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I. Summary 

Theoretical studies of basic kinetic and optical processes relevant to DPALs that strongly 

affect the operation of these lasers and governing their output power and efficiency as well 

as studies of the output beam quality have been performed. The results were compared 

with experimental results obtained in our and other labs. Our main activity in the reported 

period concentrated on the following subjects: 

i) Dependence of static K DPAL performance on addition of methane: 3D 

CFD modeling and comparison with experimental results. The results are 

reported in Ref. 1. 

ii) Velocity dependence of the performance of flowing-gas K DPAL with He 

and He/CH4 buffer gases: 3D CFD modeling and comparison with 

experimental results. The results are reported in Ref. 2. 

iii) 3D CFD modeling of flowing-gas Rb DPALs: effects of buffer gas 

composition and of ionization of high lying Rb states. The results are 

reported in Refs. 3 and 4. 

iv) Quantum mechanical computations of the dissociative recombination rate 

constant of K2
+ ions in the gain medium of K DPAL: calculations of the 

potential energy surfaces for highly excited dissociative states of  2K ,  the 

ground state of the molecular ion 2K+ and their crossing points. 

v) Calculations of the quenching cross-section of the excited electronic 

levels of Rb by methane using quantum mechanics methods. 

vi) Detailed theoretical study of controlling the beam quality in DPALs by 

changing the resonator parameters. The results are reported in Refs. 5 and 

6. 

II. Introduction 

Diode pumped alkali lasers (DPALs), operating at ~ 800 nm, are currently extensively 

studied due to their great potential as High Energy Lasers (HEL) which are major 

components in Laser Weapons Systems. In spite of the impressive operation features, 

different fundamental physical processes can limit the output power. These processes, 

schematically depicted in Fig. 1, include finite relaxation rate between the fine-structure 

levels n2P3/2 and n2P1/2, and quenching of these levels, photoexcitation and ionization of 

the alkali atoms, quenching of the high electronic levels of these atoms, heating of the 

gain medium and non-uniform spatial distribution of its temperature [7-9]. The heat 
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release due to relaxation between the fine-structure levels of alkali atoms and quenching 

of these levels results in considerable increase of the temperature in the lasing medium, 

which can achieve several hundred K. This temperature rise can result in decrease of the 

pump absorption. Moreover, photoexcitation of alkali atoms by pump and laser radiation 

and energy pooling collisions, followed by photo- and Penning-ionization of the excited 

atoms, may result in reduction of the density of neutral atoms participating in the lasing.  

 

 

Fig. 1. Excitation, ionization and quenching processes in DPAL gain medium. X=Cs, 

Rb or K atoms. 

 

All the aforementioned processes contribute to decrease of the efficiencies of DPALs 

and to degradation of their output lasing power and lasing termination. A fundamental 

study of all these processes, and in particular their influence on the operation of different 

DPALs, as well as the calculation of their rate constants is very important for the 

development of methods for scaling DPAL to output power of 100 kW and above.  

Extensive research of DPALs [7-9] during the past decade examined the three alkali 

atoms Cs, Rb and K as potential candidates for development of a high power DPAL. All 

three DPALs have their positive and negative features, and each of them has been studied 

by various research groups. Recently, however, K DPAL has attracted special attention 

due to its unique kinetic and spectroscopic properties. This laser has very high quantum 

efficiency (99.6%) and can operate with low pressure (~1 atm) He buffer gas [7,10], 
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which eliminates the problem of chemical reaction of highly excited alkali atoms with 

hydrocarbons, limiting, in particular, the output power of Cs DPALs operating with 

hydrocarbon buffer. Noticeable results were reported for K flowing-gas laser, where 

output power of 3 kW was achieved and optical-to-optical efficiency reached 58% [11].  

Until recently the general consensus was that K DPAL can work efficiently with 

hydrocarbon free He buffer gas since the energy mismatch between the 42P3/2 and 4
2P1/2 

is only a 58 cm-1 and He can be an efficient relaxer of 42P3/2 [10]. However, recent 

experiments performed in Air Force Research Laboratory (AFRL) [12], US Air Force 

Academy (USAFA) [13,14] and Air Force Institute of Technology (AFIT) [15] showed 

that addition of a few percent of methane to He buffer gas results in substantial 

improvement of K DPAL operation.  

In the present project the DPAL 3D computational fluid dynamics (CFD) model 

developed in our previous works [16,17] was used to study the effect of the buffer gas 

composition on the performance of static K DPAL. To explain the sharp increase in laser 

power with the addition of CH4 to the He buffer gas, the model was supplemented with 

calculations of electron heating and the effect of high electron temperature on the 

ambipolar diffusion of K ions; our calculations showed that these processes are especially 

important for pure He and very small amounts of CH4. In addition, the strong influence 

of the rate constants of ion-electron recombination on the laser power was analyzed.  

The aforementioned processes are especially important for pure He buffer gas where 

high Te results in fast ambipolar diffusion of K ions to the wall and depletion of the neutral 

K atoms in the lasing region. K atoms density can be restored by a gas flow that supplies 

the lasing region by fresh K atoms. As estimated in [13], for efficient operation of 

flowing-gas K DPAL with pure helium buffer gas, a considerable flow velocity of about 

100 m/s should be applied. We performed an accurate 3D CFD modeling of the flowing-

gas K DPAL taking into account the diffusion and ionization processes and found that the 

velocity required for the efficient laser operation is much higher than that estimated in 

[13] for both end and transverse pump geometries. The predictions of the model were 

compared with experimental results obtained at AFIT [15]. 

The laser power in K DPALs is strongly affected by ion-electron recombination, the 

rate of which is determined by the rate of dissociative recombination of K2
+. Measured 

values of the rate constant of this process have not been published. For Cs the measured 

values of the dissociative recombination rate constant range from 52.6x10-14 [18] to  
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1x10-14 m3/s [19]. Therefore, it is very important to perform quantum mechanical 

computations of this rate. These computations require knowledge of the potential energy 

surfaces for highly excited dissociative states of  2K ,  the ground state of the molecular 

ion 
2K+ and their crossing points, which we calculated in this project. 

Rb DPAL has certain advantages over the other two extensively studied DPALs using 

Cs and K atoms. The main advantage of Rb over Cs DPAL is the ability to work with 

pure He as buffer gas, while Cs laser works only when hydrocarbon-He mixtures are used 

as buffers [7]. At the same time, the optical efficiency and gain of the Rb laser are almost 

the same as those of the Cs laser [10,20]. The advantage of Rb over K DPAL is that the 

operation temperature in the former is lower and the energy mismatch between the fine 

structure P levels is larger than in the latter [7]. The fine structure P levels are usually in 

thermal equilibrium. Consequently, due to the larger Boltzmann exponent, the population 

inversion density and, hence, the gain in Rb DPAL is much higher, and the threshold 

pump power is much lower than in the K laser [10,20].  

There is only scarce information on experiments with high power Rb lasers [12,21], 

but detailed theoretical studies are available. In a recent publication of Gavrielides et al 

[22], devoted to in-depth modeling of 100 kW class Rb laser, similar to the 30-kW device 

run by LLNL [21], it is shown that such a laser can operate with pure He buffer gas. Since 

the energy mismatch between the 52P3/2 and 5
2P1/2 levels of Rb is 238 cm-1, high pressure 

of He, typically 15 atm, is needed in order to enhance the relaxation between them [22]. 

However, the Gavrielides model [22] is one-dimensional and uses a three-level kinetic 

scheme, ignoring the unresolved question of the possible ionization effect in Rb DPAL. 

Thus, it is of interest to apply more elaborate models for studying Rb DPALs. 

We performed an accurate 3D CFD modeling of flowing-gas Rb DPAL with low (about 

several tens W) and high (about several tens kW) pump power. In contrast to the 1D three-

level model [22], the present model, based on our model of the flowing-gas K DPAL [2], 

considers the processes of excitation of high levels of Rb, ionization, ion-electron 

recombination and heating of electrons affecting the diffusion coefficient of Rb ions. 

These processes are especially important for high-power lasers. For pure He buffer gas, 

the calculated results are compared with the results of [22] and it is found out how the 

above-mentioned processes affect the laser efficiency.  

Fast quenching of the high electronic levels of Rb by the hydrocarbon molecules may 

decrease the density of the atoms in high electronic levels and retard the ionization and 
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chemical reactions rates. Calculations of the cross section for the quenching of excited 

electronic levels of Rb by methane using methods of quantum mechanics performed in 

this project are very important for understanding the operation of this laser. 

Another important task is inclusion of optical aspects into the models of DPALs and in 

particular finding ways for substantial improvement of the output laser beam qualityM2 

reducing it to close to unity. Using the optical model of multi-transverse mode operation 

we found that changing the length of the resonator, and/or the radius of curvature of the 

high reflection mirror, leaving all other parameters of the laser unchanged, makes it 

possible to control and improve the beam quality.  

 

III. Methods, Assumptions and Procedures 

ANSYS FLUENT 3D CFD code was used to solve the flow and the species 

conservation equations coupled to the molecular transport and beam propagation 

equations. The temperature distribution in the flowing medium was found using the 

energy conservation equation. The same 3D CFD code as that developed in [16,17] was 

employed. The gas dynamic equations were solved by a transient model, and the coupled 

kinetic rate equations for the populations of the electronically excited states of K or Rb 

atom were solved analytically at each time step, according to the perturbation theory 

introduced in [15].  However, the total density of neutral K or Rb atoms and the density 

of K2
+ and Rb2

+ ions were calculated using non-stationary transport equations taking into 

account the diffusion of neutral atoms from the cell wall to the pump region and the 

ambipolar diffusion of ions from the pump region to the cell wall. The kinetic processes 

in K and Rb DPALs considered in the model are presented in the Appendix (section VI). 

The flowing-gas K and Rb DPAL properties were based on the model for static K 

DPAL [1], the difference from [1] was that since the natural convection in fast flowing 

gas is negligible, the gravity was ignored. The model used the ANSYS FLUENT 3D CFD 

solver to solve the flow mass, momentum, energy conservation equations and the gaseous 

species conservation equations. The conservation equations of the FLUENT solver allow 

for user input to account for the energy transfer and species creation processes in the 

DPAL medium. 

Computations of the dissociative recombination rate constants for alkali ions 

2X  (X = K, Cs and Rb)+  were performed using quantum mechanics methods and in 

particular multi-channel quantum defect theory (MQDT) described in detail in [24]. 
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Calculations of the required potential energy surfaces for the MQDT of K2 were 

performed using Molpro quantum chemistry software which is widely used in this field 

[25]. The MQDT model coupled with Molpro software is applied to calculations of the 

dissociative recombination cross section of the alkali dimer ions 
2K +  for given kinetic 

energy of the electron. Averaging of the cross sections over Maxwellian distribution of 

the electron energy yields dependence of the cross sections on the electron temperature Te 

that were used in the kinetic modeling of different DPALs. 

Computations of the quenching cross-section of high electronic levels of alkali atoms 

were performed using quantum mechanics methods. These methods require knowledge of 

potential energy surfaces for a system consisting of an excited alkali atom and a quenching 

molecule and the crossing points of these surfaces. First the quenching of the atoms for 

which the potential energy surfaces are available was studied. Probabilities of transitions 

between these surfaces were found using the Landau-Zener formula (discussed in item v) 

of section IV) whereas the quenching cross section was determined by averaging of this 

probability by the impact parameter and thermal distribution of the initial relative kinetic 

energy of the alkali atom and the quenching molecule. The details of the calculations are 

presented below. 

The optical model of multi-transverse mode operation is based on calculations of the 

pump and laser beam intensities in the gain medium, where the laser beam intensity is a 

linear combination of the azimuthally-symmetric Laguerre-Gaussian modes [26]. In 

particular, for the donut shaped pump beam, used in the present setup, the output laser 

beam is composed only from TEM0q modes with zero radial indices [27]. The powers of 

the pump beam and of the transverse modes are found from the system of differential 

equations representing the Beer-Lambert law as explained in [26]. The dependence of M2 

on the pump beam diameter can also be obtained using a simple approximate analytical 

approach to the description of the multi-transverse-mode lasing, similar to that suggested 

in [28].  

  

IV. Results and discussion 

Since the results of items i) - iii) and v) are presented in journal publications, here we 

provide only the most important results. 
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i) Dependence of static K DPAL performance on addition of methane: 3D CFD 

modeling and comparison with experimental results (Ref. 1). 

The geometry, gas initial conditions and pump and resonator parameters of the static 

K DPAL (Fig. 2) were the same as in the experimental setup [13].  

 

 

Fig. 2. Schematics of K DPAL studied in [13]. 

 

Fig. 3 shows the calculated and measured K DPAL powers, normalized to their 

maximum values, as a function of partial CH4 pressure pCH4 for three different values of 

dissociative recombination rate constant k24. For k24= 52.6x10-14 m3/s [18] the laser power 

is almost independent of pCH4 at small pCH4 < 100 Torr which is in contrast with the 

experimental results [13] that show very sharp power increase when pCH4 increases from 

zero to 20 Torr.  At the same time for k24=1x10-14 m3/s [19] the calculated power increases 

very sharply with the addition of ~20 - 50 Torr of CH4 to pure He buffer gas, the relative 

increase being ~30%. This behavior of the power is consistent with experimental data 

[13], although in [13] the increase in power is greater than the calculated one. The main 

reasons for low power in pure He are slow ion-electron recombination and high electron 

temperature exceeding 3000 K, resulting in fast ambipolar diffusion of K ions to the wall 

and depletion of the neutral K atoms in the lasing region. These effects are mitigated when 

methane is added to the buffer gas leading to the sharp increase in power. A further 

increase of pCH4 leads to a decrease in the laser power for both values of k24, mainly due 

to the increase of the linewidths of the pump and laser transitions, which cause a decrease 

in the pump absorption and stimulated emission cross sections.  
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Thus, the calculated results for the normalized laser power are in satisfactory 

agreement with the measured values for k24 = 1x10-14 m3/s. Larger or smaller values of k24 

do not reproduce the experimental results. 

 

Fig. 3. Calculated and measured power [13] of K DPAL (normalized to the maximum value) as a 

function of partial CH4 pressure. Calculations were performed for three values of the dissociative 

recombination rate constant k24. 

 

ii) Velocity dependence of the performance of flowing-gas K DPAL with He and He/CH4 

buffer gases: 3D CFD modeling and comparison with experimental results (Ref. 2). 

Two pumping schemes for the flowing-gas K DPAL were considered. Fig. 4(a) shows 

the transverse pumping and Fig. 4(b) the end pumping setup. For both schemes the pump 

beams were Gaussian with the waist at the cell center and the laser beam with a constant 

cross section in the propagation direction z.   

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 100 200 300 400 500 600

N
o

rn
a
li

ze
d

 l
a
se

r 
p

o
w

er

CH4 partial pressure, Torr

Measured

Calculated

Calculated

Calculated

, k24 = 52.6 x 10-14 m3/s

, k24 = 1 x 10-14 m3/s

, k24 = 0

DISTRIBUTION A: Distribution approved for public release. Distribution unlimited 



 

 11 

 

Fig. 4. Transverse (a) and end (b) pumping setup.  

 

Figures 5a and b show the dependence of the laser power on the flow velocity for 

constant pump power for the transverse and end pump geometries, respectively, and 

different molar fractions of methane, xCH4, in the buffer gas. 

It is seen that for both geometries the power achieved with pure He buffer gas is much 

lower than that achieved when methane is added to He. The laser power increases with 

increasing flow velocity approaching its asymptotic maximum value at very high 

velocities ~500 m/s. These values are much larger than the value of 100 m/s estimated in 

[13]. Such high flow velocities can be obtained in the flowing-gas DPAL with pure He 

buffer gas using sonic or supersonic nozzles suggested in [29-31] where modeling of K 

flowing-gas DPAL with transverse pump geometry, pure He buffer gas and flow 

velocities exceeding 1000 m/s was performed. For such high velocities the effects of 

ambipolar diffusion are not important. It was shown in [31] that for such a laser, applying 

subsonic, transonic and supersonic flows, the output power can be scaled up to megawatt 

level with high optical-to optical efficiency exceeding 60% (see Fig. 5). 
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Fig. 5. Dependence of the laser power, Plase, on the pump power, Pp, for subsonic (M ~ 0.2) 

transonic (M ~ 0.9) and supersonic (M ~ 2.4) К DPALs with He as a buffer gas [31]. 

 

At the same time adding methane to He results in much lower velocities required to 

achieve the maximum possible power. For example, at xCH4 = 0.4 this velocity is ~10 m/s 

(see Fig. 6). Fig. 5a also shows the dependence of power on flow velocity for the 

transverse pumping scheme at 0.0176 molar fraction of methane used in the experiments 

[15]. It is seen that power exceeding 90% of the maximum value is achieved at flow 

velocity of 40 m/s which is much higher than 3.9 m/s applied in [15].  
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Fig. 6. Dependence of the relative laser power on the flow velocity for the transverse pump (a) 

and end pump (b) geometries and different molar fractions of methane, xCH4, in the buffer gas. 

The pump power is 1600 W and 600 W for (a) and (b), respectively. The laser power in (a) and 

(b) is related to the maximum values of 100.4 W and 55 W, respectively. Methane molar fraction 

of 0.0176, shown in (a), was used in [15]. 

 

Fig. 7 shows the calculated and measured [15] dependence of the laser power on the 

pump power for the transverse pumping geometry and different molar fractions of 

methane in the buffer gas. For the methane molar fraction of 0.0176 the agreement 

between the measured and calculated values is satisfactory. For pure He the calculated 

power decreases by ~30% which is consistent with experimental data, although the 

measured decrease in power is greater than the calculated value. 

 
Fig. 7. Measured and calculated dependence of the laser power on the pump power for the 

transverse pumping geometry [15] and different molar fractions of methane. 
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iii) 3D CFD modeling of flowing-gas Rb DPALs: effects of buffer gas composition and 

of ionization of high lying Rb states ( Refs. 3 and 4). 

The end pumping scheme for the flowing-gas Rb DPAL shown in Fig. 8 was 

considered. The DPAL cell is a rectangular box with the laser and pump beams 

propagating in the z direction, Lz is the gain length and also the flow channel width. The 

flow is in the x direction perpendicular to the pump and laser direction, the flow channel 

height is Ly and the length in the flow direction is Lx. The lasing medium consisted of a 

mixture of Rb vapor and He/CH4 buffer gas with given conditions at the entrance to the 

laser cell: pressure p, temperature T, velocity u and Rb number density NRb. The cell walls 

and windows temperature, Tw, was higher by 10°C than the gas temperature. 

 

 

Fig. 8. End pumping setup for the flowing-gas Rb DPAL. The flow is in the x direction 

perpendicular to the pump and laser direction. 

 

A detailed list of the considered kinetic processes and the corresponding rate constants 

are presented in Refs. 3 and 4. The calculations were performed for two types of Rb 

DPAL. The first is a low-power laboratory-scale device with pump power of several tens 

of W and the second is a high-power multikilowatt laser. 

For the low power device, the gas mixture conditions at the DPAL cell entrance and 

the optics data are presented in Refs. 3 and 4. The DPAL cell dimensions are Lx = Lz = 1.5 

cm, Ly = 1 cm. 

Figure 9 shows the pump intensity spatial distribution in the gain volume in the y-z 

plane containing the optical axis. It can be seen that the pump beam is completely absorbed 

in the gain medium. 
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Fig. 9. Spatial distribution of the pump intensity in the gain volume in the y-z plane containing the 

optical axis at a flow velocity of 1 m/s and pump power of 30 W. 

 

Figures 10 and 11 show the spatial distribution of the gas flow velocity and temperature 

in the x-y plane in the middle of the flow channel; in these figures the gas flows from left 

to right. The gas velocity increases along the flow due to friction with the channel walls 

and heat absorption, while the maximum temperature is reached in the middle of the cell, 

where the flow crosses the pump beam and the laser beam. 

 

Fig. 10. Spatial distribution of gas flow velocity in the x-y plane in the middle of the flow channel, 

flow from left to right at a flow velocity of 1 m/s in the inlet and pump power of 30 W. 
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Fig. 11. Spatial distribution of the gas temperature in the x-y plane in the middle of the flow 

channel, flow from left to right at a flow velocity of 1 m/s in the inlet and pump power of 30 W. 

 

Figure 12 shows the dependence of the laser power on the molar fraction of CH4 for 

several values of the inlet gas pressure. For each pressure value there is an optimal CH4 

molar fraction corresponding to the maximum laser power.  E.g., at 1 atm the maximum 

power is reached at CH4 molar fraction of 0.5. Note that the power achieved with pure He 

buffer gas is much lower than that achieved when methane is added to He. The reason is 

that in pure He, where the relaxation rate is low, the pump power of 30 W is close to the 

threshold. Therefore, efficient operation of Rb DPAL with pure He buffer gas is only 

possible at a significantly higher pump power. In the entire range of methane mole 

fractions, the laser power decreases with increasing pressure, and the maximum power is 

attained at atmospheric pressure.  

 

Fig. 12. Laser power as a function of CH4 molar fraction for several gas pressures and flow 

velocity of 2 m/s in the inlet and pump power of 30 W. 
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Our calculations showed that in a low-power device with pumping power of ~ 30-40 

W it is possible to obtain output power of several watts at optimal buffer gas pressure of 

1 atm and methane mole fraction of 0.25. 

To achieve high multi-kilowatt power, it is necessary to avoid saturation of the D2 

pump transition. For this, the transverse radii of the pump and laser beams were increased 

to 2.5 mm. Тhe gas mixture conditions at the DPAL cell entrance and optical data are 

presented in Refs. 3 and 4. The DPAL cell dimensions are Lx = 3 cm, Ly = Lz = 2 cm. 

Fig. 13 shows the dependence of the laser power on the pump power. The solid line 

shows the power calculated using the full model which considers the excitation of high 

levels and ionization of Rb atoms; the dashed line shows the power calculated using the 

three-level model, which does not consider these processes. The laser power calculated 

using the full model agrees with that calculated using the three-level model for pump 

power less than ~ 15 kW. However, at higher pump power the processes of high-level 

excitation and ionization lead to a twofold decrease in the maximum attainable laser power 

in comparison with the power calculated using the three-level model.  

Fig. 14 shows the dependence of the laser power on methane molar fraction in the 

methane/He buffer gas for two gas pressures, 1.5 and 5 atm. The laser power rapidly 

decreases with decreasing molar fraction of methane.  

 

Fig.13. Laser power as a function of pump power calculated using the full model and the three 

levels model. 
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Fig. 14. Laser power as a function of methane molar fraction for several buffer gas pressures for 

20 kW pump power. 

 

As shown in Fig. 14, efficient operation of Rb DPAL with pure He buffer gas is not 

possible under the current conditions. This is because at pump intensity of 100 kW/cm2 

(corresponding to a power of 20 kW), the pump transition is highly saturated due to the 

low relaxation rate of the fine structure levels of Rb atoms. To increase the laser efficiency 

and power the pump intensity in the laser with pure He buffer gas should be reduced to 

~50 kW/cm2. For this purpose, in the case of a pure He buffer gas, we performed 

calculations for a larger cross-sectional area of the pump beam, 5 cm2. We compared the 

results of the present model and the results obtained in Ref. 22 where a simplified three-

level model based on the 1D gas dynamics approach was employed.  

Figure 15 shows the dependence of the laser intensity on the pump intensity for Rb 

DPAL with pure He buffer gas for two flow velocities. The laser radiation intensity 

calculated by our model agrees with that obtained in Ref. 22 for pump intensities less than 

~ 15 W/cm2; however, for higher pump intensities, when the D2 pump transition is 

saturated, the laser intensity calculated using our model is much lower than that calculated 

in Ref. 22 for two different values of the flow velocity v. The reason for this difference is 

that the processes of excitation of high levels of Rb and its ionization result in strong 

energy losses in the laser gain medium. 
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Fig. 15. Laser intensity as a function of pump intensity in Rb DPAL with pure He buffer gas for 

the present model and the 1D three-level model8 at different flow velocities.  Optical and flow 

conditions are the same as in Table 3.1 from Ref. 22; in particular, the He pressure is 15 atm. 

 

v) Quantum mechanical computations of the dissociative recombination rate constant of 

K2
+ ions in the gain medium of K DPAL: calculations of the potential energy surfaces for 

highly excited dissociative states of  2K ,  the ground state of the molecular ion 2K+ and 

their crossing points. 

As mentioned in section III, computations of the dissociative recombination (DR) rate 

constants and cross-sections for alkali ions 2X  (X = K, Cs and Rb)+  were performed 

using quantum mechanics methods and in particular multi-channel quantum defect theory 

(MQDT). This method requires preliminary knowledge of the potential energy surfaces 

of the ground state of the molecular ion, highly excited dissociative states of the alkaline 

molecule itself and their crossing points. 

It is important to note that DR calculations use diabatic states, not adiabatic states, 

which Molpro calculations are optimized for. In Ref. 32 it was stated that one can 

approximate diabatic calculation by omitting diffuse characters in the basis set. Hence, 

calculations were carried out using the correlation consistent polarized valence 

quadrupole-zeta (cc-p VQZ) basis set. The ground state potential energy surface of the 

molecular ion K2
+ was carried out using full configuration interaction (FCI) calculation. 

The active space was made by 14   orbitals, six   orbitals and two   orbitals. All 

orbitals except the last two   orbitals, the last two   orbitals and   orbitals were fully 

occupied. It is important to mention that Molpro uses an abelian point group symmetry 

system for calculations. But the point group hd of the diatomic molecules consisting of 
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the like atoms is non abelian. Hence, for calculations the input symmetry was 2hd . 

Therefore, there would be some states with the same 2hd  symmetry but with different hd  

symmetry. For example, 
gA  states correspond to both   states and   states. 

Identification of the corresponding hd  states is yet to be accomplished. Calculation of 

the first six 
3

2gB  (which are also energetically equivalent to 
3

3gB ) dissociative states were 

performed using FCI calculations as well. The potential energy surfaces are shown in Fig. 

16: 

 

Fig. 16. First six 
3

2gB  states.  

  

In addition, the first eight 3

1uB  states have also been calculated. The results are 

presented in Fig. 17: 
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Fig. 17. First eight 
3

1uB  states.  

Furthermore, the first six 
3

gA  states have also been calculated. The results are shown 

in Fig. 18: 

 

Fig. 18. First six 
3

gA  states. 

It is important to note that the atomic states which the molecule dissociates to have yet 

to be determined and will be studied in further research.  

Accuracy of the calculations. The ground state molecular ion K2
+ potential energy 

calculation is quite accurate in comparison with previous work [33], as can be seen in Fig. 

19. 
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Fig. 19: K2
+ ground state potential energy calculation compared to previous work [33]. 

 

As for the excited states, a similar calculation was performed in [32] using Molpro for 

CO dissociative recombination. The Molpro algorithm which was used in [32] was 

replicated so it could be applied for the calculations of K2. The algorithm uses the MRCI 

(multireference configuration interaction) method. The results for the first five 
3

2gB states 

using the replicated algorithm, compared to previous FCI calculations, are shown in Fig. 

20: 

 

Fig. 20.  MRCI results for the first five 
3

2gB states. 

 

It appears that when applying this algorithm to K2, it does not converge at longer 

internuclear distances. Moreover, at the distances at which the calculations converge, the 

MRCI calculations agree fairly well with the FCI calculations. Hence, we can conclude 
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that the FCI calculation is more accurate and easier to implement because it does converge 

at longer distances. It is worth noting that the common convention in the literature [34] is 

that the FCI method with complete basis set is regarded as the exact solution. Therefore, 

at this stage it is safe to assume that FCI describes the excited state with sufficient accuracy 

for use in calculation of DR.  

We note in passing that the replicated algorithm’s result misses the fourth excited state 

entirely. On the contrary the FCI seems to calculate it reasonably, further indicating the 

validity of FCI calculation in our case. 

 

v) Calculations of the quenching cross-section of the excited electronic levels of Rb by 

methane using quantum mechanics methods. 

Excitation and ionization of high electronic levels of alkali atoms (nP1/2,3/2, (n+1)P1/2,3/2, 

(n+2)S1/2 and nD3/2,5/2, where n = 4, 5, 6 for K, Rb and Cs, respectively) and their 

quenching by different buffer gas molecules (these processes are depicted in Fig. 1) 

strongly affect the DPAL operation at high laser and pump powers. We have carried out 

computations of the quenching cross-section of these levels using quantum mechanics 

methods. First, the quenching of 6P1/2,3/2 level of Rb atom by CH4 molecule was studied. 

This pair was chosen because the quenching cross section for it was measured in [35, 36] 

and since the calculated potential energy surfaces are available [35]. 

Potential energy curves for Rb atom approaching CH4 along a H-CH3 bond axis (end-

on approach), where Rb atom is in different electronic states and CH4 in different 

vibrational levels (v=0,1) as a function of the distance R between the species are shown 

in Fig. 21. The curves for v=0 are taken from [35,37] whereas to calculate the potential 

curves for higher vibrational levels, v>0, we displaced them in energy by the vibrational 

spacing of CH4, as recommended in Refs. [38,39].  

The quenching process includes approaching of the atom to the molecule, electronic 

transition between the potential curves corresponding to different electronic states of Rb 

and vibrational states of CH4 at infinite distance R and separation of the species. The 

probability of the electronic transition between the potential energy curves is large (~1) 

only if there are crossings between the curves, resulting in quenching cross section larger 

than the gas-kinetic value [40]. If there is no crossing the probability is exponentially 

smaller [40]. As seen in Fig. 21, the only crossing of the potential curves is that of curves 

1 and 2 at a distance Rc = 5 Å. Here curve 1 describes potential energy of Rb(6P) and 

unexcited CH4(v=0), whereas curve 2 – potential energy of Rb(6S) and vibrationally 
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excited C─H stretching mode of CH4 with v=1. That means that Rb(6P) is quenched 

mainly to Rb(6S) with vibrational excitation of the stretching of CH4. The quenching to 

other states and in particular to 4D state has much smaller cross section. 

 

Fig. 21. Potential energy curves for the end-on approach of Rb to CH4. The curves for v=0 are 

taken from [35,37] whereas to calculate the potential curves for higher vibrational levels, v>0, we 

displaced them in energy by the vibrational spacing of CH4, as recommended in Refs. [38,39]. 

  

The quenching cross section has been estimated using the modified approximated 

formula of Landau, taking into account both electronic and vibrational transitions [38-40]: 

 2
2 01

2 1

2 ( )4 ( )
,

cel c
q c

E U RV R q
R

F F E


 

−
=

−
      (1) 

where ( )el cV R is the simple Landau-Zener electronic interaction matrix element, 01q is the 

Franck-Condon vibrational overlap integral for the transition v=0→v=1 of CH4 stretching 

mode, 
1,2

1,2 ( )c

dU
F R R

dR
= − = , 1,2U are the potential energies of curves 1 and 2, 

respectively,  is the reduced mass of Rb and CH4, E is the total kinetic energy of Rb and 

CH4 at the infinite distance and ( )cU R is the common value of 1U and 2U in the crossing 

point Rc. Averaging of q over E using Maxwell distribution of the energies at the gas 

temperature T >> ( ) /cU R k (which is the case for T~400 K used in Rb DPALs) led to the 

following very simple approximate expression for ( )q T : 
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where k is the Boltzmann constant. The parameters cR and 1,2F in Eq. (2) were estimated 

using potential curves shown in Fig. 20, whereas ( )el cV R  using the correlation suggested 

in Ref. [39]. The Franck-Condon factors were estimated using Morse potential 

approximation with the displaced equilibrium positions of the atoms in CH4, the value of 

01q being ~0.015. For these values of the parameters at T= 350 K we got the value of q = 

71 Å2 being in satisfactory agreement with the measured value of 84 Å2 [35]. Such an 

agreement is surprisingly good taking into account the rough approximations used in the 

computations.  

 Accurate value of q without the aforementioned approximations was found by using 

the Landau-Zener equation for the transition probability between the crossing potential 

curves [40]: 

2 2

01 01

2 1 2 1

2 ( ) 2 ( )
2exp 1 exp ,el c el cV R q V R q

P
F F v F F v

    
= − − −       − −     

   (3) 

where the relative velocity v of Rb atom and CH4 molecule in the curve crossing point cR  

is given by: 

( )2 22 ( )c cE U R E R
v





− −
=       (4) 

and  is the impact parameter. Then the quenching cross section q averaged over the 

thermal distribution of E is given by the following expression: 

( )
 1 ( )/

3

0 0

2 exp / 2 ( , ).
( )

c cU R E R

q

E
dE E kT d P E

kT
   



−

= −    (5) 

Using the aforementioned parameters and performing integration in Eq. (5) we got q 

= 56 Å2. This value is lower than q = 71 Å2 obtained from the analytical formula (2) but 

anyway is in satisfactory agreement with the measured value of 84 Å2 [35]. 

 

vi) Detailed theoretical study of controlling the beam quality in DPALs by changing the 

resonator parameters (Refs. 5 and 6).  

Schematics of the flowing-gas Cs DPAL with end-pumping geometry is depicted in 

Fig. 22.  
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Fig. 22. Schematics of the flowing gas Cs DPAL with end-pump geometry. Pump beam of circular 

symmetry and with a donut-shaped intensity profile was used. 

Figure 23 shows calculated M2 dependence on the average laser beam diameter d over 

the laser cell. It is seen that for small ~ 0.6 mmd  the values of M2 are large (10–16). As 

d is increased to 1.5-2 mm and approaches the pump beam diameter, M2 drops to much 

smaller values, < 2, resulting in significant improvement of the laser beam quality.   

The circles and triangles in Fig. 23 show the experimental results.  As seen in Fig. 23, 

good agreement is obtained between calculated and measured values of M2. 

 

 

Fig. 23. Measured and calculated (by optical model of multi-transverse mode operation) 

dependence of the laser beam qualityM2 on the average laser beam diameter d  for the pump 

powers Pp = 65 W and Pp = 41 W. As d  approaches the size of the pump beam diameter, the laser 

operation approaches the single-mode regime.    
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Using the above-mentioned multi-mode model, we can evaluate the number of 

transverse modes participating in lasing for given Pp and d . Fig. 24 shows the calculated 

power distribution over the laser transverse-modes for Pp = 65 W and three different 

values of d : 1.84 mm (M2 = 1.63), 1.1 mm (M2 = 4.16) and 0.6 mm (M2 = 13.62). It is seen 

that in the case of the largest M2, 10 transverse-modes oscillate, the highest-order mode 

number being 30. At the same time in the smallest M2 case, only two lowest order modes 

oscillate resulting in the aforementioned nearly single mode laser operation.  

 

Fig. 24. Laser modal composition for 3 cases of d , calculated by multi-transverse-mode model 

[26,27]. For the values of d corresponding to large laser beam qualityM2 (grey bars), 10 

transverse-modes lase, the highest-order mode number being 30. For the smallest M2 case (blue 

bars), only the two lowest order modes lase.  

 

The dependence of M2 on d  can also be obtained using a simple approximate analytical 

approach to the description of the multi-transverse-mode lasing, similar to that suggested 

in [28].  Although this approach is inaccurate, it predicts the correct scaling law for the 

decrease of M2 with increasing .d  Figure 23 shows the analytical dependence of M2 on 

.d The calculated results are in good agreement with the measured values. 

   

V. Conclusions 

i) The 3D CFD model, supplemented by the analysis of the electron temperature, and 

applied to the computations of the laser power of static K DPAL, explains the sharp 
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increase in power caused by the addition of a few percent of methane to He buffer gas and 

its decrease with further increase in the methane percentage. The main reasons for low 

power in pure He are slow ion-electron recombination and high electron temperature 

exceeding 3000 K, resulting in fast ambipolar diffusion of K ions to the wall and depletion 

of the neutral K atoms in the lasing region. These effects are mitigated when methane is 

added to the buffer gas. The calculated results for the normalized laser power are in 

satisfactory agreement with the measured values for a rate constant of the dissociative 

recombination of 1x10-14 m3/s. Larger or smaller values of this rate constant do not 

reproduce the experimental results.  

 

ii) An accurate 3D CFD modeling of the flowing-gas K DPAL showed that for low flow 

velocities, < 10 m/s, just as in the case of the static laser, the laser power achieved with 

pure He buffer gas is much lower than in the case when methane is added to He. 

Dependence of the power on the flow velocity was calculated and it was found that with 

pure He buffer gas the lowest flow velocity required for efficient laser operation is ~500 

m/s, and is much higher than the 100 m/s estimated in [11], for both end and transverse 

pump geometries. High flow velocities can be obtained in the flowing-gas DPAL using 

sonic or supersonic nozzles suggested in [29-31], where it was shown that for such a 

laser the output power can be scaled up to megawatt level with high optical-to optical 

efficiency exceeding 60%.  

The calculated power for the transverse pumping and small molar fraction of methane 

in the buffer gas is in satisfactory agreement with the power measured in [15]. For pure 

He buffer gas the power decreases by 30% which is consistent with the experimental data 

[15]. 

 

iii) A comprehensive three-dimensional modeling of flowing-gas Rb DPAL was 

performed. The cases of He/CH4 and pure He buffer gases were investigated and the 

output power and optical efficiency calculated for various pump powers, mole fractions 

of methane, buffer gas pressures and flow velocities. The model considers the processes 

of excitation of high levels of Rb, ionization, ion-electron recombination and heating of 

electrons which affect the diffusion coefficient of Rb ions. Two types of Rb DPAL were 

studied: a low-power laboratory-scale device with pump power of several tens of W and 

a high-power multi-kilowatt laser. Three-dimensional spatial distributions of the pump 

power, flow velocity, and temperature were found, as well as the dependence of the laser 
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output power on various parameters. It was found that using the low-power device it is 

possible to get output power of several watts for the optimal buffer gas pressure of 1 atm 

and methane molar fraction of 0.25. Efficient operation of a compact multi-kilowatt device 

with a pump beam radius of <0.5 cm is possible only for buffer gas containing methane, 

where its optimal molar fraction is ~ 0.5-0.8. The processes of high-level excitation and 

ionization lead to a twofold decrease in the maximum attainable laser power in 

comparison with the power calculated using the three-level model which does not take 

into account the excitation and ionization processes. 

To ensure efficient operation of a laser using pure helium as buffer gas, it is necessary 

to reduce the intensity of the pump beam in order to avoid saturation of the D2 pump 

transition. This can be achieved only in a large-scale laser with a pump beam cross-

sectional area of several cm2. The calculated results for such a device were compared with 

the results obtained in [22] using a simplified three-level model based on 1D gas dynamics 

approach. Our model predicts a lower intensity of laser radiation than the 1D three-level 

model [22]. The reason for this difference is that the processes of excitation of high levels 

of Rb and its ionization result in strong energy losses in the laser gain medium. As a result, 

the output power and optical efficiency of the laser, calculated using our model, were 

approximately 2-3 times lower than those calculated using the 1D three-level model [22]. 

 

iv) Dissociative recombination of the alkali dimer ions strongly affects the output power 

of K DPAL with pure He buffer gas. Literature search showed that calculations of the 

dissociative recombination rate constants should be performed using MQDT model 

coupled with Molpro quantum chemistry software [25] for calculation of potential energy 

surfaces of the ground state of the molecular ion, highly excited dissociative states of the 

alkaline molecule itself and their crossing points.  Computations of the potential energy 

surfaces are completed, whereas calculations of the dissociative recombination rate 

constants are underway.  

 

v) Quenching cross-sections q of the high electronic levels n2D3/2,5/2, (n+1)2P3/2,1/2 and 

(n+2)2S1/2 of alkali metals (where n = 4, 5, 6 for K, Rb and Cs, respectively) can be 

calculated by finding the crossing points of the potential curves of the initial and final 

states and employing Landau-Zener equation averaged over the thermal distribution of the 

total kinetic energy of the atom and quenching molecule at infinite distance. Calculation 
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of q  for 62P3/2,1/2 state of Rb atom shows that this state is quenched mainly to 62S1/2 state 

with vibrational excitation of the stretching of CH4. Calculated value of ,q 56 Å2, is in 

satisfactory agreement with the measured value of 84 Å2 [35]. 

 

vi) The dependence of the beam quality factor M2 in flowing-gas Cs DPALs with stable 

optical resonators on the resonator geometry was studied theoretically. Conditions for 

nearly single mode laser operation resulting in substantial improvement of the output laser 

beam quality, reducing M2 close to unity, were found. The beam quality of the output laser 

beam can be controlled by changing the length of the resonator, and/or the radius of 

curvature of the high reflection mirror, leaving all other parameters of the laser unchanged.  

The calculated M2 values using both the optical model of multi-transverse mode operation 

[26] and a simple analytical method similar to that suggested in [28] are in agreement with 

the measured values. Note that accurate values of M2 were obtained using the multimode 

model while analytical formula provides for only a scaling law 
2 2~M d −

at large 2M

and can be used for rough estimates of the output beam quality in DPALs with stable 

resonators. 

 

VI. Appendix: kinetic processes in K and Rb DPALs 

Kinetic processes and their rate constants in K and Rb DPALs are presented in Tables 1 

and 2, respectively. 

 

Table 1. Kinetic processes in K DPAL, baseline rate constants. p and l are the frequencies of the 

pump and laser transitions, respectively, and e and ehot designate electron with low and high kinetic 

energy, respectively. The rate constants and cross sections used in [30] are given without 

references; for the remaining constants, the values found in other references indicated in the table 

are used. 

No. Process Cross section Rate constant 

 Pumping   

1 K(42S1/2) + hp→ K(42P3/2)   

 Relaxation   

2 K(42P3/2)+M→ K(42P1/2)+M 17.8 A2 (He)   58 A2 

(CH4) 

Rate constant equals to cross section 

multiplied by the average thermal 

velocity 

 Lasing   

3 K(42P1/2) + nhl → K(42S1/2) + 

(n+1)hl 
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Spontaneous emission 

4 K(42P3/2) → K(42S1/2) + hp   = 26.37 x10-9s 

5 K(42P1/2) → K(42S1/2) + hl   = 26.72 x10-9s 

 Quenching   

6 K(42P3/2)+M→ K(42S1/2)+M 0.01 A2 (He and CH4)  

7 K(42P1/2)+M→ K(42S1/2)+M same as 6  

 Photoexcitation   

8 K(42P3/2,1/2) + hp,l → K(42D3/2,5/2 

52P3/2,1/2 and 62S1/2) 

 Ref. 23 

 Energy pooling   

9 2K(42P3/2,1/2) → K(42D3/2,5/2, 5
2P3/2,1/2 

and 62S1/2) + K(42S1/2) 
 Ref. 23 

 Spontaneous emission  s-1 

10 K(42D5/2,3/2) → K(42P3/2) + h  2.0640 x104 

12 K(42D5/2,3/2) → K(42P1/2) + h  1 x104  

13 K(42D5/2,3/2) → K(52P3/2,1/2) + h  3.428 x106 

14 K((62S1/2) → K(42P3/2) + h  3.9 x106 

15 K(62S1/2) → K(42P1/2) + h  2.72 x106 

16 K(62S1/2) → K(52P3/2,1/2) + h  4.8 x106 

17 K((52P3/2,1/2) → K(42S1/2) + h  1.13 x106 

18 K(52P3/2,1/2) → K(42P3/2) + h  4.0253 x106 

19 K(52P3/2,1/2) → X(42P1/2) + h  2.0414 x106 

 Photoionization   

20 K(42D3/2,5/2, 5
2P3/2,1/2, 6

2S1/2) + hp, l → 

K++ e 

 Ref. 23 

 Penning ionization   

21 K(42D3/2,5/2, 5
2P3/2,1/2, 6

2S1/2) + 
K(42P3/2,1/2) →  K++ K(42S1/2) + e, 

total 10 reactions 

 Ref. 23 

 Recombination   

22 K+ + 2K → K2
++ K  2.4 x 10-33 (293.15/T) m6/s 

23 K+ + K + He → K2
++ He  2.4 x 10-35 (293.15/T) m6/s 

24 K2
++ e → K(42D3/2,5/2, 5

2P3/2,1/2, 

62S1/2) +  K(42S1/2) 

 52.6x10-14, 1x10-14 or 0 m3/s 

25 K+ + e + e → K(42D3/2,5/2, 5
2P3/2,1/2, 

62S1/2)+ e 

 2.4 x 10-22 x T-4.2 m6/s 

26 K+ + e + M (He, CH4) → 

K(42D3/2,5/2, 5
2P3/2,1/2, 6

2S1/2)+ e 

 4 x 10-41 x (T/625)-2.5 m6/s  

 Quenching of the higher levels   

27 K(42D5/2,3/2)+CH4 → K(52P3/2,1/2) + 

CH4 

25.1 x 10-20 m2  

28 K(62S1/2)+CH4 → K(62P3/2,1/2) + CH4 82.6 x 10-20 m2  

29 K(52P3/2,1/2) + CH4 → 

K(42P3/2,1/2)+CH4 

37.8 x 10-20 m2  

30 K(42D5/2,3/2)+He → K(52P3/2,1/2) + He  5.53 x 10-18 

31 K(62S1/2)+He → K(52P3/2,1/2) + He  2.32 x 10-18 

32 K(42D5/2,3/2)+He → K(42P3/2,1/2) + He  1.11 x 10-17 

33 K(52P3/2,1/2) + He → K(42P3/2,1/2)+He  1.11 x 10-18 

34 K(62S1/2)+He → K(42P3/2,1/2) + He  5.53 x 10-18 

 Electron heating and energy losses   

35 e + K(42P3/2,1/2)  ehot + K(42S1/2)  Refs. 41 and 42 

36 ehot + CH4  e + CH4 ( )2 4, .    Ref. 43 

37 ehot + He →  e + He  Refs. 44 and 45 
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Table 2. Kinetic processes in Rb DPALa 

No. Process Cross section Rate constant Ref. 

 Pumping    

1 Rb(52S1/2) + hp→ Rb(52P3/2) Eq. (13) from 

Ref. [46] 

 46 

 Relaxation    

2 Rb(52P3/2)+M→ Rb(52P1/2)+M 

                                          M = CH4 

 

42.3 Å2  

 

  

  

47 

                                                      M = He  [2.34(T/300)3.5+9.59(T/300)]x10-19 

m3/s 

48 

 Lasing    

3 Rb(52P1/2) + nhl → Rb(52S1/2) + 

(n+1)hl 

Eq. (20) from 

Ref. [46] 

 46 

 Spontaneous emission    

4 Rb(52P3/2) → Rb(52S1/2) + hp   = 26.2 x10-9s  

5 Rb(52P1/2) → Rb(52S1/2) + hl   = 27.7 x10-9s  

 Quenching    

6 Rb(52P3/2)+CH4→ Rb(52S1/2)+CH4 7.52e-3 Å2  47 

7 Rb(52P1/2)+CH4→ Rb(52S1/2)+CH4 7.52e-3 Å2  47 

 Photoexcitation    

8 Rb(52P3/2,1/2) + hp,l → Rb(52D3/2,5/2 

62P3/2,1/2 and 72S1/2) 

Eq. (13) from 

Ref. [50] with 
broadening 

rate of 60 

MHz/torr 

 51,52 

            

 

 Energy pooling   51, 53 

9 2Rb(52P3/2) → Rb(52D3/2,5/2) + Rb(52S1/2) 310 Å2   

10 2Rb(52P3/2) → Rb(72S1/2) + Rb(52S1/2) 32.1 Å2   

11 2Rb(52P3/2) → Rb(62P3/2,1/2) + Rb(52S1/2) 0.45 Å2   

12 2Rb(52P1/2) → Rb(52D3/2,5/2) + Rb(52S1/2) 78 Å2   

13 2Rb(52P1/2) → Rb(62P3/2,1/2) + Rb(52S1/2) 0.45 Å2   

14 Rb(52P1/2) + Rb(52P3/2)  → Rb(52D3/2,5/2) 

+ Rb(52S1/2) 

290 Å2   

 Spontaneous emission  s-1 54 

15 Rb(52D5/2,3/2) → Rb(52P3/2) + h  1.8x106  

16 Rb(52D5/2,3/2) → Rb(52P1/2) + h  8.48 x105   

17 Rb(52D5/2,3/2) → Rb(62P3/2,1/2) + h  1.5 x106  

18 Rb((72S1/2) → Rb(52P3/2) + h  3.87 x106  

19 Rb(72S1/2) → Rb(52P1/2) + h  2.02 x106  

20 Rb(72S1/2) → Rb(62P3/2,1/2) + h  4.26 x106  

21 Rb((62P3/2,1/2) → Rb(52S1/2) + h  1.59 x106  

22 Rb(62P3/2,1/2) → Rb(52P3/2) + h  4.26x106  

23 Rb(62P3/2,1/2) → Rb(52P1/2) + h  2.2 x106  

 Photoionization    

24 Rb(52D3/2,5/2, 62P3/2,1/2, 7
2S1/2) + hp, l → 

K++ e 

0.16A2 for 

52D3/2,5/2 

0.15A2 for 

62P3/2,1/2 

 51,53 

 Penning ionization    

25 Rb(52D3/2,5/2, 6
2P3/2,1/2, 7

2S1/2) + 
Rb(52P3/2,1/2) →  Rb++ Rb(52S1/2) + e, 

total 10 reactions 

 4.5x10-14m3/s for 52D3/2,5/2 and 

62P3/2,1/2 

2x10-14m3/s for 72S1/2 

51,53 

 Recombination   1b 

26 Rb+ + 2Rb → Rb2
++ Rb  2.4 x 10-33 (293.15/T) m6/s  

DISTRIBUTION A: Distribution approved for public release. Distribution unlimited 



 

 33 

27 Rb+ + Rb + He → Rb2
++ He  2.4 x 10-35 (293.15/T) m6/s  

28 Rb2
++ e → Rb(52D3/2,5/2, 6

2P3/2,1/2, 7
2S1/2) 

+  Rb(52S1/2) 

 1x10-14 m3/s  

29 Rb+ + e + e → Rb(52D3/2,5/2, 6
2P3/2,1/2, 

72S1/2)+ e 
 2.4 x 10-22 x T-4.2 m6/s  

30 Rb+ + e + M (He, CH4) → Rb(52D3/2,5/2, 

62P3/2,1/2, 7
2S1/2)+ e 

 4 x 10-41 x (T/625)-2.5 m6/s   

 Quenching of the higher levels    

31 Rb(52D5/2,3/2)+CH4 → Rb(62P3/2,1/2) + 

CH4 

84 A2  35 

32 Rb(72S1/2)+CH4 → Rb(62P3/2,1/2) + CH4 84 A2  35 

33 Rb(62P3/2,1/2) + CH4 → 

Rb(52P3/2,1/2)+CH4 
84 A2 

Branching 

ratios 2/3, 1/3 

 35 

34 Rb(52D5/2,3/2)+He → Rb(62P3/2,1/2) + He  2.27 x 10-18 23b 

35 Rb(72S1/2)+He → Rb(62P3/2,1/2) + He  3.58 x 10-19 23 

36 Rb(52D5/2,3/2)+He → Rb(52P3/2,1/2) + He  2.29 x 10-18 23 

37 Rb(62P3/2,1/2) + He → Rb(52P3/2,1/2)+He  1.64 x 10-19 23 

38 Rb(72S1/2)+He → Rb(52P3/2,1/2) + He  8.52 x 10-19 23 

 Electron heating and energy losses    

39 e + Rb(52P3/2,1/2)  ehot + Rb(52S1/2)   1 

40 ehot + CH4  e + CH4    1 

41 ehot + He  e + He   1 

aFor the rate constants not shown in the Table the values indicated in the relevant references were 

used. 

bRate constants of recombination and quenching of the high electronic levels by He were assumed 

to be the same as for K [1, 23]. 
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