 H6 . Also, we included the diode laser pump intensity, ϕp , and laser intensities for the
Cs(62 P1/2 ) → Cs(62 S1/2 ) transition, ϕ1 (894.59 nm) and the Cs(62 P3/2 ) → Cs(62 S1/2 ) transition,
ϕ2 (852.35 nm). The electron impact cross sections for Cs were calculated using fully relativistic
all-electron B-spline R-matrix (BSR) with pseudo-states ansatz with 311 coupled states.
In Fig. 1 we show the energy levels of Cs atom with allowed spectroscopic transitions
between the excited states. In DPAL, pumping occurs at D2 (852.35 nm), on the Cs(62 S1/2 )
→ Cs(62 P3/2 ) transition and lasing occurs on the D1 (894.59 nm) transition, Cs(62 P1/2 ) →
Cs(62 S1/2 ). Collisional mixing (spin orbit relaxation) of the 2 P3/2 and 2 P1/2 levels is the key part
of this three-level (in fact, a quasi-two-level) laser scheme. During the spin-orbit relaxation an
electron in the 2 P3/2 state is relaxed to 2 P1/2 state through inelastic collisions with a ethane, while
the energy difference between the 2 P levels is transferred to translational, rotational or vibrational
modes of ethane or the translational energy of the Cs atom. Importantly, ethane has relatively
large mixing rate (cross section) and small quenching rates of the 2 P levels.
+ ) state is optically pumped by
As shown in Fig. 1, in XPAL pumping scheme, the CsAr(B2 Σ1/2
52 D3/2 ,
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+ ) state and population of Cs(62 P
837 nm pulses, followed by the dissociation of CsAr(B2 Σ1/2
3/2 ).
2
Once the Cs(6 P3/2 ) excited state is populated, the lasing is achieved by the same mechanism as
for DPAL described above.

3.
3.1.

Continuous wave pumping regime
DPAL

In Fig. 2(a) we show the densities of species responsible for lasing for a CW DPAL pumping of
Cs cell at the temperature of 425 K with a pumping power of 12 kW/cm2 . The pump at 852 nm
depletes the population of the ground state cesium Cs(62 S1/2 ) into the Cs(62 P3/2 ) excited state.
Then ethane collisionally relaxes the Cs(62 P3/2 ) into the Cs(62 P1/2 ) state. When the Cs(62 P1/2 )
state is sufficiently populated (1 × 1014 cm−3 ), and the upper and lower laser levels are the
same (determined by the ratio of the degeneracies), the intensity of the laser oscillation on
the Cs(62 P1/2 ) → Cs(62 S1/2 ) transition (894 nm) increases. After reaching threshold, laser
oscillation and the densities of laser levels heavily saturate. The 62 P states quenched in ArCs∗
dimer formation reactions with the following reaction rates:
Cs(62 P3/2 ) + Ar + M → CsAr(A2 Π3/2 ) + M 1 × 10−32 cm6 s−1,
2

Cs(6 P3/2 ) + Ar + M →
2

Cs(6 P1/2 ) + Ar + M →

+
CsAr(B2 Σ1/2
)+M
2
CsAr(A Π1/2 ) + M

1 × 10

−32

2 × 10

(1)

6 −1

cm s ,

(2)

6 −1

(3)

−32

cm s ,

where M is a third body.

Fig. 2. (a) Density of species responsible for lasing during the first 10 µs of CW pumping for
DPAL at 425 K, [C2 H6 ] = 0.15, 600 Torr. (b) Output laser intensity (894 nm) as a function
of input pump powers of 4 - 12 kW/cm2 .

Besides ArCs∗ dimer formation reactions, the laser lower level Cs(62 S1/2 ) is quenched in the
energy pooling reactions [Cs(62 S1/2 ) + Cs(62 S1/2 ) → Cs + Cs(72 P1/2,3/2 )] populate the upper
Cs(72 P) states with a rate coefficient of 7 × 10−10 cm3 s−1 . The other energy pooling reactions
populate cesium Rydberg states [Cs∗ + Cs∗ → Cs + Cs(Ryd)] with a rate coefficient of 1 × 10−10
cm3 s−1 . High intensity of laser radiation photoionizes the cesium 72 S, 72 P, and Rydberg states
[ϕ1 (894 nm) + Cs(72 S, 72 P, Ryd) → Cs+ + e] with a rate coefficient of 6 × 10−7 cm3 s−1 creating
plasma densities of 1.6 × 1013 cm−3 , which corresponds to the fractional ionization of [e]/[Cs] =
0.06. The plasma consists of Cs+ and CsAr+ (X) ions, while latter is populated by the three-body
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charge transfer reaction [Cs+ + Ar + M → CsAr+ (X) + M] with a rate coefficient of 5.6 × 10−32
cm6 s−1 . On the other hand, CsAr+ (X) ions can populate the Cs+ ions by the two-body charge
transfer reaction [CsAr+ (X) + Ar → Ar + Cs+ + Ar] with a rate coefficient of 5.3 × 10−10 cm3 s−1 ,
with excess energy going to the gas heating.
Electron impact processes play a crucial role in mixing the 72 S, 72 P, and Rydberg Cs states.
When the electron impact process increases the excitation level [ehot + Cs∗ → Cs∗∗ + ecold ], the
electron loses its energy, while in the opposite case the electron gains the energy. The cesium
excited states higher than 72 S depleted by either spontaneous emission [Cs∗∗ → Cs∗ + ϕ] or by
the electron impact superelastic reactions [ecold + Cs∗∗ → Cs∗ + ehot ] increasing the electron
temperature. The excitation transfer between excited states of cesium and ethane populates
vibrational levels of ethane, which can causes an increase in gas temperature.
DPAL laser intensities for the input pump powers of 4 - 12 kW/cm2 are shown in Fig. 2(b)
as a function of time. When the pump power is low, it is not sufficient to produce a population
inversion necessary for lasing. But when the pump power is higher than a certain threshold (in this
case, the threshold is somewhere between 5 to 6 kW/cm2 ) the laser upper level is high enough to
produce lasing action. Increasing pump power will saturate the output laser intensity, as the pump
rate is limited by the Cs vapor density and the maximum inversion density possible to achieve.
Moreover, the time required to achieve a population inversion and start lasing is decreasing with
increase of input pump power.
3.2.

XPAL

In Fig. 3(a) we show the densities of species responsible for lasing for a CW XPAL pumping of
Cs cell at the temperature of 425 K with a pumping power of 0.5 MW/cm2 . The pump at 837 nm
+ ) dimer by the following reaction:
populates the CsAr(B2 Σ1/2
ϕp (837 nm) + Cs(62 S1/2 ) + Ar → CsAr(B2 Σ1/2 )

6 × 10−26 cm6 s−1,

(4)

Fig. 3. (a) Density of species responsible for lasing during the first 10 µs of CW pumping for
XPAL at 425 K, [C2 H6 ] = 0.15, 600 Torr. (b) Output laser intensity (894 nm) as a function
of input pump powers of 0.44 - 0.52 MW/cm2 .
+ ) gets dissociated and converted to the Cs(62 P
Furthermore, the excited state CsAr(B2 Σ1/2
3/2 )
2
+
excited state by the [CsAr(B Σ1/2 ) + M → Cs(62 P3/2 ) + Ar + M], where M is the third body,
reaction with a rate coefficient of 2.1 × 10−10 cm3 s−1 . Once, the Cs(62 P3/2 ) state is populated,

Vol. 26, No. 1 | 8 Jan 2018 | OPTICS EXPRESS 493

the process resulting into the lasing are the same as for the DPAL’s case: ethane collisionally
relaxes the Cs(62 P3/2 ) into the Cs(62 P1/2 ) state and when sufficient density of Cs(62 P1/2 ) state is
reached (1 × 1014 cm−3 ), and the upper and lower laser levels are the same (determined by the
ratio of the degeneracies), the intensity of the laser oscillation on the Cs(62 P1/2 ) → Cs(62 S1/2 )
transition (894 nm) increases up to reaching a threshold, after which laser oscillation and the
densities of laser levels heavily saturate. The mechanisms of formation of 72 S, 72 P, and Rydberg
states in case of XPAL are the same as for DPAL laser. Unlike in DPAL, in XPAL the Cs upper
states are photoionized by the intra-cavity pump radiation [ϕintra (837 nm) + Cs(72 S, 72 P, Ryd) →
Cs+ + e] with a rate coefficient of 6 × 10−7 cm3 s−1 .
One clear difference between the XPAL and DPAL lasers is that the former requires much
higher (two orders of magnitude higher) pumping power and, despite of that, the lasing starts much
later compared to the DPAL. The reason is that in XPAL the pumping is a three-body reaction,
+ ),
and hence, requires more time and pumping power to sufficiently populate the CsAr(B2 Σ1/2
while in DPAL the Cs(62 P3/2 ) states are populated directly from the pump radiation. The plasma
formation in both of the lasers is due to the photoionization of upper Cs states by laser radiation
in the case of DPAL and by the intra-cavity pump radiation in the case of XPAL.
4.

Pulse pumping regime

In this section we investigate both lasers when pumping power delivered in pulsed form. We
identify two pulsing regimes: 1. low frequency regime, where the pump repetition frequency is 1
kHz and pump duration is 1 µs; 2. high frequency regime, where the pump repetition frequency
is 1 MHz and pump duration is 10 ns. All the densities are built on pulse to pulse basis and
achieve a pulse-periodic steady state in tens of successive pulses.

Fig. 4. Densities of species responsible for lasing at low frequency (1 kHz) pumping of (a)
DPAL and (b) XPAL. The results are at 50th pulse.

The densities of electrons and cesium species as a function of time are shown for DPAL in
Fig. 4(a) and for XPAL in Fig. 4(b) for the low frequency regime. In comparison with the constant
wave (CW) form, in the pulsed case the densities are decreasing during the inter-pulse period
when power is off. These low densities are just enough for the pump radiation to start with and
produce the population inversion and lasing. The lasing mechanism, as well as the mechanism of
plasma formation, in pulsed case is the same as in the CW case.
We show the densities of electrons and cesium species as a function of time are shown for
DPAL in Fig. 5(a) and for XPAL in Fig. 5(b) for the high frequency regime. Due to very short
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Fig. 5. Densities of species responsible for lasing at high frequency (1 MHz) pumping of (a)
DPAL and (b) XPAL. The results are at 50th pulse.

pulse length we need much high pulse power to produce population inversion and lasing. As it
was in all previous cases, the electron temperature is only slightly increased, but still it is too low
to enable any electron impact reaction increasing the excitation from Cs(62 P) state to populate
the higher excited states.
When the pulse is off, in DPAL ethane continuous a depletion of Cs(62 P3/2 ) and population
of Cs(62 P1/2 ) allowing lasing intensity to vanish slowly. In XPAL, the depletion of the large
+ ) continuous dissociation and population of Cs(62 P
reservoir of CsAr(B2 Σ1/2
3/2 ) which then is
2
2
transferred to the Cs(6 P1/2 ) states. The mechanisms of formation of 7 S, 72 P, and Rydberg
states in this case is the same as in all the previous cases, while the photoionization in XPAL is
now sustained not by the intra-cavity pump radiation (which is gone with pulse power), but with
ϕ1 (894 nm) laser radiation.
In Fig. 6 we show the 894 nm laser intensities as function of input pump power for both types
of lasers pumped at low and high pump frequencies. In DPAL the pump power directly goes into
the depletion of the ground state of cesium and population of Cs(62 P3/2 ) state, while in XPAL the
population of Cs(62 P3/2 ) requires a three body-reaction (in general, a slow process) to populate
+ ) and, then, dissociation of CsAr(B2 Σ + ) into the Cs(62 P
the CsAr(B2 Σ1/2
3/2 ). This is the reason
1/2
that DPAL is much more effective than XPAL. For the fixed pulse intensity, a higher energy per
pulse is delivered by the lower frequency due to the longer pulse length. As a result, the lower the
frequency the higher the laser intensities. In terms of energy per pulse, both systems are more
efficient with higher frequency pulses.
5.

Conclusion

We conducted a computational investigation of lasing performances of DPAL and XPAL systems
sustained in Ar/C2 H6 /Cs mixture (425 K, 600 Torr) with lasing on the Cs(62 P1/2 → 62 S1/2 ) (894
nm) transition. We concluded that during the operations of both lasers the plasma formation
is unavoidable. Under the conditions considered in the present study, the plasma is formed by
the photoionization of the 72 S, 72 P, and Rydberg states, which are populated from the Cs(62 P)
states by the energy pooling reactions. In XPAL, the intra-cavity pump radiation is primarily
responsible for the photoionization, while in DPAL, the laser intensity produces photoionization.
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Fig. 6. 894 nm laser intensity for DPAL and XPAL as a function of pump intensity for 1
kHz and 1 MHz pump frequencies.
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