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E-1 

EXECUTIVE SUMMARY 

The U.S. Naval Research Laboratory (NRL) is the world leader in the development of high-energy excimer 

laser science and technology [S. P. Obenschain, et al., Appl. Optics 54 (2015) 103-122]. The 𝐴𝑟𝐹*  laser 

is being scaled in power and energy to become a potential direct or indirect driver for inertial confinement 

fusion (ICF) [Obenschain et al., Phil. Trans. R. Soc. A 378 (2020) 0031]. The research efforts are focused 

on combined experimental and theoretical investigation of the current 𝐴𝑟𝐹* technology on Electra e-beam 

facility. We report on modeling results from the Orestes suite of codes that includes 0D electron kinetics, 

1D plasma chemistry, 1D lasing amplification, and 3D radiation transport. Laser yield, amplified 

spontaneous emission, small signal gain, and saturated laser intensity and their dependence on the e-beam 

power deposition in the range 0.5-2 MW/cm3, gas pressure 0.8-1.4 atm, and gas composition 0.1-0.5 % of 

F2 have been investigated. The optimum conditions for laser generation have been determined from 

simulations. Experimentally, laser yield as high as 200 J has been obtain on the Electra [submitted to Phys. 

Plasmas]. These studies pave the way for building high efficiency 𝐴𝑟𝐹* laser for ICF. 
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PLASMA KINETICS OF THE NRL HIGH EFFICIENCY 

ELECTRON-BEAM PUMPED ARGON FLUORIDE LASER 

1. INTRODUCTION

1.1 NRL efforts: overview 

Excimer lasers are high-power and high-efficiency coherent UV light sources [1]. A 𝐾𝑟𝐹* laser 

with wavelength of 248 nm and kJ output energy was developed and continuously investigated in the past 

decades on the Nike system at the U.S. Naval Research Laboratory (NRL) [2, 3, 4, 5, 6, 7]. The Electra 

electron beam (e-beam) pumped laser at NRL [8] has similar architecture as Nike and was originally 

optimized to work with 𝐴𝑟/𝐾𝑟/𝐹2 mixture, for which conversion efficiency of 12 % and net amplifier

efficiency of ~7.8 % have been achieved [3]. Numerical modeling was used to guide experiments and 

improve system design [9], [10], [11]. The latter includes both kinetics and 3D ASE (amplified spontaneous 

emission) modeling of the 𝐾𝑟𝐹* laser, and calculates laser parameters such as excitation efficiency, laser 

output and gain. Important aspects of these calculations are the spatial dependence of the non-saturable 

absorption and radiation transport accounting for mirrors reflection, cavity aspect ratio [11] and optical 

pulse shaping [12]. Recently, there has been renewed interest in another mixture as a laser medium, 𝐴𝑟/𝐹2,

based on several factors: (i) it is the deepest UV laser (wavelength of 193 nm), that could be scaled to high 

energy and power; (ii) it has a broad bandwidth (5-10 THz) that enables to reach high power on nanosecond 

(ns) timescales; (iii) it has higher intrinsic efficiency then other excimer lasers. With all these attributes, the 

𝐴𝑟𝐹∗ excimer laser could be a superior direct and indirect driver for inertial confinement fusion (ICF). This

is supported by recent results from one-dimensional simulations with the FASTRAD3D radiation hydro-

code by Bates et al. [13] showing an ablation pressure increase and lowering of the two plasmon instability 

threshold when using shorter wavelength lasers [14].  

1.2 Experiments: historical overview 

𝐴𝑟𝐹* excimer laser systems have been investigated since the late seventies. However, these 

investigations are limited in number compared to the corresponding KrF* studies. The ones, pertaining to 

e-beam generated plasmas, i.e. Ref. 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, [28, 29, 30, are 

summarized in Table 1 together with a historical overview. In this work, the plasma kinetics and lasing of 

an e-beam pumped 𝐴𝑟𝐹∗ laser are modeled and compared against experimental data from the Electra 
facility ([29] and [30]). The highest gain of 200 J was obtained in oscillator mode at e-beam power of 0.76 

MW/cm3, pulse duration of 140 ns, with an electron beam dimensions 14x30x100 cm and extracted laser 

aperture of 11x30 cm2 [31]. The progress in modeling has been reported in several conferences [32] and 

technical notes [33]. Together with 𝐴𝑟2𝐹∗ lasing at 290 nm, this excimer laser could be potentially tunable 
to other wavelengths [34]. 

_____________
Manuscript approved October 14, 2022.
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Table 1 — Historical overview on the e-beam pumped 𝐴𝑟𝐹* laser technology research and publications: 

experimental conditions, yield, and reported conversion efficiency. Experimental data for Electra are 

listed in the last three rows. 

Research,  

conditions, and yield: 

Gas mixture and 

pressure: 

Intrinsic efficiency References: 

Experiments, oscillator: 

300 ns e-beam, 1.25 MW/cm3 

Modeling: 

quenching of ArF*( 𝛴1/2)2  

Ar/F2 

0.5-4 atm Ar /2-20 Torr 

F2 

 

not published 

 

Rokni-1977 [15] 

Experiments, oscillator: 

55 ns axial e-beam, yield = 92 J 

Ar/F2 

1.84 atm 

3 %  

Hoffman-1976 [16] 

Experiments, oscillator: 

60 ns e-beam, 1.5 MW/cm3, yield = 

33 J 

 

Ne/He/Ar/F2 

3.6 atm 

 

6 % intrinsic, 

11 % peak power 

 

 

Edwards-1980 [19] 

Experiments, oscillator: 

50 ns e-beam, 1.4 MW/cm3, 

Ne/Ar/F2 

4.0 atm 

 

4.4 % intrinsic 

 

Suda-1985 [20] 

Experiments, oscillator: 

65 ns e-beam, 2.3 MW/cm3, yield = 

95 J 

 

Ar/F2 

0.85 atm 

 

3.4 % intrinsic 

 

Suda-1988 [22] 

Experiments, oscillator: 

160 ns e-beam, > 0.3 MW/cm3 

Ar/Ne/F2 

1.84 atm 

7.7 % intrinsic, 

11 % at peak power 

 

Mandl-1986 [23] 

Experiments, oscillator: 

40 ns e-beam, yield = 0.13 J 

Ne-Ar(2%)-F2 

0.98-13.8 atm 

 

3 % 

 

Peters-1987 [24] 

Modeling and experiments: 

single pass amplifier 

65 ns e-beam, 0.1-2.0 MW/cm3 

Ar/Ne/F2 and Ar/F2 

mixtures 

1.0 atm 

 

15.5 % 

Lee-1988 [25] 

Lee-1989 [26] 

Experiments, oscillator: 

1 μs e-beam, yield = 0.29 J 

Ar/Ne/F2 

4.0 atm 

 

1.35% 

 

Glessner-1991 [27] 

Modeling: 

80 ns e-beam 

Ar/F2 

2.5-4.0 atm 

 

10.4 to 23 % 

Boĭchenko-1992 

[28] 

Experiments and modeling: 

double pass oscillator 

140 ns e-beam, 0.7-0.9 MW/cm3 

maximum yield = 137 J 

 

99.71% Ar/0.29% F2 

12 psi (0.82 atm) 

 

17.7 % 

*Single pass 

amplifier efficiency 

(see equation (15)) 

 

Myers-2019 [29] 

Experiments: 

quadrupole pass oscillator 

140 ns e-beam, 0.7-0.9 MW/cm3 

maximum yield = 96 J 

 

99.7%Ar/0.3% F2 

12-20 psi  

(0.95-1.36 atm) 

 

8.2 % 

*Not accounting for 

optical losses 

 

Wolford-2020 [30] 

Experiments and modeling: 

oscillator 

140 ns e-beam, 0.76 MW/cm3 

maximum yield = 200 J 

 

99.5%Ar/0.5% F2 

13 psi (0.88 atm) 

 

9.5 % 

*Not accounting for 

optical losses 

 

2021 [31] 

 

2. PLASMA KINETICS MODELING OF THE ARF LASER 

 The formation and quenching kinetics of 𝐴𝑟𝐹* excimer molecule was studied in the late 70’s in 

the pioneering work of Rokni et al. [15,16,17]. The most comprehensive model of laser amplifier was later 

developed by Lee et al. [26]. In this model, the electron kinetics is based on electron energy distribution 

function (EEDF), which is Maxwellian for the secondaries and a delta function at beam energy electrons. 
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A set of collisional excitation and ionization rates was calculated and used to solve a system of species 

balance equations along the laser direction in which extensive plasma chemistry is included. For single pass 

amplifier in 𝐴𝑟/𝐹2 mixture at 1.0 atm, the laser parameters, such as intensity amplification, small signal 

gain, saturation intensity, and the large signal gain were calculated. Another kinetics model for both e-beam 

and discharge pumped 𝐴𝑟𝐹* lasers was developed by Boĭchenko et al. [28]. It solves the species balance 

equations and uses the homogeneous radiation approximation for 𝐴𝑟/𝐹2 and 𝐴𝑟/𝑁𝑒/𝐹2 mixtures for total 

pressures of up to 4 atm, power deposition 0.1-2.4 MW/cm3 and 65 ns e-beam pulse length. The most 

intriguing prediction made by Boĭchenko’s model was that the conversion efficiency into lasing can be as 

large as 23 %. 

 Our approach includes the following physics: electron kinetics coupled with plasma chemistry for 

atomic, molecular, and ion species, calculated by a 1D time-dependent system of balance equation for the 

plasma constituents. A spatially-averaged Boltzmann code [35] provides rates for all reactions involving 

electrons: collisional excitation and de-excitation, attachment and detachment of electrons to fluorine atoms 

and molecules, and production of radical species in an 𝐴𝑟𝐹∗ lasing medium as a function of two parameters: 

reduced e-beam power, 𝑃𝐵𝐸𝐴𝑀 𝑝⁄ , and fluorine concentration, 𝑥. Here, 𝑃𝐵𝐸𝐴𝑀 is the e-beam peak power per 

unit volume and 𝑝 is the total gas pressure. These rates are incorporated into a 1D-hydro code that solves 

the species balance equations. As a result, the time- and axial-dependent species densities are obtained, 

which are used to model the collisional and radiative processes responsible for the upper lasing level 

𝐴𝑟𝐹∗(𝐵) population and destruction. The population rate of the upper laser level, 𝐴𝑟𝐹∗(𝐵), then enters a 

1D laser code and a 3D ASE numerical model, in which the radiation fluxes and output laser intensity are 

calculated. The Boltzmann treatment of electron kinetics and the 3D ASE are the main distinction between 

our model the ones listed in the previous paragraph. 

 For the electron kinetics, the electron energy distribution function was numerically calculated by 

solving the 0D steady-state Boltzmann equation and the rates of individual processes, such as electron 

collisional excitation, ionization and dissociation, were calculated for various fluorine concentrations in 

argon and reduced e-beam power [35]. These rates, together with extensive plasma chemistry rates, are 

included in a system of balance equations for the following species: electrons, 𝐴𝑟 and 𝐹 (0.82 eV) atoms, 

Ar2 molecules in ground state, atomic excited states 𝐴𝑟* (11.65 eV), 𝐴𝑟** (13.17 eV), and 𝐹∗(12.7 eV),  
molecular electronically excited states 𝐴𝑟2 

∗  (10.6 eV),   𝐹2
∗, (11.57 eV), 𝐴𝑟𝐹∗(𝐵) (8.3 eV), 

𝐴𝑟𝐹∗(𝐶) (8.3 eV),  𝐴𝑟2𝐹∗ (6.0 eV), atomic ions 𝐴𝑟+ (15.76 eV) and 𝐹− (−2.58 eV), and molecular ions 

𝐴𝑟2
+ (14.53 eV) and 𝐹2

+ (15.69 eV). In this model we carry the four 4𝑠 levels as a block of levels denoted 

as 𝐴𝑟* by lumping the fine structure sub-levels weighted by the g-factors. Analogously, 𝐴𝑟** is a lumped 

block of the ten 4p levels. The threshold energies or enthalpies for all species are listed in the brackets. For 

reader’s convenience, they are also listed in the Appendix, Table 1. 

 

2.1 Model overview 

 In this subsection, we provide an overview of Orestes. 

2.1.1 Electron kinetics 

 It is well-known that high-energy e-beams (100’s of KeV) form plasma with complex 

electron energy distribution function that extends up to the e-beam energy. Collisional rates with 

electrons can be calculated accurately with the EEDF, which is obtained by solving the electron 

Boltzmann equation. The EEDF is used to calculate the following rates: (i) elastic collisions with 

Ar, F, and F2; (ii) electron impact excitation of Ar, F and F2; (iii) e-beam, electron impact and 

Auger ionization; (iv) dissociation, vibrational excitation and attachment to F2, and (v) dissociative 

recombination. The electron collisional impact rates from the ground state were calculated as 

function of e-beam power per unit volume, 𝑃𝐵𝐸𝐴𝑀 , total pressure p, and gas composition. Then, 

the collisional rates were fitted as a function of fluorine concentration and reduced e-beam power 

𝑃̅ =
2𝑃𝐵𝐸𝐴𝑀 [𝑀𝑊/𝑐𝑚3]

𝑝[𝑎𝑡𝑚]
. The total collisional ionization rate 𝑅𝐵𝐸𝐴𝑀

𝑖𝑜𝑛  is put in the familiar form using 

the calculated energy per electron-ion pair, 𝑊𝑒𝑖 , 
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𝑅𝐵𝐸𝐴𝑀
𝑖𝑜𝑛 (𝑃,̅ 𝑥, 𝑧, 𝑡) =

𝑃𝐵𝐸𝐴𝑀 (𝑡)

𝑊𝑒𝑖(𝑧,𝑥,𝑡)
                                                                         (1) 

and partitioned among direct ionization, electron impact dissociative ionization, and Auger 

ionization. The excitation rates 𝑅𝐴𝑟(4𝑠)
𝑒𝑥𝑐  and 𝑅𝐴𝑟(4𝑝)

𝑒𝑥𝑐  are expressed through the ionization rates using 

the excitation-to ionization ratios 𝜂𝐴𝑟(4𝑠)
𝑒𝑥𝑐 (𝑥) and 𝜂𝐴𝑟(4𝑝)

𝑒𝑥𝑐 (𝑥): 

𝑅𝐴𝑟(4𝑠)
𝑒𝑥𝑐 (𝑃,̅ 𝑥, 𝑧, 𝑡) = 𝜂𝐴𝑟(4𝑠)

𝑒𝑥𝑐 (𝑥)𝑅𝐵𝐸𝐴𝑀
𝑖𝑜𝑛 (𝑃,̅ 𝑥, 𝑧, 𝑡)                                     (2a) 

𝑅𝐴𝑟(4𝑝)
𝑒𝑥𝑐 (𝑃,̅ 𝑥, 𝑧, 𝑡) = 𝜂𝐴𝑟(4𝑝)

𝑒𝑥𝑐 (𝑥)𝑅𝐵𝐸𝐴𝑀
𝑖𝑜𝑛 (𝑃,̅ 𝑥, 𝑧, 𝑡).                                   (2b) 

The collisional rates of electrons with F2 are also approximated as functions of 𝑃̅ and 𝑥 [35], where 𝑥 is the 

concentration of F2 in the Ar/F2 mixture. The above rates are calculated at any time t and spatial position 

along the lasing direction, 𝑧. A list of rates is provided in Appendix, Table A2. 

 Collisional processes such as stepwise ionization or excitation between 𝐴𝑟* and 𝐴𝑟** have low 

energy threshold, comparable to the electron temperature Te. For these processes, the rates are calculated 

with a Maxwellian EEDF and written in Arrhenius form 

𝑅(𝑧, 𝑡) = 𝐴𝑇𝑒
𝜂(𝑧, 𝑡)𝑒−𝑏/𝑇𝑒(𝑧,𝑡).                                                                   (3) 

with fitting parameters A, b, and .  

 The lowest energy part of the EEDF is approximated with a Maxwellian for the purpose of 

calculating the temperature of the bulk of electrons, Te. This is done by solving the electron energy balance 

equation 

∂

∂t
(

3

2
𝑛𝑒(𝑧, 𝑡)𝑘𝐵𝑇𝑒(𝑧, 𝑡)) = 𝑃𝐵𝐸𝐴𝑀 (𝑡) + ∑ (𝑃𝑠

𝑐ℎ𝑒𝑚(𝑃,̅ 𝑥, 𝑧, 𝑡) − 𝑃𝑠
𝑖𝑜𝑛(𝑃,̅ 𝑥, 𝑧, 𝑡) −𝑠

𝑃𝑠
𝑒𝑥𝑐(𝑃,̅ 𝑥, 𝑧, 𝑡) −

3𝑚𝑒

𝑚𝑠
𝑛𝑒(𝑧, 𝑡)𝜈𝑒𝑠𝑘𝐵 (𝑇𝑒(𝑧, 𝑡) − 𝑇𝑔(𝑧, 𝑡))).       (4) 

In Equation (4), 𝑛𝑒 is the electron density, 𝑘𝐵 is the Boltzmann constant, 𝜈𝑒𝑠 is electron-neutral collision 

frequency, me and ms are the mass of electrons and species s, respectively, and P is the power gain or loss 

due to collisions. Subscript s denotes species and the superscript denotes the corresponding process. The 

initial condition for solving Equation 4 is 𝑇𝑒,0(𝑧) = 0.03 𝑒𝑉. An analogous equation is used for the gas 

temperature.  

 Other collisional data with electrons included in the kinetics model are: electron impact excitation 

(Refs. [26] and [36]); de-excitation with rates estimated by McGeoch [33] using Vriens and Smeets review 

[37]; electron impact ionization [26]; dissociative recombination [38]; superelastic electron dissociation 

[26]; electron attachment and inelastic dissociative attachment, electron impact dissociation [26]; and 3-

body recombination [39]. A list of rates is provided in Appendix, Table A3. 

 

2.1.2 1D collisional radiative model 

 There are other reactions included in the kinetic model, which are relevant to heavy species:. 

neutral-neutral reactions [33, 40], Penning ionization [41] and [42], ion charge transfer reactions, ion charge 

transfer [43], and ion-ion recombination. For the latter, density effect [44], gas temperature [45] and plasma 

shielding [46] have been taken into account. The full list of reactions used in this work is provided in 

Appendix, Table A4. 
 

 The plasma chemistry module defines species, rate constants, rates, rate equations, and partial 

contribution of each reaction in the rate equations. Also, data mapping is performed in order to 

accommodate the different dimensionality of Orestes subroutines. For example, species densities mapping 

transfers data from the 1D chemistry code (collisional-radiative model) to the 3D radiation code.  
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2.1.3 Vibrational excitation of ArF* molecule and radiation 

 One of the most important futures of the excimer molecules is their electronic structure: a 

covalently bounded ground state 𝛴+ 2  (1S ground state of argon and 2P ground state of fluorine atoms at 

infinite inter-nuclear separation) and ionically bound, charge transfer state (correlating 2P of 𝐴𝑟+ and 1S of 

the halogen negative ion, 𝐹−, at infinite inter-nuclear separation) [1]. Hartree-Fock self-consistent-field 

calculations for 𝐴𝑟𝐹 (ground and electronically excited 𝛱2  states) energy curves are given in Ref. [47]. In 

Ref. [48] and [49] an ab initio study of some noble gas-monohalides are performed and potential energy 

curves are computed including for 𝐴𝑟𝐹*. From Tables II and VIII in Ref. [49], the following quantities 

relevant to the lasing transition 2 𝛴+ →2 𝑋 𝛴+2  are used: emission energy 6.49 eV and Einstein A-

coefficient 𝐴 = 2.67 × 10−8 𝑠−1 (lifetime 𝜏 = 2.7 𝑛𝑠). For modeling the 𝐴𝑟𝐹∗ molecule, rigid rotator 

model is used in Orestes with parameters 𝜔𝐵 = 390 𝑐𝑚−3 and 𝜔𝐵𝑋 = 2.7 𝑐𝑚−3  [49]. The number of 

vibrational levels is 51 and the spacing between 𝐵 and 𝐶 levels of the ArF molecule is ∆𝐸 = 𝐸𝐵 − 𝐸𝐶 =
120 𝑐𝑚−1.  

 

2.1.4 Stimulated and spontaneous emission at 193 nm, radiative rates and gain equation      1 

The deep VUV light at 193 nm is generated in the entire volume pumped by the e-beam and gets 

amplified in the laser cavity. The first analysis of the ASE was performed by Rigrod [50], who 

included homogeneous line broadening and an average non-saturable loss coefficient. Later, in 

Ref. [51], an one-dimensional numerical model for single and double pass amplifiers was 

developed. In general, the radiation transport module accounts for spontaneous radiative decay and 

stimulated emission of 𝐴𝑟𝐹* molecules using the following equation: 

(𝑐−1𝜕𝑡 ± 𝜕𝑧)𝐼±(𝒓, 𝜈, 𝑡) = [𝑔(𝒓, 𝜈, 𝑡) − 𝛼(𝒓, 𝜈, 𝑡)]𝐼±(𝒓, 𝜈, 𝑡),                      (5) 

with gain coefficient 𝑔(𝒓, 𝜈, 𝑡) and absorption coefficient 𝛼(𝒓, 𝜈, 𝑡). The gain coefficient 

𝑔(𝒓, 𝜈, 𝑡) = 𝑁𝐴𝑟𝐹∗(𝒓, 𝑡)𝜎(𝜈) is proportional to the upper level density,  𝑁𝐴𝑟𝐹∗(𝒓, 𝑡), and the 

stimulated emission cross section,  𝜎(𝜈), with  being the line profile frequency. For the 𝐾𝑟𝐹* 

laser in oscillator mode, the most comprehensive study of was performed by Rice et al. [52], where 

the effects of transmissions from windows and unpumped regions at the laser wavelength are 

accounted for in the laser propagation equation. 

 The amplified spontaneous emission module for high gain 𝐾𝑟𝐹* laser amplifier in Orestes 

includes 3D numerical modeling of ASE and parasitic oscillations. A detailed discussion regarding 

the numerical technique to solve the radiation transport equation is provided in Ref. [11]. Here, we 

describe a model for 𝐴𝑟𝐹* single pass amplifier at the central laser frequency. It is based on the 

following system of equations. The first equation is for the laser intensity propagation in axial 

direction: 

𝑑𝐼

𝑑𝑧
= 𝐼(𝑔 − 𝛼),                                                                                    (6) 

where 

𝑔 ≡ 𝜎𝑁𝐴𝑟𝐹∗(𝐵) ≡
𝑔0

1+
𝐼

𝐼𝑆𝐴𝑇

                                                                     (7) 

is the large signal gain, 𝑔0 is the small signal gain, and 𝐼𝑆𝐴𝑇 is the saturated laser intensity. They are defined 

as 

𝑔0 ≡ 𝜎𝐺𝐴𝑟𝐹∗(𝐵)τArF∗(B)                                                                      (8) 
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𝐼𝑆𝐴𝑇(𝜈) ≡
ℎ𝜈

𝜎𝑠𝑒𝜏𝐴𝑟𝐹∗(𝐵)
,                                                                          (9) 

where 𝐺𝐴𝑟𝐹∗(𝐵)(𝑧, 𝑡) is the production rate and 𝜏𝐴𝑟𝐹∗(𝐵) is the effective lifetime, including spontaneous 

emission and collisional quenching, and ℎ𝜈 is the energy of the lasing photon. The population of the upper 

lasing level, 𝐴𝑟𝐹*(B), is calculated by solving the time-dependent species balance equation on the laser 

axis: 

𝑑 𝑁𝐴𝑟𝐹∗(𝐵)(𝑧,𝑡)

𝑑𝑡
= 𝐺𝐴𝑟𝐹∗(𝐵)(𝑧, 𝑡) − 𝑁𝐴𝑟𝐹∗(𝐵) (

1

𝜏𝐴𝑟𝐹∗(𝐵)
+

𝜎𝑠𝑒𝐼

ℎ𝜈
).                    (10) 

The last term in the right hand side is the stimulated emission rate with photoabsorption cross 

section 𝜎𝑠𝑒, which for various species is listed in Table 2 [33, 53, 54, 55, 56]. 

Table 2 Photoabsorption cross sections at =193 nm for various species used in Orestes. 

Species: Cross sections (cm2): References: 

𝐹2 1.0 × 10−21 Argüello-1995 

𝐴𝑟∗ 3.5 × 10−20 Duzy-1980 

𝐴𝑟∗∗ 3.0 × 10−18 Duzy-1980 

Ar2
∗ 6.3 × 10−19 Sauerbrey-1987 

𝐴𝑟2𝐹∗ 5.0 × 10−19 McGeoch-2017 

Ar2
∗ 1.0 × 10−19 NRL estimate 

𝐹− 6.5 × 10−18 Mandl-1971 
 
 For all other species s, the rate balance equations are: 

𝑑𝑁𝑠(𝑧,𝑡)

𝑑𝑡
= 𝐺𝑠(𝑧, 𝑡) − 𝐿𝑠(𝑧, 𝑡),………………………………………………….(11) 

where 𝐺𝑠(𝑧, 𝑡) and 𝐿𝑠(𝑧, 𝑡) are gain and loss terms. The main distinction between (10) and (11) is the lack 

of the stimulated emission rate term, 𝜎𝑠𝑒𝐼/ℎ𝜈, which affects only the 𝐴𝑟𝐹* (B) state. We carry about 70 

plasma chemical reactions for 15 species in the model. For each reaction, the rate, threshold energy, and 

heat capacity are provided in order to solve the rate equations and the energy balance equations for electrons 

and heavy species self-consistently.  

 

 

2.1.5 Model geometry 

Electra’s main components are shown Ref. [57]. Here, in Fig. 1, we provide a sketch of the geometry that 

is used for most of the computations in this work. The e-beam pumped volume is 879 liters, filled with a 

mixture of 𝐴𝑟 and 𝐹2 gas at specified pressure. Two counter-propagating e-beams from each side of the 

laser cavity and perpendicular to axis z pump the volume. A lasing is produced along 𝑧 via the chain of 

reactions: 

𝑒-𝑏𝑒𝑎𝑚 + 𝐴𝑟 + 𝐹2 → ⋯ → 𝐴𝑟𝐹∗(𝐵) → 𝐴𝑟 +  𝐹2 + ℎ𝜈(193𝑛𝑚).                         (12) 
The rear and front windows with transmissions Twm and Twc, rear mirror and output coupler/mirror 

reflectivity, as well as non-pumped buffer gas regions are included in the gain analyses. This geometry 

allows to work with only part of the volume for high lasing performance, as well as different configurations, 

as described in Ref. [30], where a quadrupole pass oscillator using four mirrors lead to a large laser output 

of 137 J. 
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Fig.1 —  Model geometry for numerical simulations. The gas cavity e-beam pumped regions are surrounded on both sides with 

non-pumped buffer gas. Laser propagation accounts for rear and front windows transmissions. Rear mirror and output 

coupler/mirror are situated on both sides of the laser cavity. This geometry allows to work with part of the volume for high 

performance laser operation and the mirrors away from the damaging e-beams (top plot). The ASE simulations are performed in 

3D geometry (bottom plot). Electra has a double side e-beam pumping. The Hibachi foil, shown in yellow on the bottom plot, is 

sketched only for the far end.  

 

 

2.1.6 Numerical simulations 

 The Orestes-ArF suite of codes requires the following input: (i) experimental parameters such as 

peak beam power and beam shape in time, gas pressure and gas composition; (ii) initial densities for all 

species, electron and gas temperature, (iii) reactions enthalpies; (iv) vessel geometry, mirrors reflectivity, 

windows transmissions needed for laser and gain module; (v) data for vibrational kinetics needed for the 

𝐴𝑟𝐹* quantum mechanics code.  

 A block diagram of Orestes is given in Fig. 2, in which the input, equations and output are listed. 

Combined electron kinetics equations with 1D collisional-radiative model (CRM), laser propagation 

equation, and radiation transport fluxes are solved self-consistently. The code is based on finite difference 

discretization. The output from the electron kinetics are collisional rates with electrons as a function of e-

beam power, total gas pressure and gas composition. These rates enter the plasma chemistry part of the 

model, denoted as ORESTES, which solves for the species densities along the laser axis 𝑧. Finally, the 

𝐴𝑟𝐹* density is mapped on a 3D grid for laser propagation and radiation transport calculations. 
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Fig. 2 —Block diagram of Orestes-𝐴𝑟𝐹* suite of codes: input data (INPUT), electron kinetics data from the EEDF, i.e. collisional 

rates with electrons (ELECTRON KINETICS), and plasma chemistry model with vibrational kinetics (𝐴𝑟𝐹* quantum mechanics 

code), radiation transport and laser model (ORESTES). The output is listed on the right. 

 

 

2.2. Spatially-averaged populations of various species in Ar/F2 plasmas  

 

2.2.1 Time-dependent electron beam profile 

 

 The Orestes time-dependent plasma chemistry module (CRM) is one of the major 

components in the 𝐴𝑟𝐹* laser kinetics. It is driven by e-beam electrons with specified energy and 

current density that create secondary electrons inside the laser cavity and produce almost 

instantaneously a non-LTE plasma. The experimentally measured time-dependent single shot e-

beam power per unit volume is shown in Fig. 3. It has a sharp rise-time of 50 ns up to 0.4 MW/cm3, 

and a more gradual increase between 50 and 130 ns up to the peak power density of 𝑃𝐵𝐸𝐴𝑀
𝑚𝑎𝑥 =

500 𝑘𝑊/𝑐𝑚3. For the next 130 ns, the e-beam power decreases in time. For the simulations shown 

in this paper, the shape of the pulse is kept the same, but the maximum e-beam power  was varied, 

i. e. the whole pulse is scaled with e-beam power. 

 



Plasma kinetics of the NRL high efficiency electron-beam-pumped argon fluoride laser 

 9 

 

 

 
Fig. 3— Experimental e-beam power as function of time. 

 

2.2.2 Species densities 

In this sub-section we will discuss simulation results from the Orestes plasma chemistry module in order to 

get better understanding of plasma characteristics that are essential for the laser operation and determine 

laser parameters such as gain, amplification, and emission. Throughout we consider 𝐴𝑟/𝐹2mixture in which 

the fluorine concentration is low, less than 1 %. The species densities versus time are plotted in Fig. 4 at 

typical operating conditions: beam power 𝑃𝐵𝐸𝐴𝑀
𝑚𝑎𝑥 = 0.5 𝑀𝑊/𝑐𝑚3, total pressure 𝑝 = 12.5 𝑝𝑠𝑖, and 𝐹2 

concentration 𝑥 = 0.5 %. The top panels display the densities of neutrals, the lower left panel shows the 

population of the upper laser level and the bottom right panel shows the electron and ion densities. The 

excited state 𝐴𝑟* reaches maximum population on the order of 1015 cm-3 at time 150 ns, just after the peak 

of the e-beam pulse, and then decreases. Initially, the population of the 𝐴𝑟** levels is proportional to the 

population of the 𝐴𝑟* levels, but after the peak of the e-beam it drops faster than the 𝐴𝑟* levels due to 

radiative processes. The maximum population is about 3 × 1014𝑐𝑚−3, approximately one-third of the 

maximum population of the 4𝑠 levels. The population of the argon molecular dimer, 𝐴𝑟2
∗, is about an order 

of magnitude lower than the population of 𝐴𝑟* and follows its temporal dependence. This is because it is 

formed in three-body reactions from 𝐴𝑟*, i.e. 𝐴𝑟*+𝐴𝑟 + 𝐴𝑟 → 𝐴𝑟2
∗ + 𝐴𝑟. The population of 𝐴𝑟2𝐹∗ is 

orders of magnitude lower, but it gradually increases with time and exceeds the density of 𝐴𝑟2
∗ at the end 

of the e-beam pulse. The initial F2 density is set by the prescribed concentration of fluorine, but it decreases 

in time due to electron impact dissociation. At the end of the e-beam pulse, at time t=200 ns, 𝐹2 is 50 % 

dissociated. At the same time, the atomic fluorine density, which is zero initially, keeps increasing as the 

reverse processes are slow. The number of dissociated 𝐹2 molecules per unit volume is proportional to the 

e-beam energy deposition per unit volume, 𝜀𝐵𝐸𝐴𝑀 = ∫ 𝑃𝐵𝐸𝐴𝑀
∞

0
(𝑡)𝑑𝑡 [35]. If 𝜀𝐵𝐸𝐴𝑀 exceeds a certain 

critical value, 𝐹2 molecules will be dissociated, which may put an upper limit to the energy deposition. This 

effect can be counteracted by adding more fluorine to the mixture.  

 The population of 𝐴𝑟𝐹* excimer molecules is plotted in the lower left panel of Figure 4. Unlike 

the other excited states, it reaches maximum well before the peak of the e-beam pulse, at time t=50 ns. The 

peak value is ~ 5 × 1014𝑐𝑚−3, very close to that measured in [58], which is ~ 4 × 1014𝑐𝑚−3. It is notable, 

that in their experiments, the peak density was also reached very early in time, at t=40 ns, but for a discharge 

pumped scheme (applied voltage 𝑉 = 28 𝑘𝑉, reduced applied electric field 22 𝑇𝑑 at total pressure 2.5 𝑎𝑡𝑚 

and gas composition 𝐴𝑟/𝐹2/𝐻𝑒 =  89.5% / 0.5% / 10%). The mechanisms for population and destruction 

of 𝐴𝑟𝐹* will be discussed later in this section in relation to the formation of population inversion and gain. 

 The electron and ion densities are plotted in the lower right panel of Figure 4. The peak electron 

density is ~5× 1014𝑐𝑚−3. The dominant positive ion is 𝐴𝑟+, followed by 𝐴𝑟2
+. The density of 𝐹2

+ is lower 

due to the small concentration of fluorine, but at the end of the e-beam pulse becomes comparable to the 

densities of 𝐴𝑟+ and 𝐴𝑟2
+. The density of the only negative ion considered in the model, 𝐹−, is very large 
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and follows the electron density profile since it is formed in dissociative attachment to 𝐹2 molecules, 𝐹2 +
𝑒 → 𝐹− + 𝐹, a process known from studies of the 𝐾𝑟𝐹*plasma kinetics [59]. It flattens at time t=30 ns to 

a value of 𝑁𝐹− = 1 × 1014𝑐𝑚−3. This value is somewhat less than that reported in Ref. [58] for a discharge-

pumped 𝐴𝑟𝐹* laser (𝑁𝐹− = 3 × 1014𝑐𝑚−3). After the peak of the laser pulse, the production rate of ions 

decreases and the ions are annihilated via ion-ion recombination, as well as dissociative recombination with 

electrons. The time scale for these processes is on the order of 100 ns. 

 

 
Fig. 4 — Species densities in 𝐴𝑟𝐹* oscillator as function of time at e-beam power 0.5 𝑀𝑊 𝑐𝑚3⁄ , total gas pressure of 

12.5 𝑝𝑠𝑖, and composition 0.5% of 𝐹2 in 𝐴𝑟. 

 

 
2.2.3 Production and loss of ArF* molecules. Lasing mechanism 
 Of critical importance for lasing is the population of the upper laser level, 𝐴𝑟𝐹*(B), since it 

determines the large signal gain given by Equation 7. Here, we will focus on the production and destruction 

rates due to various collisional and radiative processes. The production of 𝐴𝑟𝐹∗ proceeds through two main 

channels: collisions of fluorine molecules with argon neutrals in excited states and ion-ion recombination 

[30]. Equally important are the loss mechanisms of 𝐴𝑟𝐹* molecules since they lead to decrease of lasing. 

They include collisional deactivation with electrons and neutrals (Ar, F2), as well as spontaneous and 

stimulated emission. Next, we compare the production and loss rates and their relative contributions to 

population of 𝐴𝑟𝐹∗ during the e-beam pulse.  

 In Fig. 5 we plot two series of simulation results: for e-beam power of 0.5 𝑀𝑊 𝑐𝑚3⁄  and 

1 𝑀𝑊 𝑐𝑚3⁄ . The most effective production channel is the collisions of 𝐴𝑟 excited atoms with fluorine 

molecules, the so-called harpoon reaction (𝐴𝑟*+𝐹2 →  𝐴𝑟𝐹∗ + 𝐹), also in Ref. [15]. For 0.5 𝑀𝑊 𝑐𝑚3⁄  

power deposition, the rate at its maximum is 8 × 1022𝑐𝑚−3𝑠−1. For 1 𝑀𝑊 𝑐𝑚3⁄  power deposition, 

however, the production rate in Equation 8 is 1.8 × 1023𝑐𝑚−3𝑠−1, i.e. it exhibits a slight non-linear 

increase. The production of 𝐴𝑟𝐹∗ is most effective between 50 and 180 ns, which coincides with the 

production of 𝐴𝑟* state in electron impact collisional excitation of argon atoms from the ground state. This 

collisional excitation rate depends on the EEDF and follows the beam power deposition plotted in Fig. 3. 
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The next important contributors to the production of 𝐴𝑟𝐹* arise from the ion channel, while other reactions 

contribute marginally. The major losses are due to neutral collisions of 𝐴𝑟𝐹* with 𝐴𝑟 atoms and 𝐹2  
molecules, followed by super-elastic collisions with electrons and dissociative attachment. Radiation 

accounts for only a few percent of the total loss rate. Time-integrated relative contributions for creation and 

destruction of 𝐴𝑟𝐹* at e-beam power deposition of 1 𝑀𝑊 𝑐𝑚3⁄  are listed in Table 3. 

 

 
Fig. 5 — Gain and loss rates as a function of time for 𝐴𝑟𝐹* oscillator at e-beam power deposition 0.5 MW/cm3 (left) and 1 MW/cm3 

(right), total gas pressure of 12.5 𝑝𝑠𝑖, and composition 0.5% of 𝐹2 in 𝐴𝑟. 

 
Table 3 — Relative contribution to the gain and loss channels for 𝐴𝑟𝐹* for power deposition of 1 MW/cm3, 

total gas pressure of 12.5 𝑝𝑠𝑖, and 0.5% of 𝐹2 in 𝐴𝑟. 

Gain of ArF* Reaction: Contribution 

neutral-neutral reaction 𝐴𝑟*+𝐹2 →  𝐴𝑟𝐹∗ + 𝐹 43 % 

three-body reaction 𝐴𝑟2
+ + 𝐹− + 𝐴𝑟 →  𝐴𝑟𝐹∗ + 2𝐴𝑟 29 % 

ion-ion recombination 𝐴𝑟+ + 𝐹− →  𝐴𝑟𝐹∗ 15 % 

other reactions:  𝐴𝑟*+𝐹2 →  𝐴𝑟𝐹∗ + 𝐹 

𝐴𝑟2
∗ + 𝐹2 →  𝐴𝑟𝐹∗ + 𝐹 + 𝐴𝑟 

𝐴𝑟2
∗ + 𝐹 →  𝐴𝑟𝐹∗ + 𝐴𝑟 

13 % 

Loss of ArF*:   

neutral relaxation 𝐴𝑟𝐹∗ + 𝐹2 → 𝐴𝑟 + 𝐹 + 𝐹2: 51% 

super-elastic dissociation 𝐴𝑟𝐹∗ + 𝑒 → 𝐴𝑟 + 𝐹 + 𝑒 35% 

neutral relaxation 𝐴𝑟𝐹∗ + 𝐴𝑟 → 𝐹 + 2𝐴𝑟 10% 

radiation and dissociation 𝐴𝑟𝐹∗ → 𝐴𝑟 + 𝐹 + ℎ𝑣0 

𝐴𝑟𝐹∗ + 𝑒 → 𝐴𝑟*+𝐹− 

𝐴𝑟𝐹∗ → 𝐴𝑟 + 𝐹 + ℎ𝑣𝑋 

𝐴𝑟𝐹∗ + ℎ𝑣0 → 𝐴𝑟 + 𝐹 + 2ℎ𝑣0 

4% 
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2.2.4. Electron and gas temperature 

 The EEDF for e-beam plasmas is highly non-Maxwellian, extending up to the e-beam 

energy, 𝑈𝐵𝐸𝐴𝑀. It is nonetheless convenient to use as a parameter the electron temperature, which 

determines the average energy of the electron bulk. The electron temperature is conventionally 

defined as  

𝑇𝑒 =
2

3
〈𝑢〉 = ∫ 𝑢𝑓(𝑢′)

𝑈𝐵𝐸𝐴𝑀

0
𝑑𝑢′                                             (13) 

by averaging the electron kinetic energy 𝑢 over the EEDF 𝑓(𝑢), and 〈𝑢〉 is the mean electron 

energy. Orestes also computes the gas temperature, 𝑇𝑔, from the gas thermal balance equation to 

account for the heating of the gas and chemical reactions rates that depend on 𝑇𝑔. The time 

evolutions of the electron and gas temperatures are plotted in Fig. 6. The electron temperature 

raises sharply (~10 ns) and remains flat at about 2 eV for the entire e-beam pulse duration. The 

gas temperature steadily increases from room temperature to 420 K (Fig. 6).  

 
Fig. 6 —  Electron and gas temperatures for 𝐴𝑟𝐹* oscillator as function of time for e-beam power 0. 5 𝑀𝑊 𝑐𝑚3⁄ , total gas pressure 

12.5 𝑝𝑠𝑖 and composition 0.5% of 𝐹2 in argon. 

 

3. LASER MODELS IN ORESTES 

 In order to systematically study the 𝐴𝑟𝐹* laser, various laser configurations on Electra have been 

explored. For single and double pass amplifiers, small signal gain measurements and calculation are 

discussed in Myers et al. [29] and [60]. For quadrupole pass oscillator results are published in Wolford et 

al. [30], where ASE and laser yield were measured using high pressure photodiode. Laser yield of 137 J 

was measured in laser mixture of 99.71 % 𝐴𝑟 and 0.29 % F2 at total pressure 14 psi. In this section, we 

provide a summary of these results. 

3.1 Single and double pass amplifiers 

 In the single pass amplifier (SPA) laser configuration, a commercial discharge 𝐴𝑟𝐹* laser is used 

as a seed laser that propagates along the 𝑧-axis. By varying its intensity, the small signal gain was 

determined ([29] and [60]). SAP was studied by Lee et al. [26] using pulse propagation equation with 

transient spatial and temporal dynamics for e-beam deposition rates in the range 0.1 to 2 MW/cm3. The 

reported amplifier efficiency exceeded 10% in argon-rich mixture of 𝐴𝑟/𝑁𝑒/𝐹2. In this sub-section we 

compare our results for laser parameters in SPA mode with the results from the latter reference since our 

investigations are performed at similar conditions.  

 For SPA, Giuliani [61] has developed a method for estimating the small signal gain in steady-state 

using the following assumptions: (i) there are no mirrors; (ii) transmission and reflection coefficient of the 

laser cell interfaces are assumed known. One can define the following relations: 

ℛ𝑓 ≡ Υ𝐹2
Υ𝑊2

 and ℛ𝑏 ≡ Υ𝐹1
Υ𝑊1

, 
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where Υ𝐹1
 and Υ𝐹2

 are the transmission coefficients through the sections of unpumped gas and Υ𝑊1
 and Υ𝑊2

 

are the transmission coefficients through the cell windows. Then define the ratios  

𝑦(𝐿) ≡
1

ℛ𝑓

𝐼𝑂𝑈𝑇

𝐼𝑆𝐴𝑇
 and 𝑦(0) ≡  ℛ𝑏

𝐼𝐼𝑁

𝐼𝑆𝐴𝑇
, 

where 𝐼𝐼𝑁 is the input laser intensity (known parameter), 𝐼𝑂𝑈𝑇 is the output laser intensity, either measured 

or calculated, and L the length of the gain region. The laser intensity propagation Equation 6 becomes 

(𝛾 − 1)𝛼𝐿 − 𝑙𝑛 [
𝑦(𝐿)

𝑦(0)
] + 𝛾 ln [

𝑦(𝐿)−(𝛾−1)

𝑦(0)−(𝛾−1)
] = 0.                                       (14) 

There are five parameters in this equation: 𝛾 = 𝑔0 𝛼⁄ , 𝛼𝐿, 𝐼𝐼𝑁, 𝐼𝑂𝑈𝑇, and 𝐼𝑆𝐴𝑇. We assume that 𝛼𝐿, 𝐼𝐼𝑁, 

𝐼𝑂𝑈𝑇, and 𝐼𝑆𝐴𝑇 are specified and 𝑔0, the small signal gain, is to be determined.  

 To test the validity of the Orestes SPA model, we compare the calculated small signal gain, 

absorption and saturated laser intensity to experimental data obtained on Electra [26]. The results are 

plotted in Fig. 7 as a function of e-beam power. From measured seed laser intensity, 𝐼𝐼𝑁 , and output laser 

intensity, 𝐼𝑂𝑈𝑇, one can estimate the small signal gain using Formula 14. The measured small-signal gain 

on Electra SPA was 𝑔0 = 12.1 %/𝑐𝑚, absorption coefficient 𝛼~0.70 % /𝑐𝑚 and saturated intensity 

𝐼𝑆𝐴𝑇 = 6.6 𝑀𝑊/𝑐𝑚2. The numerical results from Orestes show good agreement with the experiments on 

Electra. The small-signal gain, however, was considerably larger compared to that measured by Lee et. al. 

[26] due to the larger e-beam power deposition. In another study, a longitudinally pumped excimer amplifier 

at high power (~5 𝑀𝑊/𝑐𝑚3) and short duration (15 ns FWHM) was studied experimentally [62]. The gas 

compositions was 953 𝑇𝑜𝑟𝑟 𝐴𝑟 and 8  𝑇𝑜𝑟𝑟 𝐹2. (0.83 % 𝐹2 concentration). Measured gain at 193.68 nm, 

away from the gain peak, was 𝑔0 = 10.8 %/𝑐𝑚, absorption coefficient 𝛼~0.70 % /𝑐𝑚 and saturated 

intensity 𝐼𝑆𝐴𝑇 = 7.9 𝑀𝑊/𝑐𝑚2. 

 For double pass amplifier, the measured small signal gain was 3.21 %/cm, the absorption 

coefficient was 0.16 %/cm, and the saturation intensity was 𝐼𝑆𝐴𝑇 = 10 𝑀𝑊/𝑐𝑚2 for total pressure 12 psi 

with 0.3 % F2 [29]. The output laser energy was 96 J and the extraction efficiency was estimated to be  
𝐼𝑂𝑈𝑇−𝐼𝐼𝑁

𝑔0𝐼𝑆𝐴𝑇𝐿
= 26.7%. The intrinsic efficiency, defined as 

Intrinsic  Efficiency =
Laser Energy Output

Electron Beam Energy+Seed Laser Energy
~17.7 %,            (15) 

exceeds that of the 𝐾𝑟𝐹* laser. 
 

3.2 Double and quadrupole pass oscillators: experiments 

 To allow higher e-beam energy deposition, double and quadrupole oscillator systems have been 

built on Electra. The laser energy, time-dependent laser intensity and ASE were measured in a range of 

total gas pressures 0.8-1.4 atm and published in Ref.[30], where the output laser energy was measured using 

calorimetry and the laser intensity and ASE were measured with photodiodes. Here we list in Table 4 some 

of the results from Ref. [30] for quadrupole pass oscillator. The peak power efficiency was defined as 

𝑃𝑒𝑎𝑘 𝑃𝑜𝑤𝑒𝑟 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑃𝑒𝑎𝑘 𝐿𝑎𝑠𝑒𝑟 𝑃𝑜𝑤𝑒𝑟

𝑃𝑒𝑎𝑘 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝐵𝑒𝑎𝑚 𝑃𝑜𝑤𝑒𝑟
.                                   (16) 

and it is between 12 and 16 % for e-beam power deposition in range 0.6-0.9 MW/cm3. For this quadrupole 

pass configuration, models on Orestes were not performed. 

Table 4 — Performance of quadrupole pass 𝐴𝑟𝐹∗ oscillator at fractional gas composition 99.7% Ar, 0.3% 

F2 and different total gas pressures. The highest measured yield was 96 J at 1.09 atm total gas pressure. 

 

 

 

 

 

 In a 

non-optimized dual parallel 𝐴𝑟𝐹* oscillator, the maximum measured laser output energy was 137 J in 

Output 

Laser 

Energy 

 

Total pressure 

Flat-top e-beam 

peak power 

Peak power 

efficiency 

80 J 1.36 atm (20 psia) 0.9 MW/cm3 12 % 

96 J 1.09 atm (16 psia) 0.8 MW/cm3 14 % 

90 J 0.82 atm (12 psia) 0.6 MW/cm3 16 % 
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99.71% 𝐴𝑟 and 0.29% 𝐹2 at 14 psi (0.95 atm). The best agreement between experiments, 0.82 J/cm2 over 

10.5x11 cm2 laser aperture, and Orestes, 0.84 J/cm2, was for e-beam power deposition of 0.6 MW/cm3 and 

total pressure of 0.82 atm with a fraction of 0.3% 𝐹2 in argon. At higher pressure, the Orestes predicts 

significantly higher laser yield, which is attributed to small errors in 3-body reaction rates. The detailed 

kinetics modeling at high pressure will be a subject of future work. 

 

 
Fig. 7 —  Small signal gain in 𝐴𝑟𝐹* single pass amplifier (top), absorption (middle), and saturation intensity (bottom) as a function 

of e-beam power deposition. Comparison of Orestes numerical results with experiments on Electra ([29] and [60]) and experimental 

data from Refs. [25, 26]. The total gas pressure vary between 12 and 20 psi with 0.3% of 𝐹2 in argon. 
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3.2 Oscillators: time-dependent absorption, small signal gain, and saturated intensity 

 The production and loss mechanisms of 𝐴𝑟𝐹* molecules in oscillator mode were elaborated in 

Section 3. In this subsection, we will discuss the time-dependent laser characteristics (Equations 6-12 

applied for an 𝐴𝑟𝐹* oscillator). All the results, shown here, are at total gas pressure 12.5 psi and gas 

composition 0.5% of 𝐹2 in 𝐴𝑟. 

 The most important physics pertained to gain calculations is presented in Fig. 8. On the left panel, 

the coefficient 𝛾 =
𝑔0

𝛼
, as defined by Rice et al. [52], is about 17.5. The effective lifetime of the upper laser 

level calculated by our model is 𝜏𝐴𝑟𝐹∗(𝐵)~2.4 𝑛𝑠, which accounts for both spontaneous emission and 

collisional quenching. In Ref. [52], the radiative decay rate is 2.67x108 s-1 corresponding to radiative 

lifetime 3.7 ns, where collisional depopulation was not considered. On the right panel, the small signal gain 

and absorption coefficient versus time are plotted. The small signal gain profile follows that of the e-beam 

power pulse shape. It increases and reaches maximum of 2.5 %/cm at time t=130 ns. The absorption 

coefficient, plotted with red broken line, is only 0.2 %/cm, an order of magnitude lower compared to the 

small signal gain. It accounts for the absorption of photons by several species such as F2 and argon excited 

states, and it is defined as 

𝛼(𝑧, 𝑡) = ∑ 𝜎𝑠(ℎ𝜈0)𝑁𝑠𝑠 (𝑧, 𝑡),                                                 (17) 

where 𝑁𝑠 is the species population and 𝜎𝑠 is the absorption cross section for species s at the central laser 

frequency 𝜈0 = 𝑐/𝜆𝐿𝐴𝑆 for the laser wavelength 𝜆𝐿𝐴𝑆 = 193 𝑛𝑚. The individual absorption cross sections 

are listed in Table 2. In order to get insight into the absorption of photons at the laser wavelength, in Figure 

9 we compare the partial contributions of different species. The strongest absorber is 𝐴𝑟**, because it has 

the largest absorption cross section (3.0 × 10−18 𝑐𝑚2 at 193 nm). 𝐴𝑟* states contribute marginally even 

though their population is larger, because the corresponding cross section is two orders of magnitude 

smaller. The second largest absorber is 𝐹2 due to its high density that compensates for the small absorption 

cross-section of 1.0 × 10−21 cm2 at 193 nm [53]. Only in the initial and final stages of the e-beam pulse, 

absorption by F2 dominates when the population of argon excited states is small. The absorption coefficient 

is comparable to that measured by Mandl [23] and has a similar temporal behavior. However, the conditions 

there were considerably different: higher pressure (26 psi) and mostly neon (92.55 %) diluted with argon 

(7.3 %), at very low concentration of 𝐹2 (0.15 %).  

 
Fig. 8 —Coefficient  and effective lifetime 𝜏𝐴𝑟𝐹∗(𝐵) (on the left), absorption coefficient 𝛼 and small signal gain 𝑔0 (on the right) 

for 𝐴𝑟𝐹* oscillator. The e-beam power is 0.5 𝑀𝑊 𝑐𝑚3⁄ . The total gas pressure is 12.5 𝑝𝑠𝑖 and the gas composition is 0.5% of 𝐹2 

in 𝐴𝑟.  
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Figure 9 —Time-dependent absorption coefficients for ArF* oscillator: partial contribution of different absorbers. The e-beam 

power is 0.5 𝑀𝑊 𝑐𝑚3⁄ . The total gas pressure is 12.5 𝑝𝑠𝑖 and the gas composition is 0.5% of 𝐹2 in 𝐴𝑟. 

 

 

 
Fig. 10 —Single pass amplifier: absorption cross section (top) and saturated laser intensity 𝐼𝑆𝐴𝑇 (bottom). The e-beam power is 

0.5 𝑀𝑊 𝑐𝑚3⁄ . The total gas pressure is 12.5 𝑝𝑠𝑖 and the gas composition is 0.5% of 𝐹2 in 𝐴𝑟. 

 
 The effective cross section for stimulated emission used in this work is ~1 × 10−16𝑐𝑚2 (Fig. 10). 

Lee et al. adopted the value 2.75 × 10−16𝑐𝑚2 [26]. The saturation intensity (Formula 10) is ploted on the 

bottom for e-beam power is 0.5 𝑀𝑊 𝑐𝑚3⁄ , total gas pressure is 12.5 𝑝𝑠𝑖, and  gas composition is 0.5% of 

𝐹2 in 𝐴𝑟. 
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 In relation to existing literature, Suda et al. [21] measured absorption coefficient 0.35 % /𝑐𝑚 and 

small signal gain 0.6.4 % /𝑐𝑚 obtained by Rigrod theory under the assumption of infinite V-T relaxation 

time. The peak extraction rate was 1.4 MW/cm3 with power efficiency of 5.2 % at 4 atm Ne/Ar/F2. In Mandl 

[23], for 200 ns e-beam duration and rise time of 25 ns, the intrinsic efficiency was 7.7 % and the power 

efficiency was 10 %. It was concluded, that at high pressures (2-5 atm) Ar/Ne/F2 mixtures performed 

significantly better than Ar/F2 mixtures, because the absorption shifts to wavelength 220 nm, and it was 

significantly smaller at 193 nm. 

  

4. ENERGY BALANCE, LASER YIELD, AND ASE FOR ARF* LASER  

 The energy deposited in the gas by the electron beam is absorbed by the electrons and distributed 

among various channels. Part of the absorbed energy is emitted as radiation (ASE and lasing), while the 

other part remains as internal energy of the plasma. The energy terms are plotted in Fig. 11 for e-beam 

energy 𝐸𝐵𝐸𝐴𝑀
𝑡𝑜𝑡 = 6.12 𝑘𝐽. For the first 30 ns of e-beam deposition the beam energy is spent for excitation 

and ionization of the background gas. It is stored primarily into excited states of Ar as internal energy (term 

denoted as 𝐸𝐼𝑁𝑇). At later times the major portion of deposited energy is spent for gas heating in elastic 

collisions between electron and ground state atoms and molecules, which ends up as thermal energy of the 

gas denoted as 𝐸𝑇𝐺𝐻 =
3

2
∫ 𝑁𝑔(𝑧, 𝑡)𝑘𝐵(𝑇𝑔(𝑧, 𝑡) − 𝑇𝑔,0)𝑑𝑉. There is an analogous energy term for the 

electrons, 𝐸𝑇𝐻𝐸(t) =
3

2
∫ 𝑁𝑒(𝑧, 𝑡)𝑘𝐵(𝑇𝑒(𝑧, 𝑡) − 𝑇𝑒,0(𝑧, 𝑡))𝑑𝑉, which is much smaller since the electron 

density Ne is several orders of magnitude smaller than the total gas density, Ng. Among the radiation 

channels, the lasing dominates the ASE. Here 𝐸𝐿𝐴𝑆𝑅 is the energy spent in lasing and 𝐸𝐿𝐴𝑆𝑅𝑂 is the laser 

energy propagating in axial direction, which can be measured experimentally. The output laser energy 

reaches 90 J after 160 ns and remains almost constant till the end of the pulse. The energy spent for ASE is 

also plotted (term 𝐸𝐴𝑆𝐸). The ASE on axis also has subscript “0” added to it. The energy emitted as radiation 

from all other channels is denoted as 𝐸𝑅𝐴𝐷.  

 

 
Fig. 11 —Energy terms as function of time for ArF* oscillator: The e-beam power deposition is 1 MW/cm3, pulse beam shape 

shown in Figure 1. The total gas pressure is 12 psi with 0.5% of 𝐹2 in Ar.  

 

 

 In general, amplified spontaneous emission occurs when a laser gain medium is pumped by an 

external e-beam source to produce a population inversion and subsequent lasing. ASE calculations are based 

on volumetrically discretized sets of cells with radiation emitted, transported and absorbed from each node 

of the cell as shown in Fig. 12, left. The figure on the right shows a section of the computational domain. 

ASE is collected and measured at the front side of the laser cavity by a detector, where the laser output is 
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also measured. The total ASE scalar flux Φ(𝑘, 𝜈, 𝑡)  for ArF* losses consists of a sum of stimulated emission 

and lasing photons at 193 nm: 

Φ(𝑘, 𝜈, 𝑡) =
𝐼𝐿𝐴𝑆𝐸𝑅

𝐶𝐹 [𝑘,𝜈,𝑡]

ℎ𝜈
+

𝐼𝐴𝑆𝐸
𝐶𝐹 [𝑘,𝜈,𝑡]

ℎ𝜈
.                                              (18) 

It is a function of axial zone 𝑘, frequency 𝜈, and time 𝑡. Here 𝐼𝐿𝐴𝑆𝐸𝑅
𝐶𝐹  is the laser intensity (subscript LASER) 

at the central frequency (superscript 𝐶𝐹) and 𝐼𝐴𝑆𝐸
𝐶𝐹 [𝑘, 𝜈, 𝑡] is the amplified spontaneous emission intensity 

(subscript ASE). 

 Perhaps the most important parameters used for guiding the experiments and monitoring the 

Orestes predictive capabilities are the laser yield and ASE energy. They are plotted in Fig. 13 versus F2 

concentration for 1 𝑀𝑊 𝑐𝑚3⁄  e-beam power and total pressure of 12 psi (top) and 20 psi (bottom). This is 

the range of pressures the experiments are typically performed. Two models have been employed based on 

data in the Appendix: the 2021 model is based on the reaction rates in black and in the 2022 model, some 

of the reactions rates have been replaced with the formulas in red. The later were recommended in Ref. 33. 

The ASE is a small fraction of the laser yield, on the order of 1 %. At very low fractions of 𝐹2 in 𝐴𝑟, the 

ASE-to-lasing energy ratio could be much larger, about 10 %. The laser yield is not very sensitive to total 

pressure, which should be close to 1 𝑎𝑡𝑚, but very sensitive to F2 content: maximum lasing is calculated 

at 0.3 ± 0.1% 𝐹2 in 𝐴𝑟. It was expected that the laser yield would increase with e-beam power deposition, 

however, there is an optimum e-beam power beyond which the lasing saturates because the ArF* molecules 

are dissociated by electron impact in the reaction 𝐴𝑟𝐹∗ + 𝑒 → 𝐴𝑟 + 𝐹 + 𝑒. In particular, for e-beam power 

deposition 1 MW/cm3, this reaction accounts for 35 % of the total destruction rate of the upper laser level 

ArF* (Table 3). Further increase of e-beam power would lead to even larger electron density and the above 

reaction will become the dominant loss mechanism of the upper laser level.  

 

 
Fig. 12 — ASE radiation scheme: from each nod of the computational cell a user prescribed number of rays are emitted and 

transported. For illustration, on the right, rays for one of the nods are sketched. On axes computations and zone averaged results 

are used in most of the presented results. For example, a detector is situated in front of the laser cavity and plotted in red on the 

left. One should pay attention to the boundary conditions and data collection and interpretation. 
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Fig. 13 —Laser yield and ASE for 𝐴𝑟𝐹* oscillator at e-beam power of 1 𝑀𝑊 𝑐𝑚3⁄  in 15x30x100 𝑐𝑚3 e-beam pumped volume 

and at different total gas pressure (12 and 20 𝑝𝑠𝑎) as a function of the fractional population of 𝐹2 in 𝐴𝑟. 

 

 

 

5. CONCLUSIONS 

In this work we present the progress in modeling an electron beam pumped 𝐴𝑟𝐹∗ laser and experiments on 

the NRL Electra facility. The modeling is based on NRL Orestes 𝐴𝑟𝐹∗ suite of codes. Simulation results 

are compared both against experiments performed in-house and literature data. The key achievements of 

this work are: 

 Electra has been successfully converted from 𝐾𝑟𝐹* to 𝐴𝑟𝐹∗ laser using different approaches and 

configurations described here in series of publications, Refs. [29], [30], [14], [32]. Orestes kinetics suite 

of codes has been rebuild from 𝐾𝑟𝐹* to 𝐴𝑟𝐹* using new data for the electron kinetics ([35]) and 

plasma-chemical reactions ([32] and [33]). 

 We discussed different channels for creation and destruction of 𝐴𝑟𝐹* molecules in order to determine 

their importance for laser energy efficiency and laser yield. 

 In order to understand and improve the laser amplification through modeling, we explored different 

schemes of laser operation on Electra: single pass amplifier, double pass amplifier [29], and quadrupole 

oscillator [30]. Experimentally measured small signal gain, input intensity, saturated intensity, laser 

efficiency, and the ASE were used to benchmark the model. An intrinsic efficiency of 17.7 % was 

obtained for double pass amplifier with an output laser energy of 96 J [29]. Laser output energy as high 
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as 137 J was reported in Ref.[30] for double pass oscillator mode. Recently, the highest measured laser 

output, 200 J, was achieved at e-beam power deposition of 0.76 𝑀𝑊/𝑐𝑚3, total gas pressure of 13 𝑝𝑠𝑖 

and gas composition 0.5%  𝐹2 in argon [to be published].  

 Laser parameters have been studied as a function of e-beam power, gas pressure, and gas composition. 

It was found out that the laser yield is not very sensitive to total pressure, which should be close to 

1 𝑎𝑡𝑚, but very sensitive to the F2 content: maximum lasing is calculated at 0.3 ± 0.1% 𝐹2 in 𝐴𝑟.  

These results are steps forward in building high efficiency 𝐴𝑟𝐹* laser and for the laser scaling in future 

developments. 
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Table A1 —Chemical Species 
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Table A2 —Reactions with the e-beam electrons 
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Table A3 —Reactions involving bulk electrons 
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Table A4 —Reactions involving photons 
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Table A5 —Heavy particles kinetics 
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