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Kinetics of high pressure argon-helium pulsed gas discharge
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Simulations of a pulsed direct current discharge are performed for a 7% argon in helium mixture at

a pressure of 270 Torr using both zero- and one-dimensional models. Kinetics of species relevant to

the operation of an optically pumped rare-gas laser are analyzed throughout the pulse duration to

identify key reaction pathways. Time dependent densities, electron temperatures, current densities,

and reduced electric fields in the positive column are analyzed over a single 20 ls pulse, showing

temporal agreement between the two models. Through the use of a robust reaction rate package,

radiation trapping is determined to play a key role in reducing Arð1s5Þ metastable loss rates through

the reaction sequence Arð1s5Þ þ e� ! Arð1s4Þ þ e� followed by Arð1s4Þ ! Ar þ �hx. Collisions

with He are observed to be responsible for Arð2p9Þ mixing, with nearly equal rates to Arð2p10Þ and

Arð2p8Þ. Additionally, dissociative recombination of Arþ2 is determined to be the dominant electron

loss mechanism for the simulated discharge conditions and cavity size.

[http://dx.doi.org/10.1063/1.4983678]

I. INTRODUCTION

An optically pumped rare-gas laser (OPRGL), as dem-

onstrated by Han et al.,1 uses a diode laser to pump metasta-

ble Rgð1s5Þ atoms generated in a gas discharge to the

Rgð2p9Þ level (using Paschen notation). At atmospheric pres-

sures, rapid collisional transfer from Rgð2p9Þ to Rgð2p10Þ
allows for a population inversion and subsequent lasing to

Rgð1s5Þ, as displayed in Fig. 1. Diode laser absorption and

hence optical gain are dependent on Rgð1s5Þ densities.2,3

Output laser intensities above 100 W/cm2 may be possible

with a uniform volume of metastable densities on the order

of 1013 cm�3.4 Due to the broad line widths of diode lasers,

atmospheric pressures are required to broaden the absorption

line width for efficient pump laser absorption. Additionally,

the non-adiabatic transition rate from Rgð2p9Þ to Rgð2p10Þ,
responsible for establishing a population inversion, is

enhanced at elevated pressures. Pulsed discharges are able to

maintain stability at atmospheric pressures due to a reduction

in thermal instabilities caused by the down time in-between

pulses.5 Additionally, for the same averaged power, the aver-

age plasma density of a pulsed system is greater than a

steady-state direct current (DC) discharge as a result of a

reduction in electron temperature in-between pulses.6,7

Han et al.1 demonstrated the use of a pulsed DC circuit

to produce an OPRGL in an Ar-He mixture at atmospheric

pressures. Voltages in the range of 1000–2000 V were used

for microsecond pulses across a parallel plate geometry.

Metastable densities, measured through pump laser absorp-

tion, indicated a decay to half the peak value approximately

7 ls after pulse initiation.

Previously, a kinetic study of an OPRGL using a mix-

ture of Ar and He at atmospheric pressures concluded that a

mixture of approximately 1% Ar in He results in the largest

total efficiency (defined as the output power divided by the

sum of discharge and pump powers).3 The kinetic study

observed that an increase in Ar-fraction increases the pro-

duction of Arð1s5Þ and also results in a larger collision relax-

ation rate from the Ar(2p) manifold down to the Ar(1 s)

manifold in addition to an increase in the Arð1s5Þ loss rate

through excimer formation. A separate kinetic analysis stud-

ied OPRGL performance over a variety of metastable densi-

ties, showing the possibility of kilowatt laser powers for an

OPRGL system with Arð1s5Þ densities on the order of

1013 cm�3 and pump laser intensities in the 2–5 kW/cm2

range.8 An experimental and computational analysis of

microwave resonator-driven microplasmas at various Ar-He

mixtures and atmospheric pressures found that an Ar-

fraction near 5% produces the largest metastable densities.9

Metastable densities on the order of 1013 cm�3 were mea-

sured for the microplasmas at a pressure of 100 Torr, with a

decrease in Arð1s5Þ density as the pressure increased.

More recently, Han et al.10 performed an Ar-He pulsed

DC discharge experiment at a pressure of 270 Torr and a

mixture of 7% Ar in He, with 2.5 cm� 2.5 cm stainless steel

electrodes separated by 0.5 cm. Metastable Arð1s5Þ densities

were measured via transient laser absorption spectroscopy

from a custom made diode laser tuned to the Arð1s5Þ
þ �hx! Arð2p9Þ transition. Plasma fluorescence due to the

Arð2p10Þ ! Arð1s5Þ þ �hx transition was also measured, pro-

viding a proxy for Arð2p10Þ density over time.

In this paper, we present a reaction rate package

designed to track the concentrations of the various species in

a pulsed Ar-He discharge that are important in the operation

of OPRGL systems. This reaction rate package is used to

perform zero-dimensional and one-dimensional simulations

of a pulsed DC discharge over a single pulse. Discharge

kinetics are investigated, and key reaction pathways are

identified. Previously, zero-dimensional simulations using

the rate package presented here were compared with experi-

mental pulsed discharge data, where it was determined that

the radiation trapping plays a key role in post-pulse metasta-

ble lifetimes.10 Additionally, the inclusion of a He quenching

reaction, which may be a proxy for quenching due toa)Electronic mail: daniel.emmons@afit.edu
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impurities, increased the qualitative agreement between sim-

ulations and measured absorption.

II. MODELS

A list of the species used to analyze OPRGL kinetics for

both the zero and one-dimensional models is displayed in

Table I. Excited Ar species Arð1s5Þ; Arð2p10Þ, and Arð2p9Þ
are included due to their central role in OPRGL operation.

Additionally, Arð1s4Þ and Arð2p8Þ are retained because of

their proximity to Arð1s5Þ and Arð2p8Þ, respectively. The

remaining Ar(1s) and Ar(2p) species are ignored to limit the

reaction rate package complexity. An additional excited

species Arðh:l:Þ is used as a macro-species, encompassing all

electronic levels of Ar above Arð3d12Þ.
Excited levels of He are represented by the macro-

species He�. At atmospheric pressures, dimers play an

important kinetic role requiring the macro-species He�2 and

Ar�2, which represent all He and Ar dimer energy levels.

Finally, the ion species Arþ, Arþ2 , Heþ, Heþ2 , and HeArþ are

included. The energy used to represent the macro-species is

the lowest energy level for the collection of species repre-

sented by the macro-species. Dimer energies of 11.06 and

17.97 eV are used for Ar�2 and He�2, respectively.11 A list of

reactions for the species of interest is displayed in Table II.

This reaction rate package includes electron impact, recom-

bination, two-heavy-body, three-heavy-body, and radiative

rate coefficients. With the exception of a few assumptions

listed in the footnotes of Table II, all rate coefficients are

taken directly from the literature with no adjustment.

Electron impact rate coefficients are calculated using

BOLSIGþ, which uses a two-term approximation to solve

the Boltzmann equation.12 After the non-Maxwellian elec-

tron energy distribution function (EEDF) is calculated, rate

coefficients for electron impact collisions are computed by

ki ¼
ffiffiffiffiffiffiffi
2qe

me

r ð1
0

�ri �ð Þf �ð Þd�; (1)

where ki is the rate coefficient for the ith reaction, � is the

electron energy, rið�Þ is the cross section for the ith reac-

tion, and f ð�Þ is the EEDF. The main driver of the EEDF is

the reduced electric field, E/N, where N is the neutral gas

density. Reduced electric fields are calculated over time to

provide an updated EEDF for the current discharge condi-

tions. Transport parameters, including electron mobility

and diffusion coefficients, are also calculated from the

EEDF.

Metastable quenching rates due to collisions with neu-

trals via Arð1s5Þ þM ! Ar þM play an important role in

the decay rates after breakdown. However, these reactions

may in part be a proxy for collisions with impurities, allow-

ing the quenching from impurities to be taken into account

(see Stefanović et al.42 for a discussion on quenching due to

impurities). Radiation trapping43 for the Arð1s4Þ ! Ar þ �hx
transition is taken into account, using an effective A-

coefficient of 5:6� 105 s�1 reported by Han and Heaven.30

This radiation trapping term was found to be vital to the

post-pulse metastable decay rates due to the loss pathway

through Arð1s4Þ ! Ar þ �hx radiation.

A. Zero-dimensional model

The zero-dimensional model, implemented through

ZDPlasKin (Zero-Dimensional Plasma Kinetics), models the

positive column of a glow discharge by numerically integrat-

ing the system of reaction rate equations over time, account-

ing for changes in discharge parameters and species

concentrations.44 Due to the electron impact rate coefficient

and mobility dependence on E/N, the positive column E/N
must be calculated at each time step to provide an input to

BOLSIGþ, which provides an updated set of electron impact

TABLE I. A list of Ar-He species relevant to the operation of an optically

pumped rare-gas laser and their corresponding energy levels. Macro-species

energies are represented by the lowest energy level for the collection of spe-

cies represented by the macro-species.

Species Energy (eV)

Ar�2 11.06

Arð1s5Þ 11.55

Arð1s4Þ 11.62

Arð2p10Þ 12.91

Arð2p9Þ 13.08

Arð2p8Þ 13.10

Arðh:l:Þ 13.85

Arþ2 14.50

HeArþ 15.74

Arþ 15.76

He�2 17.97

He� 19.80

Heþ2 22.23

Heþ 24.58

FIG. 1. A diagram of energy levels pertinent to an optically pumped rare-

gas laser with Ar as the rare-gas. Optical pumping from Arð1s5Þ to Arð2p9Þ
is followed by a non-adiabatic transition to Arð2p10Þ and subsequent lasing

to Arð1s5Þ. Lasing to Arð1s4Þ is also possible, and Arð2p8Þ is included due to

its proximity to the pumping level Arð2p9Þ.
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rate coefficients and electron mobility. A simple method for

calculating the E/N over time caused by a voltage drop

across a ballast resistor is described in Eismann45 and is used

as a basis for this analysis.

In addition to the chemical reactions listed in Table II,

ambipolar diffusion loss is calculated for the zero-

dimensional model, with the ambipolar loss frequency, �a,

provided by

�a ¼
Da

K2
� lþTe

K2
; (2)

where Da is the ambipolar diffusion coefficient, K � 1:5 mm

is the characteristic length of the cavity, lþ is the ion mobil-

ity, and Te is the electron temperature in eV.5 Ion mobilities

are calculated using Blanc’s law,46 assuming that Arþ2 and

HeArþ mobilities are equal to the mobility of Arþ in Ar-He

TABLE II. A list of reaction rate coefficients used to model high pressure Ar-He pulsed gas discharge kinetics for species relevant to the operation of an optically

pumped rare-gas laser. Te is in eV and Tgas is in K. A discussion of the BOLSIGþ calculated rate coefficients can be found in Hagelaar and Pitchford.12

Rate coefficient

Reaction 1
s
; cm3

s
; or cm6

s

h i
References

Electron impact

Ar þ e� ! Arþ þ e� þ e� BOLSIGþ 13

Arð1s5Þ þ e� ! Arþ þ e� þ e� BOLSIGþ 13

Arð1s4Þ þ e� ! Arþ þ e� þ e� BOLSIGþ 13a

Arð2p10Þ þ e� ! Arþ þ e� þ e� BOLSIGþ 13a

Arð2p9Þ þ e� ! Arþ þ e� þ e� BOLSIGþ 13a

Arð2p8Þ þ e� ! Arþ þ e� þ e� BOLSIGþ 13a

Arðh:l:Þ þ e� ! Arþ þ e� þ e� BOLSIGþ 13a

Ar þ e� $ Arð1s5Þ þ e� BOLSIGþ 14

Ar þ e� $ Arð1s4Þ þ e� BOLSIGþ 14

Ar þ e� $ Arð2p10Þ þ e� BOLSIGþ 14

Ar þ e� $ Arð2p9Þ þ e� BOLSIGþ 14

Ar þ e� $ Arð2p8Þ þ e� BOLSIGþ 14

Ar þ e� $ Arðh:l:Þ þ e� BOLSIGþ 14b

Arð2p10Þ þ e� $ Arð2p9Þ þ e� BOLSIGþ 15

Arð2p10Þ þ e� $ Arð2p8Þ þ e� BOLSIGþ 15

Arð2p10Þ þ e� $ Arðh:l:Þ þ e� BOLSIGþ 14c

Arð2p9Þ þ e� $ Arð2p8Þ þ e� BOLSIGþ 15d

Arð2p9Þ þ e� $ Arðh:l:Þ þ e� BOLSIGþ 14c

Arð2p8Þ þ e� $ Arðh:l:Þ þ e� BOLSIGþ 14c

Arð1s4Þ þ e� $ Arð2p10Þ þ e� BOLSIGþ 15

Arð1s4Þ þ e� $ Arð2p9Þ þ e� BOLSIGþ 15

Arð1s4Þ þ e� $ Arð2p8Þ þ e� BOLSIGþ 15

Arð1s4Þ þ e� $ Arðh:l:Þ þ e� BOLSIGþ 14c

Arð1s5Þ þ e� $ Arð1s4Þ þ e� BOLSIGþ 15

Arð1s5Þ þ e� $ Arð2p10Þ þ e� BOLSIGþ 15

Arð1s5Þ þ e� $ Arð2p9Þ þ e� BOLSIGþ 15

Arð1s5Þ þ e� $ Arð2p8Þ þ e� BOLSIGþ 15

Arð1s5Þ þ e� $ Arðh:l:Þ þ e� BOLSIGþ 14c

Heþ e� ! Heþ þ e� þ e� BOLSIGþ 13 and 16

Heþ e� $ He� þ e� BOLSIGþ 13 and 17

He� þ e� ! Heþ þ e� þ e� BOLSIGþ 13 and 17

Ar�2 þ e� ! Arþ2 þ e� þ e� BOLSIGþ 18

Ar�2 þ e� ! Ar þ Ar þ e� BOLSIGþ 19

Ar�2 þ e� ! Arð1s5Þ þ Ar þ e� 1:00� 10�8 exp ð�1:00=TeÞ 20

Arþ2 þ e� ! Arþ þ Ar þ e� 1:36� 10�6 exp ð�2:09=TeÞ 21

He�2 þ e� ! Heþ2 þ e� þ e� 9:75� 10�10T0:71
e exp ð�3:40=TeÞ 22

He�2 þ e� ! Heþ Heþ e� 3:80� 10�9 23

Heþ2 þ e� ! Heþ þ Heþ e� 1:06� 10�7T�3
e exp ð�9:97=TeÞ 24

Recombination

Arþ þ e� þ e� ! Arðh:l:Þ þ e� 7:20� 10�27T�4:5
e 25

Arþ þ e� þM ! Arðh:l:Þ þM 1:10� 10�30T�2:5
e 26

Heþ þ e� þ e� ! He� þ e� 5:10� 10�27T�4:5
e 26

Heþ þ e� þM ! He� þM 1:10� 10�30T�2:5
e 26

Heþ2 þ e� ! He� þ He 5:00� 10�9T�0:5
e 25

Arþ2 þ e� ! Arðh:l:Þ þ Ar 7:34� 10�8T�0:67
e 27

HeArþ þ e� ! Arðh:l:Þ þ He 7:34� 10�9T�0:67
e 25e

203301-3 D. J. Emmons and D. E. Weeks J. Appl. Phys. 121, 203301 (2017)
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TABLE II. (Continued.)

Rate coefficient

Reaction 1
s
; cm3

s
; or cm6

s

h i
References

Two-heavy-body

Arð1s5Þ þ Ar ! Ar þ Ar 2:30� 10�15 28

Arð1s5Þ þ He! Ar þ He 1:60� 10�14 29

Arð1s5Þ þ Ar $ Arð1s4Þ þ Ar 2:10� 10�15 3

Arð1s4Þ þ He$ Arð1s5Þ þ He 1:00� 10�13 30f

Arð2p10Þ þ Ar $ Arð1sÞ þ Ar 1:50� 10�11
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tgas=300

p
31g

Arð2p10Þ þ He$ Arð1sÞ þHe 0:50� 10�13
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tgas=300

p
30g,h

Arð2p9Þ þ Ar $ Arð1sÞ þ Ar 3:00� 10�11
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tgas=300

p
31g

Arð2p9Þ þ He$ Arð1sÞ þ He 0:20� 10�11
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tgas=300

p
30g,h

Arð2p8Þ þ Ar $ Arð1sÞ þ Ar 4:00� 10�11
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tgas=300

p
31g

Arð2p8Þ þ He$ Arð1sÞ þ He 0:10� 10�11
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tgas=300

p
30g,h

Arð2p8Þ þ Ar $ Arð2p9Þ þ Ar 1:10� 10�11 30

Arð2p8Þ þ He$ Arð2p9Þ þHe 4:50� 10�11 30

Arð2p8Þ þ Ar $ Arð2p10Þ þ Ar 1:10� 10�11 30

Arð2p8Þ þ He$ Arð2p10Þ þ He 0:40� 10�11 30

Arð2p9Þ þ Ar $ Arð2p10Þ þ Ar 2:60� 10�11 30

Arð2p9Þ þ He$ Arð2p10Þ þ He 1:60� 10�11 30

Arðh:l:Þ þM $ Arð2pÞ þM 1:00� 10�11 25g,i

He� þ He� ! Heþ þ Heþ e� 1:50� 10�9 32

Arð1sÞ þ Arð1sÞ ! Arþ þ Ar þ e� 5:00� 10�10
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tgas=300

p
31

Arð1sÞ þ Arð2pÞ ! Arþ þ Ar þ e� 5:00� 10�10
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tgas=300

p
31

Arð2pÞ þ Arð2pÞ ! Arþ þ Ar þ e� 5:00� 10�10
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tgas=300

p
25h

Arðh:l:Þ þ Arð1sÞ ! Arþ þ Ar þ e� 7:00� 10�10
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tgas=300

p
31

Arþ2 þM ! Arþ þ Ar þM 6:10� 10�6T�1
gas exp ð�15; 130=TgasÞ 24i

Heþ2 þM! Heþ þ HeþM 1:40� 10�6T�0:67
gas exp ð�28; 090=TgasÞ 24i

HeArþ þ Ar ! Arþ þ Heþ Ar 2:94� 10�11
ffiffiffiffiffiffiffiffi
Tgas

p
exp ð�298=TgasÞ Estimatedj

HeArþ þ He! Arþ þ Heþ He 1:17� 10�11
ffiffiffiffiffiffiffiffi
Tgas

p
exp ð�298=TgasÞ Estimatedj

Ar�2 þ Ar�2 ! Arþ2 þ Ar þ Ar þ e� 5:00� 10�10 33

He�2 þ He�2 ! Heþ2 þ Heþ Heþ e� 1:50� 10�9 23

Heþ þ Ar ! Heþ Arþ 1:00� 10�13 34

He� þ Ar ! Arþ þ Heþ e� 2:20� 10�11 35k

He� þ Ar ! HeArþ þ e� 4:90� 10�11 35k

Heþ2 þ Ar ! Arþ þ Heþ He 2:20� 10�10 36

He�2 þ Ar ! Arþ þ Heþ Heþ e� 3:10� 10�10 11

Three-heavy-body

Arþ þ Ar þ Ar ! Arþ2 þ Ar 2:25� 10�31ð300=TgasÞ0:4 37

Arþ þ Ar þ He! Arþ2 þ He 1:13� 10�31ð300=TgasÞ0:4 37l

Heþ þ Heþ He! Heþ2 þ He 0:83� 10�31ð300=TgasÞ0:6 37

Heþ þ Heþ Ar ! Heþ2 þ Ar 1:66� 10�31ð300=TgasÞ0:6 37l

Heþ þ Ar þ Ar ! Arþ2 þ He 1:00� 10�31 11

Arþ þHeþ Ar ! HeArþ þ Ar 2:50� 10�32 25

Arþ þHeþ He! HeArþ þ He 1:00� 10�32 25

Arð1s5Þ þ Ar þ Ar ! Ar�2 þ Ar 3:60� 10�31T�0:6
gas 38

Arð1s5Þ þ Ar þ He! Ar�2 þHe 1:80� 10�31T�0:6
gas 38l

Arð1s4Þ þ Ar þ Ar ! Ar�2 þ Ar 0:95� 10�32 38

Arð1s4Þ þ Ar þ He! Ar�2 þHe 0:48� 10�32 38l

He� þ Heþ He! He�2 þ He 1:30� 10�33 22

He� þ Heþ Ar ! He�2 þ Ar 2:60� 10�33 22l

Radiative

Ar�2 ! Ar þ Ar 3:13� 105 39

Arð2p8Þ ! Arð1s4Þ 2:20� 107 40

Arð2p8Þ ! Arð1s5Þ 9:30� 106 40

Arð2p9Þ ! Arð1s5Þ 3:30� 107 40

Arð2p10Þ ! Arð1s4Þ 5:40� 106 40

Arð2p10Þ ! Arð1s5Þ 1:90� 107 40

Arð1s4Þ ! Ar 1:20� 108 40m

Arðh:l:Þ ! Ar 1:00� 108 31

Arðh:l:Þ ! Arð2p10Þ 3:00� 106 31
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mixtures. The mobility of Arþ in Ar is 1.54 cm2=V � s, in con-

trast to 20.5 cm2=V � s in He.47,48 For a 7% Ar in He mixture,

the effective mobility calculated by Blanc’s law is 11.0

cm2=V � s and is used for all Ar based ions. He based ions Heþ

and Heþ2 are assigned mobilities of 10.7 and 16.2 cm2=V � s,

respectively, based on measurements in pure He (Ref. 49).

For reactions of the form

aAþ bB! a0Aþ cC þD�½ �; (3)

the system of rate equations integrated over time are

described by

d Nl½ �
dt
¼
Ximax

i¼1

Qli tð Þ;

Ri ¼ ki A½ �a B½ �b;
QAi ¼ a0 � að ÞRi;

QBi ¼ �bRi;

QCi ¼ cRi;

(4)

where ½Nl� is the concentration of species Nl, i is the reaction

number, a, b, c are the stoichiometric coefficients of the spe-

cies A, B, C in reaction i, Ri is the reaction rate for reaction i,
Q is the overall production/loss rate for a particular species,

and D� is the energy gained or lost in the reaction.44 An esti-

mated power density of �85 W/cm3 applied over the 20 ls

pulse corresponds to a gas temperature increase of approxi-

mately 10 K, and this increase in temperature is ignored for

these calculations.

Voltages across the positive column are given by

VPC ¼ Vexternal � IDR� VC;

¼ Velectrode � VC;
(5)

where VPC is the voltage across the positive column, Vexternal

is the voltage applied by the external circuit, ID is the

discharge current, R is a 500 X ballast resistor, and VC is the

cathode fall. The electrode voltage, Velectrode, corresponds to

the voltage applied by the external circuit minus the voltage

drop due to the ballast resistor. An estimated secondary

emission coefficient of c ¼ 0:02 for the stainless steel elec-

trodes provides a cathode fall of approximately 160 V.

Reduced electric fields in the positive column are calculated

from the positive column voltage by

E

N
¼ VPC

Nd
; (6)

where d is the electrode separation.

B. One-dimensional model

A fluid approach is used to model the discharge in one-

dimension,50–54 implemented through COMSOL

MultiphysicsTM. The electron density, ne, and energy den-

sity, n�, are calculated over time via the one-dimensional

drift-diffusion equations:

@ne

@t
þ @Ce

@x
¼ Re; (7)

@n�
@t
þ @C�

@x
þ E Ce ¼ R�; (8)

Ce ¼ �neleE� @

@x
Deneð Þ; (9)

C� ¼ �n�l�E�
@

@x
D�n�ð Þ; (10)

where the subscript e refers to the electron density, and �
refers to the electron energy density. Electron mobilities,

le;�, diffusion coefficients, De;�, and electron impact rate

coefficients are calculated from BOLSIGþ, and a look-up

table is used to extract the values based on the local Te. The

TABLE II. (Continued.)

Rate coefficient

Reaction 1
s
; cm3

s
; or cm6

s

h i
References

Arðh:l:Þ ! Arð2p9Þ 4:00� 106 31

Arðh:l:Þ ! Arð2p8Þ 3:00� 106 31

Arðh:l:Þ ! Arð1s5Þ 1:00� 106 31n

Arðh:l:Þ ! Arð1s4Þ 1:00� 106 31n

aShifted in energy relative to the Arð1s5Þ ionization cross-section.
bThe Arð3d12Þ excitation cross-section extracted from PROGRAM MAGBOLTZ is used for Arðh:l:Þ.
cShifted in energy relative to the Ar ground state excitation to Arð3d12Þ and used for Arðh:l:Þ.
dShifted in energy relative to the Arð2p10Þ excitation to Arð2p8Þ.
eFollowing Shon and Kushner,25 using a value of 1/10 times the dissociative recombination rate for Arþ2 .
fRate coefficient corresponds to room temperature and is larger for temperatures above 300 K.30

gAssuming equal branching.
hAssuming

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tgas=300

p
temperature dependence following Zhu and Pu.31

iAssuming rate coefficients for He as the second body are the same as Ar as the second body.
jCalculated from the forward rate using detailed balance with the HeArþ parameters provided by Dabrowski, Herzberg, and Yoshino.41

kBranching ratio from Shon.11

lAssuming three-body rate coefficients with He as the third body are 1/2 the rate coefficient for Ar as the third body.
mNot including radiation trapping.
nAssuming equal branching from Ar(3p).
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local electron temperature is mapped to an effective E/N
from BOLSIGþ, which is used to extract an EEDF for each

point in space. Transport parameters and electron impact rate

coefficients are calculated for each point in space from the

EEDF corresponding to the local Te. Reaction source terms

are calculated from the plasma chemistry in the same manner

as Eq. (4), with the addition of an energy term, D�i, in the

energy source term R� to account for the energy gained or

lost from reaction i.
Ignoring neutral gas flow, heavy particle transport is cal-

culated by

@nk

@t
þ @Ck

@x
¼ Rk; (11)

@np

@t
þ @Cp

@x
¼ Rp; (12)

Ck ¼ �Dk
@nk

@x
; (13)

Cp ¼ nplpE� Dp
@np

@x
; (14)

where nk is the density of neutral species k, np is the density

of ion species p, Dk;p are the diffusion coefficients, Rk;p are

the reaction source terms, and lp is the ion mobility. The ion

flux Cp has a drift term due to migration in the electric field,

E ¼ �@V=@x. Electric potentials are calculated from

Poisson’s equation

� @
2V

@x2
¼ qe

�0

XP

p¼1

np � ne

0
@

1
A; (15)

where all ions are assumed to be singly charged with charge qe.

Near the electrodes, electrons are lost due to thermal

motion to the surface, and electrons are created due to sec-

ondary emission from ion collisions with the surface, provid-

ing the following boundary conditions:55

n � Ce ¼
1

2
ve;thne � n

X
p

cpCp � n; (16)

n � C� ¼
5

6
ve;thn� � n

X
p

�pcpCp � n;

n ¼ 1; if Cp � n > 0

0; otherwise

� (17)

where n is the outward normal vector to the boundary (elec-

trode), ve;th is the thermal velocity of electrons, �p is the aver-

age energy of the secondary electrons, and cp is the

secondary emission coefficient for ion species p. Boundary

conditions for heavy species follow

n � Ck ¼
1

2
vk;thnk; (18)

n � Cp ¼
1

2
vp;thnp þ nplpE � n; (19)

where the sticking coefficient is assumed to be unity, and

vk;th and vp;th are the thermal neutral and ion velocities,

respectively.

Solutions to the system of partial differential equations

are approximated over time using the Galerkin finite element

method with quadratic Lagrange shape functions. An

implicit backward differentiation formula is used for time

stepping.

III. SIMULATIONS

Simulations are performed for a 1000 V, 20 ls pulse at a

pressure of 270 Torr in a mixture of 7% Ar in He, similar to

the experiments performed by Han et al.10 A comparison

between the zero and one-dimensional models is performed

over time by selecting a representative position in the posi-

tive column of the one-dimensional model, here taken to be

3.5 mm from the cathode. Results from the one-dimensional

model at the 3.5 mm position are then compared to the zero-

dimensional model over time.

Voltages, electron temperatures, reduced electric fields,

and current densities simulated by the models show excellent

agreement over time in the positive column (Fig. 2). During

breakdown, the electron density increases and current begins

to flow. As the current flows across the ballast resistor the

electrode voltage, Velectrode, is reduced from 1000 V to approx-

imately 400 V. This decrease in Velectrode in combination with

the formation of a cathode fall reduces the positive column

E/N from the peak value of 23 Td during breakdown to

4–5 Td post-breakdown. Similarly, the positive column Te

experiences a reduction from approximately 4 eV to 2 eV due

to the reduction in E/N. After pulse termination, the electron

temperature rapidly approaches the neutral gas temperature.

Electron densities in the positive column show a rapid

increase during breakdown, followed by an almost constant

magnitude during the remainder of the pulse, as shown in

Fig. 3. Initially, Arþ is the dominant ion, but three-body, col-

lisions at atmospheric pressures convert Arþ to HeArþ and

Arþ2 throughout the pulse duration. The �0:02 eV binding

energy of HeArþ allows for rapid dissociation due to neutral

collisions, HeArþ þM ! Arþ þ HeþM, and yields a posi-

tive column HeArþ density of approximately 109 cm�3. The

�1:26 eV binding energy of Arþ2 yields dissociation rates

FIG. 2. Electrode voltage, positive column Te, E/N magnitude, and current

density magnitude over time for the 20 ls pulse.
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due to neutral collisions, Arþ2 þM ! Arþ þ Ar þM, that

are insignificant at 300 K. As a result, Arþ2 quickly becomes

the dominant ion with a positive column density of �6

�1011 cm�3 also displayed in Fig. 3.

After pulse termination, electron and ion densities decay

rapidly due to the removal of the large voltage required to sus-

tain the glow discharge. The one- and zero-dimensional mod-

els show reasonable agreement throughout the pulse duration,

with slightly lower electron densities predicted by the zero-

dimensional model. Both models predict a temporal variation

in electron and ion densities before pulse termination, indicat-

ing that a steady-state was not reached over the pulse duration.

Excited species densities show peaks during breakdown

followed by a decay throughout the remainder of the pulse

(Fig. 4), qualitatively matching the Arð1s5Þ absorption and

Arð2p10Þ fluorescence measurements by Han et al.10 Densities

of the Ar(1s) species show a smooth decay, while the Ar(2p)

species show a large initial spike. This behavior is due to elec-

tron excitation from ground state following Ar þ e� ! Ar�

þ e�, where excitation to the Ar(1s) manifold is maintained at

the post-breakdown E/N magnitudes, while Ar(2p) manifold

excitation is drastically reduced after breakdown. The zero-

and one-dimensional simulations are in agreement throughout

the pulse and after pulse termination.

Spatial distributions are analyzed at the end of the pulse

(20 ls), as the discharge approaches a steady-state. In the one-

dimensional model, the cathode is located at x¼ 0 mm with

the anode at x¼ 5 mm. Voltage, Te, and E/N show agreement

between the zero- and one-dimensional models in the positive

column (Fig. 5). As expected, a large voltage drop of �215 V

is observed near the cathode, giving rise to a large E/N magni-

tude, which in turn elevates the local Te. An E/N magnitude of

approximately 380 Td gives rise to a Te of 11 eV near the cath-

ode. A positive column E/N magnitude of 4–5 Td produces an

electron temperature of approximately 2 eV. Near the anode, a

slight increase in E/N magnitude and Te is observed due to a

voltage drop of approximately 3 V occurring over �30 lm.

Figure 6 displays electron and ion densities versus posi-

tion near the end of the pulse and shows agreement between

FIG. 3. Positive column electron and ion densities over time for the 20 ls

pulse. The HeArþ densities are too low (�109 cm�3) to appear on this scale.

FIG. 4. Positive column Ar(1s) and Ar(2p) densities over time for the 20 ls

pulse. The Arð2p8Þ densities (not shown) are nearly the same as the Arð2p9Þ
densities.

FIG. 5. Spatial profile of voltage, Te, and E/N magnitude at the end of the 20

ls pulse.

FIG. 6. Spatial profile of electron and ion densities at the end of the 20 ls

pulse.
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the zero- and one-dimensional models in the positive col-

umn. Peak Arþ and electron densities are observed in the

cathode layer due to ionization rate dependence on E/N. In

the positive column, Arþ2 is the dominant ion with densities

�15% larger than Arþ. However, Arþ is the dominant ion

near the electrodes. The low binding energy of HeArþ

together with the reaction HeArþ þM ! Arþ þ HeþM
yields HeArþ densities of �1011 cm�3 in the cathode layer

and �109 cm�3 elsewhere in the cavity.

Similarly, excited species densities simulated by the two

models are nearly equal in the positive column (Fig. 7). Peak

densities are observed in the cathode layer where E/N and Te

are elevated, increasing the excitation rates. Excitation rates

are also increased near the anode due to the increase in E/N
magnitude and Te. This spatial information is vital to opera-

tion of an OPRGL, due to the dependence of laser intensity

on the metastable density. The measured distribution of laser

intensity was found to follow a similar pattern,10 with a large

peak in intensity near the cathode. However, the measured

peak was found to take place approximately 1 mm from the

cathode, while the simulations show the peak 0.1 mm from

the cathode. This difference is most likely due to the non-

local ionization/excitation behavior in the cathode layer and

negative glow, which is underestimated using fluid approxi-

mations.56,57 A hybrid kinetic-fluid model would provide

more insight into the electron behavior near the electrodes.

IV. KINETICS

Plasma kinetics are analyzed for the zero-dimensional

model by investigating production and loss rates over time.

The dominant electron production mechanism during break-

down is ionization from the ground state, Ar þ e� !
Arþ þ 2e� (Fig. 8). After breakdown, with the reduction in

E/N and an increase in Ar�2 density, the dominant production

rate becomes excimer ionization: Ar�2 þ e� ! Arþ2 þ 2e�.

Throughout the simulation, dissociative recombination of

Arþ2 is the dominant electron loss mechanism, followed by

ambipolar diffusion. A large change occurs in the loss rates

after pulse termination due to the ambipolar diffusion and

dissociative recombination dependence on Te. Once the

external voltage is reduced, Te experiences a large decrease,

which decreases the ambipolar diffusion rate and increases

the dissociative recombination rate.

Similar to the electron rates, the dominant Arð1s5Þ pro-

duction mechanism during breakdown is due to excitation

from the ground state, Ar þ e� ! Arð1s5Þ þ e� (Fig. 9).

After breakdown, the majority of Arð1s5Þ is produced by

electron or neutral de-excitation from Arð1s4Þ. The dominant

loss rate, over all times, is due to electron excitation to

Arð1s4Þ. However, superelastic collisions reduce the overall

loss rate of Arð1s5Þ. After pulse termination, the large

decrease in Te causes an increase in the Arð1s5Þ þ e� $
Arð1s4Þ þ e� rates due to a collapse in the EEDF towards

lower energies and the relatively small energy difference

between the Arð1s5Þ and Arð1s4Þ levels (�0:08 eV).

Electron excitation of ground state Ar to Arð2p9Þ shows

a spike during breakdown, when E/N is large, followed by a

decrease post breakdown (Fig. 10). After breakdown, the

FIG. 7. Spatial profile of Ar(1s) and Ar(2p) densities at the end of the 20 ls

pulse.
FIG. 8. Positive column electron production and loss rates over time. The large

increase in the dissociative recombination rate after pulse termination is caused

by a large decrease in Te due to the removal of the applied electric field.

FIG. 9. Positive column Arð1s5Þ production and loss rates over time. After

pulse termination, the decrease in Te causes a collapse in the EEDF towards

lower energies, which increases Arð1s5Þ þ e� $ Arð1s4Þ þ e� rates.

203301-8 D. J. Emmons and D. E. Weeks J. Appl. Phys. 121, 203301 (2017)

D
ow

nloaded from
 http://pubs.aip.org/aip/jap/article-pdf/doi/10.1063/1.4983678/13858902/203301_1_online.pdf



majority of Arð2p9Þ is produced through He collisions with

Arð2p8Þ and electron excitation from Arð1s5Þ. An important

mechanism to OPRGL performance is collisional mixing of

Ar(2p) levels which is required to transfer pumped Arð2p9Þ
densities to Arð2p10Þ. For the 7% Ar in He mixture, collisions

with He are the dominant mixing mechanism, with almost

equal rates to Arð2p10Þ and Arð2p8Þ. At 300 K, the rate coeffi-

cients for Arð2p9Þ þ He! Arð2p10=2p8Þ þ He are in the

range of 1:5� 1:6� 10�11 cm3/s, with the rate to Arð2p10Þ
slightly larger than the rate to Arð2p8Þ. This indicates that a

roughly equal number of optically pumped Arð2p9Þ atoms

will collisionally transition to the Arð2p10Þ and Arð2p8Þ.
While the rate information by itself is useful, it does not

provide enough information to form a complete picture due

to the dependence of the rates on intermediate species densi-

ties. To analyze the principal pathways, PumpKin (Pathway

redUction Method for Plasma KINetic models) is

employed.58 PumpKin calculates the principal pathways by

using an algorithm based on branching at “fast” species. The

fast species are identified as species with a short lifetime rel-

ative to the other species. This algorithm determines the

sequences of reactions responsible for creating and destroy-

ing a species of interest.

Applying PumpKin to the entire pulse period provides

pathways matching the dominant rates discussed above and

also presents additional information about the reagents/prod-

ucts involved with the reactions (Table III). For example, the

dominant electron loss pathway is due to dissociative recom-

bination via Arþ2 þ e� ! Arðh:l:Þ þ Ar followed by radia-

tion to the ground state: Arðh:l:Þ ! Ar þ �hx. The dominant

electron production pathway early in the pulse is due to ioni-

zation of Ar, which occurs during breakdown. Ionization of

Ar�2 through Ar�2 þ e� ! Arþ2 þ 2e� is the dominant path-

way after breakdown.

Concerning metastable production, the dominant pathway

is simply electron excitation from the ground state. The second

largest production pathway is due to electron excitation to

Arð1s4Þ followed by electron de-excitation through

Arð1s4Þ þ e� ! Arð1s5Þ þ e�. Loss pathways include elec-

tron excitation from Arð1s5Þ to Arð1s4Þ followed by radiation

to the ground state: Arð1s4Þ ! Ar þ �hx. Neutral quenching

by He, Arð1s5Þ þ He! Ar þ He, is the second largest loss

pathway. The importance of radiation trapping becomes appar-

ent due to the loss mechanism involving radiation from

Arð1s4Þ. Radiation from Arð1s4Þ acts as a sink for the metasta-

ble density, and a lowered effective radiation rate due to radia-

tion trapping results in elevated concentrations of Arð1s5Þ.
Production pathways for Arð2p9Þ are dominated by elec-

tron excitation from the Ar(1s) manifold, either directly from

Arð1s5Þ or through Arð1s4Þ. Dominant loss pathways for

Arð2p9Þ are primarily through collisions with He to Arð2p10Þ
followed by radiation to Arð1s5Þ, or by radiation directly to

Arð1s5Þ.

V. CONCLUSIONS

Simulations of a 7% Ar in He pulsed DC discharge at a

pressure of 270 Torr are performed for a 20 ls, 1000 V pulse

FIG. 10. Positive column Arð2p9Þ production and loss rates over time. The

post-pulse He mixing rates follow the simulated Ar(2p) densities (using the

zero-dimensional model), which show a large decrease at pulse termination

followed by a steady decay. After pulse termination, the decrease in Te

causes a collapse in the EEDF towards lower energies, which increases the

Arð2p10Þ þ e� ! Arð2p9Þ þ e� rate.

TABLE III. Electron, Arð1s5Þ, and Arð2p9Þ principal pathways calculated by PumpKin over the entire pulse period. The pathways are in order by magnitude

(larger rates first), and the arrows,), link the sequential reactions.

Species Production or loss Principal pathway

e� Production (1) Ar þ e� ! Arþ þ 2e�

(2) Ar�2 þ e� ! Arþ2 þ 2e�

Loss (1) Arþ2 þ e� ! Arðh:l:Þ þ Ar ) Arðh:l:Þ ! Ar þ �hx
(2) Ambipolar diffusion

Arð1s5Þ Production (1) Ar þ e� ! Arð1s5Þ þ e�

(2) Ar þ e� ! Arð1s4Þ þ e� ) Arð1s4Þ þ e� ! Arð1s5Þ þ e�

Loss (1) Arð1s5Þ þ e� ! Arð1s4Þ þ e� ) Arð1s4Þ ! Ar þ �hx
(2) Arð1s5Þ þ He! Ar þ He

Arð2p9Þ Production (1) Arð1s5Þ þ e� ! Arð2p9Þ þ e�

(2) Arð1s5Þ þ e� ! Arð1s4Þ þ e� ) Arð1s4Þ þ e� ! Arð2p8Þ þ e�

) Arð2p8Þ þ He! Arð2p9Þ þHe

Loss (1) Arð2p9Þ þ He! Arð2p10Þ þ He) Arð2p10Þ ! Arð1s5Þ þ �hx

(2) Arð2p9Þ ! Arð1s5Þ þ �hx

203301-9 D. J. Emmons and D. E. Weeks J. Appl. Phys. 121, 203301 (2017)

D
ow

nloaded from
 http://pubs.aip.org/aip/jap/article-pdf/doi/10.1063/1.4983678/13858902/203301_1_online.pdf



using both a zero-dimensional model of the positive column

and a one-dimensional fluid model. Species relevant to the

operation of an optically pumped rare-gas laser are analyzed

over a single pulse duration to identify key kinetic pathways.

Comparisons of the two models show agreement in the posi-

tive column, where the zero-dimensional model is appropri-

ate. Both models predict a spike in excitation and ionization

rates during breakdown due to elevated voltage, E/N magni-

tude, and Te during pulse initiation. After breakdown, the

combination of a reduced electrode voltage and cathode fall

formation results in a factor of 5 decrease in the positive col-

umn E/N. This reduction in E/N drastically decreases Ar

excitation and ionization via electron impact, with an order

of magnitude reduction in excitation rates and a two order of

magnitude reduction in ionization rate within 2 ls after

breakdown.

Electron densities steadily approach a constant value,

while the dominant ion shifts from Arþ to Arþ2 over the pulse

duration due to three-body collisions. For the geometry and

simulated discharge conditions, the dissociative recombina-

tion was found to be the dominant electron loss mechanism.

Metastable loss rates rapidly increase post-breakdown,

resulting in peak metastable densities near 4� 1012 cm�3,

decreasing by a factor of 3 over the pulse duration. Radiation

trapping was found to play a key role in metastable decay

rates through the reaction sequence Arð1s5Þ þ e� !
Arð1s4Þ þ e� followed by Arð1s4Þ ! Ar þ �hx. The Ar(2p)

species display initial spikes followed by an immediate

reduction in density after breakdown due to the reduced elec-

tron excitation rates from ground state at the post-breakdown

E/N. Collisions with He are observed to be responsible for

Arð2p9Þ loss, with an almost equal transfer to the Arð2p10Þ
and Arð2p8Þ levels. As expected, excited species densities

are largest near the cathode layer, with a two order of magni-

tude difference between the peak and positive column

densities.

Finally, we note that metastable Arð1s5Þ densities are

highly dependent on the reduced electric field, E/N.

Furthermore, the laser performance also depends strongly on

Arð1s5Þ densities. As a result, efforts to maintain an elevated

E/N over large active volumes will be helpful in OPRGL

development.
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