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Front Corer
The metallic structures resembling “)’enetian blinds” on the inside left and
right sides of the amplijier are the foils through which the electrons pass to

energize the laser medium. The yellow circular object at the far end of the
amplifier is a one-fifth area mirror used to test the arnplijier; it w’ill be

replaced u’ith a full-sized mirror n~hen the amplifier is fully integrated into [hc
AURORA system. Its plirpose is to reflect the [user beam through the ampli-

fier a second time.
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I. Introduction

—

KrF laser striking a metal plate (-7 kl in 500-ns pulse).



THE PHYSICS AND CHEMISTRY OF ELECTRON-BEAM PUMPED KrF LASERS

I. INTRODUCTION

The purpose for writing this Eport (Volume II of a two-

volume series) is to provide detailed information about the

fundamental physical and chemical processes that occur in

electron-beam (e-beam) pumpd KrF lasers. The data

provided in this volume have formed the foundation upon

which the detailed designs of the KrF lasers for ICF

applications discussed in Volume I of this series are based.

The material in this report has been sepamted from Volume I

for two reasons:

● the amount of new physictd and chemical data is large and

of general interest to scientists and engineers working on

electron pumped KrF lasers for applications other than for

fusion, and

● a single volume containing all the material would be

impractically large.

The technical data included in this volume was felt to be

most important for understanding the kinetic processes in

e-beam pumped KrF lasers. The data include

● electron-beam energy deposition in KrF laser media (Ar,
Kr, F2);

● electron collisions with the KrF lasing medium,

● a KrF laser kinetics model; and

● properties of the KrF laser medi%

and they m briefly summarized in the following paragraphs.

The kinetics modeling of e-beam pumped KrF lasers

begins with the slowing down of relativistic electrons that
enter the laser medium (Ar, Kr, F2) through a foil. The

primary energy-loss process at energies above a few hundred

electron volts is ionization of rare gas atoms and creation of

secondary elexmcm.swith energies between 10 and 100 eV.

For the nominal conditions of KrF amplifiers for ICF

applications (e-beam energies of 500 KeV to 1 MeV in 1

atmosphere of Argon or Krypton), the electrons lose about

10 KeV per cm of travel and have ranges of 10 to 100 cm

in the laser medium. Most of the energy deposited in the

laser medkm is actually from the secondary electrons

Inertfdm@umwntlmAoll atLosAzamos: Rw9m?sssince1985

created during the ionization events by the primary

electrons. Because these electrons are at relatively low

energies, for which the cross sections for ionization and

excitation processes are largest, the secondary electrons

deposit essentially all of their energy close to the location

where they are created. As a result, the macroscopic energy

deposition spatial profile within the laser volume can be

calculated using a model that treats only the primary

ionization events. This thr~dimensional Monte Carlo

code is described in Chapter II. A in this volume.

In addition to creating ion/electron pairs, the secondary

electrons also produce a significant amount of metastable

rare gas atoms as they slow down. Because no

experimental data currently exists on the cross sections for

excitation and ionization from these metastable species, one

must rely on theory to provide estimates for these cross

sections. This is dkcussed in detail in AppendIces A, F,

G, H, and I of Chapter III. Rates for these reactions are

determined by the energy dependent integral cross sections

and the electron energy distribution function which, in turn,

are determined by the steady state densities of all the

constituent species (ground state metastables and ions)

including fluorine. The code that calculates these excitation

rates solves the Fowler equation (for slowing down) and the

Boltzman equation (for upscatter) and is described in

Chapter II, part B.

In addition to rates for electron reactions, the code also

calculates the partitioning of the primary e-beam energy

into the very large number of possible excitation paths.

These = expressed as W-values, which are defined as the

amount of energy absorbed from the electron beam to

produce a given event (e.g., the ionization of the krypton

atom). W-values are calculated for three species for each of

the rare gas constituents (Krypton and Argon): ions,

metastable ‘S’ states, and metastable ‘P states.

The W-values are used in the KrF kinetics code to

1



Vol. H, Chapter I INTRODUCTION

transform the time-dependent -beam pump power density

into source terms for the 70 or so kinetic reactions that

describe the chemical and lasing processes in a KrF laser.

Because most of the species present are either ionic or

ionic-like, reaction rates are extremely fast (greater than gas

kinetic for many of them), and one expects that reactions

will rapidly proceed to the lowest energy species. The

results in Chapter IV show that KrF is one of the

lowest-energy species present. Using this observation and

the W-values for Krypton and Argon ions, one can make an

estimate for the intrinsic efficiency of a KrF laser (energy

extracted/energy deposited in the laser gas). To produce one

Krypton or Argon ion requires about 25 electron volts of

energy. There are a number of reaction chains that can then

convert this ion into a KrF molecule with a formation

efficiency of over 25Y0. A complete list of the reactions

included in the kinetics model is explained in Chapter IV,

and the spectroscopy of KrF (B-X) is described in Chapter

V.A.

Amplified Spontaneous Emission (ASE) is an

important, potentially deleterious effect that is not included

in the kinetics/extraction model. The ASE model (described

in Chapter V. B.) indicates that ASE could pose a

fundamental limit on the (gain * length) product of any KrF

amplifier. The effect is readily mitigated by increasing the

extracting laser flux to reduce the gain without significant

loss of extraction efficiency. The extraction efficiency

depends not only on the extracting laser flux but also on the

ratio of gain to loss, as described in Chapter V.C. A simple

steady state model using a gain-to-loss ratio of 10 yields a

value of extraction efficiency of 45~o. The intrinsic

efficiency is the product of the formation and extraction

efficiencies and is close to the experimental values of--10%.

2 Ineti”alCon&ementFusion at LosAbnos: PrvgnessSince 1985
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II. DISTRIBUTION OF ELECTRON-BEAM ENERGY IN K.RF LASER MEDIA

A. SPATIAL
IN

ENERGY DISTRIBUTION
LARGE KrF AMPLIFIERS

Jack C. Comly, Stephen J. Czuchlewski, Dennis P. Greene,
David E. Hansoq Burton J. Eiohq and Andrew W. McCown

INTRODUCTION

This chapter describes the Monte Carlo calculations used

to model the energy deposition by energetic (-700 keV)

electron beams (e-beams) into the cavities of the four KrF

laser amplifiers in the AURORA chain (see Fig. 1 and Table

1) and the dependence of the deposited energy on the eAxarn

energy and gas pressure. The results of these studies are

necessary for analyzing small-signal gain (SSG)

measurements and optimizing the performance of the

AURORA laser.

I50J

oTarget
Chamber ~ SEl”Eiiil

Fig. 1. Schematic diagram of the A URORA KrF laser

ampltfier chain.

MODELING METHODS

We have used a Monte Carlo computer code that was

originally written to model electron energy deposition in
e-beam pumped C02 lasers (Comly et al. 1981). The generic

configuration for each of the four laser amplifiers includes a
rectangular cavity containing a Kr/F2fAr gas mixture,

surrounded by six solid volumes as shown in Fig.2. The

Ineh”al ConfinementFusionat Los Alamos: ProgressSince1985

electrons enter the chamber in the y-z plane, traveling in the

y direction (Fig. 2). In the notation used here, x measures

the distance into the cavity from the imer edge of the foil,

Y = Ok at the half height of the cavity, and z = O is at the
midpoint between the end pieces.

The calculations are accomplished in two stages. The

first stage employs the “microscopic” physics of collisions;

it generates for each of the rectangular amplifiers for each

material within the seven volumes a data file consisting of

(1) probability distributions functions for electron scattering

into various angles and (2) the distribution of electron energy

loss per unit path length (stopping power). To characterize

the electron scattering, Monte Carlo techniques are used,

assuming a “shielded Coulomb” form of the cross section

with a shielding angle specified by Moliere’s formula

(Comly et al. 1981; Mandl et al. 1984). To specify the

energy loss, the straggling distribution follows Landau’s

theory, with the mean loss rate normalized to Bethe’s

formula (Berger 1963).

The second stage models the “macroscopic” deposition,

using as input the physical dimensions of the laser, the

applied fields, and the gas density. The Monte Carlo

technique follows many electron trajectories, with each

trajectory consisting of a series of small substeps. Within

each substep the relativistic equations of motion are time-

integrated, including effects of Lorentz forces from the

applied fields and the continuous stopping-power force, and

scattering occurs at the end of each small substep. Output

from the second stage consists of fractional absorption in

the objects surrounding the cavity and a three-dimensional

density function for the energy (per electron) deposited in the

gas. The energy is accumulated at 51 positions (including

the end points) in each dimension, and the complete density

function is the collection of evaluations in the 51 sub-

volumes (Berger 1963). Summation over one or two

dimensions allows a graphical routine to illustrate the

1
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Fig. 2. Geometrical configuration of typical AURORA KrF amplifiers.

TABLE 1. Amplifier Parameters for Modeling e-Beam
Pumped KrF (Ar, Kr, F2)

Amplifier
Property SAM PA IA LAM AVCO*

Casity Dimensions
Width, Ax 22.2 31.5 53.3 107.0 13.0
Height, Ay 19.5 30.0 56.0 106.0 10.0
Length, Az 120.0 320.0 320.0 280.0 100.0

Pumped height, Ayp 12.0 20.0 40.0 102.0 10.0
Pumped length, Ayp 100.0 280.0 280.0 208.0 2.0

Materials
Foil (thickness, roil) Ti(2) Ti(2) Ti(2) Ti(l)

Kauton[2)
Walls

Gas: Pressure (torr)

% comp., Kr/F2/
(balance Ar)

No. of pumped sides
E-beam energy (lceV)

‘Cu’ ‘ Cu Cu Cu Al
Si02 Si02 Si02 Si02 CaF2

900 750 400- 700 380-
1400 1520

10/0.4 10/0.4 20/0.4 10/0.4 4/0.3

1 1 1 21
320 520 400- 660 275

900
Appl. msg. field (kG) O 1.2 1.2 1.6 4.0

* An Avco amplifier (Mandl 1984)

density by a curve in one dimension or to represent the

distribution in two dimensions by a contour plot.

The Monte Carlo energy per electron deposited in the

gas, Wg, is an integral of the density function over three

dimensions and is related to the average energy deposition in
the gas, Ed, by the approximate formula,

2

Ed= Wg IbA t/V, (1)

where Ib is the e-beam current, A/t is the duration of the

input pulse [here taken to be full width half maximum

(FWHM)], and v is the column of the cavity.

The present code was calibrated against an SSG

experiment at the Avco Everett Research Laboratory (Mandl

1984). The cavity of their KrF laser resonator was much

smaller than those of our amplifiers (see Table 1), and their

e-beam operated at lower energy than ours. Our calculated

one-dimensional distributions are in good agreement with

their (normalized) data presented in Fig. 7 of Mandl et al.

(1984). (Note that our x-direction is equivalent to the

zdirection in the Avco experiment.)

R.ESULTS FOR THE AURORA AMPLIFIERS

The calculated deposited energy distributions for the

AURORA amplifiers are obtained using the parameters in

Table 1 and are illustrated in Figs. 3-7. Figure 3 shows the

energy deposited per electron in the vertical direction

perpendicular to the e-beam for two diffemmt distances from

the foil. Gain probe experiments were performed on the

small aperture module (SAM) laser, aligned parallel to the z-

axis, and placed at the following (x, y) coordinates (in
centimeters): (7.8, O), (15.3, O), (15.3, t 4.5). Small-signal

gain coefficients of 3.6, 1.8, 1.6, and 1.6%/cm were

measured at the four respective positions. The two y

profiles shown in Fig. 3 were obtained by integrating the

three-dimensional distribution over the z-coordinate, with x

fixed at the sub-interval center nearest the probe position

indicated in the figure. Reflection symmetry was imposed

about y = O to reduce the statistical noise. Calculated

relative energy absorption at the positions of the gain

InertialCon/hanentFusion at LosAhmzos: PrognsssSince 19&5
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probes are in excellent agreement with the observed ratios of

gains.
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Fig. 3. Energy deposition profiles in the vertical y-direction

in the AURORA KrF SAM amplijier for two d,i~erent

distancesfiom the foil. The dashed lines show top and

bottom edges of the foil and the dotted lines mark the

aperture edges. The heavy dots indicate the position of the

gain probe lasers.

Figure 4 shows three calculated one-dimensional

distributions (integrated over the other two position

coordinates) across the cavity of the preamplier (PA) laser,

for each of the three position coordinates. The decrease in
energy deposition in the y dhction is gradual near ~ 10 cm

(the edges of the foil), rather than abrupt, and the central 10-

cm interval is nearly uniformly pumped.

Figure 5 is a contour plot for the energy deposition in

the x-y plane. To produce this figure, the calculated three-

dimensional energy deposition in Fig. 4 was smoothed,

symmetrized about y = O, and integrated over the z direction.

This figure shows that the energy deposition is slightly

greater at the front of the PA than at the back.

9
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520 keV, 750 torr, 10% Kr

; 0.3
.S

o

0 10 20 30
x (cm)

-10 0 10
y (cm)

I

I
-100 0 100

z (cm)

Fig. 4. Calculated distributions of electron energy

deposition in the PA for AURORA for each of the three

position coordinates.

InertialConfinementFuswn at LQsAkunos: Pmgmss Since1986 3
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Front Back

0.04 I I I

I (0.36 I

-,5 ~

o 10 20 30

x (cm), (incidentbeam direction)

Fig. 5. Symmetrized contours of deposited energy for /he

AURORA PA. The ten contours are esenly spaced in

deposited energy density: 0.04,0.08,...,0.40

keVlelectron-cm2. The e-beam enters from the Ie@in this

jigure.

The calculated electron energy deposition in the cavity

of the Intermediate Amplifier (IA) is shown in Fig. 6 as a
function of the e-beam energy (Wb) and gas pressure (P).

The contours of constant energy deposition were obtained at
36 points in the (P, Wb) -plane, corresponding to P = 400,

600, .... 1400 torr and to Wb = 400, 500, .... 900 keV. At

each point the average energy deposited @d) was obtained

from Eq. (1) by using the Child-Langmuir law (Child 1911;

Langmuir 1913),

~bCt wb312, (2)

to scale the beam current. A value of 97 Idmp was deduced
at Wb = 520 keV from results of kinetics calculations

(Czuchlewski et al. 1987) and a measurement of the small-

signal gain.

The Large Aperature Module (LAM) is the largest

amplifier in the AURORA chain and was designed for

symmetrical two-sided e-beam pumping to insure unifoxm

energy deposition across the entire width of its cavity (1 m).

Figure 7 shows the deposited energy distributions in the

beam direction (x) [obtained by integrating over the other

two spatial coordinates (y, z)] within the cavity, parametric

on the e-beam energy and two different total gas pressures.

Each curve shown is the superposition of the one-sided

pumping curve with its reflection about the central value of

x.

900

400
400 600 800 1000 1200 1400

P (torr)

Fig. 6. E-beam energy deposition in the KrF IA for

AURORA.

I
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Fig. 7. Calculated encr<qydeposition projilcs for the LAIU

laser, parametric on the incident e-beam energy, andfor WO

different total gas pressures.
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DISCUSSION

The LAM has the most efficient energy deposition of

the four amplifiers (primarily because of its cavity width):

approximately 8090 of the electron energy entering the gas is

absorbed by the gas. In the three smaller amplifiers, the

fractions are typically 30% - 40% for the SAM and 4070-

45% for the PA and IA.

Other practical design issues are resolved by these

calculations. For example, calculated absorption by the

first and second foils indicate that (on the average) an

electron deposits substantially less energy in the second foil

than in the first. Therefore, the stress at a given foil is not

greatly increased by the incidence of the e-beam from the

opposite side of the cavity. Figure 7 shows that the energy

distribution (and gain) in the cavity will be very sensitive to

beam energy and gas pressure. The deposited energy
densities (Ed) and temporal pulse shapes provide the power

input to the timedependent kinetics studies of the small-

sigmd gain and laser extraction (Czuchlewski et al. 1987).

Results of the computer code used in the present modeling

will be compared with those of the integrated TIGER series

of coupled electron/photon Monte Carlo transport codes

(1-klbleib 1984). The TIGER codes employ the Goudsmit-

Saunderson formalism for scattering angles (rather than the

Moliere scheme presently used) and include radiative effects

such as brehrnsstrahlung. A future application will be to

model the spatial profiles of beam intensity at the exit

aperture of each laser amplifier in the AURORA chain.
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B. ENERGY PARTITIONING
IN RARE GAWFLUORINE GAS MIXTURES

Mark Kushner *

INTRODUCTION

The electron beams (e-beams) used to pump excimer

lasers typically have initial energies in the range of 100s of

keV to a few MeV and will slow in distances of 10s of cm at

gas pressures of a few atmospheres (Kannari and Klmura

1988; Mandl and Salesky 1986; Hunter et al. 1986; Mandl

and Hyman 1986). The deposition of energy in this manner

is the result of the slowing of the beam electrons by

successive ionization and excitation collisions with the gas

during which increments of the electron energy are lost that

are small compared to the beam electrons’ initial energy. At

energies greater than a few hundred eV, the slowing of

primary electrons occurs predominantly by ionization and the

transfer of energy to secondary electrons that are produced

with energies of 10s - 100s of eV. Electron energy loss cross

sections have their maximum values in the energy range in

which secondary electrons are emitted. The cross sections
in E

typically scale as — at higher energies (E is the electron
c

energy). The fractional loss of energy by the primary beam

electrons therefore occurs slowly compared to secondary

electrons.

The power loss by both primiuy and secondary electrons

depends critically on their energy value with respect to the
first inelastic threshold, &l, for inelastic collisions with the

gas. At energies greater than &I,electrons mainly lose

energy in increments which are 2 &I(ionization or excitation

to higher lying states). Below E1,electrons lose energy only

by “elastic” collisions in increments that have an average
2%

value of ~ E, where ~ is the electron mass and M is the

atomic mass. The incremental energy loss is therefore small
compared to&l and this process is commonly called

thermalization. Thus, the rate of energy loss decreases
sharply as electrons fall below et In atomicgases, the

transition to thermalization may be quite abrupt. In

molecular gases, where inelastic electron loss by vibrational

and rotational excitation may extend to below 1eV, the onset

of thermalization is less pronounced.

DESCRIPTION OF THE SLOWING
DOWN MODEL

The computer model used to calculate the e-beam energy

loss/deposition is a three-dimensional time-dependent Monte

Carlo particle simulation. It is conceptually similar to other

Monte Carlo models (Razdan et al. 1985; Boeuf and Marode

1982; Kunhardt and Tzeng 1986) and consequently will be

only briefly described here.

Before the slowing down calculation begins, a gas

mixture is selected and the energy range of interest is divided

into bins centered at &i. The total electron collision

frequency in each energy interval, vi, is determined, and

probability arrays are initialized for each energy interval.
The probability arrays are denoted I’ij, for energy i and

collision process j. They have the properties that

.,
[= l,j (1)

where vlj is the collision frequency for energy interval i and

process j , vij is the cumulative collision frequency for

processes 1 <j , and Pij is normalized, so that form

processes, Pim = 1. The simulation then begins by giving a
beam electron energy co and a direction perpendicular to the

electron gun foil.

Ln the absence of an applied electric field, an electron’s

energy changes only by collisions. The particular collision

event and the time between collisions are determined by
selecting a series of pseudo random numbers q = (O,1). The

time interval to the next collision for an electron with
energyElis given by At = - In (rl )/ vi. The type of c011i5i0n

InertialC%n@wnent Fuswn atlks Alanws: ProgressSince1985 1
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that occurs at that time is the process that satisfies
Pi,j-~ < r2 S P i$j, where j is the collision event that occurs

and r2 is a second random number. The time of flight and

position of the electron are revised according to At, and the
energy of the electron is revised to &+ &- AEij, where AEij

is the energy loss associated with process j at energy i. The

velocity of the electron is updated based on a collision whose
scattering angles are azimuthally symmetric ($ = r3 x 27r)

and whose polar angle is confined to a specified interval @ =
r4 x Ae). The location, time, energy deposition, and type of

the collision are recorded, and the next flight computed.

When the collision event is ionization, the energy loss

includes the kinetic energy of the seconday electron. The

energies of the seconday electrons are randomly selected

from the distributions of Opal et al. (1971), and we assume

that the secondary electrons are emitted isotropically. The

secondary electron distribution was approximated as

f(%) - + ,

()l+=
E (2)

where ESis the secondary electron energy and E is a constant

that depends on the ionizing target. For a maximum

Fsecondary electron energy of&s = (~ is the

primary energy), this function may be easily inverted to

yield the randomly selected secondruy energy

&s=~”’an(r5”atan[ET:Nl)- (3)

The location, time of emission, and energy of the

secondary electron are recorded for later use.

The primary electron is followed in the computer code

until it leaves the boundaries of the system, attaches,

recombines, or falls below some minimum energy of

interest. At that time, a secondary electron is selected from

the record of electron emission times, locations, and ener~,

its flight is computed until it, too, is lost from the system

as described above. Additions are made to the stack of

secondary electrons as the second generation elections

themselves have ionization collisions. The process

continues until the “stack” of secondary electrons is

exhausted, at which time a new primary electron is started.

For initial primary energies in excess of 200-300 keV,

typically only 2-10 beam electrons are necessary to obtain

acceptable statistics.

The electron distribution function may be obtained from

the slowing down calculation by summing the collision

events occurring at a particular energy and weighting each

2

contribution by the time of flight for that collision. In the

absence of processes which depend upon the electron density,

the distribution function so calculated is exact. In the

presence of such processes as electron-electron collisions, the

distribution function cannot be so obtained. Under these

collisions, the Monte Carlo slowing down calculation is

used to calculate the energy dependent influx of electrons

arriving below a preselected energy, typically 50 eV. lhis

influx is then used as the source term in solving

Boltzmann’s equation for the electron distribution function

while including electron-electron and superelastic collisions.

Boltzmann’s equation is solved by essentially the same

method as described by Bretagne et al. (1982).
The ionization and excitation cross sections for F2 and

the inert gases used in these studies are summarized in

Table 1. High energy extrapolation of ionization and

dipole-allowed excitation processes is performed using In

(&)/E scaling.

TABLE 1. References for the Ionization and Excitation

Cross Sections Used in this Study

Momentum

Gas Transfer Excitation Ionization

He

Ne

Ar

Kr

Xe

F2

Hayashi 1981

Hayashi 1981

Hayashi 1981

Hayashi 1981

Hayashi 1981

Hayashi,

Nimura 1983

Boeuf, Marode 1982 Rapp, Golden

1965

Teubner et al. 1985 Rapp, Golden

1965; deHeer

et al. 1979

Tachibana 1986 Rapp, Golden

1965

Hyde, Roberts 1978 Rapp, Golden,

1965

Mason, Newell 1987 Rapp, Golden

1965; Hayashi

1983
Hayashi, Nimura Hayashi,

1983 Nimura 1983

W-VALUES IN GAS MJXTURES

As a method of validating the e-beam energy deposition

portion of the model, we calculated W-values for pure rare

gases and for rare gas mixtures. The W-value is defined as

the energy invested in the plasma to obtain a specific

electron impact collision event (either an ionization or an

Ineti.al Con@svn.entFusionat LosAlamos: ProgressSince 1985
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TABLE 2. W-Values for Ionization and Total Excitation for Pure Rare Gasesa

Total Excitations and
W~on (eV) Wex~(eV) Ionizations for 100 eV

Author He Ne Ar Kr Xe He Ne Ar Kr Xe He Ne Ar Kr Xe

Christophorou 46.0 36.6 26.4 24.0 21.7 - - - - - - . - - -
1971

Jancaitis 1983 42.6 36.8 29.4 23.0 - 83.5 78.3 55.5 41.8 - 3.54 3.99 5.20 6.74 -

Kannsri , 38.0 25.0 21.0 22.0 - 67.9 55.6 63.6 57.9 - 4.11 5.80 6.33 6.27
Kimura 1988

Lorents 1976 - - 26.2 24.3 21.9 - - 93.6 69.4 48.7 - - 4.89 5.56 6.62

B1auer et al. 46.0 36.6 26.4 24.0 21.7 85.2 110.9 82.5 61.5 42.5 3.35 3.63 5.00 5.79 6.96
1984b

This Work 46.8 36.5 27.3 23.6 20.9 72.0 81.8 53.8 44.5 34.8 3.53 3.96 5.52 6.48 7.66

a Wions energy per ionization,
Wexcs energy per excitation for all states/

b Values used for Wion were those of Christophorou (1971).

excitation) and are a common method of partitioning energy

deposition by highly energetic particles (Lorents 1976). In

our calculations, we confirmed the observations of other

investigators that W-values are relatively insensitive to the

primary energy for values exceeding a few keV (Kannari and

Kimura 1988). This condition results from the fact that the

product of the secondary electron spectrum and excitation

cross sections is relatively insensitive to the primary energy
for ~ greater than a few keV. Also, the distribution of

excitations and ionizations for a primary electron with, for
example, &o= 200 keV, differs from that with go = 100 keV

only during its slowing between the two values; hence the

differences in W-values should not be expected to be large.

W-values for ionization, total excitation, and the total

number of these collision events per 100 eV deposited are

listed in Table 2 for the rare gases and compared with results

from other authors. In general, there is good agreement

between the different authors for ionization, as there are no

systematic differences in W-values for ionization between the

various studies. There are, however, systematic trends in the

results of studies in which both ionization and excitation

processes are considered (Kamari and Kimura 1988; Jancaitis

1983; and this work). If a W-value for ionization is higher

than the average (that is, less ionization per unit energy),

then the W-value for excitation is also found to be low (that

is, more excitation per unit energy). The effects are

compensating, so that the total sum of excitationsand

InertialConfinementFusionat LasA&uno.wProgressSince1985

ionizations per unit energy is roughly the same. That is, the

energy not expended in ionization is lost in excitation. The

system would be absolutely conservative if not for secondary

electrons that are emitted below the first inelastic threshold,
qe The differences in W-values for excitation and ionization

obtained by different workers is therefore a result of the

relative differences between the ionization and excitation

cross sections used by the authors. The differences seen

between the total sum of excitation and ionization events is

a result of differences in the fraction of the secondary

electrons that are emitted below the first inelastic threshold

energy, &1,because the energy of those electrons is not

available for further excitation. As art added observation, we

find that treatments which simultaneously consider

excitation, ionization, and secondary electron distributions

tend to yield lower W-values for excitation than those that

base excitation yields on an average secondaxy electron

energy (Lorents 1976; Blauer et al. 1984).

The use of W-values in gas mixtures must be done on a

case-by-case basis because there is no straight fonvard

correlation between the W-values in the mixture and those

for the pure gases (Kannari and Kimura 1988; Jancaitis

1983). Defining the W-values for pure gas i as W!, the W-

value for that gas in a mixture, Wi$ should scale roughly as

W~/fi, where fi is the mole fraction of gas constituent i.

3
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This relationship is merely a statement that the probability

of species i absorbing energy scales with the relative amount

of gas of that species in the mixture. Because of

competition between electron impact processes near

threshold, and the disparity in the magnitude of electron

impact cross sections at higher energies, we find that

generally W: # fiWi. This discrepancy increases

dramatically as the ionization potentials of the constituents

diverge.
W-values for ionization and excitation in Ar/Kr/F2 gas

mixtures, as commonly used for e-beam pumped KrF lasers,

are illustrated in Fig. la. As one might expect, the W-values

for Ar increase with decreasing Ar mole fraction, as more

energy is intercepted by Kr (Fig. 1b). However, the mole-
fraction weighted W-values, ~ Wi, are not a constant, as

would be the case if power deposition were partioned by

fractional density as shown in Fig. lb. We find that the

mole fraction weighted W-values for ionization of both Ar

and Kr increase with increasing Kr mole fraction. This

scaling is counter intuitive, as one would expect that the W-

value for Kr would decrease as its mole fraction increases.

AWRAGE ELECTRON ENERGY

In e-beam excited excimer lasers, ionization and

excitation processes from the ground state are dominated by

the slowing down of the primary electrons. The bulk

electrons are those electrons having kinetic energies less than

the first inelastic threshold, from the ground state, of the

noble gases. However, these bulk electrons are most

important in electron-ion recombination, electron

attachment, electron collision quenching, and excitation or

ionization collisions with excited states because the

associated cross sections are largest at low electron energy.

There have been many studies of the time development of

the electron distribution function in e-beam excited plasmas.
Ile

It is well known that at low electron densities
N c 10-5 ‘

the distribution function may be non-Maxwellian, and

rate constants obtained by so assuming may not be accurate

(Kannari and Kimura 1988; Bretagne et al. 1982; Taylor et

al. 1988; Adamovick et al. 1978). At higher electron

densities, electron-electron collisions thermalize the

distribution and a Maxwellian distribution is not a bad

approximation. In either case, the characteristic electron.-

temperature
(

Te=$ xc&>
)

is the same because electron-

electron collisions do not change this value (Adamovick

1978).

1400 – Ar/WF2

1200 -

~1 Ooa AI-
~
m
~ 800

z

400 – A(””

200( A~+

o
0 0.2 0.4 0.6 0.6 1.0

Mde FractionKr

(a)

o~
o 0.2 0.4 0.6 0.8 1.0

MoleFractbnKr

(Q
Fig. 1. W-values (eVlevent) for an ArlKrlF2 gas mixture as

afinction of Kr mole fraction for a primary e-beam energy
of 500 keV. The F2 mole fraction is constant at 0.25%. a)

W-values for excitation and ionization of argon. b) Mo!e

jiaction weighted W-values (mole fi-action x W-value) for

ionization of Kr and Ar. Note that the mole fraction

weighted W-value increases for both Kr and Ar in spite of

the increase in the Kr mole fraction. W-values therefore do

not simp[y scale with mole fraction.

As a practical matter, many models for electron-beam

pumped plasmas will continue to use electron collision rate
coeftlcients which are functions of Te , because calculating

the electron distribution function is impractical or not

necessary if the model is important, there are no accepted
values of Te or real conditions. Nevertheless, the precise

value of Te used in published models of e-beam excited

plasmas and the values so used range from 1-2 eV .
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For completeness, Table 3 contains the present values
of Te calculated with the Monte Carlo simulations used in

these studies. These values are presented in Table 3 for

~ = 99.7510.25 gas mixtures (M= rare gas) as being

representative of excimer laser mixtures. The electron

temperatures are relatively insensitive to e-beam energies in

the range 60 keV to 1MeV, increasing by only a few percent

over this range, but they are sensitive to the mole fraction of
F2 (Fig. 2a) in the gas mixture. The average electron energy

is largely determined by the energy at which electron loss
occurs. Attachment by F2 at low energy increases the

average electron energy because of the loss of those low

energy electrons. This electron loss is shown by the

decrease in the electron distribution function at & <2 eV

where the attachment cross section peaks (Fig. 2b). In the
range of typical F2 mole fractions used in eximer gas
mixtures (5 x 10-3 S fF2 S 5 x 10-2), the deCtrOt’t

temperature ranges from 1.4- 1.6 eV.

TABLE 3. Effective Electron Temperature* (eV) for
M 9975

Rare Gas Mixtures — = ~
F2 .

M T.

He 1.49

Ne 1.63

Ar 1.432

Kr 1.412

Xe 1.34

( )● Te =$x<&> , where <E> is the average electron energy

MIXTURES Vol. IL Chapter 11
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(b)

Bulk electron parameters for slowing of a 500-keV
energy primary e-beam in an ArlF2 mixture, as a function of

F2 mole fraction. (a) Effective electron temperature

( )
Te=~x <e> . (b) Electron distribution jimctions.

The electron temperature increases with increasing F2 mole

fraction as a result of the attachment of low energy electrons,

shown by the decrease in the distribution jimction at E <2

eV. The tail of the electron distribution at e >15 eV is due

to the injlfi of slowed primary and energetic secondaq

electrons.
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IL DISTRIBUTION OF ELECTRON-BEAM ENERGY IN KrF LASER MEDIA

C. THE EFFECT OF RETURN CURRENT

Mark Kushne@

In electron-beam (e-beam) pumped lasers, the continuity

of current requires that the current deposited in the gas by

the primary beam return to the chamber walls that serve as

the electrical ground. The injected electron-produced space

charge generates an electrical potential within the chamber,
@R(r), which drives the return current, jR. The electric field

due to this potential, ER(r), results in additional joule

heating of the medium because jR is parallel to ER. The

existence of ER affects the laser operation in two ways.

First, the joule heating that results from the return cument

may be a non-negligible fraction of the power deposited by

the primary electrons as they slow down in the gas, and the
rate of plasma excitation may be a function of ER. Second,

even if the rate of joule heating by the return current is not

significant, the form of the electron distribution may be
altered by ER, thereby affecting electron impact excitation

rate coefficients. This is particularly true for electron

impact processes that have low threshold energies, such as

the dissociative attachment process to halogen donors in

excimer lasers.
The magnitude of ER can be estimated from

& = ~ = e neJ.leER
Y

where Ab is the e-beam current density; P (W-cm-3) is the

average power deposition, Vb is the e-beam voltag% ne is

the bulk electron density in the beam-generated plasma; L is
the transverse dimension of the chambeq and ~ is the bulk

electron mobility. In attachment dominated plasmas, as
used for KrF lasers with F2 as the halogen donor, one can

write

where W is the “W-value” for ionization (energy/ion pair),

andka(cm3s-1) is the electronimpactratecoefficientfor

attachment. The beam voltage required to uniformly excite

the plasma scales with L and N (the total gas density)
according to Vb = ctLN. The bulk electron mobility is

pe =+, where Vm is the collision frequency for
mevm

momentum transfer (vm = km X N). Using these

expressions, one obtains

~RN ~ ~F~)kakmme

~e2 9

ER
where ka and km may be functions of ~ and of the gas

mixture. Note that gas mixture appears to be the only free
parameter to control ER. Using values typical for e-beam

ER
excited KrF lasers, one finds that 0.3 Td < ~ <3 Td, where

1 Td = 1 x 10-17 V-cm2. For the conditions in a typical
KrF laser, the electron temperature is Te = 1.5 eV. In a

discharge using the same gas mixture, this temperature is

obtained with an applied electric field of 3-6 Td, which is

only marginally near the self-sustaining value. Therefore,

one would expect to see effects of the return currents on the

electron kinetics in e-beam excited lasers. In fact,

integrating ER across ~, one finds that in large-aperture KrF

lasers (1 z 10 cm) using multi-atmosphere gas mixtures,

OR can approach 10s of kV, a value that could affect beam

transport.

Return currents in e-beam excited KrF lasers are being

studied to determine their effects on the plasma parameters

and laser performance. This investigation is being

performed using a three-dimensional Monte Carlo

simulation (MCS) for e-beam deposition, a Bohzmann

analysis for the bulk electron energy distribution function

(EEDF), and a one-dimensional plasma chemistry model for

a KrF laser.
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The model will be briefly described here. The slowing

down of the e-beam is calculated using a threedimensional

Monte Carlo Simulation (MCS), which is essentially the

same as described above. From the MCS, one obtains

W-values for excitation and ionization; P(r), the power

deposition by beam electrons (W-cm-3); and ~r), the rate

of charge deposition in the plasmas by beam electrons

(coulombs-cm-3-s-1). One also obtains the influx of

primary and secondary electrons to the bulk electron

distribution, @i&)(cm3-s-eV)-i. The bulk electron

distribution is defined as being below 60 eV, and $(e) is

then used as input to the Boltzmann’s equation for the

electron energy distribution function (EEDF), which is

parametrized as a function of R. Electron impact rate

coeftlcients are then cataloged as a function of ~, gas

mixture, and pump power and placed into a look-up table for

use in the plasma chemistry model.

The electron impact rate coefficients and p are then used

as input to a onedimensional electron kinetics and plasma

chemistry model to describe the e-beam pumped KrF laser.

This model is essentially the same as that described in

Chapter IV.B, but it differs in that the electric potential in

the plasma is obtained from solution of

v.c(r) v$R(r) = p(r) ,

where G is the plasma conductivity. Eq. X was solved by

the method of successive over-relaxation subject to the
boundary condition that ($R= O at the chamber walls. ER is

obtained from @R,and electron impact rate coefficients were

obtained as a function of ~ by consulting the lookup table

previously constructed, thereby invoking the local field

approximation (LFA). For the gas pressures, fields, and

time scales of interest, the LFA is a good approximation.
The quantity $R is then used as input to the MCS to

evaluate the change in power and charge deposition resulting

from the return current potential.

This investigation is not yet complet~ therefore, only

preliminary results from the model are available, as shown

in Figs. 1 and 2. The pumping parameters used to generate

these results are typical of those for the Large Aperture

Model (LAM) KrF laser described in Chapter 11.A. The
three gas mixtures used here are Ar/Kr/F2 = 95-f/5/f, f = 1,

0.5, 0.25. The gas pressure is 1330 torr, beam voltage is

600 keV, and current density is approximately 20 A-cm-2.

The pumping is “double sided” and is symmetric about the

midphme so results are shown for only one half of the laser

chamber. The e-beam foil is at the left in the figures. The

total power deposited by the e-beam (including that by the

return currents) and the fraction of power resulting from the

return currents are shown in Fig. 1 for the three gas

mixtures. The fractional power deposition by the return

currents for these conditions is maximum near the foil and
exceeds 6% for the largest F2 mole fraction. The effect of

the return current electric fields on heating of the bulk

electrons is shown in Fig. 2 for the same conditions. The

temperature of the bulk electrons may increase from 1.5 eV

to over 2.2 eV. We are presently assessing the

consequences of these effects on laser performance using this

self-consistent analysis.
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* Consultant to Los Alamos National Laboratory,
Department of Electrical Engineering, University of Illinois,
Urbana, IL 61801.
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III. Electron Collision Processes in
KrF Laser Media
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III. ELECTRON COLLISION PROCESSES IN KRF LASER MEDIA

suMMARY OF AVAILABLE ELECTRON IMPACT
CROSS SECTION DATA

San&r Trajmar and Daui.dC. Cartwright

Electron collision processes play a major role in the

operation of the KrF laser. The energy deposition into the

laser medium is achieved by high-energy (300-1000 keV) e-

beams. These high-energy primary electrons transfer their

kinetic energy to the gaseous medium by ionization,

excitation, and various other inelastic collision processes.

Secondary electrons generated in the ionization process also

panicipate in the energy degradation process and a plasma is

quickly formed that contains electrons with energy

distribution going down to near zero energy. The ions and

neutral fragments in their ground and excited states constitute

the ingredients of the system for the reactions that form the

Iasing KrF*, as well as for the processes that destroy it or

lead to other competing processes.

In principle, modeling of the KrF laser requires the

knowledge of all the cross sections for all possible

electron collision processes between the ingredients (stable

and unstable) of the laser medium and electrons over the

full range of electron energies. Practically, one needs only

to select the dominant processes that have significant

influence on the behavior of the laser system. Some of

the important cross sections, especially those related to

ground state species, are available. For recent reviews on

cross section data, see Christophorou (1984); Kieffer

(1973); McDaniel et al. (1977); Miirk and Dunn (1984);

and Trajmar et al. (1983). Bibliographies on electron

collision processes have been published by Oak Ridge

National Laboratory (ORNL 1982) and the International

Atomic Energy Agency (IAEA 1987).

In this chapter, we briefly summarize the pertinent

available data and discuss in more detail the areas for

which data are not available.

A ranking of the importance of various electron

collision processes for modeling electron-beam (e-beam)

pumped KrF lasers is as follows (in order of their

impmance as definedby Kushner(1989):

InertialConfinementFuswn aiLQsAhunos: Prqpvss Since1986

electron collision quenching of KrF@),

ionization of excited states of the rare gases,
direct (nonattaching) dissociation of F2,

electron impact excitation and ionization from ground

states of the rare gases,

excitation between excited states of the rare gases,

electron collisions with tnatomic excimers, and

electron collisions with atomic fluorine.

This chapter summarizes the information currently

available on the electron collision processes most

important for modeling the e-beam pumped KrF laser.

ELECTRON COLLISIONS WITH
GROUND STATE SPECIES

Elastic Scattering, Momentum Transfer,
and Total Electron collision Cross
sections for Ar and Kr

Hayashi (1981) recommends integrat elastic,

momentum transfer, and viscosity cross sections for all

rare gases from 0.01 eV to 10,000 eV, based on critical

evaluation of all available data. This is probably the most

consistent set of data available at the present time,

although some new data have become available since

1981. Low impact energy, differential, elastic scattering

cross sections have been measured very recently by

Weyhreter et al. (1988) from 0.05 eV to 2.0 eV impact

energies. Differential elastic cross sections were measured

for Ar in the few eV to 100 eV impact energy and 10” to

15V angular ranges by the Belgrade group (Vuskovic

1988), but the data have not been published yet, Iga et al,

I
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(1985) reported differential elastic cross sections for Ar

from 300 to 1000 eV at the 1985 International Conference

on the Physics of Electronic and Atomic Collisions

(ICPEAC), but again the data has not yet been published.

In the 1,000-to 3000-eV region Herbak et al. (1985)

reported differential elastic scattering cross sections for Ar

from 49.6” to 13V scattering angles. Elastic scattering

cross sections for Kr in the 5- to 200-cV range have been

measured by Danjo (1988).

Total electron scattering cross sections also have been

recommended by Hayashi (198 1) from 0.01 eV to 10,000

eV, and they should represent a good, consistent data set.

More recent measurements are available if refinements are

needed, including the data of Wagenaar (1984); Ferch et al.

(1985); Nickel et al. (1985); Buckman and Lohrnann

(1986); and Garcia et al. (1986).

Electron Impact Excitation of Ar and Kr

Because of the very large number of excited electronic

states, most models of electron-beam pumped excimer

lasers use composite excited states of the rare gases in the

computer codes intended to represent manifolds of many

real excited states. The recommended effective manifolds

of states for Ar and Kr are listed in Table 1. The cross

sections for excitation of these composite states from the

ground state are then the sum of all the cross sections of

the included states. Kinetics models for KrF lasers usually

use integral cross sections rather than differential cross

sections, which are frequently used in electron transport

and energy deposition computer codes. Experimental and

theoretical integral cross sections for electron impact

excitation from the ground state to these levels or the

corresponding rate constants are only available in

fragmentary form. (For example, Tachibana (1986)

measured rate constants for electron impact excitation of
Ar%2, 1s3, 1s4 and 155 levels (Paschen notation) at very

low electron e~ergies by a drift-tube technique.) The data

of Peterson and Allen (1972) and Ganas and Green (1971)

are in the form of generalized expressions that are

functions of threshold energy and oscillator strength. The

most complete sets of experimental and theoretical cross

sections for electron impact excitation of Ar and Kr are

those reported by Chutjian and Cartwright (1981) and

Trajmar et al. (1981). These cross sections, however, are

at a limited number of energy points and, therefore, must

be augmented by other results for energies near threshold

and for E>l 00 eV. Very recently, Danjo (1989) published
electron impact excitation cross sections for the 1s4 and

1s2 level excitations in Kr. For excitation to metastable

levels see Buckman et al. (1983), Mityureva et al. (1986),

Mason and Newell (1987), and Fabricant et al. (1988).
The recommended integral cross sections for electron

impact excitation of Ar and Kr are summarized in
Appendix III. A along with the methods used to obtain
them.

TABLE 1. Recommended Grouping of Excited Atomic
States Into Composite Excited States

Composite Excited Atomic States

Designation to be Included(a)

M 4s, 4s’
@* 4p, 4p’
&** 3d, 3d’, 5s, 5s’, 5p,

5p’, 4d, w,
6s, 6s’, 4f, 4f

&**** 6p, 6p’, 5d, 5d’, 7s,
7s’, 5f, 5f,
7p, 7p’, and “all higher”

I@ 5s, 5s’
W* 5p, 5p’
W** 4d, 4d’, 6s, 6s’, 6p,

6p’, 5d, 5d’,
4f, 4fs’, 5f, 5f

K**** 7p, 7p’, 6d, 6d’, 8s,
8s’, 5f, 5f,
8p, 8p’, and “all higher”

(a) Notation of Moore (1958)

Electron Impact Ionization of Ar and Kr

Cross sections for ionization are well established up

to 1,000 eV for all the rare gases and a good general

overview on the subject is given by Miirk and Dunn

(1984). The latest measurements and summary of

previous data are given by Wetzel et al. (1987) and

Krishnakumar and Srivastava (1988). Above 1 keV

impact energy, Nagy et al. (1980) reported cross sections

up to 5 keV. The high impact energy region 0.1 to 2.7

MeV was covered by Rieke and Prepejchal (1972).

Thecxetical methods (Born, Distorted Wave

Approximation) should give reliable integral cross

sections at energies above 1 keV for single ionization of

the valence shell by direct process. Unfortunately for

heavier atoms, a significant contribution to ionization

comes from indkct processes (autoionization). Total K-

and L-shell ionization cross sections are available in the

literature but most likely play no important role.

2 InertialConfinementFusionat LosAbnon.” Pmgmss Since 19S5
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There is one deficiency in the data on integral

ionization cross sections that should be pointed out. That

is, the differential cross sections for ionization by
energetic electrons (1 keV c E. < 100s keV) are generally

not known in other than the Born approximation. These

differential cross sections should be accurately known to

compute e-beam power deposition as a function of

position. Therefore, an assessment of the applicability of

the Born approximation for providing the integral

ionization cross section is necessary and a general formula

for differential scattering at high energies needs to be

developed

Electron Collisions with F2

Although F2 is only a minor constituent of the KrF

laser medium, electron-F2 collisions play an important role

in determining the behavior of the system. (See, for

example, Nlghan 1978.) In general, only fragmental

information is currently available on these processes. An

attempt to estimate the pertinent cross sections was made by

Hayashi and Nimura (1983), and elastic scattering cross

sections arc available from theoretical calculations (Schneider

and Hay 1976 a,b and Rescigno et al. 1976). Vibrational

excitation cross sections are large (-1 0-16 cm2) at low

impact energies (l%kayanagi 1988). A summary of these

cross sections is given in Appendix III. B. Dissociative
attachment also plays a very important role in F2 at low

electron energies. Recent results have been reported by

Chantry (1982), Hayashi (1983), McCorcle et al. (1986) and

Chutjian and Alajajian (1987). A summary of the

attachment cross section is given in Appendix III. C.
Electron impact excitation of electronic states in F2 leads

primarily to dissociation into atomic fragments.

Unfortunately, no direct measurements are currently available

or expected to be available soon. A serious attempt to

estimate the cross sections for electron impact dissociation
of F2 into neutral F atoms from the available information

has been made by Cartwright et al. (1989) and is described in

detail in Appendix III. D. It should be mentioned that polar
dissociation of F2 leadlng to F- + F+ also becomes

important for electron energies higher than -20 eV (Belenov

et al. 197L4 De Corpo et al. 1970). Integral ionization cross
sections for F2 have been reported by Stevie and Vasile

(1981).

Electron Collisions with F Atoms

No electron collision cross sections, or rate constants,

are available for F atoms and electron impact excitation of F

atoms is virtually ignored in most models of KrF lasers,

InertialCbn/&vnent FasionatLos Alaanos:PrognmsSince 19&5

For cases of low F2 bumup, this is probably not a bad

approximation, but as bumup progresses beyond about 209Z0,

electron impact excitation of F atoms could have two effects.

The fwst would affect the shape of the electron distribution

function, and the second would be the possibility of

excitation transfer from F* to K&. The lowest excitation

threshold of the F atom is at 12.7 eV, and hence excitation

transfer and Penning reactions are possible. A rudimentary

set of electron impact cross sections should be compiled so

that the importance of processes involving F atoms can be

assessed. Ionization cross sections calculated in the DWA

are given in Appendix III. E.

Electron Collisions with Ions

No cross sections are available except for ionization of

A# and K@, which were measured by Man et al. (1987)

from threshold to 2,000 eV.

ELECTRON COLLISIONS WITH
EXCITED SPECIES

Electron Impact Excitation/Deexcitation of
&and & Metstables

Cross sections for transitions between excited states of

Ar and Kr are nearly as important as those for excitation

from the ground state. This condition results from the fact

that their cross sections reach their maxima at low energy

and are thexefore readily excited by the bulk electrons.

Obtaining cross sections for the energy region from

threshold to about 50 eV is particularly important for this

reason. Unfortunately, because of experimental difficulties,

very little information is currently available on electron

collisions with excited Ar and Kr, and theoretical results are

also very limited. We will review hem the available data and

describe the efforts to generate the required cross sections.

No modem scattering technique has been utilized so far

to obtain excitation /deexcitation cross sections for electron

collisions with excited Ar or Kr atoms, although some

fragmentary information is available from observations made

in low-temperature plasmas (mainly Soviet results). Optical

excitation functions are likely to become available in the

near future for Ar and Kr, and deexcitation cross sections can

be obtained from the corresponding inelastic cross sections

by using the principle of detailed balance.

Andreev and Bodrov (1984) calculated rate constants for

destruction of metastable Ar and Kr in a low-temperature

pksma (using a quasi-statistical approximation to obtain the

3
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pertinent cross sections) as a function of temperature

(assuming Maxwellian electron velocity distribution). They

considered the following processes involving the four lowest

excited states of the Kr atom:

Ar (3P2) -I-e (Eo) -+

Ar (3PO) + e (EO) +

Kr (3P2) + e (Eo) +

Kr (3PO) + e (Eo) +

& (3P1) + e (E. - 0.076)

(1)

Ar(lPl) i- e (E. - 0.105)

(2)

Kr (3PI) +e (~ - 0.117)

(3)

Kr (lPI) + e (EO - 0.082)

(4)

For processes (1) and (2), Andreev and Bodrov (1984)
covered the 500 to 5,000° K (E. = 0.043 to 0.430 ev) range

and compared their results with those deduced from plasma

measurements by Bochkova and Sukiasyan (1975),

Gerasimov andPetrov(1977), and Baranov et al. (198 1).

They also gave rate constants for processes (3) and (4) in the

0.05 to 0.10 and 0.10 to 0.20 eV impact energy ranges,

respectively, and compared these results with the ones

obtained by Phelps (1959) for Ne (it is not known why this

comparison was made) and by Shaw and Jones (1977) for Kr.

The rate constants for processes (1) through (4) are typically

of the order of 10-7 cm3 s-1, which are much larger than
the ones corresponding to the deexcitation of the 3P2 and

3P0 metastable IeveIs to the ground 1So state by

superelastic scattering of electrons. It should also be notwi
that their designation for the 3PI and lPI states of Kr are

improper. They should be reversed or correctly denoted,

respectively, as 5s[3/2] 10 and 5s’[ 1/2] I“.

Blagoev et al. (1984a) determined the rate coeftlcients in

low-temperature plasmas for the superelastic processes:

Kr (3P2) + e (Eo) — Be2—> Kr (lS.) + e (EO + 9.91)

(5)

Kr (3PI) -t-e (EO) — 13el-> Kr (lS.) + e (E. + 10.03)

(6)

Kr (3PO) + e (EO) — Be> Kr (lS.) + e (EO + 10.56)

0)

where 13e2,~el and ~eo were found to be 1.5 x 10-10,

5.2 x 10-10, and 9.8 x 10-10 cm3 s-l, respectively. The

value ~e2 was measured by Agafonova et al. (1982) as about

4

3 x 10-10 cm3 S-l. Indeed these rate coeftlcients are much

smaller (by three orders of magnitude) than those

corresponding to excitations of the types given in equations

(1) to (4). The major contribution to the rates in equations

(5) to (7) comes from resonance processes in which low

energy (zero to about 0.2 eV) elatrons form excited negative
ions and then decay to the neutral 1So ground state by the

ejection of an energetic ( 10 eV) electron. The same

remarks apply as in the case of Andreev and Bodrov (1984)
with respect to their designation of the 3P1 and 1P 1 levels.

Stepwise excitation of Ar (which includes excitation

from metastable levels) in the positive column of a low-

pressure glow discharge has been discussed by Behnke et al.

(1985). They deduced cross sections by utilizing

experimentally determined concentrations and modeling of

the discharge and offexed a semiempirical expression for the
excitation functions for the 1si (i = 2,3,4, and 5) levels to

the 2p level group [(levels 2pI to 2p10 (5p[ 1/2], (5p[3/2],

5p’[lf2] and 5p’[3/2] levels)], and specifically for the 1s5

(4s[3/2]02) to 2p8 (4p[5/2]2) and 1s2 (4s[1/2]01) to 2p4

(4p’[3/2]) levels.

To obtain the total electron-collision quenching cross

sections for A@ and K@, we follow the procedure applied by

Blagoev et al. (1984b) for Xe.
Total excitation cross sections to the (3P2 + 3PO)

metastable levels of Ar and Kr have been measured by

Buckman et al. (1983) in the near-threshold energy region

and by Mason and Newell (1987) from threshold to 140 eV

impact energy. These cross sections are the total production

cross sections of metastable species including direct,

resonance and cascade processes. At the near-threshold

impact energy region one can apply the principle of detailed

balance to convert these cross sections to total quenching

cross sections with a reasonable degree of reliability.

The microscopic balance equation is:

()(3J&).g I+& G. (&+ AE.)
(8)

Here, @E) is the cross section at impact energy E, and

the subindexes o,s and n refer to initial, the superelastic, and
the (inverse) inelastic channels, respectively. go and gn are

the statistical weights of the ground and the excited levels
and AEn is the excitation energy of the nth Ievel.

We apply Eq. (8) to convert the low-energy data of

Buckman et al. (1983) to quenching cross sections. The

inelastic data for Ar and Kr from Buckman and Lohmann

(1986), a schematic diagram of the metastable excitation and

deexcitation processes, and the resulting quenching

(deexcitation) cross sections are given in Appendix III. E.
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Electron Impact Ionization of Metastable
Arand Kr

Dixon et al. (1973) reported ionization cross sections for
Ar(3P2 + 3PO) from threshold to 500 eV at the 1973

ICPEAC, but they have not published these results because

of uncertainties in the calibration method (Smith 1989). No

other experimental data are available at the present time,

although work is in progress to measure these quantities

(Nickel and Trajmar 1989). A summary of the theoretical

methods used to calculate electron impact ionization cross

sections from excited atomic and ionic species is given in

Appendix III. F, and a compilation of the published

experimental and theoretical results for ionization of excited

electronic states is given in Appendix III. G.

As can be seen from the compilation of Theoretical

Calculations and Experimental Works on the Ionization of

Excited Atomic Systems in Appendix III. G, the available

theoretical results and experimental data of interest are rather

meager at this time. With respect to the experimental work

on ionization of metastable states of neon and argon, we

have received information from Smith (1989) of the

University College of London that after a preliminary

communication of the data, they lost confidence in the

reliability of the data, and thus they never published it in a

full paper. Thus for both argon and krypton, we have to

concentrate on theoretical results. The only basis we have at

this time to evaluate the various theories is to compare them

with the experimental data for H(2s) and He(23S) ionization.

In the case of H(2s) ionization, the Born B

approximation seems to be somewhat higher (- 15%) than

the experimental data in the 5 eV s Es 60 eV impact

energy region and gives good agreement with the experiment

for E 2100 eV incident electron energies. The Bom-

Exchange approximation seems to give somewhat better

agreement with the experiment. (h is about 590 too high.)

In the case of He(23S) ionization, the Born A

approximation gives excellent agreement with the

experiment in the 8 eV S E S 40eV incident electron energy

region, whereas the Born B approximation is about 35% too

low in the same region. They both give about 15% too low

value in the 80 eV S E S 200 eV region. The Gryzinsky-

Kingston binary encounter theory gives approximately the

same quality of results, giving too high values for
Es 20 eV and too low values (by about 15%) for

E 230 eV incident electron energies.

Thus, based on the evaluation of the H(2s) and He(23S)

ionization results, we might conjecture:

InertialCon/%wnentFuswn d Los Aknos: Progmss Since1985

. Both Born and binary encounter type of theories give

qualitatively correct shape for the ionization cross

section.
. The reliability of the Born cross section can be

extimated to be about&20% with increasing accuracy

for higher energies.
. It is impossible to say that Born B is superior to Born

A in numerical accuracy.

Thus, the available Born and binary encounter theory results

could be used with the abovementioned reservations in

modeling calculations.

In addition, we should like to mention that work is

currently under way at the Los Alamos National Laboratory

to perform distorted-wave approximations for this problem,

as well as to extend the Burgess-Vriens type of binary

encounter calculations of Hyman (1979) to additional states

of argon and krypton. Some results are presented in

Appendix HI. I.

Electron Collision Quenching of KrF*

The rate constant for electron collision quenching of

KrF@) is needed for the interpretation of results of small

gain measurements and for the calculation of small signal

gain and saturation intensity in e-beam pumped KrF lasers.

The quenching rate (R) is obtained by integrating the

[ Q (v)]andproduct of the overall quenching cross section Otot

the electron velocity (v) over the electron velocity

distribution [f(v)] of the plasma.

1R(T) = ‘~ot (V)v ‘T(v)dv
(9)

(lo)

where T refers to the temperature for the assumed

Maxwellian distribution, and n is the specific collision

processes that contibute to quenching of KrF(B) molecules.

All excitation and deexcitation processes, including direct and

resonance channels that result in loss of KrF(B), have to be

considered.

The following is a short summary of what is known

about quenching of KrF (B) by electron collision processes.

The sources of possible errors and uncertainties associated

with the available data are discussed, and suggestions are

made as to how the present situation could be improved.

Single collision, beam-beam type scattering

measurements aimed at obtaining electron KrF(B) collision

cross sections do not appear feasible with present-day

5
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technology. Quenching rate coet%cients for KrF(B) in a Kr
and F2 binary mixture were determined by Trainor and Jacob

(1980) under experimental conditions similar to that of the

KrF laser. An electron quenching rate coeftlcient of

2 x 10-7 cm3 S-l was obtained by using a modified Stem-

Vollmer equation and varying the electron density by
changing the F2 concentration.

There are three possible sources of error in the

measurements of Trainor and Jacob (1980).
● In their scheme, the quenching rate by F2 and its

dependence on F2 concentration was accounted for in a

semi-empirical way. This may be a reasonable

procedure, but one has to remember that the
quenching rate for F2 is about one order of magnitude

larger than that for electrons and, therefore, the

reliability of the results are somewhat questionable.
● The radiative life time (T ~ad) of KrF(B) was taken as

6.5 ns, which is a value associated with an

unperturbed KrF(B) in the v’ = O vibrational level.

Their measurement, however, involves the radiative

decay of the collisionally “mixed” (populated and then

deexcited) B and C states and their appropriate

vibrational manifolds. Therefore, in the interpretation
of the measurements an effective T rad value should

have been used. It was estimated by Kannari et al.

(1988) that the rate constant for “mixing” the B and C

states and for the vibrational relaxation of KrF(13,C)

by two-body collision with Ar are 5 x 10-10 and
4 x 10-11 cm3s-1, respectively. How important

these effects are in the electron collision process is

not known. The effective life time of the KrF(B)

state is increased by these processes, and a

corresponding reduction of the quenching rate constant

is necessary.
● For the rate constant for the electron attachment to F2

(T rad), they took 4.5x 10-9 cm3s-1 (for an average

electron energy of 1 eV) based on the measurement of

Trainor and Jacob (1979). More recent measurements

by McCorcle et al. (1986) yielded a value of
katt = 3.5 x 10-9 cm3s- 1. This would lower the

quenching rate given by Trainor and Jacob (1980)

from 2 x 10-7 to 1.6 x 10-7 cm3s-1, which is not

a significant change.

Based on these points, it is likely that the quenching

rates obtained by Trainor and Jacob (1980) are too large.

As it was pointed out by Hazi et al. (1979), their rate

constant took into account only the direct electron impact

deexcitation KrF(B+X) and a small contribution from the

B+A deexcitation. Therefore, it represents a lower limit.

There are certainly many other electron impact processes that

will also cause quenching of KrF(B) and will raise the

calculated value.

Hazi et al. (1979) calculated cross sections for the direct

electron impact excitation KrF(X+B) from threshold to

100 eV and for thee+ KrF(B,C,D) +e + KrF(X,A)

supereleastic (deexcitation) processes in the O- to 15-eV

impact range. A modified impact parameter method and

extensive ab initio wave functions were used. Hazi et al.

(1979) also calculated rate coefficients for the B+X and

B+A processes (as well as for the D+X, C+A, and D+A

processes) as a function of electron temperature in the O-to

5-eV range (assuming Maxwell-Boltzman electron energy

distribution.) They obtained the values of 3 x IO-8 and

1.5 x 10-9 cm3 s-l for the KrF(B + X) and KrF (B+ A)

direct deexcitation processes, respectively.

Let us examine what is missing from the Hazi et al.

(1979) approach. There are two major types of collision

processes that contribute to quenching: deexcitation and

excitation (to higher states horn which no return to KrF(B)

state takes place). One also has to consider that these

processes may occur both through direct and resonances

channels and include not only dipole allowed but all parity

allowed processes (discrete level excitations, dissociation,

ionization, and their combinations).

The possible role of negative ion resonances in the

quenching process has been recognized (Winter 1977; Hay

et al. 1979; Hazi et al. 1979). Blagoev et al. (1984a,b)

demonstrated (as described above) that resonances played the

major role in quenching of metastable rare gases by low-

energy electrons. Eletskii and Smimov (1983) argued that

similar situations exist for the quenching of KrF(B). Their

rather lengthy and involved reasoning is based on the Iruge

discrepancy between the Trainer-Jacob (1980) quenching rate

and the direct quenching rates calculated by Hazi et al. (1979)

and themselves at low impact energies (relying on threshold

behavior of the direct excitation cross sections and the

principle of detailed balance). Blagoev et al. (1984b) pointed

out, however, that Eletskii and Smimov (1983) neglected the

summation over molecular partition function. A correction

for this requires that the typical resonance width of the

excimer molecule of 0.02 eV, as given by Eletskii and

Smimov (1983), be divided by a factor of about 104, and it

raises some questions about their interpretations.

It seems, for the time being, that lowering the rate

constant given by Trainor and Jacob (1980) by a factor of

-2 or 3 would be a reasonable procedure. In the future,

further refinements could be made baaed on theoretical

calculations and reasonings similar to those of Eletskii and

Smimov (1983) or by exploiting the similarity between

KrF(B) and ground state RbF. The best solution to this

problem, however, would be achieved by remeasuring the
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rate coefficients in a scheme in which the electron density is

directly controlled.

ELECTRON COLLISIONS WITH RARE
GAS DIMER..S AND TRIATOMIC RARE
GAS FLUORIDES

Cross sections for electron impact excitation and

ionization of these excimer species are not known. The lack

of “good” values for these processes represents a weakness in

the modeling. Semi-empirical or theoretical cross sections

are most often used based on an analogy to atomic processes.

To the extent that the lifetimes of these species are

dominated by collisions with heavy particles, this is

probably not a terrible state of affairs. The importance of

electron impact cross sections can be assessed by

parametrizing their values in the KrF laser kinetics model.

If factors of 10 increase in the rate constants do not change

the results, then the processes are not particularly important.
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III. ELECTRON COLLISION PROCESSES IN KrF LASER MEDIA

APPENDIX 111. A.
ELECTRON IMPACT EXCITATION FROM GROUND

AND EXCITED STATES OF ARGON
AND KRYPTON ATOMS

Robert E. H. Clurk and George Csand

Elsewhere in this review the importance of electronic

collision processes for the proper modeling of the KrF laser

has been discussed in detail. It has also been mentioned that

Ar and Kr atoms in their ground and electronically excited

states are present in the laser-media and thus electron impact

processes on Ar and Kr targets are of great interest to the

KrF laser modeling problem. The literature survey also

showed that while substantial theoretical and experimental

work has already been done on this subject, there are still

large numbers of cross sections that either have not been

measured or have been calculated using an oversimplified

method (e.g., the Born approximation was used). For

example, in the case of Ar and Kr, excitation calculations

and measurements have been reported for the excitation of

the nps (n+ 1)s (n = 3 for Ar, n = 4 for Kr) states there are

much less data available for the excitation of the higher

lying levels, and these cross sections are important for the

KrF laser modeling. It is the purpose of the present

theoretical contribution to provide the needed cross sections

using theories like the distorted wave approximation

(DWA). The DWA is quite reliable in the intermediate- to
high-energy region, that is, for energies E >2 Ethr where

Et~ is the excitation energy of the state considered.

For the laser-modeling purposes, only configuration-to-

configuration integrated cross sections are needed; however,

to provide information about the reliability of the DWA for

the transitions considered, we have included selected level-to-

level differential cross sections (DCSS) and compared them

with the experimentally obtained results. Additional

comparisons of theones like DWA with experimental data

for Ar and Kr targets are also available in the literature. We

have also performed a simple study on the target-state wave

functions to ensure that the states of the atomic target are

Inehl ConjhwnentFuswn at LosAbnos: -ss Since1985

properly represented. First we describe this latter effort.

Next we compare some theoretically obtained DCSS with

available experimental data. Then we present our results for

the integrated cross sections (ICSs) obtained theoretically

using DWA that will be used in the modeling code as well

as in any physical analysis.

TARGET STATE WAVE FUNCTIONS

Before performing the electron impact collisional cross

section calculations, we have studied the importance of

various configurations for obtaining accurate optical

oscillator strengths for selected transitions in argon. These

studies were performed with the aid of the Cowan atomic

structure code (CATS) (Abdallah et al. 1988) that was

developed at Los Alamos National Laboratory (LANL). To

represent the target state wave functions, CATS will be used

in conjunction with the atomic collisional excitation code

(ACE) (Clark et al. 1988), also developed at LANL,. Fkst

we chose the Cowan scale parameters as their default values

and introduced 12 different basis sets to represent the target

states. For a test case we considered the optical oscillator
strengths for the 3p6 (1So) + 4s [3/2]0 (3P1 ) and 3p6(1so)

+ 4s’ [1/2]” ( lP1 ) transitions in argon. In Table 1 we

listed the various basis sets used. Tables 2 and Table 3

show the theoretical gf values (optical oscillator strengths)

and excitation energies obtained, respectively, with the

given basis set, as well as some of the experimentally

obtained values from the tables of Wlese et al. (1969) and

from the book of Radzig and Smimov (1985). Some more

detailed tabulation of the experimentally obtained oscillator

strengths is given in Table 4, Table 5 shows the mixing

1
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coefficients for selected basis sets. These tables show that

the inclusion of (3s)2, (3p)5, (4p) configuration makes

agreement with the experimental data worse, whereas the

inclusion of any other configuration beyond the basic

(3s)2 (3p)6, (3s)2, (3p)5 (4s) configurations does not

change significantly the gf values and the excitation

energies.

Subsequently we changed the Cowan Spin-Orbit

Coupling Screening Parameter scale factor to 0.7, and we

left all other scale factors at their default value. We obtained

the gf values, excitation energies, and mixing coet%cients

that are shown in Tables 6,7, and 8, respectively, under

these conditions.

(NOTE: All tables and figures are at the end of this

appendix.)

COMPARISON OF ACE RESULTS
WITH EXPERIMENT

Before generating the large amount of collisional

excitation cross section data needed for krypton and argon,

comparisons were made between results for differential cross

sections (DCSS) from the ACE code and experimental data

for selected level-to-level transitions. For these

comparisons the atomic structure data was generated using

the spin-orbit scaling factor of 0.7. The ground

configuration was the single configuration np6 (with n = 3

for argon and n = 4 for krypton). Excitations to the levels

of the np5 (n+ 1)s configuration were considered; the
levels are 3P2, 3PI, 3P0 and lPI. For argon the energies

selected were 20 and 100 eV. Experimental data were from

Chutjian and Cartwright (198 1). For the krypton

comparison the energies 20 and 50 eV were selected because

50 eV was the highest energy at which all four transitions

were measured. The experimental data are from Trajmar et

al. (1981).

In each case four sets of theoretical cross sections were

obtained. These were (1) the DWA, using the semiclassical

exchange (SCE) approximation of Riley and Truhkar (1975)

for the exchange potential; (2) the DWA with the

semiclassical free-electron exchange approximation

(SCFEE) of Riley and Tmhlar (1975); (3) the first order

many body theory (FOMBT) with SCE (4) FOMJ3T with

SCFEE. The purpose of these four sets of calculations was

to study the sensitivity of the cross sections to the potential

and to choose the potential that gives the best agreement

with experiment.

Figures 1-4 show the comparison of the experimental

DCS with the theoretical results for the four transitions in

argon. The agreement is generally poor at 20 eV, which is

less than twice the transition energy, and is good at 100 eV,

which is nearly ten times the transition energy.

Figures 5,6, and 7 show present theoretical results for

the integral cross sections for excitation out of the 3p6,

3p54s, and 3p54f configurations, respectively.

Figures 8-14 show the analagous DCS comparisons for

krypton. In general the agreement between theory and

experiment is good at 50 eV and is not too bad even at

20 eV. Figures 12, 13, and 14 show our calculated integral

cross section results for excitations out of the 4P6, 4P55S,

and 4p55f configurations of Krf.

On the basis of these and similar comparisons for neon,

where experimental cross sections am available from

Register et al. (1984), it appears that the FOMBT results

using the SCFEE exchange potential gives the best overall

agreement with experiment. Noticable differences among

the theoretical values are only evident at low energies; above

five times threshold there is very little difference.

RECOMMENDED INTEGRAL CROSS
SECTIONS FOR ARGON AND KRYPTON

As discussed in the previous section, the overall best

agreement with experimental data was obtained using

FOMBT with the SCFEE exchange potential. As noted

previously, large differences among different theoretical

models are confined to energies below five times threshold.

For argon, configuration-to-configuration integral

cross sections were calculated among the ground

configuration and the first 13 excited configurations; this

gives 91 transitions. Table 8 lists the transitions and the

transition energies. Table 9 lists the cross sections in cm2

as a function of energy. For all transitions, 42 energies

between 1 eV and 10000 eV were used. Cross sections

were calculated for energies above 1.02 times threshold.

Cross sections below this limit are listed as zero.

In the case of krypton, the ground and first 14 excited

configurations were used giving a total of 105 transitions.

Table 10 lists the transition energies, and Table 11 gives the

cross sections.

Some comparisons were made between the DWA with

SCE exchange potential and the FOMBT with SCFEE

exchange potential for selected configuration to

configuration transitions in argon and krypton. There are

large differences in the 3P6 - 3p5 nl transitions below

energies of twice threshold; this indicates that the weak

coupling approximation is probably unreliable in this

energy region. For higher energies the agreement is

satisfactory.

It should be emphasized that the present DWA and

FOMBT results do not include any resonance contributions.
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For excitations from the ground level this is probably not a

major problem. However, for excited to excited state

transitions resonance contributions of the kind p5nl + e +
~4 nl n’ 1’n“ I“ + p5 n’l’ + e’ could significantly enhance

the direct p5nl + e + p5n’1’+ e’ transition.
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TABLE 1. Argon Target State Studies

Basis Set Basis Set

Number Basis Sets Number Basis Sets

1

2

3

4

5

6

7

(3s)2(3p)6, (3s)2(3p)5(4s)

(3s)2(3p)6, (3s)2(3p)5(4s),

(3s)2(3p)5(5s)

(3s)2(3p)6, (3s)2(3p)5(4s)

(3s)2(3p)5(5s), (3s)2(3p)5(6s)

(3s)2(3p)6, (3s)2(3p)5(4s)

(3S)2(3P)5(5S) (3s)2(3p)5(6s)

(3s)2(3p)5(7s)

(3s)2(3p)6, (3s)2(3p)5(4p),

(3s)2(3p)5(4s), (3s)2(3p)5(5s)

(3s)2(3p)6, (3s)2(3p)5(4p),

(3s)2(3p)5(4s), (3s)2(3p)5(5s),

(3s)2(3p)5(6s)

(3s)2(3p)6, (3s)2(3p)5(4p)

(3s)2(3p)5(4s), (3s)2(3p)5(5s)

(3s)2(3p)5(6s), (3s)2(3p)5(7s)

TABLE 2. gf Values from CATS

Basis Set Number 3P6+4{~10(3P1) 3p6+4sf:1°(1P*)

1
2
3
4
5
6
7
8
9

10
11
12

0.082061
0.081361
0.08117
0.081088
0.11225
0.11212
0.11206
0.11572
0.11537
0.1134
0.083645
0.083763

Experiments:
Wiese et al. (1969) 0.061
RadAg and 0.057

Smimov (1985)

0.22678
0.22218
0.2209
0.22035
0.30558
0.30421
0.30360
0.23919
0.32309
0.31215
0.231059
0.231306

0.254
0.25

8

9

10

11

12

(3s)2(3p)6, (3s)2(3p)5(3d),

(3s)2(3p)5(4p), (3s)2(3p)5(4s)

(3s)2(3p)6, (3s)2(3p)5(3d),

(3s)2(3p)5(4p), (3s)2(3p)5(4s)

(3s)2(3p)5(5s), (3s)2(3p)5(6s),

(3s)2(3p)5(7s)

(3s)2(3p)6, (3s)2(3p)5(4p)

(3s)2(3p)5(5p), (3s)2(3p)5(4s)

(3s)2(3p)6, (3s)2(3p)4(3d)2,

(3s)2(3p)5(4s)

(3s)2(3p)6, (3s)2(3p)4(3d)2,

(3s)2(3p)4(4d)2, (3s)2(3p)5(4s)

TABLE 3. Excitation Energies of 4s and 4s’ States of Argon
from CATS

Excitation Energy

Basis Set Number 4{;]”(3P1) 4s’f+]O(l PI )

1
2
3
4
5
6
7
8
9

10
11
12

11.429849
11.429513
11.429410
11.429364
11.465988
11.465886
11.465839
11.463516
11.463029
11.476684
11.751007
11.768352

Expenmenfi
Wiese et al. (1969) 11.622957

11.605071
11.604258
11.604018
11.603911
11.640733
11.640493
11.640386
11.639559
11.638394
11.651906
11.92623
11.943574

11.8273944

4 InertialConfinementFusion d LasAlamos: Ptv~ss Since 1985



ELECTRON IMPACT EXCITATION FROM GROUND AND Vol. A!I,Chapter III, Appendir A
EXCITED STATES OF ARGON AND KRYPTON ATOMS

TABLE 4. gf values from CATS (Spin-orbit Coupling Cowan scale factor is 0.7, all others with
default values)

Basis Set Number
i21

3p6+ 4 3“(3P1)
121

3p6+ 4s L“(lPI)

1 0.050769 0.25807
2 0.050470 0.25308
3 0.050392 0.25169

Experiment:
Wiese et al. (1969) 0.061 0.254
RadAg and 0.057 0.25

Smimov (1985)

Experimental Results for Argon Optical Oscillator Strengths

LI3p6+ 4 ~ 0(3P1) 1713p6+ 4s L“(lPI)

EELS

Li et al. (1988)

Chamberlain et al.

OPT
Lawrence (1968)
Stacey and

Vaughan (1964)
Lewis (1967)
de Jongh and

ViU’1Eck (1971)
McConkey and

+0.005 +0.02
0.058 0.222

-0.008 -0.03
1965) 0.049 0.181

0.059 * 0.003 0.228 * 0.021
0.036 * 0.004 0.275 f 0.02

0.278 A 0.002
0.22 * 0.02

0.096 + 0.02
Donaldson (1973)

EELS: Electron-energy-loss spectroscopy
OP’P Optical spectroscopy

Inertz”dConfinementFusionat LasA!unws: ProgressSince1985 5



Vol. II, Chapter III, Appendix A ELECTRON IMPACT EXCITATION FROM GROUND AND
EXCITED STATES OF ARGON AND KRYPTON ATOMS

TABLE5. Mixing Coeftlcients for Argon 4s[3/2]0 (3P1) State. (3p)5 nl Configurations with Default
Scale Factors

Basis Set
Number 4S(3PI) 4S(1P1) 5S(3P1) 5S(1P1) 6S(3PI) 6S(1PI)

1 0.85517 0.51835
2 0.85397 0.52019 -0.01007 0.00524
3 0.85361 0.52075 -0.01005 0.00524 -0.00488 0.00259

Basis Set
Number 4S(3P1) 4S(1P1) 5S(3P1) 5S(IP1) 3d(3Pl) 3d(3D1) 3d(1Pl)

8
9

0.85754 0.51331 0.032159 -0.000876 0.0106
0.85589 0.51589 0.005543 -0.0099 0.032164 -0.000877 0.0106

*Comment: Basis Set No. 9 also has contributions from 3p56s and 3p57s configurations that are not
shown.

TABLE 6. Excitation Energies From CATS (Spin-Orbit
Coupling Cowan Screening Parameter is 0.7, all others at
default values)

Basic Set Number Excitation Energies (eV)

LI4 3“(3P1) ‘u4s ;“(lP1)

1 11.43618 11.58226
2 11.43593 11.58136
3 11.43585 11.5811

Experiment
Wiese et al. (1969) 11.622957 11.8273944

{JTABLE 7. Mixing Coefficients for Argon 4 ~ “(3PI) State (Spin-Orbit Coupling Cowan Screening

Parameter is 0.7)

(3p)5ns Contlgurations (n = 4,5,6)
Basis Set
Number 4S(3P, ) 4S(IP1) 5s(3P~) 5S(IP*) 6S(3P1) 6S(1P1)

1 0.91316 0.40760 -
2 0.91221 0.4096 0.00581 --0.00795 -
3 0.91193 0.41021 0.00581 -0.00794 0.00284 -0.00385

6 InertialCbnfin.ementlkswn at LasAlamas: PtvgnxwSince 198S.-



ELECTRON IMPACT EXCITATION FROM GROUND AND Vol. II, Chapter 11~ Appendix A
EXCITED STATES OF ARGON ~ KRYPTON ATOMS

Ar 3p6+ 3p54s 3PZ 20eV

c -18
2 10

‘-k~

2
n

10’9

Ar 3pe+3p54S3P2 10OeV

I I I I I I I I I I

10’9

~

:, ~’”
(n
o
a

E

102’

1o“
o 20 40 60 80 100 120 140 160 180

e

Fig. la. Comparison of present theoretical deferential
cross sections (DCS) with experimental values of Chu~”ian
and CartWright (1981) for the 3P2 excitation in Ar at 20 eV.

Fig. lb. Comparison of present theoretical DCS with
experimental values of Chu~”ian and Cartwright (1981) for

the 3P2 excitation in Ar at 100 eV.

Ar 3p’+ 3p 54s 3PI 20eV

Ar 3p’+ 3p 54s 3PI 10OeV

10’6
k

L I I I I I I I I

.

k FOMBT. SCEIv

10’”

p., “-’l---
0 20 40 60 80 100 120 140 160 180

e

Fig. 2a. Comparison of present theoretical DCS with
experimental values of Chutjian and Cartwright (1981) for
the 3P1 excitation in Ar at 20 eV.

Fig. 2b. Comparison of present theoretical DCS with
experimental values of Chutjian and Cartwright (1981) for
the 3P1 excitation in Ar at 100 eV.

Ine&”alCon@wment Fuswn atbs Alumos: ProgressSince1985 7
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Ar 3p% 3p 54s3 PO20eV Ar 3p 6+3p54s 1 PI 20eV

\

10“’8~

,049~

Ar 3p6+3ps4s3 P. 100eV

10-’9

-iJ -2+3
= 10
%g
(n
o

0 102’

1o-z
O 20 40 60 80 100 120 140 160 180

e

Fig. 3a. Comparison of present theoretical DCS with
e..qerimental values of Chutjian and CartWright (1981) for
the 3P1 excitation in Ar at 20 eV.

Fig. 3b. Comparison of present theoretical DCS with
eqerimental values of Chutjian and Cartwright (1981) for
the 3P0 excitation in Ar at 100 eV.

Ar 3P ‘+3ps4s ~1 100eV

10-’5~

10-’6
h

g L

~

g 10-’8
a

10-’9 ~

Experiment
~.j::fi I 1 I

o 20 40 60 80 100 120 140 160 180

e

Fig. 4a. Comparison of present theoretical DCS with
experimental values of Chutjian and Cartwright (1981) for
the lP1 excitation in Ar at 20 eV.

Fig. 4b. Comparison of present theoretical DCS with
experimental values of Chu~”ian and Cartwright (1981) for
the lP1 excitation in Ar at 100 eV.
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ELECTRON IMPACT EXCITATION FROM GROUND AND Vol. II, Chapter I., Appendix A
EXCITED STATES OF ARGON ~ KRYPTON ATOMS

Ar 3p 6- Upper
,I -. I 1

10’ 102

Energy (eV)

Ar 4f - Upper

10-’4

-\

10’6 r DWA

-17 -

r;~-16y

10“ 10’

Energy (eV)

Fig. 5. Comparison of D WA and FOMBT integral cross
sections for 3p6 + 3p5 nl transitions in Argon.

Ar 4s - Upper

t , I I

Fig. 6. Comparison of D WA and FOMBT integral cross

sections for 3#4s-3@ nl transitions in Argon.

InertialConfinementFuswn at LasA&wnos:ProgressSince1985

Fig. 7. Comparison of DWA and FOMBT integral cross
sections for 3@4f-3@ nl transitions in Argon.

9

—



Vol. II, Chapter III, Appendix A ELECTRON IMPACT EXCITATION FROM GROUND AND
EXCITED STATES OF AU?GON AND KRYPTON ATOMS

Kr 4ps -4p 55s ?Z 20eV Kr 4p G- 4p %s 3P, 20eV

10’8

I

r+I Dhk,SkE

“A

I I #.-
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●- 8
-- _ FOMBT, SCE ,/

% kk DWA, SCFEE ,’”; ~

,019~

Kr 4ps -4p ‘5s ~z 50eV

~ ,01, B\
10’8k FOMBT, SCE

I

FOMBT, SCFEE

I

DWA, SCFEE
\ /1

(.) 1-
CI

Experiment

C*:$ ‘ I I I
-,”

0 20 40 60 80 100 120 140 160 180

e

Fig. 8a. Comparison of present theoretical DCS with

experimental values of Trajmar et al. (1981) for the 3P2

excitation in Kr at 20 eV.

Fig. 8b. Comparison of present theoretical DCS with
experimental values of Trajmar et al. (1981) for the 3P2

excitation in Kr at 50 eV.
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o
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10-’8

3* I 0“’9
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I I I I I I 1 I
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DWA, SCFEE~ ,.-18
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10-’9 \ -
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/ ‘“* . *

.
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I I I I I I I I 1

0 20 40 60 80 100 120 140 160 180

e

Fig. 9a. Comparison of present theoretical DCS with

experimental values of Trajmar et al. (1981) for the 3P1
excitation in Kr at 20 eV.

Fig. 9b. Comparison of present theoretical DCS with
experimental values of Trajmar et al. (1981) for the 3P1
excitation in Kr at 50 eV.
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Kr 4p G- 4p 55s 90 20eV

1 I I I I I
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10”’8

I
3*lo-’g’
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e

Fig. 10a. Comparison of present theoretical DCS with

experimental values of Trajmar et al. (1981) for the 3P0

excitation in Kr at 20 eV.

Fig. 10b. Comparison of present theoretical DCS with
experimental values of Trajmar et al. (1981) for the 3P0

excitation in Kr at 50 eV.

Kr 4p6 - 4p55s 1~ 20eV
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p 10-’7 :

$
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e

Fig. Ila. Comparison of present theoretical DCS with

experimental values of Trajmar et al. (1981) for the lP1

excitation in Kr2 at 20 eV.

Fig. Ilb. Comparison of present theoretical DCS with
experimental values of Trajmar et al. (1981) for the lP1

excitation in Kr at 50 eV.
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Kr 4p6 - Upper
t o , t , , , , 1 , , f

I ()-20 ~.-
10’ 102

Energy (eV)

Fig. 12. Comparison of DWA and FOMBT integral cross
sections for 4P6 - 4p5 nl transitions in Krypton.

Kr 5s - Upper

,0-14

s------

4*10-18P 0 I

Fig. 13. Comparison of DWA and FOMBT integral cross
sections for 4p55s -4$ nl transitions in Krypton.

Kr 4f - Upper
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Fig. 14. Comparison of DWA end FOMBT integral cross
sections for 4p55f - 4p5 nl transitions in Krypton.
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TABLE 8. Designations and Energies 1 for Transitions in Atomic
Argon

Transition Energy Transition Energy Transition Energy

3p6-4s 1
3p6-4pl
3p6-3dl
3p6-5sl
3p6-5pl
3p6-4d1
3p6-6sl
3p6-4fl
3p6-6pl
3p6-5d1
3p6-7sl
3p6-5fl
3p6-7pl
4s 1-4p 1
4sl-3dl
4s1-5s1
4sl-5pl
4s 1-4dl
4s1-6s1
4s 1-4f 1
4sl-6p1
4sl-5dl
4s1-7s1
4sl-5fl
4sl-7pl
4pl-3dl
4pl-5sl
4pl-5p1
4p 1-4dl
4pl-6sl
4p 1-4f 1

11.456 4pl-6pl
12.952 4pl-5dl
13.924 4pl-7sl
13.947 4pl-5fl
14.367 4pl-7pl
14.669 3dl-5sI
14.706 3dl-5pl
14.764 3dl-4dl
14.885 3dl-6sl
15.018 3dl-4fl
15.043 3dl-6pl
15.071 3dl-5dl
15.136 3dl-7sl

1.496 3dl-5fl
2.468 3dl-7pl
2.491 5sl-5pl
2.911 5sl-4dl
3.213 5s1-6s1
3.250 5s 1-4f1
3.308 5sl-6pl
3.429 5s1-5dl
3.562 5s1-7s1
3.587 5sl-5fl
3.615 5s1-7pl
3.680 5pl-4dl
0.973 5pl-6sl
0.995 5p 1-4fl
1.416 5pl-6pl
1.717 5pl-5dl
1.754 5pl-7sl
1.812

1.934 5pl-5fl
2.066 5pl-7pl
2.091 4dl-6sl
2.119 4dl-4fl
2.184 4dl-6pl
0.022 4dl-5dl
0.443 4dl-7sl
0.744 4dl-5fl
0.781 4dl-7pl
0.839 6s 1-4f 1
0.961 6sl-6pl
1.094 6s 1-5dl
1.119 6s1-7s1
1.146 6sl-5fl
1.212 6sl-7pl
0.421 4f 1-6p 1
0.722 4f l-5dl
0.759 4fl-7sl
0.817 4fl-5fl
0.939 4f 1-7p 1
1.071 6pl -5d 1
1.096 6pl-7sl
1.124 6pl-5fl
1.189 6pl-7pl
0.301 5dl-7sl
0.339 5dl-5fl
0.396 5dl-7pl
0.518 7sl-5fl
0.651 7sl-7pl
0.676 5fl-7pl

0.703
0.769
0.037
0.095
0.217
0.349
0.374
0.402
0.467
0.058
0.179
0.312
0.337
0.365
0.430
0.122
0.254
0.279
0.307
0.372
0.133
0.158
0.185
0.251
0.025
0.052
0.118
0.028
0.093
0.065

* Calculated using the CATS code (Abdallah et al. 1988)
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III. ELECTRON COLLISION PROCESSES IN KrF LASER MEDIA

APPENDIX III. B.
INTEGRAL ELECTRON IMPACT VIBRATIONAL

EXCITATION CROSS SECTIONS FOR F2

David C. Cartwright and Sandkw Tqjm.ur

The integral cross sections for vibrational
excitation of F2 by electron impact are given here, as
read from Fujita et al. (1986) and Fig. 3 in
Takayanagi (1988). Vibrational excitation of F2 may
bean important process in the formation of KrF(B) in
e-beam pumped devices ~ the rate of formation via 2
K@ -I-F2 = 2 KrF(B) is enhanced when F2 is
vibrationally excited. The table contains the integral
cross sections for vibrational excitation of v = 1,2,3,4
and the sum of these four cross sections. The figure
illustrates how the integral cross sections were
extrapolated to their thresholds and the energy
dependence of the sum.

For purposes of extrapolation to higher electron
energy, we note that for energies greater than -1 eV,
the integral cross section follows the expression
log o = - mE(eV) + b.

The b-parameter for all five sets of integral cross
sections given above are 1.688, 1.450, 1.278, 1.160
and 2.044, respectively. The m value is 0.627 for all
of them.

CROSS SECTIONS (10-17 cm2) REFERENm

Sum Fuiita. Y.. S. Yazi. S. S. Kane. H. Takuma. T.
E(eV) V=l V=2 V=3 V=4 Sum Aj~ro,’T. Takaya~agi, K. Wakiya, and H. Suzuki,

“Vibrational Excitation Cross Sections for F2 by
0.11 0
0.22 19.0
0.33 26.8
0.43 27.7
0.53 24.9
0.60 22.7
0.70 19.7
0.80 16.4
0.90 13.7
1.00 11.5
1.1 9.73
1.2 8.27
1.3 7.42
1.4 6.42
1.5 5.76
1.6 5.17

0
9.91
11.5
12.5
11.9
10.1
8.73
7.83
6.66
5.66
4.81
4.32
3.74
3.23
2.80

0
4.32
6.54
6.91
6.78
5.76
5.17
4.48
3.87
3.48
2.96
2.60
2.25
I .95

0 Electron Impact,” Phys. Rev. A 3&l, 1568, 1986.
19.0
36.7 Takayanagi, T., The International Seminar on Atomic

i 43.5
1.31

and Molecular Physics, Book of Abstrac
45.3

ts, p. 66, 2nd
China-Japan Joint Seminar, Fuji-Yoshisa,

2.34 43.9 Yamanoshi, Japan, Oct. 17-21, 1988.
3.29 39.9
3.74 34.6
3.74 30.4
3.41 26.1
2.90 22.2
2.51 19.1
2.25 17.0
1.99 14.8
1.71 13.0
1.49 11.4

1InertialConj&mentFuswn at LasAlhnos: ProgressSince1985



IIL ELECTRON COLLISION PROCESSES IN KrF LASER MEDIA

APPENDIX 111.C.
INTEGRAL ELECTRON DISSOCIATIVE

ATTACHMENT CROSS SECTION FOR F2

David C. Cartwright and Scmdor T!rqjmur

The data given here are essentially those in Table 1 in Chantry (1982), except for those data between 5 and 80 MeV for

which the newer results of Chutjian and Alajajian (1987) are used.

0.005
0.010
0.020
0.030
0.040
0.050
0.070

0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.60
0.70
0.80
0.90

5.0(-15)
2.7(–15)
2.2(–15)
1.8(–15)
1.5(–15)
1.3(–15)
9.6(-16)

6.50(–16)
5.45(–16)
4.80(–16)
4.25(–16)
3.65(–16)
3.10(-16)
2.65(–16)
2.25(–16)
1.92(–16)
1.34(–16)
9.40(-1 7)
6.55(–17)
4.55(–17)

E(eV)

1.0
0.2
0.4
0.6
0.8
2.0
0.2
0.4
0.6
0.8
3.0
0.2
0.4
0.6
0.8
4.0
0.2
0.4
0.6
0.8

*2L

3.20(–17)
1.53(–17)
7.50(–1 8)
3.65(–18)
2. 15(–18)
1.42(–1 8)

1.18((-18)
1.05(–1 8)
1.00(–18)
9.70(-19)

9.3(-19)
8.2(–19)
6.9(-19)
5.6(–19)
4.6(–19)

3.95(–19)
3.55(–19)
3.60(–19)
3.80(-19)
4. 15(–19)

_Ek.Y)_

5.0
0.2
0.4
0.6
0.8
6.0
0.2
0.4
0.6
0.8
7.0
0.2
0.4
0.6
0.8
8.0
0.2
0.4
0.6
0.8

4.65(–19)
5.18(–19)
5.72(–19)
6.30(–19)
6.80(–19)
6.90(–19)
7.00(–19)
6.85(–19)
6.40(–1 9)
5.82(-19)
5.23(-19)
4.90(–19)
4.00(–19)
3.45(–19)
2.95(–19)
2.50(-19)
2.10(-19)
1.73(–1 9)
1.42(–19)
1.18(–19)
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III. ELECTRON COLLISION PROCESSES IN KrF LASER MEDIA

APPENDIX III. D.
AN ESTIMATE OF THE INTEGRAL CROSS

SECTION FOR DISSOCIATIVE EXCITATION
OF F2 BY ELECTRON IMPACT

David C. Cartwright, P. Jejj%qyHay, and Sander Trajmur

INTRODUCTION

This section provides an estimate of the cross section

for dissociation of molecular fluorine by electron impact

excitation via two classes of excited electronic states: (a)

those that are purely repulsive (i.e., no accessible potential

minimum that supports vibrational levels), and (b) those

that are strongly perturbed by Rydberg-valence-ionic

potential energy curve crossings. The first class of

electronic states includes the lowest 11 valence-excited
states of F2 that dissociate into two F(2P) atoms. The

vertical (Franck-Condon) excitation energy for these states

ranges from 4.6 to 10.6 eV above the ground X1 Z;

electronic-vibrational state of F2 (Cartwright and Hay

1979). The second class of dissociating F2 states includes

those Rydberg excited electronic states that are strongly
perturbed in the Franck-Condon region of the F2 ground

electronic state by valence and/or ionic states of the same

symmetry (Hay and Cartwright 1976; Cartwright and Hay

1987).
Electron impact energy-loss spectra for F2 have been

obtained over only a very limited range of impact energies

and scattering angles. Nishimura et al. (1979) produced the

first energy-loss spectra at 30-,50-, and 90-eV impact

energies and scattering angles of 5, 30, and 90”. Hitchcock

et al. (1982) measured the foreward scattered electron

energy-loss spectrum at 2,500 eV, which should closely

correspond to the optical absorption spectrum. Wang et al.
(1984) resolved vibrational structure in the Fll_lg and

Hll_Iu states in their 200-eV 9“ energy-loss spectrum,

whereas Hoshiba et al. (1985) succeeded in doing the same
thing for the f31_Igstate in their 30 eV 30” and 90” spectra.

Very recently, Takayanagi (1988) and Inaba and Takuma

(1988) reported energy-loss spectra at 30 eV, 10” and 30”

and confimned the conclusions drawn from previous spectra.

Inaba and Takuma (1988) also confirmed the 30 eV 30”

observations and in addition determined the generalized

oscillator strength for excitation of the 11Z; (v = 0,1 ) state

from measurements at 100,400, and 500 eV, at small

angle scattering.

Only the measurements of Inaba and Takuma (1988)

represent absolute cross sections for high-energy
E. >300 eV and low angle electron impact excitation for

the 11z; state. All the other measurements yielded

spectroscopic information and relative differential cross

sections for various excitation processes in a particular

energy-loss spectrum. Unfortunately, it is not possible to

normalize these cross sections to the absolute scale or even

to the same relative scale. Even if a normalization through

some additional calibration measurement could be achieved,

the very limited angular data available at the present time

would preclude the extraction of the integral excitation

cross sections leading to dissociation of F2 based on an

analogy with N2 and on the available energy-loss spectra.

The description of the procedure to obtain the dissociative

excitation cross section is the subject of this section.

Ineti”alConfinementFusionat LosAlanws: ProgressSince1985
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PROCEDURE FOR ESTIMATING THE
TOTAL F2 DISSOCIATION CROSS
SECTION

The only diatomic molecule for which an extensive set

of differential and integral cross sections have been

determined is molecular nitrogen (Cartwright et al. 1977w

Cartwnght et al. 1977b; Chutjian et al. 1977; Zetner and

Trajmar 1987). These cross sections were obtained by
analyzing electron energy-loss spectra in N2 in the 10- to

50- eV range of incide~t electron energies and for scattering

angles from 10“ to 140. (The ground electronic state of

N2 is also a ‘x; state.)

The procedure to be employed for estimating the
integral cross sections for dissociative excitation of F2 is to
—

—

—

assume that the shapes of the differential cross sections
(DCSS) for excitation of the states of both N2 and F2

are determined primarily by the molecular symmetry of

the final excited electronic statq

take the integral cross section for excitation of a
particular state with a given symmetry in F2 to be one-

half that of the cross section for the same symmetry
state determined in N2, under electron impact

corresponding to the same residual electron energy, and
use the available electron energy loss spectra in F2 to

see if the relative magnitudes are consistent with these

data.

Clearly there are assumptions underlying this procedure
that may not be valid because F2 is a different molecule

from N2. However, there are enough similarities, and so

little electron impact information is available for F2, that

this procedure is believed to be the best available until a
more complete set of measurements on F2 can be made.

The Valence Electronic Strncture of N2
and F2

In this section, some details about the valence
electronic structures of N2 and F2 are summarized to

identify the similarities and differences between these two

molecules.

Molecular Nitrogen

The customary electron orbital description of the N2

ground electronic state is

where the valence excited states are defined as those formed

by one-electron excitations from the lower filled orbitals
into the 1?tg orbital. More specifically y, none of the

valence excited electronic states in N2 have the 30U orbital

occupied but rather are formed by electron transitions from
the 2au, 30g, or Ing orbital into the l~g orbital, which is

unoccupied in the ground state of N2 (see Table 1). Note

that the nu3 ?’cg1 orbital combination gives rise to the

~~, ~~ and Au symmetry valence states.

TABLE 1. Orbital Character of the N2 and F2 Valence

Excited Electronic States

N2 [laK2 lcq22(3K220U23cg2 1XU4 lngo 3q0]:

Ixu + l?’cg: A 3Z~, B 3Z~, a’ lZ~, W 3AU, w lAU

36g + lng: B 31_Ig, a lI_Ig

2(JU + Ing C 317U, b *llu

(Lofthus and Krupenie 1977, p. 196)

F2 [1692 ICU220C226U23(TR2 1TCU4lnE430u0]:

one Ing+ 36U : a 311, A lnu

electron 17CU+ 3c$u : 3~, l~u

excitations 3cJu + 30”: 3X+
u

Molecular Fluorine

The corresponding electron orbital description of the
F2 ground electronic state is

from which the ground and 11 valence electronic states that

dissociate into two F(2P) atoms can be formed. The 11
valence electronic states in F2 are formed by different

couplings of the Zux, nuy, ngx, Zgy, 3tsg, and 3CTu

electrons, as is described in Cartwnght and Hay (1979). It

should be noted (see Table l) that alf 11 of the valence
excited electronic states in F2 involve one or two electrons
being excited from the 369 Inu, or l~g orbitals into the

30U orbital, which is unoccupied in the F2 ground state.

2 InertialConfinementWion aiLosMamos: PtvgnmsSince19S5
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Comparison and Discussion of Electronic States

Some support for this assumption—that final state

symmetry determines the DCS-can be obtained by

comparing the angular behavior of the DCSS for a 3~~

(3~+) and lllu (1l_I) excitations in H2, N2 (and CO), all of

them having 1~~ ( 1~+) ground electronic states. When

this comparison is made at impact energies that are above

threshold by the same amount for the various molecules,

we indeed find very similar angular distributions in all three
molecules (Trajmar 1989). [Unpublished N2 and CO DCS

data were used in this comparison with H2 DCS data from

Khakoo and Trajmar (1988)].

By inspection of the orbital characters given in

Table 1, some general conclusions can be made about the

relative magnitudes of the integral cross sections for
excitation of the 11 repulsive electronic states in F2. The

11 excitation processes can be divided into two groups:

. orze-elecrron transitions that characterize 5 of the 11

excited states

[ 11,3~u, 1.3Hg ,3X: , , ~d

. fwo-electron transitions that characterize the remaining

6 of the 11 states

Transitions involving group (2) are expected to be

substantially weaker than those in group (1) because, as a

general rule, the probability of an electron impact induced

two-electron transition is substantially smaller than that for

a one-efecfron transition for the same many electron atom

or molecule. This conclusion is intuitively consistent with

the “probability” interpretation of the quantum mechanical

cross section (i.e., it is more difficult for a single electron

to excite two electrons at once than one alone). This

conclusion is at least indirectly supported by electron

energy-loss spectra obtained on numerous atoms and

molecules: very few, if any, two-electron transitions have

been observed as strong transitions. As additional evidence

to support this assertion, we also note here that the cross

sections for all two-electron transitions are identically zero

in Born-type theones (Born, Glauber, Eikonal). This

happens because (1) these lowest-order theones all involve

one-electron operators, (2) all the T-matrix elements will

InertiulConfinementFusionat bs Aknos: ProgressSince 19s5

have two orbitals without an operator connecting them, and

(3) integration over the molecul~ degrees of freedom will

result in a zero because of the orthogonality of the

molecular orbitals.
We will examine the limited F2 electron energy-loss

data in a later section of this report to see if there is any
evidence for two-electron transitions in F2, but initially we

will assume that the 5 one-electron transitions in group (1)

are the most important among the 11 repulsive valence
states in F2 and transitions to group (2) can be neglected,

as far as dissociation is concerned.

Other Comparisons Between N2 and F2

We summarize a few other pieces of data that give

some hints as to how valid our assumption of similar
behavior of N2 and F2 may be.

It is interesting to compare quantities that somehow

measure the spatial extent and shape of the ground-state
charge distributions for N2 and F2. The reason for looking

at these quantities is that the classical picture of how

“large” the molecule appears to the incoming electron

should have some effect on the scattering probability.

Without completing an exhaustive search of the literature,

we found the results given in Table 2, all of which are

some measure of the second moments of the charge

distributions in the ground electronic states.

TABLE 2. Molecular Properties that Depend on the

Charge Distribution in the Ground Electronic State

Molecule ~d XP XT 022

N2 -40.8 23.5 -17.3 -1.24

F2 -64.8 46.2 -18.6 0.78

. Xd, Xp, and XT are the diamagnetic, paramagnetic and
total susceptibilities from Karplus and Kolker (1963)

[their Table V1.
. 622 is the quadruple moment taken from Cartwright

and Dunning (1974) for N2 and from Cartwright and

Hay (1979) for F2.

Compare this value for XT with the values of XT for H2,

Li2, and HF predicted by Karplus and Kolker (1963):

-4.02, -33.0, and -8.6, respectively. Although this

comparison is only qualitative, the range in the values of

3
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XT suggests that N2 and F2 are somewhat similar in their

static charge distributions.
A comparison of the ionization cross sections for N2,

F2, and other diatomic molecules is also suggestive.

Stevie andVasile(1981) have measured the total ionization

cross sections for production of positive ions by electron
impact on F2, C12, 02, Kr, and Ar, from threshold to

100 eV. The measured ionization cross section for F2 had

not yet quite reached its maximum value at 100 eV (their

last data point) so the comparison in Table 3 is made only

at 100 eV. In this table, the total ionization cross section

for a variety of other molecules is also given (Kieffer

1973). Table 3 shows that the total ionization cross
sections for N2, 02, and CO are roughly a factor of 2 larger

than that for F2.

TABLE 3. Total Ionization Cross Sections (10-16 cm2) at

100 eV

H2 F2 N2 02

o(100eV) 0.92 1.3 2.5 2.7

LP. (eV) 15.43 15.69 15.58 12.07

co Ar Kr C17

G(100eV) 2.7 2.9 4.2 6.8

I.P. (eV) 14.01 15.76 14.00 11.5

Although the charge distributions appear to be

roughly the same size for F2 and N2, we believe that the

comparison of ionization cross sections is telling us that

the electrons in F2 are less easily excited by electron

impact than in N2. Therefore, we believe that the best

estimate we can make with the available information is that

the integral cross section for excitation of a specific

symmetry valence state in F2 should be assumed to be one-

half that for the same symmetry valence state in N2.

ESTIMATING THE CROSS SECTIONS
FOR EXCITATION OF THE F2
VALENCE STATES

The key assumption we are making to obtain the F2

integral cross sections from those for N2 is that the

molecular symmetry of the final excited electronic state is

what determines the magnitude of the integral cross section.
The correlation between F2 and N2 is presented in Table 4.

4

TABLE 4. Symmetry Correlation Between
F2 and N2 Excited States

F2 Valence State “Analogous” State

[AE (eV)] in N2 [AE (eV)]

a 3~u (3.4 eV) C3nu(11.0eV)

A1~u (4.8 eV) b lHU (12.5 eV)

31_&(7.0 eV) B 3~g (7.4 eV)

3Z~ (7.5 eV) A 3~~ (6.2 eV)

ll_lg (7.6 eV) a 1ng (8.5 eV)

It is interesting to note that the 3*1~- and 3! lAU

valence excited states in N2 are formed by one-electron

excitation processes, but that the corresponding valence
states in F2 are all formed by two-electron excitations

because all the Irrg orbitals are filled in F2. Hence we

neglect the possible contributions coming from these two-

electron transitions to the dissociative excitation of Fz
In Table 4, the F2 valence states are listed in

increasing order of the (theoretical) excitation energy.
Inspection of the order of the F2 valence states shows an

almost inverse order compared to the excitation energy of
the same symmetry states in the N2 molecule. This fact

may seem to cast some doubt on the validity of the model
we are using for determining the F2 integral cross sections

from those determined for N2, but two additional

considerations seem more important than this apparent

contradiction. They are:

. The F2 and N2 valence states of the same molecular

symmetry are located at much different energies in their

respective molecules because of important differences

in the orbital couplings to produce that state. The

shapes of the net charge distribution are expected to be

similar. For example, the model we are using assumes
that the orbital charge distribution for (20U 1?@ N2 is

not that much different from (lrtg 3SU) F2. A similar

assumption is made for (3~g l~g) N2 and (lKu 3UU)

F2.
. The extensive cross section data for N2 suggest that

the overall molecular symmetry is a stronger factor in

determining the shape of the DCS than is the

excitation energy to the final state. This conclusion is

based on the angular behavior of DCS for “symmetry

forbidden” Z+-Z– transitions and the differences

between the DCSS for transitions that are

Inerh”alConfinementFusionat LosAlaanos:ProgressSince 1985
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dipole-allowed, spin-forbidden, and symmetry

(inversion) forbidden. (Cartwnght et al. 1977a)

Using the F2 to N2 correlation given in Table 4,

shifting the excitation threshold from the value for N2 to

that appropriate for F2, and reducing the N2 integral cross

section by a factor of 2, the integral cross sections for
excitation to the five one-electron F2 valence excited states

are obtained and are summarized in Table 5. The horizontal

dashed lines in Table 5 indicate the energy beyond which

the cross section values were obtained by extrapolatio~

this is described later in this Appendix. The column

labeled SUM is the sum of all five cross sections and

represents our estimate for the total integral cross section
for dissociative excitation of F2 via the repulsive valence

states.

For purposes of comparison, we have plotted our
esthnated integral cross section for excitation of the F2

AIHU state in Fig. 1. The values given in Table 5 were

simply read off Fig. 1. Also shown in Fig. 1 are the

theoretical cross sections used by Hayashi and Nishimura

(1983) for their estimation of electron swarm parameters in
F2.

0.01

a3nu (present)

il

I

1 5 20 100 500
Incident electron energy (eV)

Fig. 1. Estimated integral cross section for excitation of
the A l~u state of F2 obtained in the present study. Also

shown is our estimate of the cross section for excitation of
the a 3fiu state (column 2 in Table 5) along with the

distorted wave predictions of Fltjlet et al. (1980).

TABLE 5. Estimated Integral Cross sections (10-16 cm2)
for Excitation of F2 Valence States

a31_lu A lHU %lg 3+L 1~

E(eV) (-3.2 eV) (-4.4 eV)
g

(-7.0 eV) (-7.5 eV) (-7.6 eV) WM

4 0.073
5 0.149
6 0.222
7 0.195
8 0.142
9 0.117
10 0.101
11 0.091
12 0.083
13 ---
14 0.070
15 ---
16 0.059
17 ---
18 0.050
19 ---
20 0.043
22 0.037
24 0.033
26 0.030
28 0.026
30 0.024
32 0.021
34 0.019
36 0.017
38 0.016
40 0.014
42 0.013
------ --------

------
0.014 ---
0.034 ---
0.052 ---
0.066 0.027
0.079 0.070
0.090 0.113
0.098 0.139
0.106 0.150
0.112 0.149
0.116 0.136
0.119 0.121
0.122 0.108
0.123 0.098
0.124 0.090
0.125 0.083
0.125 0.078
0.124 0.071
0.123 0.065
0.120 0.060
0.117 0.055
0.113 0.057
0.109 0.046
0.103 0.042
0.096 0.038
0.090 0.035
0.086 0.032
0.081 0.029

44 --- 0.077 0.027
46 0.010 0.073 0.025
48 --- 0.070 0.023

50 0.008 0.067 0.020
------

52 0.007 0.064 0.018
-----------

60 0.0045 0.057 0.012
75 0.0023 0.048 0.006
100 0.0010 0.039 0.002
150 0.00029 0.028 0.0008
200 0.00012 0.022 0.00032
300 0.000036 0.016 0.00010

---
---
---
---
0.015
0.031
0.047
0.061
0.074
0.086
0.095
0.102
0.108
0.112
0.113
0.107
0.092
0.078
0.066
0.057
0.050
0.044
0.039
0.036
0.033
0.031
0.029
0.028

0.027
0.026
0.025

0.024
---

0.022

0.015
0.008
0.003
0.001
0.00039
0.00012

--- 0.073
--- 0.163
--- 0.256
--- 0.247
0.010 0.260
0.030 0.327
0.050 0.401
0.070 0.459
0.090 0.503
0.110 ---
0.128 0.545
0.143 ---
0.151 0.548
0.149 ---
0.144 0.521
0.138 ---
0.129 0.467
0.121 0.431
0.114 0.401
0.108 0.375
0.102 0.350
0.097 0.329
0.092 0.307
0.088 0.288
0.083 0.267
0.080 0.252
0.076 0.237
0.073 0.224

0.070 ---
0.067 0.201
0.064 ---
---

0.061 0.180

0.059 0.170

0.051 0.140
0.041 0.105
0.031 0.076
0.021 0.051
0.015 0.038
0.010 0.026

400 0.000015 0.013 0.000039 0.000049 0.008 0.021
500 0.000007 0.011 0.00002 0.000025 0.006 0.017

The horizontal dashes indicate the energy above which the

table entries were determined by extrapolation.
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ADDITIONAL INFORMATION FROM
ELECTRON ENERGY-LOSS DATA IN F2

As mentioned above, the only experimental data that

provide direct evidence on the electron impact excitation of
F2 are the electron energy-loss data. Figures 2,3, and 4

here are the same figures reported by Nishimura et al.

(1979), but they are presented here in full size to make the

visualization of the various features in the spectra easier.

The more recent spectra obtained with somewhat

improved energy resolution and improved conditions in the

11.5- to 16.O-eV energy-loss regions have no direct

relevance to the estimation of the dissociation cross

sections; however, they basically confirm the spectra

obtained by Nishimura et al. (1979). The energy-loss

spectra obtained by Hoshiba et al. (1985) in the O-to 9-eV

energy-loss region at 30°, 60°, and 90° scattering angles

allow us some cross checkings.

El

~

Energy loss (eV)

Fig. 2. Electron energy-loss spectra in mo[ecularfluorine

for incident electron energies and scattering angles of 90

eV,50 (fouler trace) and 30 eV900 (upper trace)fiom O- to

7.3-eV energy loss. Theoretical assignments are indicated

in the upper portion of thejigure. The peak at 6.70-eV

energy loss is due to excitation of the 1P state of atomic

mcrcwy from the diffusion plimps. It appears clearly only

at small scattering angles because its excitation differential

cross section is strongly forward peaked (Nishimura et al.

1979).

6

I u mg
3.-+ I

I
L“

1A

3ng I s_. ,9%Uc’;‘IiiII1’ II I

U1h.kIII I 11,1,J Iii 1 ‘ 14”90

II
I15.25

-. xl

678 9 10 11 12 13 14 15 16 17
Energy loss (eV)

Fig. 3. Electron energy-loss spectra in molecularjluorine

for incident electron energies and scattering angles of 50

eV,50 (lower two traces) and 30 eV900 (upper WO traces)

for energy lossesfiom about 6.5 to 17.0 eV. The vertical

lines indicate the locations of the electronic states from
theory for the states below 11.5 CV andfiom the analysis
of optical data above 11.5 eV. The F2 orange emission
,. -.3-- -...2 ..– A.,,- .f. - r-. —- .. . . . . -L -.1.- c– . . ..-
oanas are uuucalea m me lower poruon OJme JIgure

(Nishirnura et al. 1979).

W
)

Energy loss (eV)

6

Fig. 4 Same as Fig. 2 except for 90 eV,50 (Ion’er two

traces) and 30eV,300 (upper trace).
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From Table 7 in Cartwright and Hay (1987), which is

reproduced as Table 6 (on the following page), the two-

electron valence transitions are predicted, by ab initio

theory, to fall into the energy range 8.66 to 10.76 eV.

However, as was reported by (%twright and Hay (1987)

(see Table 6 here) the predicted locations of the valence

states are generally high and the higher lying valence states

in Table 6 could be too high by as much as 1.0 eV.

Therefore, if the two-electron transitions have appreciable

probability, they should appear in Figs. 3 and 4 here in the

8-to 1O-CVenergy-loss region. Examination of these

figures allows us to draw the following conclusions.

● The 5° spectra in F2 at 50 eV @lg. 3) and 90 eV

@lg. 4) contain broad features (probably continua) that
are absent (or very weak) in the 30 eV 90° spectrum.

. Because of the X+-Z- selection rule at O and 180°, we

can immediately conclude that the features at -8.5 eV

and 10 to 11 eV can’t be associated with the 3Z~ and

1Z; states, respectively.

. Wang et al. (1984) pointed out that the weak features

appearing in the 8-to 10-eV energy-loss region are due
to CO, C02, and H20 contaminations and not to F2.

● We conclude that the cross sections for these two-

electron transitions are substantially smaller than the

lower-lying five one-electron transitions. This

conclusion is based only on the 30-eV 90° spectrum in

Fig. 3, for which the two-electron features appear to be

absent. If this spectrum is indicative of the strength of

the DCSS for these two-electron transitions, they are

either absent or very shaqiy forward-peaked and with

relatively little probability at the intermediate and large

scattering angles.

Although there is some evidence that some two-

electron transitions can be driven by electron impact, the

available data suggest that the integral cross sections for the
valence two-eleztron transitions in F2 are too small to be

included in this initial estimate. A complete set of eltxtron
energy-loss data in F2 are needed to resolve this interesting

question.

Because the angular and energy region covered by the

electron energy-loss spectra is very limited, only qualitative

consistency checks can be made. Inspection of Figs. 2 and

3 for energy losses less than 8 eV suggests that all the
DCSS are roughly the same size but no additional

quantitative information can be extracted to justify

changing the integral cross section estimates in Table 5.

InertialCon@zanent Fusionat LmaAlomoa: %ognnmSince 19S6

EXCITATION OF THE PERTURBED
RYDBERG STATES IN F2

The most striking features in the F2 electron energy-

10SSspectra are the very strong peaks at -12.87, 14.2

(14.13 and 14.27), and 14.9 eV. Inspection of the lowest

traces in Figs. 3 and 4 suggest that these features may have
the largest integral cross for any feature in F2.

The lowest energy feature, that at -12.87 eV, has not

been unambiguously assigned to one or more electronic
states in F2, even though it has been the subject of

considerable discussion in the spectroscopic literature. The

features at 14.13 and 14.27 eV have been identified as part

of the 11 x: Rydberg state (Cartwright and Hay 1987).

The 14.9 eV feature is the Kl ~~ excitation.

We postulate here an interpretation of the 12.87 eV

features, which follows a suggestion initially made by

Cartwright and Hay (1987), as follows. The 12.87 eV

feature is asymmetric, “degraded to the red,” and with a

relatively steep fall-off on the high-energy side of the

feature. The rapid fall-off of this feature on the high-energy

side is a result of the potential energy curve being almost

flat in the small-R (higher energy) portion of the Franck-

Condon region, but more “normal” in the large-R (lower

energy) region. The theoretical results discussed by

Cartwnght and Hay (1987) suggest that this feature at

12.87 eV is most likely due to a single excited state (rather

than a few that are umesolved) because the next higher state

of 1~+ symmetry is more than 1 eV higher. Based on
u

these facts, we postulate here that the 12.87 eV and 14.13-

14.27 eV features (1 1%+) area result of a very strong

avoided crossing involving valence-Rydberg-ionic electronic

states of 1x: symmetry, shown schematically in Fig. 5.

The spacing and characteristics of the peaks are very similar
to the situation that exists in 02 with the steep high-

energy side of the Schumann-Runge band and the “longest”

and “2nd” band features. If our hypothesis is correct, the

12.87 eV is purely dissociative, into the fragments F-

+ @ (1 D), whereas the 14.13 and 14.27 eV features are

vibrationrd levels of the upper perturbed pair of 11 >+

states. This interpretation is enforced by the fact that the

state has been identified as the upper state of the “orange

emission bands” (Nishimura et al. 1979), and no emission

features have been identified that originate from the 12.87-

eV region.
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TABLE 6: Excitation Energies and Spectroscopic Constraints for the Excited States of F2 (from Cartwright and Hay 1987)

Vertical excitation enewv (eV] Dipole absorption
theor. oscillator strength

State Primary orbital component exp. (present) G(A) (oe(cm-l) at Re

Valence States

x 1Zg+ (2CTU)2(3CTg)2(l%)4(lng)4 0.00 1.423 (1.41 18) a, 894(916.6) a,

1 S1-’Iu 1?’cg+ 3qJ

1 ll-ru Ing + 30U

1 jllg 17ru+ 3(3U

1 %Zu+ 3ag + 30~

1 qlg lKU + 3(JU

1 %Zg- (Ixg)z +(30.)2

1 lAg (lltg)z +(36.)2

21 q+ (lng)z +(30”)2

1 lxu- (Ing)(lnu) +(36”)2

1 3zu– (lrtg)(17cu) +(30”)2

2 q“+ (lng)(lnu) +(30”)2

–3.2 3.35

-4.4 4.77

7.03

6.5 – 7.5 7.48

7.64

8.66

9.32

9.62

10.58

10.69

10.76

repulsive

repulsive 4 x 10-5

repulsive

repulsive

repulsive

repulsive

repulsive

repulsive

repulsive

repulsive

repulsive

Mixed States (valence-ionic)

11 z“+ 3Gg +3c$u 12.87 14.11 1.94 525 0.0058

and (490) b)
21 z“+ Ing +2nu(3p) 14.13 16.12 2.00 578 0.0259

Ionic States

2.0-2.2 460-550*~g+, 1~~ l~u F+(lD)+F(*S)
lA& and *AU
1~g+ F+(lS)+F_(lS) =2. 1 =500

Quasi-Bound Rydberg States

2 Illg lrcg +40g(3cs)

2 11-r~ lng +4.au(3p)

21 xu– Ing +27’CU(3p)

1 lAU Ing +2?ru (3p)

3 Illg Ing +5ag (3d)

2 lAg Ing -+2ng(3d)

21 zg- Ixg +2ng (3d)

31 Zg+ Ing +2ng (3d)

3 ll-IU Img +40g (30)

1.70 13.81

3.09 15.01

15.01

15.06

16.33

16.43

16.46 1.351 1040

16.53 1.352 1045

16.88 1.588 961 0.0945

.336 (1.302) b, 1161 (1 100) b,

.357 (1.313) a, 1034 (1088) a, 0.0226

.341 1055

.343 1066

.357 999

.347 1074

a) Larson ( 1983) b, Porter ( 1968).
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I
‘2”0L5i&_l

Intemuclesr distsnee (R)

Fig. 5. Schematic drawing of the strong avoided crossing

between Rydberg and valence states in diatomic molecules

that is postulated here as being responsible for the strong,

asymmetric peak at 12.87 eV and the two higher peaks at
14.13 and 14.27 eV observed in the F2 energy-loss spectra

(see Figs. 3 and 4).

How can the cross section for excitation of the 12.87-

eV feature be estimated? By inspection of Figs. 2, 3, and

4, it appears (qualitatively) to be at least two or three times

stronger than any other single feature, even after allowing

for the fact that the other features are spread out over an

energy interval that is two to three times larger than the

12.87-eV feature. It is clearly a dipole-allowed transition

so we can reasonably assume that the energy dependence of

its integral cross section will be similar to that of the A
lHU in Fig. 1. Another fact that is helpful for estimating

the magnitude of the integral cross section for excitation of
the 12.87-eV feature is that the A lnu and 12.87 eV

features should have DCSS that are the most similar in F2

electron energy-loss spectra because they are the only pure

dipole-allowed features present in the spectra (excluding the

I *z; state and higher features, of course). The 90-eV, 5°

spectra can be used for estimating the relative magnitudes
for the A lHU and 12.87 eV features because the A 1Hu is

relatively well resolved and the Hg (6.70 eV) line appears

in both spectra. The estimation proceeds as follows (using

arbitraryunits).

.

.

.

.

From Fig. 4, the middle spectrum, the 12.87-eV

feature has a peak height of 130 mm and the Hg (6.70

eV) line a peak height of 8 mm.

From Fig. 2, lower spectrum, the Hg (6.70 eV) line is

about 28 mm and the maximum in the hump identified
as the A lHU feature is about 10 mm.

Scaling the 12.87-eV feature to the peak heights in

Fig. 2 means that the 12.87-eV feature would have a

peak height of

130mmx~=455mm 11~~

However, the A lHU feature in Fig. 2 has an energy

width about four times the 12.87-eV feature (2 eV

compared to 0.5 eV), so this peak height for the

12.87 eV feature should be reduced by4toyield-114.

From this crude sequence of estimations, we conclude that

the integral cross section for excitation of the 12.87-eV
feature is about a factor of 10 larger than that for the A 1~u

state! This is an amazing result, but nothing in the other

energy-loss spectra suggests that this analysis is in error.

Table 7 tabulates our best estimate for the total

electron impact dissociation cross section, excluding the

dissociative ionization cross sections other than the

12.87-eV process. Column 2 is our estimate of the best

dissociative attachment cross section (See Appendix III. C);

column 3 is our estimate for the (dissociative) excitation of

the repulsive valence states (the last column in Table 5

above); column 4 is our estimate for dissociation via the

perturbed Rydberg states (the 12.87-eV feature); and column

5 is the sum of all integral cross section values at each

electron energy. The data in Table 7 are plotted in Fig. 6

along with the total ionization cross section of Stevie and

Vasile (1981).
As a final comment on the dissociation of F2 by

electron impact, we note that single electron ionization

from F2(X 1~~) into one of the excited states of F2+ will

generally immediately result in F(2P) + ~ because the

Franck-Condon region for this process is above the bound

region for all the excited states [see Figs. 1 and 2 in

Cartwright and Hay (1987)]. The exceptions to this

characteristic are transitions to the F2+ ground state that are

bound. Estimates of the cross sections for transitions to

the various states in F2+ have not been made here because

we believe that the measurements of Stevie and Vasile

(198 1) have accounted for all of these transitions.

InertialConfinementFuswn at LQsAlamos: Pregnss Since 19&5 9
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TABLE 7. Best Estimate of the F2 Dissociation Cross

Sections (10-1 6 cm2)

All 12.87 eV

Dissociation Valence Rydberg Total

weV) Attachment States State(s) Dissociation

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
22
24
26
28
30
32
34
36
38
40
42
44
46
48
50
52
60
75

100
150
200
300
400
500

0.320
0.0142
0.0093
0.00385
0.00465
0.00690
0.00523
0.00250

—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

—
—
—
—
—
—
—
—
—
—
—
—
—
—

—
—
—

0.073
0.163
0.256
0.247
0.260
0.327
0.401
0.459
0.503
0.524
0.545
0.547
0.548
0.535
0.521
0.494
0.467
0.431
0.401
0.375
0.350
0.329
0.307
0.288
0.267
0.252
0.237
0.224
0.213
0.201
0.191
0.180
0.170
0.140
0.105
0.076
0.051
0.038
0.026
0.021
0.017

—
—
—
—
—
—
—
—
—
—
—
—

0.14
0.34
0.52
0.66
0.79
0.90
0.98
1.06
1.16
1.22
1.24
1.25
1.24
1.23
1.20
1.17
1.13
1.09
1.03
0.96
0.90
0.86
0.81
0.77
0.64
0.52
0.41
0.29
0.23
0.17
0.13
0.10

0.320
0.0142
0.0093
0.077
0.168
0.263
0.252
0.263
0.327
0.401
0.459
0.503
0.664
0.885
1.067
1.208
1.325
1.421
1.474
1.527
1.591
1.621
1.615
1.600
1.569
1.537
1.488
1.437
1.382
1.327
1.254
1.173
1.101
1.051
0.990
0.940
0.780
0.625
0.486
0.341
0.268
0.196
0.151
0.117

Very recent measurements of Takayanagi (1988)
yielded at& = 100,400, and 500 eV the values of 13.4,

11.3, and 9.7 x 10-18 cm2 for the excitation cross sections

10

for the 11X ~ (v = O) level. We obtain from our Fig. 1

(multiplied by a factor often) the corresponding values of

36, 10, and 8.0 for the IIZ ~ 1(v = O, 1) excitation.

,20rn=’17‘N

a I.b

[

\

Ic
T-0 A12.87eV -.-..-

Rydbergs [
= (1!

= 1.2
z
c%

G.-1 I

\
mization + ions)
F2ttaulo& asile

, 981)]

; 0.8

I Ml

‘-1/
attachment

5
76 \ valence

~ 0.4

?

/’. \states

g / \
I ‘-

“0.1 1 10 100
Incident Electron Energy (eV)

Fig. 6. Total integral cross section for electron i?npact

dissociation of F2, as given in Table 5. The symbol (1)

denotes the threshold for excitation of the valence states and

(2) that for excitation of the dissociative Rydberg states.

EXTRAPOLATION OF ESTIMATED F2
INTEGRAL CROSS SECTIONS TO
HIGHER ELECTRON ENERGY

Triplet State Cross Sections

We assume the functional form for the single-triplet

integral cross section is

0(10-16 CIT12)= CPU*6Cm2(eV$]
E~e@ ‘ (1)

and evaluate the constant C by fitting it to the last

available “data” point. Below are the results and the

parameters used to extrapolate the three triplet integral cross

sections.

Final State O(10-16 cm2) E(eV) C[ 10-16cm2(eV)3]

a 31_Iu 0.026 42 1,926.3
3~g 0.040 50 5,000.0
3&+

0.050 50 6,250.0

InertialConfinementFusionotbs Ahunos: Progrws Since 1985
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Spin-Allowe@ Symtnetry-Forbidden
Transitions

The valence state that falls into this category is the
*Hg state. For lack of better information, we assume that

the integral cross section behaves asymptotically according

to

~=c
En , (2)

and determine C and n from the 38- and 48-eV cross section

values. After some algebra, we find that

h~
()

~m
~2 –n=—– 0.127 = 0.96 ~ l.O .

ln~
()

~’g

El 38

Using n = 1.0, we evaluate C using the 48-eV cross

section:

C = GE = (0.127) (48) = 6.09610-16 cm2 eV .

(The entries in Table 5 for E >48 eV were obtained by

using Eq. (2) with these values for C and E.)

Dipokillowed Single-State Excitations

The valence state that falls into this category is the
A 1Hu. Assuming that states of this symmetry behave

asymptotically according to

~ = c ln(mt.o)
E 7 (3)

and evaluating the constant from o = 0.127 ~z at 52 eV,

we ftnd that C = 1.6714 10-16 cm2 ● eV. The entries in

Table 5 for E >52 eV were obtained by using Eq. (3).
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III. ELECTRON COLLISION PROCESSES IN fiF USER MEDIA

APPENDIX III. E.
ESTIMATE OF QUENCHING CROSS SECTIONS OF

METASTABLE Ar AND Kr ATOMS
BY ELECTRON IMPACT

San&r Tqjn2ur

The method for estimating the quenching cross sections

for metastable Ar and Kr was described above. A few

remarks are in order hereto interpret these results. For the

inelastic (forward) reactions, we consider all electron impact

processes that lead from the ground to the metastable levels

by direct excitation by various Feshbach resonances and by

cascade contributions (see the schematic diagram in Fig. 1).
For the quenching (backward) reactions, we start in the 3P2

(and 3PO) level(s) and consider all possible electron impact

initiated processes that deplete the metastable levels by direct

deexcitation, by resonance processes, and by excitation to

higher levels (see Fig. 1 on following page).

For the ground to metastable level excitation (forward

reactions), we have the following contributions for the

direct, resonance and cascade channels:

I. X. + e(Eo) -+ Xl + e(Eo - AEI)

~. X,. + e(ERe5) + xRes + Xl + @Res - ml)

III. X. + e(Eo) + X2 + e(Eo - AE2) + Xl + hv21

[Channels Ill (elastic scattering) and IIIc in Fig. 1 do
not effect the population of X1.]

For the quenching (backward) reaction, we have the

following contributions by direct deexcitation, resonances

and excitations from the metastable to higher levels:

I’. Xl +e(Eo-AE1) + X. +e(Eo)

~. Xl + e(&es - AE1) + Xies + & + e(ERes)

III’. XI+ e(Eo- AEI) + X2+ e(Eo - AE2)A & +hvqo

InertialConfinementFuswn at LosALzmos: ProgressSince 1985

[Channels 11’c(elastic scattering) and DI’c in Fig. 1 do
not effect the population of Xl.]

●

✎

✎

✎

✎

Processes I and I’ and II and II’ are inverse to each other.

It is, however, not the case for III and III’ because

photon and electron impact processes are not equivalent

in general (and especially at low electron energies).

Unfortunately, we have no other choice at the present

time than to assume the applicability of detailed balance

to III and III’ also. This assumption is somewhat

justified by the findings that the resonance processes

dominate both the forward and background reactions in

the low impact energy domain and by the fact that the

deexcitation cross sections have their highest value also

at low impact energies. In addition, the electron energy

distribution, in a typical plasma, has its maximum

value at low energies.

We are not resolving the magnetic sublevel processes,

but the proper summation over final and averaging over

initial sublevels is taken care of by the statistical

factors.

At a given impact energy, in general, only one

resonance channel is open.

Resonance contributions are significant only at impact

energies corresponding to excitation energies of discrete

states between the metastable level and the first

ionization limit. Resonances associated with

autoionizing levels can be neglected.

The quenching cross sections are the largest at very low
l+ AEn -

impact energies because of the E factor in
o

()
AEn

CJ5(EO)= : 1 + ~ OnEo + AEn
o

1
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(a) (b]

Ionization, continued Ionization, eantinued

~~

Fig. 1.

Ii ib IIa IIb IIia IIi b IiC
1’

J ! Ii
\ /v ~~

Direct Resonance Cascade

3

2

1 ___+ ____+___ _f __

Direct Resonanee Cascade

Schematic, simp[ijled energy level diagram for the excitation (a) and the deexcitation (b) of Ar (or Kr). The

processes are indicated and explained in [he text.

. We cannot separate a scattering process into direct and

resonance parts rigorously. This separation is

introduced for practical reasons and is an acceptable

procedure.

The metastable excitation cross sections of Buckman

et al. (1983) are shown in Figs. 2 and 3. We digitized these

curves and converted the inelastic cross sections to quenching

cross sections utilizing Eq. (8). The resulting quenching

cross sections are shown in Figs. 4 and 5. Tables 1 and 2

summarize the digitized inelastic and the resulting quenching
cross sections as well as the total metastable production

cross sections obtained by Mason and Newell (1987).

The application of the conversion procedure to the data

of Mason and Newell at the higher ( 14 to 140 eV ) impact

energy range is not justifiable because of the major role

played by cascade processes and direct electron impact

excitations from metastable to higher levels. An extension

of the electron quenching cross sections to higher energies

would be best done by obtaining theoretical estimates for

electron impact excitation cross sections from the metastable

to higher states and for the cascade processes. Then the

Mason and Newell data combined with the theoretical

estimates would yield quite reliable quenching cross sections

up to 140 eV. At higher energies one should rely

completely on theoretical estimations. Such an attempt was

described by Vreins and Smeets (1980).

2

vario[ts

I I I
20 –

[ I 1 I I

la
‘E
~16 –
.:

5~ 12 –
.3P;P0

!8 -11
‘F, b ~ w:

a)
~

%4 - 1

2
I

o – I 1 I I 7
12.0 13.0 14.0 15.0 16.0

IncidentEleetron Energy (eV)

Fig. 2. The total cross section for excitation of the

metastahle states of Ar (from Buckman et al. 1983).
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10.0 11.0 12.0 13.0 14.0

Incident Electron Energy (eV)

Fig. 3. The total cross section for excitation of the

metastable states of Kr (from Buckman et al. 1983).
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Fig. 4. The overall quenching cross sections for Ar

(10-18cm2 units).
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Fig. 5. The overall quenching cross sections for Kr

(10-18cm2 units).
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TABLE 1. Electron Collision Cross Sections (10-18cm2
units) for Excitation and Deexcitation of Metastable Ar

Excitation
Eo(ev) B(a) MN(b) EO1(eV) Deexcitation

11.56
11.56
11.58
11,59
11.6

11.61
11.62
11.63
11.64
11.65

11.67
11.68
11.71
11.73
11.75

11.77
11.79
11.81
11.82
11.83

11.83
11.84
11.85
11.85
11.85

11.87
11.87
11.91
11.95
12.01

12.09
12.19
12.27
12.35
12.45

12.49
12.51
12.62
12.74
12.81

12.85
12.88
12.90
12.91
12,91

0.68
0.8
1.23
1.74
1.87

2.30
2.65
2.71
2.59
2.50

2.60
2.32
2.28
2.52
3.02

3.32
3.43
3.82
4.43
4.58

4.88
5.03
4.45
3.86
3.88

2.91
2.95
2.62
2.83
3.23

3.81
4.64
5.42
6.32
7.45

7.82
8.04
8.90
9.42
9.33

9.01
8.53
8.21
8.57

9,02

0.01
0.02
0.03
0.05
0.05

0.06
0.07
0.08
0.10
0.1

0.12
0.14
0.16
0.18
0.2

0.22
0.24
0.26
0.27
0.28

0.28
0.29
0.30
0.3
0.30

0.32
0.32
0.36
0.40

1.5 0.46

0.54
0.64
0.72
0.80
0.90

0.94
0.96
1.07
1.19
1.26

1.30
1.33
1.35
1.36
1,36

212.41
124.00
95.2
85.01
87.12

93.16
91.53
79.01
63.74
58.30

51.62
40.26
33.47
32.86
35.59

36.36
33.45
34.79
38.83
39.49

40.91
41.16
35.77
30.56
30.47

21.60
21.72
17.44
17.03
16.85

17.06
17.65
18.57
19.54
20.54

20.87
20.88
20.92
20.20
18.99

17.78
16.48
15.69
16.25
17,08
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TABLE 1. (cent’d.)
Excitation

(a) From Bu~~~ et al. (1983)

&(ev) B(a) MN(b) Eol(eV) Deexcitation
(b) From Mason ad Ne~ell ( 1987)

12.92
12.94
12.95
12.98
13.00

13.01
13.02
13.03
13.04
13.06

13.07
13.07
13.08
13.09
13.10

13.12
13.12
13.14
13.15
13.15

13.16
13.17
13.18
13.19
13.20

13.21
13.22
13.23
13.23
13.26

13.27
13.28
13.28
13.31
13.37

13.44
13.46
13.47
13.49
13.51

13.58
13.66
13.72
13.85
13.92

9.52
8.99
8.72
9.05

10.77

12.18
16.72
17.72
18.38
16.68

14.97
13.69
12.53
10.63
9.561

8.459
8.332
8.722

10.36
10.89

10.26
9.912

10.77
11.88
13.31

14.07
13.09
11.08
10.26
9.07

9.23
9.52
9.13
8.84
9.29

9.99
11.36
11.96
11.28
10.89

11.34
11.77
12.08
12.72
13.11

1.37
1.39
1.40
1.42

7.0 1.45

1.46
1.47
1.48
1.49
1.51

1.51
1.52
1.53
1.54
1.55

1.57
1.57
1.59
1.60
1.60

1.61
1.62
1.63
1.64
1.65

1.66
1.67
1.68
1.68
1.71

1.72
1.73
1.73
1.76
1.82

1.89
1.91
1.92
1.94
1.96

2.03
2.11
2.17
2.30
2.37

2.42

17.98
16.77
16.15
16.48
19.10

21.69
29.61
31.14
32.11
28.89

25.77
23.51
21.47
18.10
16.18

14.16
13.90
14.45
17.05
17.87

16.75
16.11
17.41
19.14
21.26

22.42
20.75
17.47
16.14
14.07

14.24
14.63
14.00
13.4
13.64

14.24
15.99
16.78
15.70
14.99

15.17
15.27
15.27
15.35
15.39

13.97 13.44 15.51
13.99 13.42 10.0 2.44 15.42
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TABLE 2. Electron Collision Cross Sections (10-18 cm2
units) for Excitation and Deexcitation of Metastable Kr

TABLE 2. (cent’d.)
Excitation

Eo(eV) B(a) ~o$ Eol(eV) Deexcitation
Excitation

&JeV) B(a) MN(b) Eol(eV) Deexcitation 11.29 12.49
11.30 12.21
11.31 11.37
11.32 11.98
11.33 12.31

11.34 11.67

1.34 21.01
20.47
18.93
19.85
20.26

19.07
17.99
17.30
17.87
19.48

20.95
23.24
25.36
26.68
28.12

29.82
29.59
30.79
31.11
29.67

28.28
27.29
22.92
20.06
17.42

15.28
13.92
13.38
13.34
13.79

14.4
14.88
15.70
16.15
16.83

18.3
19.67
19.91
19.27
18.66

17.81
17.48
17.48
17.13
17.1

.35

.36

.37

.38

.34

.39

9.96
9.98
9.99

10.01
10.03

10.04
10.06
10.08
10.08
10.10

10.10
10.12
10.13
10.14
10.15

10.17
10.17
10.18
10.19
10.22

10.25
10.30
10.37
10.46
10.54

10.59
10.62
10.66
10.69
10.74

10.79
10.87
10.96
11.03
11.11

11.16
11.19
11.23
11.24
11.25

11.26
11.27
11.28
11.29
11.29

0.97
1.50
1.36
2.35
3.01

3.35
3.45
3.22
3.01
2.81

2.73
2.94
3.44
4.26
4.7

3.99
3.21
2.56
2.30
2.14

2.19
2.40
2.79
3.42
4.22

5.11
5.85
5.92
6.44
6.92

7.63
8.61
9.43
9.91

10.21

10.21
10.04
9.56
9.19
8.96

8.63
9.07
9.91

11.03
11.96

0.01
0.03
0.04

5.0 0.06
0.08

0.09
0.11
0.13
0.13
0.15

0.15
0.17
0.18
0.19
0.2

0.21
0.22
0.23
0.24
0.27

0.30
0.35
0.42
0.51
0.59

0.64
0.67
0.72
0.74
0.79

0.84
0.92
1.01

7.8 1.08
1.16

1.21
1.24
1.28
1.29
1.30

1.31
1.32
1.33
1.34
1.34

250.71
115.12
89.35
78.74
77.36

71.96
63.58
50.95
45.73
38.96

35.93
35.76
38.77
45.46
47.64

37.61
29.48
22.30
19.39
15.99

14.73
14.07
13.83
13.95
15.01

16.85
18.44
17.64
18.52
18.79

19.41
20.27
20.53
20.24
19.50

18.86
18.14
16.84
16.00
15.49

14.82
15.50
16.87
18.64
20.16

11.04
10.63
11.08
12.13

1.34
1.35
1.36
1.37

1.40
1.40
1.42

1.37
1.38
1.38
1.39
1.40

13.11
14.64
15.97
16.83
17.77

1.42
1.43
1.43
1.44
1.44

1.39
1.40
1.40

18.90
18.78
19.57

1.44
1.45
1.45
1.46
1.47

11.41
11.42

19.93
19.10

11.43
11.43
11.44
11.45
11.47

18.26
17.65
14.89
13.13
11.52

1.48
1.48
1.49
1.50
1.52

11.49
11.52
11.54
11.55
11.56

10.26
9.47
9.22
9.25
9.58

1.54
1.57
1.59
.60
.61

.62

.63

.63

.65

11.57
11.58
11.58
11.6
11.63

10.07
10.45
11.04
11.49
12.15 1.68

11.64
11.65
11.66
11.67
11.68

13.30
14.36
14.58
14.20
13.80

1.69
1.70
1.71
1.72
1.73

11.68
11.70
11.74
11.82
11.86

13.21
13.07
13.33
13.57
13.74

1.73
1.75
1.79
1.87
1.91
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TABLE 2. (cent’d.)
Excitation

Eo(eV) B(a) MN(b) EO1(eV) Deexcitation

11.93
11.96
11.98
11.99
12.00

12.01
12.02
12.02
12.03
12.04

12.05
12.06
12.08
12.09
12.12

12.16
12.23
12.27
12.3
12.33

12.35
12.37
12.39
12.41
12.42

12.46

13.51
13.44
14.03
14.27
14.81 13.1

15.71
17.50
18.32
19.61
18.74

17.63
16.37
15.46
15.14
14.73

15.10
16.17
16.76
16.96
17.57

17.55
16.91
16.27
15.60
15.37

15.56

1.98
2.01
2.03
2.04
2.05

2.06
2.07
2.07
2.08
2.09

2.1
2.11
2.13
2.14
2.17

2.21
2.28
2.32
2.35
2.38

2.40
2.42
2.44
2.46
2.47

2.51

16.31
15.99
16.55
16.80
17.33

18.35
20.36
21.25
22.64
21.57

20.24
18.71
17.55
17.11
16.48

16.64
17.33
17.72
17.75
18.18

18.05
17.27
16.52
15.74
15.44

15.47
12.49 15.71 2.54 15.48

(a) From Buckman et al. (1983)
(b) From Mason ~d Newell (1987)

Ar AND Kr ATOMS BY ELECTRON IMPACT
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III. ELECTRON COLLISION PROCESSES IN KrF IASER MEDIA

APPENDIX III. l?.
THEORETICAL METHODS FOR CALCULATION

OF ELECTRON IMPACT IONIZATION CROSS
SECTIONS OF EXCITED ATOMIC

AND IONIC SPECIES

George Csanak and Atkel L. Merts

The theoretical methods used in the past for the calculation of electron impact ionization cross sections of excited atomic

and ionic species belong to the simplest methods of collision physics, and they can be characterized as p/ane-wave or Born-type

methods and classical- and semi-classical binary encounter methods. The only exceptions to this are possibly the calculations of

Burke and Taylor (1965) for the electron impact ionization cross section of the 2s state of H and He+, which was called a “close-

coupling calculation” by Burke and Taylor ( 1965) and Dixon et al. (1975), a “distorted wave Born-Oppenheimer calculation” by

Rudge (1968), and the classical Monte Carlo calculation of Abrines et al. (1966), which was scaled classically by Dixon et al.

(1975) for ionization of the 2s state of H.

QUANTAL METHODS

Fkst, we shall briefly review the quantal methods used, starting with relevant formulas for the ionization of the H atom and

subsequently generalizing them for He and heavier atoms. Then we shall review the calculations performed for electron impact

ionization of excited atomic states, which belong to the group of binary collision classical and semi-classical theories.

ELECTRON IMPACT IONIZATION FORMULAS AND CALCULATIONS FOR THE
HYDROGEN ATOM

Let us denote by rl and r2 the spatial coordinates of the electrons, by k. the momentum of the incident electron (in atomic

units), and by k 1 and k2 the momenta (in atomic units) of the two free electrons following ionization of the hydrogen atom

whose initial state is characterized by the nlm quantum numbers and this initial state is described by the Vnlm (r) wave function.

We shall define the Born amplitude for the ionization process by the formula (Rudge and Seaton 1965; Rudge and Schwartz

1966x Rudge 1968; Massey and Burhop 1969),

IfB(k],k2) = -(2?c); I#ti (rl) @O “ ‘2 —x(l, -kl,rl)e-k2” r2dr1dr2 ,
[rl!rj (1)

where ~(z,- k,r) is the Coulomb function (Rudge 1968) defined as

(2)X(Z, -k, r) = [2~/(1 - e -2zTI)]~ e~@l) e-ik ‘lF~iq,l,i(kr +kr)]x(z,-k,r)

InertiaJCon@ement Fusionatbs Alamos: PrognmsSince 19S5 1
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OF ELECTRON IMPACT IONIiZ4TION CROSS SECTIONS

OF EXCITED ATOMIC AND IONIC SPECIES

with q = z/k (3)

where Z is the nuclear charge of the atom,

andq=argr(l -iq) . (4)

In Eq. (2), lF1 (a,b,x) refers to the confluent hypergeometric function.

The delta-timction normalized hydrogenic function v (z,k,r) is related to the x (z,-k,r) function by the formula,

y (z,k, r) = (2n)-~ x (z,- k,r) .

Thus the Born amplitude can be written as,

.

~
fB(kl ,k2) = - (2n)-1 V;l “(rl) eiko” r2 —lr~!r.j v (l’kl’ ‘1) ‘-ik2”r2@&2

I
ei (ko - k2) c r2 dr

L V~I ~(rl)Y(l,kl,rl)drl=-
2X I lr~-r21

.

J2 v;lm(rl) v(l?kl>rl)ei K “ ‘ldrl .~o=argr(l -m) “=-—
K2

where we have introduced K by the definition,

K= KO-K2 .

This expression for the Born amplitude agrees with that given by Eq. 3 of Prasad (1966).
The Born A armroximationl (see Endnotes) for the total ionization is defined by the formula,

where E is the total energy of the two-electron system,

(l’)

(5)

(6)

with &h referring to the energy of the initial state of the hydrogen atom. Eq. (5) gives the ionization cross section in ~ units

where a. refers to the atomic unit of length. [Eq. (3.4) in Rudge (1968) gives the same cross section in I’Ca~units.]

The Born B aDD roximation2 for the total ionization cross section is defined by the formula (in a: ),

2 InertialCon@zementFusion aiJ%sAlamos: Prvg.mssSince 1935
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OF ELECTRON IMPACT IONIZATION CROSS SECTIONS
OF EXCITED ATOMIC i4ND IONIC SPECIES

Calculations in the Born A approximation have been reported by Omidvar (1965) for ionization of hydrogen from initial

state with principal quantum number n running from 1-10. Prasad (1966) reported results for the total ionization cross section of

the 2s and 2p states of hydrogen both from Born A and Born B approximation calculations. His Born B approximation results

for H(2s) ionization were compared by Dixon et al. (1975) with the experimental results (labeled as BB in Fig. 6 of Dixon et al.

1975), as well as by Defrance et al. (1981) with their experimental results (labeled as B in Fig. 3 of Defrance et al. 198 1). Born

A calculation results by Piraux and Joachain (1980) for the electron impact ionization cross section of H(2s) were communicated

privately to Defrance et al. (1981) (labeled as A in Fig. 3 of Defrance et al. 1981).

To define the following series of approximations, we need to give a general formula for the electron impact ionization cross

section in terms of the direct ionization amplitude, f (k l,k2), and the exchange ionization amplitude, g(k 1,k2), which is

obtained in the form3 (Geltman, Rudge, Seaton 1963; Peterkop 1961; Rudge and Seaton 1965; Rudge 1968).

(8)

where the direct (f) and exchange (g) scattering amplitudes are given by the formulas

~ t

I-zl 1-Z’2

)
f(kl,k2) =-(2x) -$eiA(kl)k2) ~(-kl,zl, r2) x(-k2, z2,r2) ~-T-~ Y+(r1,r2)dr1 dr2 , ~9a)

g(k1,k2)=f(k#cl) . (9b)

where Z1 and 22 are assumed to satisfy the following equation,

‘1+2=1+1- 1
g q kl k2 lkpk21 ‘

and A(k l,k2) is given by the formula,

(lo)

(11)

In Eq. (9a), Y+ (rl, r~ is the exact wave function of the two-electron system, satisfying the exact Schr6dinger equation.

We note here that Eq. (9b) maybe used properly only if the requirement (10) is satisfied in which case the relative phase of the

resulting direct and exchange amplitudes are well defined. If, on the other hand Eq. (10) is not satisfied, then there is an

essential arbitrariness in the relative phase (Rudge and Schwartz 1966a).4

In the Bom-exchanee (BE) amroximation, we take

&(k~,k2) = f~ (k~,k2) ,

and in Eq. (8), we assume that

gm(kl,k2) = ei[b(kl,k2)-qk2,k l)] f~k~kl) ,

(na)

(12b)
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with various possible choices for the ?i(k l,k2) phase. Two possible choices were suggested by Peterkop (1961). One of them

is

a(kl’k2)=aw;))‘ (13)

which was implemented by Prasad (1966) for electron impact ionization cross section calculation of H(2s) and H(2p) and was

called Born-exchange, “phase choice (8)” by him.

The other choice is

6 (kl,k2) = arg {@(k l,k2)) . (14)

If this latter choice is adopted, we obtain “maximum interference” between direct and exchange processes, and in this case,3

Refg* = Ifl . Igl ,
(15)

and the ionization cross section is the smallest possible among those that belong to the class defined by Eqs. ( 12a,b). This

latter phase choice was called “phase choice (9)” by Prasad (1966), who implemented this scheme for the electron impact

ionization of H(2s) and H(2p). The results from this Born-exchange “maximum interference” calculation were compared with

the experimental results by Dixon et al. (1975). (h Fig. 6 of Dixon et al. the curve labeled B-ex is the “maximum interference

Born-exchange calculation result of Prasad 1966.)

A third choice for the phase selection was described by Burgess and Rudge (1963) and Rudge and Schwartz (1966a).

The Bom-Ochkur (BoCH~ w roximation is defined by the following formulas:

fKICH (kl.k2) = fB (kl,kz) (16a)

and

gBOCH (kN2) = (f-)2 fB (k i,k2) ,

K=kO-kl

(It%)

(17)

and K=\Kl

In Me Bom-Orm enheimer (B 0) amroxirnation (Geltman, Rudge, Seaton 1963), we assume

~ (k1,k2) = fB (kl,k2) (18a)

-5.-

J {
1

gBo(kl.k2) = - (27@ 2 wrn (rl) eiko”’2 — -—
1

}
e-ikl . rl ~ (I, - k2,r2)drldr2

lrl - r21 ‘1
(18b)
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(

Vol. H, Chapter II& Appendix F

ad

g~ (k l,k2) = fB (kz,k I) (18d)

for kl > k2 .

L)-(h) ~>1 2 – d &2 because of Eq (6) and thus we only need to use either Eqs. ( 18a,b) or[We note here that in Eq. (8) we can used ~

Eqs. (18c,d) to obtain the total ionization cross section in the Born-Oppenheimer approximation.] The Born-Oppenheimer

approximation was used by Burke and Taylor ( 1965) for the calculation of electron impact ionization of the 2s state of H and

He+.
The Bethe aDmoximation is a high-energy approximation to the 130m amplitude, given by Eq. (1), when the energy transfer

is small (Massey and Burhop 1969), that is, when

qmin=b’~l<<b .

We can write fB in the form,

where q=ko -kl

and

(nld-iq”’l-kd=j~~lm (r) eiq”r x (1, - k2,r)dr .

The Bethe approximation consists of expanding e% r in the integral on the right hand side of Eq. (15)

e~r=l+iq. r+...

and keeping only the first two terms, which gives,

fl?ETHE(kl,k2)=- i (nlml+-k2) ,
2~/2x3~q

(19)

(20)

(21)

(22)

(23)

(24)

where ~ was taken as the axis of quantization giving q . r = qz. Thus, we obtain for the total ionization cross sections, using

Eq. (7) (the Born B formula),

(25)
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qti =ko-kl

THEORETICAL METHODS FOR CtiCULATIOiV
OF ELECTRON IMPACT IONIZATION CROSS SECTIONS

OF EXCITED ATOMIC MVD IONIC SPECIES

(26a)

qm=ko+kl . (26b)

After some additional approximations (Rudge 1968), we obtain for the total ionization cross section,

Writing

one obtains,

@ETHE=Aln%+&
IEi’

when?

B = Aln ~ + const

(27)

(28a)

(28a)

and (29a)

(29b)

with T being a constant less than unity (Rudge 1968).
A detailed discussion of the Bethe approximation was given by Inokuti (1971). The Bethe theory has been implemented by

Vriens and Bonsen (1968) for electron impact ionization of hydrogen from 2s 2pcI, and 2ptI states by Kingston (1965) for the

ionization of the first five excited states of hydrogen. These Bethe theory results for 2s state ionization were compared by Dixon
et al. (1975) with their experimental data. (Bethe theory results are shown in their Fig. 6 for El>300 eV incident electron

energies by the curve labeled Be.) The results were also compared with their experimental data in Fig. 3 by Defrance et al.
(1981). Bethe theory results are shown for Ei >30 eV incident electron energies by the curve labeled D.)

Finally, we mention the “dose-couD lin~ calculation” of Burke and Taylor (1965). In this scheme, the exact formulas, given

by Eqs. (8a, 9a, b), are used along with an expansion for the exact wave function,

Y?+(ri,r~ = (1 + (-1)SP12) x ~nll(rl)Fnll (r~

nll
(30)
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where PI 2 is the permutation operator.

When this expansion is substituted into the Kohn-Hulthen variational principle, a coupled set of integro-differential
equations is obtained for the F~(r2) functions that need to be solved numerically. In the work of Burke and Taylor (1965), the

1s, 2s, and 2po, 2p+l, 2p. I target states were retained in the expansion. After solving the coupled-integro differential equations,

Burke and Taylor (1965) obtained ionization cross section results for the H(2s) and He+(2s) states. These “close-coupling”

results for H(2s) ionization were compared with their experimental results by Dixon et al. (1975). In Fig. 6 of Dixon et al.

(1975) the curve labeled CC shows the close-coupling approximation results of Burke and Taylor (1965).

Electron Impact Ionization Cross Section Formulas and Results for He Atom

The most detailed discussion on electron impact ionization of arbitrary states of He was given by Rudge (1968). The

various cross-section formulas of the plane-wave type were discussed by Sloan (1965). We shall follow the notation of Rudge

(1968) and denote by V(n,SA lr~r3) an arbitrary state of the helium atom with spin SA. The various states of the He+ will be

described by V(ylr) wave functions, and the spatial part of the complete scattering wave function for the electron plus helium

atom system will be denoted by Y (rp ra r3).

We can define the following amplitudes by the expressions

f~kl,k2)
} =(-2n)_~eiA(k~.k2) ~ W (r2r3,r1) (H - E) { $ ‘r3r1’r~ dr1,&#r3 ,

w~k1,k2)
$ (r~,rz,rs)

where A(k 1,k2) is the phase factor

A (kl,k2) = 2 [(Zl/kI) in (kI/x) + (z#2) ln (kfl)]

with X defined by

+2 ,

(31)

(32)

(33)

where E is the total energy of the electron plus atom system. In Eq. (31 ) @(r3,rl,r~ is a function satisfying the boundary

condkion,

where Z1 and Z2 satisfy the identity,

“+2= J_+ J___l_
~ k2 kl k2 lkpk~

and the $i (i=l ,2) functions satisfy the one-electron Schrbdinger equations,

1 )=0 (i = 1,2) .[V2 + k2 -t-(2zi /r)+ Vi(r) ~i (zl,-k,r

The totallytmtisymmetric waw function including spin-coordinates can bedefinedas

(35)

(36)
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Y (X1,X2.X3)= ~ %(SA,MSA 162 ~3) ~ (PI Ial) ~ (r2,r3W) ,
cyclic

permutations
(37)

where 6(P [~) is the spin function for a spin-state p(p = # 1),s refers to the spin variable, and

z (S,MS I ala~ = ~ C (;~,S; f.L1P2,MS) 6(w1 101)6 (u2 la~

V1V2
(38)

4 )is a two-electron spin function. By defining f SAMSAPI Ip; p; pi; k lk2, the ioni~tion amplitude for initi~ atomic state n>

SA,MSA, incident electron spin Ul, final ionic state y, p; ~d free-elw~ns with momenta k 1ad k~ ~d with spins &~ P>>

respectively and defining qY(kl,k2) ~

2
qy(W2) = 1

?,, I )1fy (P@AMSA@;P~3klk2 ,
2(2SA+1)

~lMSA#@2#3

the ionization cross section is given by

where

X;= 2 (E-%) .

(39)

(40)

(41)

It was shown by Rudge (1968) that q~k l,k2) can be given in the form,3

qy(kl.k2) = lf~(kl,k2)12 ~fy(bkd12 + ]wy(kdd\2- Re [fy(kl.k2) f; (k~kl)]

-Re { w; (kl,k2)[fy(k2,kl) + (-l)sA f~kl,k2)] } . (42)

If the “capture” term w#kl,k2) is assumed to be Oand the [g (kl,k2)l =If (k~kl)l identification is made @3q.(9b)], then we

can see that Eqs. (40, 41, 42) give identical formulas to those given by Eqs. (8, 9a,b) for hydrogen except for a factor of 2 in the
ionization cross section fommla.

If we neglect the possibility of the capture of the incident electron by the target, that is, if we assume that
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w~k l,k2) = O (43)

and relax the condition for the phase, which conditions results in Eq. (32), then we obtain for the ionization cross section,3

(44)

where z~k l,k2) is the phase which enters now the relationship between the direct (f) and exchange (g) ionization amplitudes

(Sloan 1965; Rudge 1964),

We can define now for He ionization the Born A and Born B approximations.

We define first the Born amplitude for He ionization by the formula (Sloan 1965),

—-
+ lr~!r31 ‘lr~!r31

E}~~ylr3) ~ (l,-k~r~ e-ikl”rl drl dr2dr3

(~n,SA lr2,r3) ei [ko - kl). r ~ L k2 +z 1 E-y+~k~-E-;-L+ 1r3 lr~ -r21 ‘lr~ !r31 lr2!r31 )

I(1,-K~r~ drl dr2dr3 = -(2z)_~ y(n,SAlr2r3) ei K“rl

3

I= -~ ~n,SAlr2,r3) (e~”r2 + e~”r3) ~~ylr3) x (1,-k~r~ dr@3

=- 1~ ~n,SAlr2r3) (eK”r2 + eK “r3) @(ylr3) v (1 ,k~r~ dr#r3 (47)

This amplitude can be used in differing expressions for the total ionization cross section. The Born A amxoximation is

defined by the same formula as for the H atom, except for a factor of 2 here,5

(48)
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Born B app roximation is defined by the following formula for the total ionization cross section:6

(49)

The Born A and Born B approximations have been implemented by Ton-That et al. (1977) for the calculation of electron

impact ionization cross sections of the 21 S and 23S metastable states of He.

The Born A and Born B approximation results for electron impact ionization of 23S state of helium was compared with the

experimental data by Dixon et al. (1976 their Fig. 4) and by Ton-That et al. (1977; their Figs. 2 and 3).

The Bethe approximation and the Bom-Ochkur approximation can be defined analogously to that of H atom.

The Bethe approximation was used by Briggs and JGm (1971 ) and the Bom-Ochkur approximation was used by Peach

(1976) for the calculation of the electron impact ionization of the 23S state of He. (The results from these theoretical

calculations are compared with the experimental data by Dixon et al. (1976) in their Figs. 4 and 5).

Electmm Impact Ionization Crow Section Formulas and Results for Arbitrary Atoms

The theory of electron impact ionization for some special classes of atoms has been discussed by Rudge and Schwartz

(1966b) and by Peach (1966). However, these treatments will be of no interest to us because the only quantal calculations for

heavier than He targets for ionization of excited atomic states are of the Born type and based on our Eqs. (1) and (46) and it is

straightforward to write down tie Bo m amnlitude for an arbitrarv atom with initial target state ~n,SAlrZ..,rN+ 1)and with final

iOniZt2dState ~Ylr3,...rN+ 1) h the fOrm,

J%(, 1,,2)=-(2X]i ~II,sAk2,..,rN+~)dko”r 1 ‘~1— v“ (W3,..,
i =2 Iri:ril ‘N+,) X(I3 - ‘27r2)e-ikl”rl ‘rl ‘r20..drNH

(50)

and the ionization cross section defined by the same formulas as before.

BINARY COLLISION THEORIES

The second group of calculations performed for electron impact ionization of excited atomic states belongs to the group of

binary collision classical- and semi-classical theories. These themies have been reviewed by Rudge (1968), by Massey and

Burhop (1969), by Vriens (1969) and by Younger and Mark (1985). All these approximations originate from the theory of

classical ionization of Thomson (1912) who treated the ionization classically and assumed that the incident electron collides with

the target electron (binary collision) which is assumed originally at rest and ionization occurs when the energy transferred to the

target electron is larger than the ionization energy of the target electron.

The ionization cross section formula obtained by Thomson (1912) is of the form

Q =(m’@i)(1/I - 1/Ei) (cm2) (51)

where El is the energy of incident electron (in CGS units) and I is the ionization energy (in CGS units) of the target electron.

Subsequently, Thomson’s theory was modified by assuming finite velocity of the target electrons, considering the Pauli
principle for the incident and target electrons, and then assuming a variety of distributions for the velocity of the target electrons.
These various approaches are discussed in the review articles mentioned. [See especially Table 2-1 of Younger and Mark (1985)
which cokcts several formulas.]

In the case of the ionization of excited states of the hydrogen atom, Kingston (1964a,b) used the following formula of
Gryzinski (1959):
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where E2 is the energy of the incident electron and

““=L. L
2 “2

(52)

(53)

is the ionization energy of the atomic electron. Kingston (1964a) reported results using this approximation scheme for

ionization of the n = 2 level of hydrogen. Subsequently, Kingston (1968) extended these studies to higher excited states of

hydrogen.

Vriens ( 1964) used an improved version of the classical binary encounter theory of Gryzinski (1965) in which the following

energy-distribution is assumed for the target-electron,

wfE2)dE2 =* ex $ *’2 dE2
‘E;

where E is taken to be the average energy.

Whh this assumption, the classical binary-encounter ionization cross section formula obtains the form,

(54)

(55)

where El is the kinetic energy of the impinging electron, U is the ionization energy of the electron, E is the average kinetic

energy of the target electron and

Go= 6.56 x 10-14cm2eV2 . (56)

In the first approximation E is taken equal to U (which is exactly true for hydrogen) when Qi obtains the form

(57a)

with x = ~ and (57b)

g(x)=+(~$[l +:(1 -&@.7 +=)] . (57C)

When the number of electrons in the shell k is Nk, corresponding to binding energy Uk, the ionization cross section becomes

NkQik, and the total cross section is obtained by summing these contributions

(58)
Qitot=x Nk Q~ .

k
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The ionization cross section formulas given by Eqs. (56a, b, c and 57) were used by Vriens (1964) for the calculation of
electron impact ionization of 21S and 23S of He, the 2p53s states of Ne, the 3p54s states of Ar and the 63P0, and the 63P2

states of Hg. Subsequently, the Gryzinski theory was applied using quantal velocitydistribution functions for the electron

impact ionization of the 21S and 23S states of He by Ton-That et al. (1977) and to the ionization of the 3p54s states of Argon,

the 4p55s state of Kr, and the 5p56s state of Xe by Ton-That and Flannery ( 1977). A binary encounter theory, which includes

the possibility of exchange between the incident and scattered electron (that is, it starts out from the Mott scattering formula

instead of the Rutherford formula) was developed by Burgess (1963) and Vriens (1966), and their formulas were applied by

Hyman (1979) for the electron impact ionization of several excited states of Ne, Ar, Kr, Xe, Cd, and Hg (see Appendix III G ).

Kunc (1980) applied the same formulas for the ionization of several excited states of hydrogenic ions. As mentioned earlier, a

related work is the classical Monte Carlo calculation of Abrines et al. (1986) that was scaled classically for the ionization of the

2s state of H by Dixon et al. (1975). The detailed discussion of this latter work is beyond the scope of this review.

ENDNOTES

1. Terminology used by Prasad (1966) and Dixon et al. (1975). The same approximation is

referred to as Born approximation by Massy and Burhop (1969), Born (a) approximation by

Rudge (1968) and Born (jidl range) approximation by Ton-That et al. (1977).

2. Terminology used by Prasad (1966) and Dixon et al. (1975). The same approximation is

referred to as truncated Born approximation by Massey and Burhop ( 1969), Born (b)

approximation by Rudge (1968), and modijied Born (half range) approximation by Ton-That

et al. (1977).

3. Here Rez refers to the real part of the complex number z.

4. We note here that these formulas correspond to a specific choice for the phase shift q of the

wave function of the scattered electron. In general, for an arbitra~ phase shift

q’= ~ - ~k I, k2), and%. (9b) is to be replaced by the relation
g (k~,kz) = f (kz,kl) exp [i?i(k~,kz) - i~(k~k~)] .

5. Terminology used by us for H ionization. The same approximation was called Born (a)
approximation by Sloan (1965), Born (full range) approximation by Ton-That et al. (1977),

and Born I approximation by Dixon et al. (1976).

6. Terminology used by us for H-ionization. The same approximation was called Born (b)

approximation by Sloan (1965), modijied Born (half range) approximation by Ton-That et al.

(1977), and Born 11approximation by Dixon et al. (1976).
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III. ELECTRON COLLISION PROCESSES IN KrF LASER MEDIA

APPENDIX III. G.
COMPILATION OF THEORETICAL CALCULATIONS

AND EXPERIMENTAL RESULTS ON IONIZATION
OF EXCITED ATOMIC SYSTEMS

George Csanak and Mh.el L. Merts

TheoreticalResultsfor ElectronImpactIonization
ofExcitedAtomicSystems

Refenmce Target Theory Energy Range

Swarm (1955) H(2s)
H(2pm) (m=o~l)

McC~a and H(n=2)
McKirgan (1960) H(2pm) (m=O>l)

Vriens (1964) He(21S)

He(23S)

Ne(2p53s)

Ar(3p54s)

Hg(61So)
Hg(63Po)
Hg(63P2)

Kingston (1964) H(n=2)

Gmidvar (1965) H(2s)
H(2pm) (m=o>l)
H(nnmln2)
(n=3,4,5
nl+n2=n,m=0,1,2 ...)
H(n,n- 1,00)
H(n)
(n=3,4,5)

Kingston (1965) H(n)
(n=l-6)

I Born A

Thomson
Born A

Gryzinski (1965)

Gryzinski-Kingston

Born A
Born A
Born A

Born A
Born A
Gryzinski (1959)

Bethe

L87 eV -98.63 eV

4.87 eV -98.63 eV
E~ -40.8 eV

I Et~ -80 eV

Et~ -120 eV

I Et~ -80 eV

Et~ -33 eV

Et~ -100 eV
Et~ -100 eV
E~ -13.6 eV

Ethr -13.6 eV
Et& -25 eV

Large incident
electron energies
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‘1’heoretical Ikults for ElectronImpactIonization
ofExcitedAtomicSystems

Refenmce Target Theory Ener~y Range

Burke and H(2s)
Taylor (1965) He+(2s) I

Rudge and H(2s)

Schwartz (1966) He+(2~) I
Abrines et al. H(ns)
(1966) n=l,2...

Prasad (1966) H(2s)

H(2pm)
(m=Oil)

H(n=2)

Kingston (1968)

Vriens and
Bonsen (1968)

Briggs and
Kim (1971)

Ton-That
et al. (1977)

Ton-That and
Flannery (1977)

H(nl)
(n=l-5)
H(n)
(n=l-5)

H(2s)
H(2~)
(m=O#l)

He(21S)
He(23S)

He(21S)
He(23S)

Ne(2p53s)
Ar(3p54s)
Kr(4p55s)
Xe(5p56s)

Bom A
Born-Oppenheimer
Close-coupling

Bom B
Born-exchange

C1assical-
Monte Carlo

Born A
Born B
Bom-Ochkur

Born-exchange (8)
Born-exchange (9)

Born A
Born B
Bom-Ochkur

Born A
Born B
Bom-Ochkur
Gryzinski (1965)

Gryzinski-Kingston

Gryzinski (1959)
G~zinski-Kingston

Bethe
Burgess-Vnens

I
I

Bethe

Gryzinski-Kingston
Bom A
Bom B

Gryzinski-Kingston

Born A
Born B

6.2 eV -44 eV

I

5.1 eV - 17eV

Et~ -500 eV

4.87 eV -300 eV

I

4.87 eV -43.88 eV

4.87 eV - 3CICIeV

4.87 eV -300 eV

1.44*E[hr - 25*Ethr

I

1.#*Ethr - 25*&hr

I

Large incident
electron energies

Large incident
electron energies

Et~- 100eV

I E[~-217 eV

Ethr -200 ev
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EXPERIMENTAL RESULTS ON IONIZATION OF EXCITED ATOMIC SYSTEMS

Theoreticzd Results for ElectronImpactIonization
ofExcitedAtomicSystems

Reference Target mm-y Energy Range

Hyman ( 1979) Ne(2p53s)
Ne(2p53p)
Ar(3p54s)
Ar(3p54p)
Kr(4p55s)
Kr(4p56s)
Xe(5p56s)
Xe(5p56p)

Cd(4d105s5p3P)
( ......6s3S)
(......5d3D)

Hg(5d106s6p3P)
(......7s3s)
(......7p3P)
(......7p3P)
(......6d3D)

Kunc (1980) H(2s)
H(2p)
H(n=3,4,5)

Burgess-Vriens

Burgess-Vriens Ethr - 14*Et~

Notation: EthP- Threshold energy ofparticular ionization process
H(2pm): Ionization calculation for the 2pm magnetic sublevel of H
H(n=2): Ionization calculation for the sum of all n=2 states of H

TERMINOLOGY USED IN THE TABLE

Born A

Born B

Born A

Born B

approximation terminology used by Prasad (1966) and by Dixon et al.
(1975)

approximation is referred to as Born approximation by Omidvar (1965)
and by Burke and Taylor ( 1965), as Born (i) approximation by Rudge and
Schwartz (1966), and as Born (full range) approximation by Ton-That et
al. (1977) and by Ton-That and Flannery (1977).

approximation is referred to as Born approximation by Rudge and
Schwartz (1966), as ‘modified Born’ (half range) approximation by Ton-
That et al. (1977), and as “half range” Born approximation by Ton-That
and Flannery (1977).
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Thomson

Gryzinski (1959)

x I

Gryzinski-Kingston

Gryzinski (1965)

4

approximation for ionization is the classical approximation formula given
by Thomson (1912), which reads as

where Ei is the ionization energy (in CGS units) and E is the incident
electron energy (in CGS units).

approximation is the ionization formula given by Gryzinski (1959) which
Radsas

(5/3x - 2/x2) X22
(4~2/3x)(l-l/x)3fi I<XQ

where n is the number of electrons in the shell,
IH = lRy energy,
I = ionization energy, and

x = ~ with El being the incident electron energy.

approximation is the approximation that uses the following formula for
the total ionization cross section,

Q=
r

f(v)Q@)dv

o

where f(v) is the velocity distribution of the ionized electron obtained
from a quantum-mechanical calculation and

(~m= 4%7W ‘f2u’E2
()1 442 E2-U 32 if 2U S E2

UE2 3 E2+U )

where E2 is the energy of the incident electron and U is the ionization
potential of the target electron.

approximation is the approximation suggested by Gryzinski (1965) and
has the form

Q = ~ g(x) with x = El/U, and 60 = 6.56 x 10-14cm2eV2
1

d

g(x)=+(wl’’31-*M2.’+4X-1)I

with El being the kinetic energy of the incident electron and U the
ionization energy of the target electron.
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Burgess-Vriens approximation, as given by Burgess (1963) and further modified by
Vriens (1966), is summarized by Kunc (1980), and the formula for the
ionization of an electron with quantum numbers n,l, in this
approximation is,

HQm=dw
& Q’%F) qvJ

(k

where v is the velocity of the incident electron, f(v~ is the velocity
distribution function of electron nl, &is the energy transfer in the
collision, and

qv,v~oe)

&
is the sum of the following three terms:

whexe

with Unf being the ionization energy of electron n~ T, Tn/ are the kinetic
energies of the incident and bound electrons, respectively and where

where CDis a function of U, Un/, c and its value is between O and 1 [see
Vriens (1966)].

Bethe

Born-Oppenheimer

Born-exchange (8)

Born-exchange (9)

approximation for ionization is discussed by Inokuti (1971).

approximation for ionization is discussed by Burke and Taylor (1965).

is the Born-exchange approximation with phase-choice 8 as defined by
Prasad (1966).

is the Born-exchange approximation with phase-choice 9 as defined by
Prasad ( 1966). It is also called the “maximum interference”
approximation.
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Bom-Ochkmr approximation is discussed by Prasad (1966).

Close-Coupling approximation is defined by Burke and Taylor (1965).

Born-exchange is the Born-exchange approximation as defined by Rudge and Schwartz
(1966).

Experimental Results for the Ionization of ExcitedAtomic Systems

References Target Energy Range

Dixon et al. (1975) H(2s) 8.5 eV -498.5 eV

Keller (1969) H(2s) 3.4eV - 10eV

Defrance et al. (1981) H(2s) 6.3 eV -998.3 eV

Fite and Brackmaxr (1963) Unknown mixture of 3eV-24eV

He(21S) and He(23S)

Vriens et al. (1968) Unknown mixture of 3eV-18eV

He(21S) and He(23S)

Long and Geballe (1970) He(23S) 5eV-16eV

Shearer-Izumi and Better (1974) Unknown mixture of 3eV-23eV

He(21S) and He(23S)

Dixon et al. (1976) He(23S) 6.1 eV -998 eV

Trajmar et al. (1986) Ba(61P) and Ethr -10 eV

unknown mixture of

Ba(61D) and Ba(63D~

Dixon et al. (1973) Ne(2p53s,3P) Ethr -10 eV

Ar(3p54s,3P) Ethr -10 eV

Notation: EthF” threshold energy of particular ionization process.
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Ill ELECTRON COLLISION PROCESSES IN KrF MSER MEDIA

APPENDIX III. H.
NEW THEORETICAL RESULTS FOR THE

CALCULATION OF ELECTRON IMPACT
IONIZATION CROSS SECTIONS OF

ELECTRONICALLY EXCITED STATES
OF He, Ar, AND Kr

Robert E. H. Clark, Joseph B. Manq George Csan~ and Athel L. Merts

As we have seen, the methods used in the past for the calculation of electron impact ionization cross

sections of excited atomic species belong to the simplest methods of collision physics: they are either

plane-wave (Born-type) calculations or semiclassical binary encounter theory calculations. In order to

improve upon these calculations, we have performed additional calculations for these ionization processes.

The principal method used was that of the distorted wave approximation (DWA) along with taking into

account the excitation of inner-shell states that can also contribute to ionization via the autoionization

process. Additional methods used by us are the binary encounter theory (BEN) and a parametrized form

of the Coulomb-wave approximation of Sampson and coworkers (Golden and Sampson 1977, 1980;

Golden et al. 1978; Sampson and Golden 1978; Moores et al. 1980; Clark and Sampson 1984) developed

by Clark ( 1989). Ln these latter two cases we also added the excitation-autoionization contributions

calculated by DWA and by first order many-body theory (FOMBT).

The DWA represents the highest sophistication of theories used so far for the processes considered

here. The DWA, as applied to ionization processes, has been discussed in the literature and has been

reviewed recently by Younger (1985), where all relevant references to the literature can be found, so it will

not be discussed here in detail. The use of the DWA for the excitation of imer-shell autoionizing states

has been utilized first by Cowan and Mann ( 1979) and subsequently implemented for a series of ionic

targets by Griffin, Pindzola and Bottcher (Griffin et al. 1982; Pindzola et al. 1982, 1986; Griffin et al.

1987; Gnffln and Pindzola 1988; Pindzola et al. 1989). The importance of contributions from these

excitation-autoionization processes have also been summarized by Younger ( 1985).

The second method we implemented was the BIEN of Burgess (1963) and Vnens (1966) as modified

by Hyman (1979). Hyman’s method neglects the interference term. The binary encounter calculation

used the atomic wave-functions generated by the Cowan atomic structure code (CATS) of Abdallah et al.

(1988).

The third method presented here uses the tit developed by Clark ( 1989) to the reduced hydrogenic

cross sections of Sampson and coworkers (Ioc. cit.), specifically

(1)
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Pwhere ~ (u) is the reduced hydrogenic cross section used here, Q: is the hydrogenic cross section, Z

is the nuclear charge, n is the principal quantum number and ~ is the Bohr radius. Sampson and

coworkers (Ioc. cit.) used the prescription

(2)

to obtain the ionization cross section, Q(u), for a complex ion. In Eq. (2), E1 is the ionization energy
of the ion in Rydbers, rnf is the number of electrons in sublevel nl, and ~ff is an effective nuclear

charge. In Eqs. (1) and (2), u refers to the impact electron energy in threshold units:

u = E@* . (3)

Thus if one knows Q~(u) as a function of u for all n,l values, Eq. (2) can be used to approximate

Q(u) for a complex ion. Sampson and coworkers (lot. cit.) have worked on this over the years and

have calculated Q~(u) for 1.125 S u S 6 and n I S 1 S 6g. What Clark (1989) has done is to fit all

of those values as a function of u, n, and f. Specifically, Clark (1989) has found that

Q~(u) = ~ [(1.5369+. ‘n)( )
56-619161 /n u + 2.4463 + -2.4773~3.21511 (1 .$ +

(
-1.4512 + 1S7~ :70751) (*+)2]

(4)

reproduces all of the calculated data for electron impact ionization of ions with a maximum error of

10% and average error of 2.5%.

For the Rydberg state, one wants Eq. (4) averaged over all 1 for a given n, weighting by the

statistical weight 21 + 1. It turns out that the average is readily performed and that the form of Eq. (4)
is identical except that f is replaced by Fn where

J#h+l)(n-l)

6n “ (5)

The cross section given by Eq. (4) is readily integrated over a Maxwellian velocity distribution for the

electrons to give a rate coefficient given by:

C=F [(cl+ C2+:X)E1(Y)+(C4 +C5+:W) (e-y -y EIQ))+

(
c7+f28+C@

n
) (e-y -2yEl(y) + YEN))]

where the CI - C9 are the same fit parameters as in Eq. (4) and

F=5.89x 10-9 my H

(6)

()H.-!- -L-Z
El- ,
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Y = E!(KT),

G = I for ionization from n, 1 sublevel, and

G=(An+ I)(n - 1) for Rydberg average.
6n

If the velocity distribution is not Maxwellian, then it is necessary to know the cross section as a function

of the outgoing electron energies as well as the impact electron energies. For a given impact electron

energy, the total energy available to the two outgoing electrons is

EW=(U-I)E1 . (7)

Picking one electron energy after ionization as E2, define a new energy parameter E as

E = Ej_E~t . (8)

The relationship

(9)

then assures that the total cross section at a given impact energy is consistent with the differential cross

section, ~~U,E2). For all the cross section calculations performed by Sampson and coworkers (1oc.

cit.), this was the actual procedure followed in calculating total cross sections. Several values of

~~U,E~) were calculated and numerical quadrature was used to perform the integration in Eq. (9).

After some analysis Clark (1989) found that the relation

C#R (U,E2) = 2Q~u) [15.4+80 (u2 - I) (e - .5)4]
Em@2 + 14.4)

(lo)

reproduced all the C$~U,E2) for all u, n, 1 values with a maximum error of 18?Z0and average error of

5.570.

Note that Eq. (10) does not seem to be restricted to Coulomb Born Calculations, which is the

approximation used by Sampson and coworkers (Ioc. cit.). J. B. Mam (1989), ran a few test cases using

a DWA code of ionization. By using his DWA value of QHR(u) in Eq. (10), Clark (1989) was able to

reproduce his C$~U,E2) with Eq. (10) to better than 20Y0. Thus Eq. (10) appears to be quite general.

The results of our calculations are presented in tables and figures.

In Fig. 1, we compare our DWA results (labeled as DWA and DWA (maximum interference)) with

the Born-approximation results of Ton-That et al. (1977) and with the experimental results of Dixon

et al. (1976) for the electron impact ionization of the 23S state of helium.
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Tables 1 and 2 show the DWA results for the direct ionization cross section of Ar(3p54s) target along with

the excitation autoionization contributions using FOMBT and DWA, respectively, as well as the sum of these

two contributions to the ionization cross section. Figure 2 shows the same results where the DWA results for

direct ionization Ar(3p6) are also shown.

Tables 3 and 4 and Fig. 3 give the analogous results for the ionization cross section of the Kr(4p55s)

target. In Fig. 3, the DWA results for the direct ionization cross section of the Kr(4P6) target are also shown.

Tables 5 and 6 contain the ionization cross section results for the Ar (3p54s) target, using BIEN and the fit

to the scaled hydrogenic Coulomb-Bom approximations results where the excitation-autoionization via FOMBT

and DWA, respectively, have been added. The same results are also shown in Fig. 4.

Tables 7 and 8 and Fig. 5 contain analogous results for the Kr(4p55s).

In Table 9 we show the transitions that were included in the calculation of the excitation-autoionization

cross sections.

In Figs. 6 and 7 we compare the DWA, BIEN, and the fit to the scaled hydrogenic Coulomb-Born

approximation results for the direct ionization cross sections for Ar(3p54s) and ISr(4p55s) targets, respectively.

10 I I I I I

Born (Ton-That I
et al. i 977)

,,
0

(maximum interference)

I (J.B. Mann) I
-o 10 20 30 40 50 60

Incident Electron Energy (eV)

Fig. 1. Comparison of various theoretical results to the

experimental almafor the electron impact ionization of the

23S state of He. (For explanation see text).
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Fig. 2. Distorted wave appro.rimation results for the

electron impact ionization of Ar(3$4s) and Ar(3p6) targets.
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Fig. 3. Distorted wave approximation results for the

electron impact ionization of Kr(4p55s) and Kr(4p6) targets.
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Fig. 4. Binary encounter (BIEN) hydrogenic Coulomb-Born

(XQION) ionization cross section results for Ar3p54s target.

In both cases the excitation-autoionization cross sections

calculated via D WA and FOMBT respectively have been

&.
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Tables 1-4 can be obta”ned ~m D. C. Cartwright upon request.

TABLE 5. Electron impact ionization cross sections of the Ar(3p54s) target.

Auto
Ionization Dhect Direct Total Total

Enerpy (ev) FOMBT BEN XQION BEN XQION

5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
26
28
30
32
34
36
38
40
42
44
46
48
50
60
70
80
90

100
150
200
300
500
700

1000
2500
5000

10000

0.0000e+OO
0.0000e+OO
0.000oe+oo
0.0000e+OO
0.0000e+OO
0.0000e+OO
0.0000e+OO
0.0000e+OO
0.000oe+oo
0.000oe+oo
0.000oe+oo
o.Ooooe+oo
6.6539e-l 8
8.7558e-18
3.6492e-16
4. 1303e-16
5.6734e-16
7.2177e-16
8.2807e-16
8.9407e-16
9.0089e-16
7.9529e-16
6.7191e-16
5.7419e-16
5.0447e-16
4.5590e-16
4.4779e-16
4.2493e-16
4.1060e-16
3.9847e-16
3.8679e-16
3.7636e-16
3.6772e-16
3.4257e-16
3.2789e-16
3.1474e-16
3.0188e-16
2.8946e-16
2.3754e-16
2.0118e-16
1.5519-16
1.0879e-16
8.5033e-17
6.4958e-l 7
3.1542e-17
1.7852e-17
9.9542e-l 8

3.4512e-16
5.7065e-16
6.8838e-16
7.4895e-16
7.7734e-16
7.8686e-16
7.8503e-16
7.7632e-16
7.6345e-16
7.4814e-16
7.3146e-16
7.1415e-16
6.9664+16
6.7925e-16
6.6217e-16
6.4552e-16
6.2938e-16
6.1378e-16
5.9875e-16
5.8837e-16
5.9466e-16
5.9558e-16
5.9291e-16
5.8776e-16
5.8097e-16
5.7308e-16
5.6448e-16
5.5545e-16
5.4619e-16
5.3878e-16
5.3137e-16
5.2378e-16
5.1612e-16
4.7837e-16
4.4377e-16
4.1309e-16
3.8609e-16
3.6233e-16
2.7748e-16
2.2576e-16
1.6627e-16
1.l165e-16
8.4909e-l 7
6.2982e-17
2.8245e-17
1.4955e-17
7.7541e-18

4.6570e-16
7.2211e-16
8.3381e-16
8.7976e-16
8.9324e-16
8.8983e-16
8.7747e-16
8.6037e-16
8.4092e-16
8.2046e-16
7.9979e-16
7.7938e-16
7.5948e-16
7.4026e-16
7.2177e-16
7.0406e-16
6.8711e-16
6.7093e-16
6.5547e-16
6.4618e-16
6.6181e-16
6.6783e-16
6.6758e-16
6.6322e-16
6.5617e-16
6.4738e-l 6
6.3748e-16
6.2692e-16
6.1600e-16
6.0739e-16
5.9868e-16
5.8970e-16
5.8059e-16
5.3580e-16
4.9527e-16
4.5985e-16
4.2910e-16
4.023 le-16
3.0855e-16
2.5240e-16
1.8829e-16
1.2901e-16
9.9548e-17
7.5112e-17
3.5568e-17
1.9864e-17
1.0971e-17

3.4512e-16
5.7065e-l 6
6.8838e-16
7.4895e-16
7.7734e-16
7.8686e-16
7.8503e-16
7.7632e-16
7.6345e-16
7.4814e-16
7.3146e-16
7.1415e-16
7.0329e-16
6.8801e-16
1.0271e-15
1.0585e-15
1.1967e-15
1.3355e-15
1.4268e-15
1.4824e-15
1.4955e-15
1.3909e-15
1.2648e-15
1.1620e-15
1.0854e-15
1.0290e-15
1.0123e-15
9.8038e-16
9.5679e-16
9.3725e-16
9.1816e-16
9.0014e-16
8.8384e-16
8.2094e-l 6
7.7166e-16
7.2783e-16
6.8797e-16
6.5179e-16
5.1502e-16
4.2694e-16
3.2146e-16
2.2044-16
1.6994e-16
1.2794e-l 6
5.9787e-17
3.2807e-17
1.7708e-17

4.6570e-l 6
7.2211e-16
8.3381e-16
8.7976e-l 6
8.9324e-16
8.8983e-16
8.7747e-l 6
8.6037e-16
8.4092e-16
8.2046e-16
7.9979e-16
7.7938e-16
7.6613e-16
7.4902e-16

.0867e-15

.l171e-15

.2545e-15

.3927e-15

.4835e-15

.5402515

.5627e-15

.463 le- 15
1.3395e-15
1.2374e-15
1.1606e-15
1.1033e-15
1.0853e-15
1.0518e-15
1.0266e-15
1.0059e-15
9.8547e-16
9.6606e-16
9.4831e-16
8.7837e-16
8.2316e-16
7.7459e-16
7.3098e-16
6.9177e-16
5.4609e-16
4.5358e-16
3.4348e-16
2.3780e-16
1.8458e-16
1A007e-16
6.7110e-17
3.7716e-17
2.0925e- 17
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NEW THEORETIC/W RESULTS FOR THE CALCUIL.4TION Vol. IL Chapter II.., Appendix H
OF ELECTRON IMPACT IONIZATION CROSS SECTIONS
OF ELECTRONIC~LY EXCITED STATES OF He, Ar, AND G

I

TABLE 6. Electron impact ionization cross sections sof the Ar(3p54s) target.
Auto

Ionization Direct Direct Total Total
Enerpy (ev) DWA BIEN XQION BEN XQION

5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
26
28
30
32
34
36
38
40
42
44
46
48
50
60
70
80
90

100
150
200
300
500
700

1000
2500
5000

10000

0.000e+OO
0.000e+OO
O.OOOe+OO
0.000e+OO
0.000e+OO
0.000e+OO
O.OOOe+OO
0.000e+OO
0.000e+OO
0.000e+OO
O.OOOe+OO
0.000e+OO
3.0336e-18
1.7273e-17
3.8020e-16
6.953 le-16
9.9864e-16
1.0618e-15
9.9366e-16
9.0618e-16
7.4632e- 16
6.2932e-16
5.4904e- 16
4.9478e-16
4.5801e-16
4.3275e-16
4.3204e-16
4.3317e-16
4.2373e-16
4.0980e-16
3.9892e-16
3.9062e-16
3.8406e-16
3.6169e-16
3.4383e-16
3.2691e-16
3.1089e-16
2.9604e-16
2.3830e-16
2.003 le-16
1.5383e-16
1.0787e-16
8.4467e- 17
6.4645e-17
3.1502e-17
1.7846e-17
9.9535e-18

3.4512e-16
5.7065e-16
6.8838e-16
7.4895e-16
7.7734e-16
7.8686e-16
7.8503e-16
7.7632e- 16
7.6345e-16
7.4814e-16
7.3146e-16
7.1415e-16
6.9664e-16
6.7925e-16
6.6217e-16
6.4552e-16
6.2938e16
6.1378e-16
5.9875e-16
5.8837e-16
5.9466e-16
5.9558e-16
5.9291e-16
5.8776e-16
5.8097e-16
5.7308e-16
5.6448e-l 6
5.5545e- 16
5.4619e-16
5.3878e-16
5.3137e-16
5.2378e-16
5.1612e-16
4.7837e-16
4.4377e-l 6
4.1 309e-16
3.8609e-16
3.6233e-16
2.7748e-l 6
2.2576e- 16
1.6627e-l 6
1.l165e-16
8.4909e-l 7
6.2982e-17
2.8245e-17
1.4955e-l 7
7.7541e-18

4.6570e-l 6
7.221 le-16
8.3381e-16
8.7976e-l 6
8.9324e-16
8.8983e-16
8.7747e-16
8.6037e-16
8.4092e- 16
8.2046e-16
7.9979e- 16
7.7938e-16
7.5948e-16
7.4026e- 16
7.2177e-16
7.0406e-16
6.871 le-16
6.7093e-16
6.5547e-l 6
6.4618e-16
6.6181e-16
6.6783e-16
6.6758e-16
6.6322e-16
6.5617e-16
6.4738e- 16
6.3748e-16
6.2692e-16
6.1600e-16
6.0739e-16
5.9868e-16
5.8970e-16
5.8059e-16
5.3580e-16
4.9527e-16
4.5985e-16
4.2910e-16
4.0231e-16
3.0855e-16
2.5240e-16
1.8829e-16
1.2901e-16
9.9548e-17
7.51 12e-17
3.5568e-17
1.9864e-17
1.0971e-17

3.4512e-16
5.7065e-l 6
6.8838e-16
7.4895e-16
7.7734e-16
7.8686e-16
7.8503e-l 6
7.7632e-16
7.6345e-l 6
7.4814e-16
7.3146e-16
7.1415e-16
6.9967e-16
6.9652e-16
1.0424e-l 5
1.3408e-l 5
1.6280e-l 5
1.6756e-15
1.5924e-15
1.4945e-l 5
1.3410e-15
1.2249e-15
1.1419e-15
1.0825e-l 5
1.0390e-15
1.0058e-l 5
9.9652e-16
9.8862e-16
9.6992e-16
9.4858e-16
9.3029e-16
9.1440e-16
9.001 8e-16
8.4006e-l 6
7.8760e-16
7.4000e-l 6
6.9698e-l 6
6.5837e-16
5. 1578e-16
4.2607e- 16
3.2010e-16
2.1952e-16
1.6938e-16
1.2763e-l 6
5.9747e-17
3.2801e-17
1.7708e-17

4.6570e-l 6
7.2211e-16
8.3381e-16
8.7976e-16
8.9324+16
8.8983e-16
8.7747e-16
8.6037e-16
8.4092e-l 6
8.2046e-16
7.9979e-l 6
7.7938e-16
7.6251e-16
7.5753e-15
1.1020e-15
1.3994e-15
1.6857e-15
1.7327e-15
1.6491e-15
1.5524e-15
1.4081e-15
1.2972e-15
1.2166e-15
1.1580e-15
1.1 142*I5
1.0801e-15
1.0695e- 15
1.0601e-15
1.0397e-15
1.0172e-15
9.9760e-16
9.8032e-16
9.6465e-16
8.9749e-16
8.3910e-16
7.8676e-16
7.3999e-16
6.9835e-16
5.4685e-16
4.5271e-16
3.4212e-16
2.3688e-16
1.8402e-l 6
1.3976e-16
6.7070e-l 7
3.7710e-17
2.092&17
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Vol. II, Chapter III, Appendix H NEW THEORETICAL RESULTS FOR THE CZUCULATION
OF ELECTRON IMPACT IONIZATION CROSS SECTIONS

OF ELECTRONICMLY EXCITED STATES OF He, Ar, AND Kh

TABLE 7. Electron impact ionization of the Kr(4p55s) target.

Auto
Ionization Direct Direet Total Total

Energy (ev) FOMBT BEN XQION BIEN XQION

5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
26
28
30
32
34
36
38
40
42
44
46
48
50
60
70

x
100
150
200
300
500
700

1000
2500
5000

10000

0.0000e+OO
o.Ooooe+oo
o.Ooooe+oo
O.OOOOe+OO
0.0000e+OO
0.0000e+OO
0.0000e+OO
0.0000e+OO
0.0000e+OO
0.0000e+OO
1.2814e-17
1.4976e- 16
3.3915e-16
5.3688e-16
7.2083e-16
8.2769e-16
8.8709e-16
8.9678e-16
8.6824e-l 6
8.2091e-16
7.2206e- 16
6.4588e-16
5.9321e-16
5.5744e-16
5.5327e-16
5.3712e-16
5.2648e-16
5.1568e-16
5.0486e-16
4.9479e-16
4.8561e-16
4.7720e-16
4.6936e-16
4.351 8e-16
4.0609e-16
3.8122e-16
3.5984e-16
3.4137e-16
2.7507e_l 6
2.3229e-16
1.7909e-16
1.2541e-16
9.7941e-17
7.4743e-l 7
3.6260e-17
2.0524e-17
1.1452e-17

4.3446e-16
6.5469-16
7.6694e-16
8.2237e-16
8.4605e-l 6
8.5133e-16
8.4570e-16
8.3357e-16
8.1763e-16
7.9954e-16
7.8036e-16
7.6076e-16
7.41 18e-16
7.2188e-16
7.0305e-16
6.8479e-l 6
6.7779e-l 6
6.8627e-16
6.9191e-16
6.9525e-l 6
6.9672e-16
6.9329e-l 6
6.8663e-16
6.7784e-16
6.6768e-16
6.5667e-16
6.4517e-16
6.3573e-16
6.2648e-l 6
6.169*16
6.0723-16
5.9749e-16
5.8778e-16
5.4128e-16
4.9978e-16
4.6352-16
4.3 193e-16
4.0429e-16
3.1929e-16
2.6604e-l 6
2.0193e-16
1.3927e-16
1.0745e-l 6
8.0741e-17
3.7131e-17
1.9933e-17
1.0446e-l 7

5.8550e-16
8.2589e-16
9.2485e-16
9.6067e-16
9.6598e-16
9.5589e-16
9.3797e-16
9.1619e-16
8.9274e-l 6
8.6883e-16
8.4515e-16
8.2209e-16
7.9985e-16
7.7853e-16
7.5816e-16
7.3875e-16
7.3462e-16
7.5037e-16
7.6111e-16
7.6795e-16
7.7307e-16
7.7044+16
7.6295e-16
7.5244e-16
7.4008e-16
7.2667e-16
7.1271e-16
7.0154e-16
6.9059e-16
6.7924e-l 6
6.6771e-16
6.5616e-16
6.4469e-16
5.9049e-l 6
5.4324e-l 6
5.0274e-16
4.6799e-l 6
4.3797e-l 6
3.4781e-16
2.8998e-16
2.2029e- 16
1.5221e-16
1.1781e-16
8.9095-17
4.2385e- 17
2.3737e-17
1.3134e-17

4.3446e-16
6.5469e-16
7.6694+16
8.2237e-16
8.4605e-16
8.5133e-16
8.4570e-16
8.3357e-16
8.1763e-16
7.9954e-l 6
7.9317e-16
9.1052e-16
1.0803e-15
1.2588e-15
1.4239e-15
1.5125e-15
1.5649e-15

.5830e-15

.5601e-15

.5162e-15

.4188e-15

.3392e-15

.2798e-15

.2353*I5
1.2209e-15
1.1938e-15
1.1717e-15
1.1514e-15
1.1313e-15
1.ll17e-15
1.0928e-15
1.0747e-15
1.0571e-15
9.7646e-16
9.0587e-16
8.4474e-16
7.9177e-16
7.4566e-16
5.9436e-16
4.9833e-16
3.8102e-16
2.6468e-16
2.0539e-16
1.5548e-16
7.3391e-17
4.0457e-l 7
2.1898e-17

5.8550e_16
8.2589e- 16
9.2485e-16
9.6067e-l 6
9.6598e-16
9.5589e-16
9.3797e-16
9.1619e-16
8.9274e-16
8.6883e-16
8.5796e-16
9.7185e-16
1.1390e-15
1.3154e-15
1.4790e- 15
1.5664e-15
1.6217e-15
1.6471e-15
1.6293e-15
1.5889e-15
1.4951e-15
1.4163e-15
1.3562e- }5
1.3099e-15
1.2933e-15
1.2638e-l 5
1.2392e-15
1.2172e-15
1.1954e-15
1.1740e-15
1.1533e-15
1.1334e-15
1.l140e-15
1.0257e-15
9.4933-16
8.8396e-16
8.2783e-16
7.7934e-16
6.2288e-16
5.2227e16
3.9938ei16
2.7762ril 6
2.1575e-16
1.6384e-16
7.8645-17
4.426 Ie- 17
2.4586e-17
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NEW THEORETICti RESULTS FOR THE C~CUIATIOiV Vol. 11, Chapter Ifi, Appendix H
OF ELECTRON IMPACT IONIZATION CROSS SECTIONS
OF ELECTRONICALLY EXCITED STATES OF He, Ar, Ah?D Er

TABLE 8. Electron impact ionization of the Kr(4p55s) target.

Auto
Ionization Direct Direct Total Total

Enerpy (ev) DWA BEN XQION BIEN XQION

5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
26
28
30
32
34
36
38
40
42
44
46
48
50
60
70
80
90

100
150
200
300
500
700

1000
2500
5000

10000

0.0000e+OO
0.0000e+OO
0.0000e-tOO
0.0000e+OO
O.OOOOe+OO
0.0000e+OO
O.OOOOe+OO
O.OOOOe+OO
0.0000e+OO
0.0000e+OO
1.4182e-17
1.7518e-16
5.0127e-16
9.4796e-l 6
1.0481e-15
9.5700e- 16
8.7860e-16
8.1623e-16
7.6584e-16
7.2486e-16
6.643 le-16
6.2383e-16
5.9562e-16
5.7480e-l 6
5.7116e-16
5.7212e-16
5.5811e-16
5.4238e-16
5.2896e-16
5.1718e-16
5.0651e-16
4.9664e-16
4.8735e-16
4.4701 e-l 6
4.1417e-16
3.8719e-16
3.6432e-16
3.4479e-l 6
2.7513e-16
2.3 109e-16
1.7753e-16
1.2440e-l 6
9.7347e-17
7.4448e-l 7
3.6226e-17
2.0520e-l 7
1.1451e-17

4.3446e- 16
6.5469e-l 6
7.6694e-16
8.2237e-16
8.4605e-l 6
8.5133e-16
8.4570e- 16
8.3357e- 16
8.1763e-16
7.9954e-16
7.8036e-16
7.6076e-16
7.4118e-16
7.2188e-16
7.0305e-l 6
6.8479e-16
6.7779e-16
6.8627e-16
6.9191e-16
6.9525e-16
6.9672e-16
6.9329e-16
6.8663e-16
6.7784e-16
6.6768e-16
6.5667e-16
6.45 17e-1 6
6.3573e-16
6.2648e- 16
6.1694e-16
6.0723e-l 6
5.9749e-l 6
5.8778e- 16
5.4128e-16
4.9978e-16
4.6352e-l 6
4.3 193e-16
4.0429e- 16
3.1929e-16
2.6604e-16
2.0193e-16
1.3927e-16
1.0745e-l 6
8.0741e-17
3.7131e-17
1.9933e-l 7
1.0446e- 17

5.8550e-16
8.2589e-16
9.2485e-l 6
9.6067e-16
9.6598e-16
9.5589e-16
9.3797e-16
9.1619e-16
8.9274e-l 6
8.6883e-16
8.4515e-16
8.2209e-l 6
7.9985e-16
7.7853e- 16
7.5816e-16
7.3875e-16
7.3462e-l 6
7.5037e-16
7.6111e-16
7.6795e-l 6
7.7307e-16
7.7044-16
7.6295e-16
7.5244e-16
7.4008e-16
7.2667e-l 6
7.1271e-16
7.0154+16
6.9059e-16
6.7924e-16
6.6771e-16
6.561 6e- 16
6.4469e-l 6
5.9049e-16
5.4324e-l 6
5.0274e-l 6
4.6799e-l 6
4.3797e-16
3.4781e-16
2.8998e-16
2.2029e-l 6
1.5221e-16
1.1781e-16
8.9095e-17
4.2385e-17
2.3737e-17
1.3134e-17

4.3446e-16
6.5469e-16
7.6694e-16
8.2237e-16
8.4605e-16
8.5133e-16
8.4570e-l 6
8.3357e-16
8.1763e-16
7.9954e-16
7.9454e-16
9.3594e-16
1.2424e-l 5
1.6698e- 15
1.7512e-15
1.6418e-15
1.5564e-15
1.5025e-l 5
1.4578e-l 5
1.4201e-15
1.3610e-15
1.3171e-15
1.2822e-l 5
1.2526e-15
1.2388e-15
1.2288e-15
1.2033e-15
1.1781e-15
1.1554e-15
1.1341e-15
1.l137e-15
1.0941e-15
1.0751e-15
9.8829e-16
9.1395e-16
8.5071e-16
7.9625e-16
7.4908e-16
5.9442e-l 6
4.971 3e-16
3.7946e-16
2.6367e-16
2.0480e- 16
1.5519e-16
7.3357e-17
4.0453e-17
2.1897e-17

5.8550e-16
8.2589e-16
9.2485e-16
9.6067e-16
9.6598e-16
9.5589e-16
9.3797e-16
9.1619e-16
8.9274e-16
8.6883e- 16
8.5933e-16
9.9727e-16
1.301 le-15
1.7265e- 15
1.8063e-15
1.6957e-15
1.6132e-15
1.5666e-15
1.5270e-15
1.4928e-15
1.4374e-l 5
1.3943e-15
1.3586e-l 5
1.3272e-l 5
1.3112e-15
1.2988e-15
1.2708e-15
1.2439e-l 5
1.2195e-15
1.1964e-15
1.1742e-15
1.1528e-15
1.1320e-15
1.0375e-15
9.5741e-16
8.8993e-16
8.3231e-16
7.8276e-16
6.2294e-l 6
5.2107e-16
3.9782e-16
2.7661e-16
2.1516e-16
1.6354e-16
7.861 le-17
4.4257e-l 7
2.4585e-17
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OF ELECTRON IMPACT IONIZATION CROSS SECTIONS

OF ELECTRONICALLY EXCITED STATES OF He, Ar, AND Kr

TABLE 9. Inner Shell Transitions Used for the Calculation
of Excitation Autoionization Contributions

Ar 3s23p54s 3s23p43d4s Kr4s24p55s 4s24p44d5s
3s23p44s2 4s24p44f5s

3s23p44s2 4524p44f55

3s23p44s4p 4s24p45s2
3s23p44s4d 4s24p45s5p
3s23p44s4f &?4p45S5d
3s23p44s5s 4s24p45s5f

4s24p45s5g
3s23p44s5p 4s24p45s6s
3S23p’$4& 4s24p45s6p
3s23p4455f &4p45S6d
3s23p44s5g &?4p45S6f
@3p44s65 &!4p4557s
3s23p44s6p 4s24p45s7p
3s23p44@ &?4p45S7d
3s 3P64s 4S4P65S
3s3p53d4s 4s4p54d5s
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III. ELECTRON COLLISION PROCESSES IN KrF LASER MEDIA

APPENDIX III. I.
ELECTRON IMPACT IONIZATION OF F ATOM

Joseph B. Mann and Athel L. Merts

We performed distorted wave approximation (DWA)

calculations for the electron impact ionization of the F atom.

Because the ground state of the F atom is a 2p5 2P state, the

final ionic configuration is 2p4, which can be associated to

the following states: 2p4 (3P), 2# (’D), and 2P4(’S).

We have performed DWA calculations for ionization

with all these three states as possible final states of the ion.

In Table 1 and Fig. 1 we show the results of these

DWA calculations for all three sepamte ionization processes

as well as the sum of the individual ionization cross

sections.
t 2p5 i

Incident Electron Energy (eV)

Fig. 1. DWA calculations for three ionization processes.
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TABLE 1. Ionization Cross Section for F Atom

Energy(eV) q(sq .angs.) Energy(eV) q(Sq.angs.)

17.45
18.00
19.00
20.00
21.00

22.00
23.00
24.00
25.00
26.00

27.00
28.00
29.00
30.00
31.00

32.00
33.00
34.00
35.00
36.00

37.00
38.00
39.00
40.00
41.00

42.00
43.00
44.00
45.00
46.00

47.00
48.00
49.00
50.00
51.00

52.00
53.00
54.00
55.00
56.00

57.00
58.00
59.00

0.000e+O
1.964e-2
4.658e-2
6.694e-2
9.883e-2

1.262e-l
1.518e-l
1.793e-l
2.067e-l
2.346e-l

2.631 e-l
2.922e-l
3.219e-l
3.521 e-l
3.824e-l

4. 129e-1
4.432e-l
4.733e-l
5.031 e-l
5.324e-l

5.611 e-l
5.893 e-l
6. 167e-1
6.434e-l
6.693 e-l

6.945e-l
7.188e-l
7.424e-l
7.651 e-l
7.870e-l

8.081 e-l
8.284e-l
8.480e-l
8.667e-l
8.847e-l

9.020e-l
9.186e-l
9.345e-l
9.497e-l
9.642e-l

9.782e-l
9.915e-l
1.oo4e+o

60.00
61.00
62.00
63.00
64.00

65.00
66.00
67.00
68.00
69.00

70.00
71.00
72.00
73.00
74.00

75.00
76.00
77.00
78.00
79.00

80.00
81.00
82.00
83.00
84.00

85.00
86.00
87.00
88.00
89.00

90.00
91.00
92.00
93.00
94.00

95.00
96.00
97.00
97.00
97.00

99.00
100.00

1.0 16e+0
1.028e+0
1.039e+0
1.049e+0
1.059e+0

1.069e+0
1.078e+0
1.087e+0
1.095e+0
1.103e+0

l.llOe+O
1.l17e+0
1.124e+o
1.131e+0
1.137e+0

1. 142e+0
1. 148e+0
1.153e+0
1.158e+0
1. 162e+0

1. 167e+0
1.171e+0
1. 175e+0
1. 178ei-O
1. 182e+0

1. 185e+0
1.188e+0
1.191e+0
1. 193e+0
1. 195e+0

1.198e+0
1.200e+0
1.200e+0
1.203e+0
1.205e+0

1.206e+0
1.207e+0
1.209e+0
.209e+0
.209e+0

.21 lei-o

.212e+0

2
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IV. KrF Laser Kinetics

Simplified schematic of kinetic processes that produce KrF

A.

B.

c.

Summaryof KrF Kinetics

KrF Laser Model

‘Comparison of Model Results with Gain and Absorption
Measurements



IV. KRF IMSER KINETICS

A. SUMMARY OF KrF KINETICS

David E. Hanson

=F KINETICS

The KrF kinetics model includes all processes that occur

between the deposition of energy in the laser gas medium by

the primary electron beam (e-beam) and the creation and

propagation of laser photons out of the laser. W-values,

which are calculated in a separate code (see 11.B), are used to

translate the macroscopic e-beam pump power density into

reaction rates for the production of ions and metastables

which, in turn, drive the rest of the kinetic reactions. For

simplicity, we may consider the kinetics model to be

composed of a number of sub-processes: KrF* formation,

KrF* quenching, and absorption. Since the intrinsic

efficiency of the KrF laser is of importance in the design of

advanced drivers, we also include a section on it.

FORMATION PROCESSES

Figure 1 is a schematic depicting the important

formation and loss processes for KrF*. Secondary electrons

produced through ionization reactions by the primary e-beam

provide a steady some of F- ions via the dissociative

attachment reaction (until the molecular fluorine is exhausted

or the e-beam pumping terminates), which reacts to produce

KrF* and ArF*. Because of the long-range nature of the

ionic potential, these reaction rates are fast— faster than gas

kinetic. The replacement of Ar by Kr in the ArF* molecule

is exothennic by -1 ev, so the ArF* is rapidly converted to

KrF*. The metastables (s and p states) of Ar and Kr can also

produce ArF* and KrF* by reacting with molecular fluorine,

the “harpoon” reaction that is also faster than gas kinetic

(hence the name). The kinetics model predicts that KrF*

formation rate is proportional to the pump power and

independent of the fluorine fraction until it falls below a few

hundredths of a percent. An important electron reaction that

simply depletes the fluorine is the formation of F2 in then

state that dissociates to two F atoms (no attachment of the

electron). Laser abso~tion probe measurements at Spectra

Technology, Inc. (STI) suggest that this process accounts for

about half of the fluorine consumption, which is in

agreement with the prediction of the W-value code (Kimura

1989).

w
Fig. 1. KrF kinetics schematic.

QUENCHING PROCESSES

Quenching reactions are important in that they, along

with spontaneous radiative decay, determine the upper state

lifetime for the KrF* molecules. This lifetime defines the

saturation intensity (the intensity required to deplete the

KrF* density by a factor of 2) and the gain refilling time

(important for modeling pulse propagation and extraction).

Argon, Krypton and fluorine all quench KrF*, and their

reaction rate constants have been experimentally measured by

the classical Stum-Volmer method (Eden et al. 1978; Jacob

et al. 1978), The importance of secondary electrons vis-a-vis

Insti”al Conji.nsmsnt aths AZamo.s: Progress Sines 198S 1
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quenching is at this time moot. An ab inirio calculation by

Hazi et rd. (1979) yielded a rate constant of

3.0 E-8 cm6 s-8, but an experiment at about the same time

by Trainor et al. (1980) claimed it was

2.0 x 10-7 cm6 s-l. The former value is low enough that

the reaction can almost be ignored and the latter is large

enough that it is comparable to the other quenching rates at

low pump powers (O.1 Mw/cm3). Because the secondary

electron density is proportional to e-beam pump power,

electron quenching becomes increasingly important at higher

pump powers, dominating above 1.0 MW/cm3. We have

reviewed the theoretical calculation and the experiment and

conclude that the calculation method was sound, but a new

experiment should be undertaken to measure this process. In

fact, we plan to re-measure all of the quenching reaction rate

constants.

ABSORJ?TIONPROCESSES

In a steady state model for energy extraction (see for

example V.B. - Energy Extraction), absorption enters in the

ratio g@ and it is easy to see its importance and its effects

on laser efficiency and optimum extraction flux. Although

these simple equations do not arise when a complete kinetics

model is used, we know that absorption is still a very

important process that must be correctly modelled.

Calculating the correct value for absorption requires that the

model compute the correct density for all absorbing species

and also that the correct absorption cross section at 248 nm

be known. Absorption cross sections at 248 nm are known

with reasonable accuracy for some of the constituents of the

laser medium (fluorine, atomic ions, and dimer ions), but the

cross sections for many species, for example metastables,

have not been measured, and we must rely on calculations of

dubious accuracy and completeness. Since some of the
absorbing species (such as Kr2F* and ArKrF*) may have

significant formation channels directly from KrF*, part of

the absorption may be “saturable.” That is, the photon flux

in the laser will affect the KrF* density and hence the
formation rate for these absorbers. Kr2F* has historically

been considered a prime candidate for thk type of absorber,

but recent measurements at LANL (Hakuta et al. 1987;

McCown 1987) and elsewhere have shown that the cross

section is much smaller (factor of 5) than previously

assumed, making it less likely that photon flux is

important. Theoretical calculations at LANL (to be

published) have suggested that ArKrF* may also be an

important absorber with perhaps a saturable component, but

no experimental evidence yet exists to confirm this.

Numerous experiments have been performed to

determine the absorption in a KrF laser at a variety of pump

powers, pressures, and gas mixes. Because the laser

obviously amplifies a probe beam at 248 nm, wavelengths

for absorption probes must be selected as close as possible

to line center (248 nrn) but still outside the region of gain.

Typically, wavelengths are chosen on either side of 248 nm,

and the measured absorption are then averaged to get the

probable value for line center. Figure 2 shows a sample of

these measurements all plotted on the same graph as a

function of pump power. The trend of increasing absorption

with pump power is obvious as is the discrepancy with the

model prediction. In careful modeling of individual

experiments, it is found that the model can be in error by

nearly a factor of 3. Understanding the absorption processes

is vital to developing an accurate kinetics model. At LANL,

absorption experiments were carried out on the Electron Gun

Test Facility (EGTF) to determine the absorption of e-beam

pumped rare gases as a function of pressure and pump power

(see IV.C). Absorption experiments have also been

completed at Spectra Technology, Inc. on the “Tahoma”

laser for a variety of gas mixes and Iasing conditions.

Through the use of very high reflectivity mirrors in the laser

cavity, high cavity fluxes were achieved to determine the

amount of absorption which is saturable. The complete

results of these experiments are still in the process of being

analyzed.

I I

1 i ■ Experimental data from

#
AVCO (Kllmek)
ST] (Klmura)
Rutherford, UK (Shaw)

0.6 1.2 1.8 2.4

Pump Power Mw/crn3)

Fig. 2. Disagreement currently exists between experiment

and model predicfi”onsfor nonsaturated absorption.
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A. SUMMARY OF KrF KINETICS

INTRINSIC EFFICIENCY

Vol. LI, Chapter IV

A number of experiments measuring the intrinsic

efficiency (laser energy out divided by e-beam energy

deposited in the gas) have been reported in the literature,

ranging from 970 to 14Y0. Recently, LANL contracted with

Spectra Technology, Inc., to undertake a careful experiment

to obtain the highest possible et%ciency on their e-beam

pumped KrF laser (Tahoma). After careful analysis of the

energy deposition diagnostic (a pressure jump transducer), we

concluded that the highest intrinsic efficiency possible on

their laser was no more than 11YO with an instantaneous

power eftlciency of slightly over 12%. (The estimated

uncertainties in these values is believed to be about 1070.)

The most difficult part of these experiments is the

precise determination of the energy deposited in the laser

volume and its spatial distribution. For this series of

experiments, Faraday cups were employed to directly

measure the e-beam current into the laser volume and a

vertical spatial profile was measured with an array of fiber

optics coupled to photomultiplier tubes. The e-beam

pumping profile was also modeled with the Monte Carlo

&beam deposition code described in II. A. The predicted

spatial profile and magnitude of the deposited energy was

consistent with the measurements. The kinetics code,

however, predicted an intrinsic efficiency of greater than

14%. We attribute this disagreement primarily to two

deficiencies in the model: the low value the model computes

for the absorption and the fact that only a single state with a

fraction accessible of 1.0 is used for all KrF*s, which we

strongly suspect is incorrect (see V.A.). If the kinetics code

is modified to include multiple KrF* states, which results in

a fraction accessible of only 70’%0,the predicted intrinsic

efficiency is in close agreement with the experiments. To

introduce such changes into the kinetics code with a high

degree of confidence will require that we provide

experimental confirmation for our multistate model. These

experiments are in progress at LANL and Spectra

Technology, Inc. In view of the difficulty of correctly

measuring the deposited energy in laser efficiency

experiments, we suspect that the earlier reported claims of

14% efficiency were due to underestimates of the deposited

energy.
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IV. IirF LASER KINETICS

B. KrF IASER MODEL

Stephen J. Czuchk?wsk~ David E. Hansoq Burton J. Kiwhq
Alvin R. Larsoq and Edward T. Sdesky

Several independent groups have made detailed kinetics

modeling calculations in zero dimension to analyze the

performance of KrF laser systems (Salesky et al. 1985;

Lacina and Cohn 197a Greene and Brau 1978; Jacob et al.

1979; Johnson and Hunter 1980; Kannari et al. 1982;

Edwards and O’Neill 1983; Mandl et al. 1984). Such

models assume that the electron energy deposition,

chemical reactions, species and photon densities, and gain

and absorption processes are uniform throughout the active

region of the laser cavity. However, intracavity photon

fluxes propagating in the two directions parallel to the axis

of a laser can have large spatially dependent variations in

certain environments. These conditions include a high-

output coupling fraction, significant absorption of the flux
in unpumped volumes (that is, by F2) or by optical

components, and nonuniform energy deposition in the

cavity. Under such circumstances the two fluxes differ

substantially from each other, and their sum is not constant

throughout the volume. Analytical expressions for the

propagation and amplification of these fluxes in one

dimension have been derived for laser oscillators (Rigrod

1965; Rice et al. 1980), and later work has included effects

of amplified spontaneous emission (ASE) in amplifiers as

well (Hunter and Hunter 198 1; Haag et al. 1983).

However, these formulas assume that the kinetic processes

that involve photons are independent of spatial variations

in the bidirectional laser fluxes.

Kannari et al. (1985) recently applied a saturated-gain

model in a numerical calculation of photon fluxes in one

dimension. They obtained their coefficients of small-signal

gain, small-signal absorption, and nonsaturable absorption

from a zero-dimensional kinetics model. Our procedure

introduces a stronger interaction between radiation and

chemistry, because local photon fluxes are coupled with

kinetic reactions that vary with position along the laser

axis. The model also allows explicit axial variation of the

Inertial Confinement Fuswn at Los Aibnos: PrcgnMs Since 19S5

deposited e-beam pump power, although this option has

not been used in the present work. (Although the input

energy density is likely to be somewhat nonuniform

spatially, in spite of the two-sided pumping in the

AURORA large-aperture module (LAM) experiment, we

ignore potential transverse variations of kinetic processes

in the present treatment.)

The densities of laser photons N~v depend both on

the position along the axis z and on the time t. The plus

and minus signs refer, respectively, to photons moving to

the right and to the left in Figs. 1 and 2. The two densities

always remain separate from each other throughout the

calculations. The coupled partial differential equations that

govern their propagation and development with the laser

cavity are

*
aNhv + c

~N *
NK@f_%

~=cN;v(g-a)+
T– az ~spont (1)

and

WGF+– NRp
—– pump rate -—

dt ‘r~ff

- C(N~v - N~v) ~seNKr~ . (2)

Equation (1) is strongly coupled to Eq. (2) through g,

whexe

g = c~~* = gain coeftlcient

cr~e = cross section for stimulated emission of the KrF*

excimer,

NWF*❑ densityofKrF*exchnem,

1
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ct = ~ (~#Ji = absorption coeftlcient,

i

(~~)i = absorption cross section for the i’th absorber

present,

Ni = density of the i’th absorber,

~sPont = mean spontaneous radiative lifetime of KrF* (i.e.,

the time interval in which the existing KrF* population

decays by factor I/e),

Q*= solid angle for emission into the coherent modes at

an internal point (usually quite small), and

~eff includes both spontaneous emission and collisional

deactivation.

Instead of integrating Eqs. (1) to determine the

densities N~v (z,t), the present one-dimensional treatment

divides the laser cavity into a number of gain sheets, as

illustrated in Fig 3. Our procedure is similar to that of

Jancaitis (1983). We consider the spatial averages of the

photon densities in each zone of length Az,

I
(i+l)Az

I,*
Nhv . ~ *

AZ i A=
‘hv b ‘

(3)

so that Eqs. (1) become a set of pairs of equations for the n

individual gain sheets.

4,*
NKr@&%L=c F{v*(g-a)+

dt %pont

[ 1+ ~ ~~~ (in) - d~~ (out) ,
Az (4)

where i = 1,..., n. The last term on the right side of the

above equation explicitly accounts for the r3Nh~@z term in

Eq. (1); this has permitted Eq. (4) to be expressed as

ordinary differential equations in the time variable. Rather

than obtaining the averages in Eq. (3), however, we have

camied out a single zerodimensional calculation at the

central z value for each gain sheet, so that each symbol

~~v* is replaced by N~vf, and the values of the two

photon densities are constant across each gain sheet.

T
Im

1 3Laser
Beam

Fig. 1. Schematic diagram of the Los Alamos LAM KrF

laser configured as a positive branch, confocal unstable

resonator. The primary and secondary reelectors are

represented by I and II, respectively. The output window

array is represented by III. Volumes A, B, and C contain

unpumped gas. Their lengths are 44.3, 28.1, and 40.0 cm,

respectively. Magnljication = 2.88 and output coupling

fraction = 0.88.

(allactive)

Fig. 2 Laser cavity schematic assumed for kinetics

calculations to model experiments conducted on the LAM

KrF laser and to predict laser pe~ormance for a variety of

conditions. Not shown here are unpurnped volumes
containing neutra[ F2 gas: (a) infront of the primary

mirror, reducing its reflectivity to LA, (b) behind the
output coupler, reducing its rejl’ectivity to LB (1- foe), and

(c) in front of the output coupler, producing a single
attenuation factor Le

The Los Alarnos computer codes perform zero-

dimensional calculations based on the kinetics model of

Johnson et al. (1979). They carry out the time integration

of the system of equations consisting of Eqs. (4) and the

collection of chemical rate equations [which includes Eq.

(2)]. The reaction constants used in our model calculations

are given in Table 1 (at the end of this article). When the

entire laser cavity is treated as a single gain sheet in zero

dimension, we assume that the instantaneous laser output
flux $Out is related to the internal fluxes by

@out = ($++ 0-) (-.5 Ln (1 -foe)) . m

Here foc is the output coupling fraction given by (1 -

RIR2), where R1 and R2 are the reflcctivities of the

primary and secondary mirrors, respectively, with RI =1 by

assumption.

2 Inertial Conj%wvnent Fusion at Los A.?wnos: l%vgmss Since 1985
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The initial conditions in each gain sheet include the

original concentration of the stable gas constituents

(Table 2) as well as the time derivatives for the production

of the ions and metastables of argon and krypton at time

t = O. To obtain these derivatives, W-values are used to

partition the input power density into the production of

ions and metastables of Ar and Kr. As boundary conditions

on the intracavity photon flux, we require that the number

of photons that leave one gain sheet (in either direction)

enter the next gain sheet or be reflected, absorbed, or

transmitted with specified ratios at each optical component

encountered.

TABLE 2. Species and Energies (eV)

Species Energy (eV)

Ar
Kr
F2
F

L
W*
K+

fi2+
fiF*

F-
fi2F*
~2*
~+
&2+

ArKr+
W*

AN
&2*

ArI@
~F*

ArKrF*
Ar2F*
hv248
hv248s
hv 193
hv282
hv203
hvl12
hv136
hv238
hv 123

0.0
0.0
0.0
0.8
0.0

9.98
11.50
14.00

12.90
5.90

-2.66
4.40
9.11

15.76
14.50

13.62
13.00
11.76

11.079
10.10
7.24

5.6
6.1
5.0
5.0

6.45
4.41
6.12

11.09
9.14
5.22
10.1

The detailed coordination of zero-dimensional time

integrations at discrete points to simulate a continuous

one-dimensional treatment proceeds as follows: The basic

time interval At is the time required for light to traverse

one gain sheet. The time integration of the system,

consisting of the two Eqs. (4) and the set of chemical rate

equations, is performed independently in each gain sheet

between the same two fixed instants, t to (t+ A t).For

the next time increment, (t + A t) to (t + 2A t ), a

photon propagator routine satisfied the boundary conditions

by reevaluating the last term on the right side of Eqs. (4)

for each gain sheet. That is, for the intermediate zones

(numbered 2 through 7 in Fig. 2) the number of laser

photons moving to the right transferred to the next zone on

the right, and the number of photons moving to the left

transferred to the next zone on the left. For zone 1, the

number of photons moving to the right passed to zone 2,

while those moving to the left reentered zone 1 as nght-

moving photons but reduced in density by the reflectivity

factor for the primary mirror and the absorption of the

unpumped gas region. At the other side of the cavity, a

similar treatment is employed with the added condition that

the reflected photons are further reduced by the output

coupling fraction. The right-moving photons that leave
the cavity are reduced by the factor (1 - foc ).

Although kinetics calculations have been performed in

each gain sheet individually, the zones are not independent.

The bidirectional propagation of photons and the flux-

dependent photochemical reactions link any zone with the

zones adjacent to it on either side. These connections are

relatively weak kinetically because the depletion of the

most important species that absorb 248.5-rim photons,
such as F2 and Ar2+, occurs more rapidly through other

quenching mechanisms.

In the present model, we have represented absorption
of laser radiation due to neutral F2 gas in the two

unpumped volumes A and B (see Fig. 1) by calculated loss

factors in the primary mirror and output coupler,

respectively, for the model cavity shown in Fig. 2. The

results from applying the above methods to the large-

aperture module of the AURORA laser are shown in Fig.

3.

Inertial Cm@wnent Fusion atkkw.4fom0.w Progn?sa Since 1985 9
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I

Gas Density = 0.72 amagat
Initial F2Fraction = 0.005
f= -0.88

L

Theory

/
‘e

●
●

o I I
o 0.04 0.08

Deposited Energy Density (J/crn3 )

Fig. 3. LAM laser output jluence (248.5 nm) as a

function of the electron energy deposited in the gas

mixture. The dots indicate measurements. The curve

represents a one-dimensional calculation in which the pulse

duration is fixed at 0.64 p.r and the input power density

varies from O to 187.5 kWlcnd; for this curve a power

threshold occurs at-25 kWlcnd. Further details of the

model calculations are discussed in the text.
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TABLE 1. KrF Kinetics Reactions

Reactants Products Rate Constant* Source

PUMPING REACTIONS
Ar
Ar

Ar
Kr

Kr

KrF FORMATION REACTIONS

Kr+ + F- + [m]

Kr2* + F2
&F* + Kr

Kr** + F2

Kr2+ + F-

ArKr+ +F_

ArKr* + F2

Kr2* + F2

KrF QUENCHING REACTIONS
RF* + Kr

~F*+~+~

KrF* + F2

fiF*+fi+~

~F* + e-

fiF*+fi+~

ELECTRON REACTIONS

F2 + e-

Ionization

F2 + e-

F+e-+ [m]

Kr* + e-

Ar* + e-

I@* + e-

Ar** + e-

+@
+ A@*

+Ar++e-
+ K@

+Kr++e-

+ KrF* + [m]

+ KrF*+F

+ KrF* + Ar

+ KrF* + F

+KrF*+Kr

+KrF*+Ar

+KrF*+Ar+F

+KrF*+Kr+F

+Kr+Kr+F

+ ArKrF* + Ar

--+ Kr+F+F2

+ Kr2F* + Ar

+Kr+F+e-

+ Kr2F* + Kr

+F+F+e-

-+ F-+F

+F_+ [m]

+Kr++e-+e-

+Ar++e-+e-

+Kr++e-+e-

-+Ar+ + e- + e-

1.0 pump
1.0 pump

1.0 pump
1.0 pump

1.0 pump

2.e- 6

8.1e-10

7.5e-10

8.0e-10

2.0e- 6

2.0e- 6

6.0e-10

3.0e-10

2.e-12

8.0e-32

0.45e-9

6.5e-31

1.0e-7

2.9e-31

1.2e- 9

2.5e- 9

1.oe-12

1.2e- 8

1.7e- 8

7.0e- 8

4.4e- 8

Reference 1

Reference 2

Reference 3

Reference 4

Reference 5

Reference 6

Reference 7

Reference 8

Reference 9

Reference 10

Reference 10

Reference 10

Reference 10

Ine&”d C@inement Fuswn at Los Ahmos: -ss Since 1985 5
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TABLE 1. KrF Kinetics Reactions (cent’d)

Reactants Products Rate Constant* Source

Inelastic Scattering
Kr* + e-

A@+e-
Kr* + e-

+Kr + e-

+Ar -t e-

+Kr** + e-

9.0e- 9 Refenmce 10

5.e- 9

4.8e- 7

3.7e- 7 Reference 10

8.0e- 7

9.0e- 7

l.Oe- 7

7.7e- 8

1.1e-7

l.oe- 7

3.0e- 6

l.oe.- 6

2.0e- 6

2.5e-31

2.5e-31

1.oe-31

2.5e-31

2.5e-31

3.oe-11

7.5e-10

3.2e-10

1.oe-33

1.oe-33

8.5e-10

4.oe-lo

5.2e-10

5.oe-lo

2.oe-lo

1.9e- 9

1.3e-10 Reference 15

+Ar** + e-Ar* + e-

fi** + e-

#@* +. e-

Kr2F* + e-

+Kr* + e-

+@ + e-

+Kr+Kr+F+e-

Recombination

Ar2+ + e-

Kr2+ + e-

ArKr+ + e-

Ar+ +F-

+A1-’ +-Ar

+Kr** + Kr

+Kr** + Ar

+ArF*

Reference 11

Ar2+ + F- +ArF* + Ar Reference 12

ArKr++ F- +ArKrF*

ION REACTIONS

Ar++Ar+Ar

Ar++Kr+Ar

Kr++Ar+Ar

Kr++Kr+Kr

Kr++Kr+A

Ar+ + Kr

Ar2+ + Kr

ArKr+ + Kr

+Ar2+ + Ar

+ArKr+ + Ar

+ArKr+ + Ar

+I@+ + Kr

+I@+ + Ar

+Kr+ + Ar

+Kr++Ar+Ar

+I@ + Ar

F+ F+Ar

F+ F+Kr

+F2 + Ar

+F2 + Kr

+ArF* + F

+ArF* + F

Reference 1Ar* + F2

Ar2** + F2

Ar2* i- F2 +Ar2F* + F Reference 13

Reference 14Kr2* + F2

Kr2F* + F2

ArF* + F2

+Kr2F* + F

+Kr+Kr+F+F2

+Ar+F+F2

Ar2F + F2 +Ar+Ar+F+F2

6 Inertial ConfhementFusion atbs Abnom Pfogrws Since 1985
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TABLE 1. KrF Kinetics Reactions (cent’d)

Reactants Products Rate Constant* Source

ArKrF* + F2

Ar*+Kr

Ar** + Ar + Ar

Ar2* + F

Ar2* + Kr

ArF* + Ar + Ar

Ar2F* + Kr

ArKr* + Kr

ArKrF* + Kr

THREE BODY NEUTRAL

Ax++ Ar+Ar
Ar*+~+~

fi*+~+Ar

~+ Kr+Kr

Kr*+Ar+Ar

SPONTANEOUS EMISSION

Emitter

fiF*
*F*

fi2F*

Ar2F*

&2*

Kr2*
ArKrF*

Arm

ABSORPTION REACTIONS

Absorber
KrF* + hv248

F2 + hv248

F-+ hv248

Kr2+ + hv248

Ar2+ + hv248

Kr** + hv248

+Ar+Kr+F+F2

+Ar + ~

+Ar2* + Ar

+ArF* + Ar

+Ar+Ar+K@

+Ar2F* + Ar

+ArKrF* + Ar

+Kr2* + Ar

+Kr2F* + Ar

+Ar2* + Ar

+ArKr* + Ar

+Kr2* + Ar

+Kr2* + Kr

+ArKr* + Ar

Products

+Kr + F + hv248s
+Ar+ F + hv193

+Kr + Kr + F hv282
+Ar + Ar + F + hv203

+Ar+Ar+hvl12

-+Kr+ Kr+ hv136
+Ar+ Kr+ F+ hv238

+Ar Kr+hv123

Products
+Kr+F+ hv248 + hv248

+F+F

-F + e-

+Kr+ + Kr

+Ar+ + Ar

+Kr+ + e-

2.oe-lo

6.2e-12

1. le-32

3.oe-lo

4.oe-lo

2.0e-31

I.oe-lo

l.oe-lo

l.Oe-10

1.14e-32

1.0e-32

1.0e-32

1.0e-32

1.0e-32

Rate Constant (s-l)

1.49e8
2.5e8

6.7e6
5.4e6

3.3e5

3.3e6
5.0e7

3.0e6

Cross Section (cm2)
2.64e16

1.43e_20

5.6e-19

6.oe-18

1.22-17

4.5e-l 8

Reference 14

Reference 1

Reference 3

Reference 3

Reference 16

Reference 17

Reference 3

Some

Reference 14

Reference 14

Reference 14

Reference 3

Reference 3

Source
Reference 18

Reference 19

Reference 20

Ine&”al Conjhement Fusion aths Ahmos.. Fmgrem Since 1986 7
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TABLE 1. KrF Kinetics Reactions (cent’d)

Absorber Products Cross Section Source

A@* + h~248 +Ar+ + e- 4.8e-l 8 Reference 19

Kr2F* + hv248 +Kr+F+Kr 1.7e-l 8 Reference 18

ArKr+ + hv248 +Ar+Kr 1.5e-17 Reference 21

ArKrF* + hv248 +Ar+Kr+F 1.5e-17 Reference 22

Kr2* + hv248 +Kr2+ + e- 1.4e-18 Reference 22

fi2* + hvzbg +Kr+Kr 3.2e-18 Reference 23

I@+ hv248 +Kr+ + e- 5.7e-19

Ad’ + hv248 +Ar+ i-e- 3. 18e_20 Reference 24

Ar2* i- hv248 +Ar+Ar 1.oe-17

Ar2* + hv248 +Ar2+ + e- 0.5e-l 8 Reference 24

* Units are either cm3/s or cm6/s.
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IV. KrF LASER KINETICS

C. COMPARISON OF MODEL RESULTS WITH GAIN
AND ABSORPTION MEASUREMENTS

Andrew W. McCow~ Thomus P. Turner, Burton J. Kiohq
Evan A ltbsq and Dauid E. Hanson

SMALL-SIGNAL GAIN ON THE
AURORA

Small-signal gain (SSG) experiments were carried out

on the Small Aperture Module (SAM) from October 18 to

October 24, 1988, by the laser physics section. The intent

of the experiments was to determine the effect on the small-

signal gain of recent upgrades to the SAM to be able to

predct extraction performance, to characterize the electron-

beam pumping of the SAM and compare it to Monte Carlo

(MC) calculations, and to conduct other laser physics

experiments within the allowed time frame. The following

is a list of the experiments that were accomplished:

.
●

●

✎

✎

✎

●

●

●

photodiode calibrations;

effect of leading edge (spike) of front-end pulse on SSG;

SSG vs distance from foil (x) at y = O (vertical

centerline);

SSG vs vertical position (y) 15.3 cm from the foil;
SSG vs total gas pressure for 0.3% F2, 10% Kr mix;

SSG vs F2 density for 10% Kr, 600 torr and 900 tom

mixes;

measurement of the fraction of deposited energy lost to

fluorescence
effect of C02 on SSG; and

absorption at 248 nm of pure Ar vs Ar + 10 torr Xe at

900 ton.

Inert&d Con@mz.ent Fusion at i%sAbnos: Progress Since 1986

SAM Characteristics

Physical Dimensions (in cm)

Length (window to window, z direction) . . . . . . . . . . . . . . 119.4
Height (y direction) .. ... ... .. ... . .. . ... .. ... . ... .. .. ... .. .. .. 9.1
Depth (foil to back wall; x direction) .............. ..... 22.2
Whdow aperture .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11.1 x 11.1
Foil to edge of aperture ..... ... ... .. .... ... ... .... .... .... ... 6.0
Gas Volume .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50.5 liters

Foil Dimensions (in cm)

Thickness (Titanium) . . . . . . . . . . . . 2 mil
Length .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100.0
Height . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12.0

Electron-Besm

Charge voltage .. . .. . . .. .. . .. . . . . .. . . . .. . . . .. . . . . .. . . . . . .. 70 kV
Pe*ela@on energ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320 keV
Peak current density (into the gas) .. . . . . . . . . . . . . . . 25 A/cm2
Pulse width .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150 ns full width

at half maximum

Magnetic guide field ... .. ... .. .. . .... . ... ... ... .. ... .. .. none

ExperimentalSe&up

The experimental apparatus used in the experiments is

displayed in Fig. 1. The AURORA front end provided a

5-nspulse,showninFig.2, thathada sharplyrising

1
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leading edge (risetime<100 ps). A fraction of the pulse

was intercepted after exiting the Lambda Physik EMG-150,

and broken up into five beams, one of which acted as a

reference. The other four beams were dkected through the

SAM rear window in a configuration given in Fig. 3. (The

full reflector which makes SAM a two-pass amplifier was

removed to facilitate these experiments.) After exiting the

SAM, the four beams were reduced in intensity and reflected

into separate photodiodes (PDs). Timing was controlled in

the AURORA control room, and the front end was timed so

that the probe pulses arrived at the SAM at the peak of the

SAM fluorescence. The estimated intensity of the beams at

the SAM input aperture was <1 kW/cm2, chosen so that

even a gain of 100 would result in an output pulse intensity
that was well below Isat (-1 MW/cm2), to confine the

measurements to the small-signal regime.

Front End

Q

150
Marx

,>robe’ffi==a
+*$ ‘a”;::ence

m’-’’-=’==:==
PE!!EEl

C. COMPM?ISON OF MODEL RESULTS
WITH GAIN AND ABSORPTION MEASUREMENTS

I“’k’”l

-420 ns+

Fig. 2. Temporal waveform of a typical probe pulse. The

height of the leading edge is not known at this time. The

FWHM of the main pulse (neglecting the spike) is 5 ns.

-9.530

Fig. 1. Diagram of the experimental apparatus. The

AURORA j5-ont end provided a 248-rim Iaserpulse, which

was divided into fourprobe beams and a reference. Neutral

density (ND) filters (not shown) reduced the beam

intensities to levels suitable for detection by PDs.

1

I

I I

Aperture

2m

■ l 3B

4-

I

I

5 10 15 20

Distance from Foil (cm)

Fig. 3. Positions of the four probe beams as they travel

through the SAM. Beams 1 and 3 are 7.5 cm apart, and

beams 2 (or 4) and 3 are separated by 4.5 cm. The beam sets

1,3 and 2,3,4 were centered within the aperture. The outer

box is a cross section of the laser chamber and the inner box

is the size of the window.

Small-signal gains were determined by dividing the peak

intensity of the probe beam that resulted from tiring both the

front end and the SAM by the peak intensity of the probe

beam in the absence of firing SAM. In both cases, a laser

mix was present in the SAM. This results in a SSG
measurement that does not include the effects of F2

absorption, but does include other e-beam generated small-

signal absorption. Normalization to a constant reference

signal was carried out to account for shot-to-shot

fluctuations in the front end output, and typically three to

four shots were taken on any one laser mix before any

significant degradation in the gain was observed. The

sidelight fluorescence was also monitored on every shot, as

2 Inertkzl Confinement Fusion atibs Akunos: Prog?ws Since 1985
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well as the pressure rise, which was measured with a

capacitance manometer and strip chart combination

(measured response time : S10 ins). There was a very strong

comelation between pressure rise and pulse width for equal

pressure mixes, as one would expect, providing a simple

diagnostic for the firing time of the diverter.

Results

Of utmost concern in these experiments was keeping

signal levels low enough to avoid saturation, while still

being able to detect unamplified signals. Because the

sattuation behavior of the photodiodes (PDs) had not been

previously examined, the first experiment undertaken was to

determine the saturation level of each of the PDs. As seen

in Fig. 4, the reference PD remained linear up to an output

of 1200 mV. The responses of PDs 1 through 4 are

presented in Figs. 5 and 6. For this data, the reference signal

was kept below 200 mV, and the ordinate is the fraction of

the maximum voltage that was detected. The lines are the

expected outputs from the PDs when they operate in the

linear regime. As can be seen, PDs 1-3 deviate from a linear

response at about 2 volts while PD 2 goes into saturation

above 1 volt signal levels. Therefore, all amplified signals

were kept below 1 volt, and the reference signal was

maintained at 800 mV.

L

s 800 -

g
0
~ 600 -=

s
s
u 400 -

200 -

0
0 40 80 120 160

PD 4 Voltage (mV)

Fig. 4. Reference PD output plotted against PD 4 output

showing linearity of reference PD up to 1,200 mV.

Inertial ConfinementFuswn at LasAbnos: ProgressSince1985

1.0 -, , I , ~
❑

PD 1 (Vmax = 5.4 V) A

0.8 -

a

~ 0.6 -
>
m.

z 0.4 -
n PD 3 (Vmax = 4.8-V)

10
I I I I i

“o 0.2 0.4 0.6 0.8 1.0

Referenea Voltage (xl 00 mV)

-. .

0.2

l!!!!!!

~.

n

Fig. 5. Output volta,qes of PDs 1 (~) and 3 (A) as a

function of reference signal. The lines show a linear

response. A value of 1 on the ordinate axis correspond to

5.4 volts out of PD 1 and 4.8 volts out of PD 3. The

photodiodes are linear to about 2.0 volts. The factor of ten

refers to the removal of an ND jilter (1.0) in front of the

reference PD to increase its sensitivity.
v

1.0

0.8 -

0 0.2 0.4 0.6 0.8 1.0
Reference Voltage (xl 00 mV)

Fig. 6. Output voltages of PDs 4 (El) and 2 (A) as a

function of reference signal. The lines show a linear
response. A value”of I on the ordinate axis corresponds to

5.9 volts out of PD 4 and 4.8 volts out of PD 2. The

photodiodes are linear to about 2.0 volts. The factor of ten

refers to the removal of an ND jilter (I .0) inj3-ont of the

reference PD to increase its semitivity.

The major unknown in the experiment was what effect

the gain spike on the leading edge of the front end pulse

would have on the measured gain. Be~ause the actual height

of the spike in relation to the rest of the pulse has never

been measured (due to instrument limitations), it wasn’t

clear whether the intensity at the peak of the spike would ,“

saturate the gain. To test this, the probe input intensities ~: ‘

were lowered using neutral density filters, and the gain was

3
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measured. Reducing the input intensity by over an order of

magnitude had no effect on the measured gains. Therefore,

the peak intensity was still small enough that the small-

signal gain could be measured. In addition, a comparison

was made between the power gain measured from the peak

intensities, and the energy gain, measured by integrating the

detector current. Good agreement was found between the two

techniques.

The small-signal gain at probe positions 1 and 3 is

illustrated in Fig. 7. These results were obtained for a 0.3%
F~lO% Kr (balance Ar) mix at a total pressure of 900 tom.

The data points are along the vertical centerline (y= O), and

give an indication of how the pump power drops as the

electron beam progresses into the gas. The extractable

volume is between the dashed lines. There is nearly a factor

of two between the gain closest to the foil and the gain

toward the rear, with values of 3.790 and 1.9%/cm,

respectively. Several data points were averaged in

determining these values. Uncertainties in the data are

estimated to be M10590/cnx the uncertainty is relatively low

because of consistent data. The effects of pressure on the

gain will be considered later, but more uniform gains would

be achieved by either reducing the total pressure or by

increasing the electron energy.

h
10% Kr, 0.3% F2 I

55
Bal Ar to 900 torr

g4

.5 /

/
1

~1 :-1

o
I 1, I [ I 1 1

0 5 10 15 20
Distance from Foil (cm)

Fig. 7. Small-signal gain (not including F2 absorption) 7.8

cm and 15.3 cm from the foil along y = O. The gas
composition was 0.3% F2I1O% Kr (balance Ar) to 900 torr.

The edges of the windows are indicated by the &shed lines.

The solid curve is the Monte Carlo calculation of energy

deposition by 320 keV electrons in the gas normalized to the

gain value at 7.8 cm.

Also shown in Fig. 7 is an MC calculation of the

energy deposited per cm by 320 keV electrons into the gas

mix. The results of the code have been normalized to a

value of 3.7 at a distance of 7.8 cm from the foil to compare

with the gain results. There is excellent agreement between

4
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the variation in gain across the e-beam direction and the

predicted electron energy deposition for 320 keV electrons.

The variation in gain in the vertical direction at a

distance of 15.3 cm from the foil (positions 2,3 and 4) is

depicted in Fig. 8 under the same conditions as were given in

Fig. 7. The left edge of the box is the location of the

bottom of the gas box, and the right edge is the location of

the top of the gas box. The extractable volume is between

the inner dashed lines, and the outer dashed lines show the

edges of the foil (located at x = O). The MC results again

show excellent agreement with the measured spatial

dependence of the gain. Although the gain appears to be

fairly uniform, there is an appreciable amount of e-beam

energy deposited outside of the extractable volume, a

consequence of the lack of a guide field. From the MC

calculations, only about 27% of the total energy that is

deposited into the gas is deposited in the extractable region.

This includes about 45% of the total energy deposited

between the dashed lines in Fig. 7 (x direction) and 60% of

that energy deposited between the imer dashed lines in Fig.

8. l%erefore, a guide field could conceivably increase the

gains by -70Y0.

2.5 II 1 11
II II

-i? 2.0 - II II

: II
~ II
.s 1.5 -
~
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q
. II
E L iirn 0.5 ,,

ii11 -1
I

II
Foil 114

Aperture
II

Al I

Fig. 8.

“-9.53 o 9.53
Distanea from Verticaf

Centerline (cm)

Variation of the small-signal gain in the vertical

direction 15.3 cmj70m the foil. The gas composition was
0.3% F2110% Kr (balance Ar) to 900 torr. The edges of the

windows are indicated by the irmer dashed lines, and the

edges of the foil are marked by the outer&shed lines. The

solid curve is the Monte Carlo calculation of energy

deposition by 320 keV electrons in the gas normalized to the

gain value at y = O.

The effect of total gas pressure [0.3% F~lO% Kr

(balance Ar)] on the small-signal gain at positions 1 and 3 is

disclosed in Fig. 9. Near the foil, the gain peaks at 900 torr,

and 15 cm from the foil, the gain peaks at 700 torr. As

mentioned earlier, a more uniform gain across the aperture in

Inertiulconfinement hswn at ihs~: prvgre8s Since 19&%
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the electron-beam direction would be achieved by dropping

the total pressure at the expense of the total gain of the

system. However, saturation of the gain medium closer to

the foil by the extracting beams will reduce the

nonuniformity somewhat, and similar pump profiles in the

PA and IA will act to smooth out the nonuniformity in the

energy distribution of the beams.

4) 1 I 1 I

(r~
600 700 600 900 1000

Pressure (torr)

Fig. 9. Small-signal gain 7.8 cm (W) and 15.3 cm (A)

ji-om the foil along y = O as afinction of total gas pressure.
The gas composition was 0.3% F2I1O% Kr (balance Ar).

Figure 10 demonstrates the insensitivity of the gain

variation in the y direction to changes in pressure. As the

pressure increases from 7CQ tom, the gains at positions 2 and

3 both drop at about the same rate.

■

A
■

A

■ Center

A TOP Io~
600 700 600 900 1000

Pressure (torr)

Fig. 10. Snudl-signal gain at y = O (H) and y = 4.5 cm

(A) 15.3 cm from the foil as a function of total gas
pressure. The gas composition was 0.3% F2I1O?6 Kr

(balance Ar).

The dependence of the gain at the front probe position

(1) on fluorine fraction is displayed in Fig. 11 for total

pressures of 900 and 600 torr. The gain is insensitive to

fluorine fractions above 0.19. and up to 0.3% for the 900

torr mix and at least 0.5% for the 600 torr mix. Because the

effect of F2 absorption is not included in the gain

measurement, running with a smaller F2 fraction will result

in a larger net gain and a larger gain-to-loss ratio. A

comparison of the gains at the front and rear probe positions

(1 and 3; y = O) for a total pressure of 900 torr is shown in

Fig. 12 and 600 torr in Fig. 13. The ratio of front-to-rear

gains remains constant down to fluorine fractions of -0.05,

below which fluorine bumup at the front probe position may

be prematurely terminating the fluorescence there.

4 1 ■dm I 1 [
E=

gw
900 torr ■

A

oo~
0.6

Fluorine Fraction (%)

Fig. 11. Small-signal gain 7.8 cm from the foil along

y = O as ajimction ofjluorine fraction for total pressures of
900 (H) and 600 torr (A). The gain is insensitive to F2

fraction over a wide range.
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Fluorine Fraction (%)

Fig. 12. Small-signal gain 7.8 cm (H) and 15.3 cm (A)

from the foil along y = O as a function offluorinefiaction at

a total pressure of 900 torr,
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‘“:~
o 0.1 0.2 0.3 0.4 0.5 0.6

Fluorine Fraction (%)

Fig. 13. Small-signal gain 7.8 cm(H) and 15.3 cm (A)
ji-om the foil along y = O as ajhnction ofjl’uorinefiaction at
a total pressure of 600 torr.

The discovery of C02 in the LAM and its role in

reducing the small-signal gain and sidelight fluorescence led

to an idea for measuring the fraction of energy deposited by

the electrons in the gas which is converted tv fluorescence.

This is an important measurement, because in order to

determine the intrinsic efficiency (laser energy out /deposited

energy) of an e-beam pumped KrF laser, one has to know

how much energy is deposited into the gas. Currently, this

is calculated from the pressure rise, and any energy which is

transformed to fluorescence is not converted to hea~ and

therefore does not contribute to the pressure rise. No direct

measurement of this fraction had been made, and a

determination of the total energy deposited, and hence the

intrinsic efficiency, relied on computer code predictions.

An experiment was conducted on the SAM in which the

sidelight fluorescence and p~sure rise were measured at
various C02 pressures. As seen in Fig. 14, in the absence

of C02, the peak sidelight fluorescence intensity (248 nm)

has been normalized to 1.0, and the pressure rise was 67.3

torr. Each data point is the average of four shots, normalized

to identical pulse lengths (140 ns) and argon pressures. As
C02 was added to the gas mix, the peak fluorescence

intensity dropped while the pressure rise increased. A plot of

pressure rise versus peak fluorescence intensity allowed the

fraction of deposited energy converted to fluorescence to be

determined, as seen in Fig. 15. Extrapolating the data to

zero fluorescence gives a pressure riseof81.9 tom, which

corresponds to an 18% conversion of deposited energy to

fluorescence. This number is actuidly in good agreement

with code predictions. However, further experiments need to

be performed in order to show that fluoresces other than the

KrF(B) state contribute negligibly to the sidelight
fluorescence (in particular, C02). Small-signal gain as a

function of C02 pressure is illustrated in Fig. 16.

l%e absorption of e-beam pumped rare gases has been a

topic of interest in trying to benchmark computer kinetics

codes. The nonuniform energy deposition in the e-beam

direction on the SAM allowed us to measure absorption at

248 nm at two different pump powers during the same shot.

Results are given in Figs. 17 and 18. The top two data

points of Fig. 17 are the absorption measured at poshions 1
and 3 during a shot into 900 torr of argon. Whereas the gain

(which is proportional to pump power) measured at the

front probe was 1.95 times larger than the gain at the rear,

the ratio of absorption was only 1.7, indicating that the

absorption coefficient is not quite linear with pump power,

which has also been observed in rare gas absorption

experiments on the electron-gun test facility. The

ydependence of the absorption is depicted in Fig. 18. It also

resembles the ydependence of the gain.
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Fig. 14. Dependence of pressure rise (A) and peak
fluorescence intensity (D) on C02 pressure for a 0.3%
F211070Kr (balance Ar) mix at a total pressure of 900 torr.

The peakjluorescence intensity in the absence of C02 has

been normalized to 1. The curves display the same

jhnctiorral dependence.
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Peak Fluorescence

Fig. 15. Plot of pressure rise against peak fluorescence
intensity for a mix containing 0.370 F2110qo Kr (balance Ar)

at a total pressure of 900 torr. C02 has been atkied to the

gas mix to derive the data. The straight line is a linear least

squares fit to the &ta, and a simple calculan”on yiela3 a result

of 18qo for the amount of deposited energy that is converted

to fluorescence.
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Fig. 16. Small-signal gain 7.8 cm from the foil as a
function of C02 partial pressure for a 0.3% F2I1O% Kr

(balance Ar) mix at 900 torr.
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Fig. 17. Absorption 7.8 cm (H) and 15.3 cm (A) from the

foil along y = Ofor a pure Ar andAr i- 10 torr of Xe gas

mix at a total pressure of 900 torr. The edges of the

windows are indicated by the dashed [ines.
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Fig. 18. Variation of the absorption in the vertical direction

15.3 cmfiom the foil for a pure Ar and Ar + 10 torr of Xe

gas mix at a total pressure of 900 torr. Probe positions were
4.5 cm above (H), 4.5 cm below (~), and along the

vertical centerline (A). The edges of the windows are

indicated by the inner&shed lines, and the edges of the foil

are marked by the outer&shed lines.

The effect of adding 10 torr of xenon to the argon is also

demonstrated. The significant drop in absorption is caused

by excitation and charge transfer from argon to xenon

absorbers which have much smaller absorption cross

sections at 248 nm. Xenon was added to the argon in an

attempt to create an excited gas which would absorb weaMy

at 248 nm.
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Discussion

A factor of 2 difference in gain for a standard laser mix
at 900 torr has been measured between points 7.8 and 15.3
cm from the foil. This is also predctcd from MC
calculations for electron energy deposition using an electron
energy of 320 keV. The MC code also accurately predicts
the y-dependence of the gain at a distance of 15.3 cm from

the foil. However, according to code calculations, only 36%

of each electron’s total energy is deposited into the gas, and
the total energy that is deposited (Ed) can be calculated

from the expression

Wg*Io’r=Ed,

where Wg is the energy deposited per electron (1 14. I keV),

I is the peak current going into the gas, and z is the pulse

width (150 ns). If one calculates the deposited energy from

the pressure rise, an anomalously high current density of

-42 A/cm2 is derived from the above equation. In addition,

if the deposition calculations are correct, the same large

value of current must be incident on the foil in order to

generate a pump power large enough to produce a gain (as

calculated by the KrF kinetics code) of 3.7%/cm at a distance

of 7.8 cm from the foil. On the other hand, rogowski coil
measurements of the total current passing through the
cathode bushing imply a maximum current density of
-25 Afcm2, assuming a 65% transmission of current
through the hibachi support structure. The possible
explanations of this discrepancy areas follows:

1. The current density in the gas is larger than one would
expect from the rogowski coil measurement;

2. The rogowski coil is not calibratd,
3. The initial electron energy is higher than 320 keV,
4. The code is not calculating the energy deposition

5.

6.

conectly. A higher fraction of energy deposited into the

gas will require a smaller current to yield the same
deposited energy
Less energy is being deposited into the gas than the
pressure rise measurement indicates; and
Some combination of the above is operating.

In response to 5 above, typical pressure rises of 70 tom

were observed for pump pulses of 150-ns FWHM duration

into a 900-torr mix. This corresponds to art energy

deposition of-860 J using an 18% correction for energy
converted to fluorescence. If Monte Carlo results are used
only to determine the relative deposited energy density, a
total energy deposition of 860 J would result in pump power
at the front probe position that would be expected to produce

8
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a gain of-3.7%/cm. Therefore, although lowering the

energy deposited into the gas would decrease the current
calculated from (1), it would also result in a smaller gain
than 3.7%/cm.

The presence of a magnetic guide field would not only
increase the gain in the extractable region, but it would also
improve the energy deposition uniformity in both the x and
the y directions. However, the effects of beam rotation and
distortion would have to be weighed into the decision of
whether or not to add the magnets back onto the SAM.

Ar and Kr ABSORPTION MEASUREMENTS

Rare gas absorption experiments have been conducted at
the electron-gun test facility (EGTF) in an attempt to
benchmark the KrF kinetics code in the absence of fluorine.
Electron beam pumped argon and krypton at densities of 2,
1, and 0.5 amagats wem probed for absorption with a
248-rim beam. The pump power was varied by reducing
both the gas density and the current density into the gas. In
addition, the temporal dependence of the absorption in 2 and
1 amagat of argon was measured, providing an effective
lifetime of the late time absorber. Calculations using the
KrF kinetics code (with no F2) have been made and are

compared to the data.

EGTF characteristics

Chargevoltage 45 kV
Peak electron energy 400 keV
Peak current density (into the gas) 50 A/cm2
Foil thickness (titanium) 1.5 mil
Pulse width 180 to 200 ns
Magnetic guide field 1.5 kG
Electron-beam aperture 3.5 x 8.0 cm2

~enti%~

Theexperimental apparatus used in the experiments is
illustrated in Fig. 19. A Lambda Physik EMG-101

excimer laser (308-nm output) pumped a dye laser whose

output was frequency doubled and tuned to 248.4 nm. The

--5-ns full width at half maximum (FWHM) beam was
transmitted through a gap between two concrete slabs and
reflected onto a 50% beamsplitter. Half of the beam (probe)
was dkected through the absorption cell in a three-pass setup
while the other half (reference) bypassed the cell. The two
beams were then reflected onto the same photodiode, whose
output was directed into a fast oscilloscope. The difference
in path length of the beams resulted in a -23-ns separation
of their leading edges, with the reference beam arriving at

Inert&d Confinement Fusion at Los Abnom Plvglws since 1985
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the photodiode first. Neutral density filters reduced the

intensity of the probe beam to -50 kW/cm2 as it entered

the gas cell on its first pass.

Fig. 19. Diagram of the experimental apparatus. A

248.4-rim beamfiom a frequency-doubled dye laser probed

the e-beam pumped argon or krypton gas three times before

being detected by a photodiode. A reference beam bypassed

the cell and was reflected into the same photodiode 23 ns

earlier than the probe.

Electrons that were ejected from the hemispherically

shaped cathode traveled past the wire anode/hibachi/foil

structure and deposited energy into the gas. A stainless steel

plate having a 3.5 x 8.0 cm2 aperture was located 5.1 cm

from the foil and served to define a uniformly pumped

region of gas. The current density that was transmitted

through the aperture could be measured with a faraday cup

when the gas cell was pumped to a vacuum. It was also

possible to reduce the current density by a factor of 2 or 4.3

by mounting one or two stainless steel screens between the

foil and the aperture plate. The probe laser beam was

aligned slightly past the aperture plate, at a distance of

5.8 cm from the foil, and ran transverse to the electron

beam, furnishing a single-pass absorption length of 8 cm.

The temporal delay between the firing of the e-beam and

laser was controlled with a digital delay generator. A

capacitance manometer determined the pressure rise in the

gas for each shot.

1.

2.

3.

4.

5.

The absorption measurement was performed by

filling the gas cell with the appropriate density of argon

or krypton;

taking a number of ref/probe reference waveforms,

ffig thee-beam and recording the ref/probe data
waveform;

repeating for a total of three shots on a fill;

re-taking a number of ref/proh reference waveforms;

6.

7.

8.

averaging the ref/probe peak intensity ratio from step 2

and step 5;

dividing the average reference/probe ratio from step 6 by

the ref/probe peak intensity ratio in step 3. (This

corresponds to the transmission of the probe beam
through the e-beam pumped gas; T = I /L-J, and

calculating the absorption: a = - in(T)/ L for a three-

pass length of 24 cm.

Because the same photodiode detected both the reference

and probe beams, the uncertainty in the reference-to-probe

ratio was small, typically k 3?40, which translated into an

uncertainty in the transmission of ~ 5%, giving an

uncertainty in the absorption coeftlcient of k 0.2 Y0/cm.

These uncertainties represent a standard deviation from the

mean. However, shot-to-shot variations in the e-beam

increase the uncertainty to+ -0.3%/cm. Typical photodiode

waveforms of the reference and probe beams without and

with the e-beam are given in Fig. 20.

I Ref. Probe

u

20 ns

50 ns

Ref.
7 “

At. 200 ns

Fig. 20. Photodiode wmeforms in the absence and presence

of the e-beam. The top waveform displays the reference and

probe beams when the e-beam is not fired, while the lower

trace demonstrates the effect on the probe beam when

absorption takes place. The upper trace is expanded

compared to the lower by a factor of 2.5, and the time dekzy

between tho m-rival of the e-beam at the gas cell and the

probe beam on its second pass (lower trace) is 200 ns.
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Data was taken under the following experimental

conditions:

Gas Density Current Density

Argon 2 amagats 50,25, and 12 A/cm2

1 amagat 50 and 25 Afcm2

0.5 amagat 50 AJcm2

Krypton 2 amagats 50 and 25 AJcm2

1 amagat 50 AJcm2

Results

Knowledge of the peak pump power is necessary to

make code calculations of the abso@ion. Because of the

nature of the cathode, the pressure rise technique was not

used to determine deposited energy, since the pump power

over the gas cell is very nonuniform. The two techniques

that were employed in these experiments to measure the

peak pump power were

. measuring the energy deposited into radiachromic (RK)

film at the position where the absorption measurement

was made, and determining the pump power from the

temporal halfwidths of voltage and current waveforms,

and
. measuring the current density and determining pump

power from Monte Carlo calculations of deposited

energy per electron per centimeter.

Each of the techniques has its disadvantages. The RK

film is not calibrated to a very high degree of accuracy, and

the technique relies on an accurate knowledge of the relative

stopping powers of argon, krypton, and nylon. The Monte

Carlo method makes a calculation of the deposited energy

per centimeter, which is based on the initial electron energy

(nearly impossible to measure accurately), and the technique

has not been experimentally verified. However, a

comparison of the pump powers measured using the two

techniques may at least give limits on what the pump power

is.

Therefore, exposures of RK film were taken under each

of the above mentioned experimental conditions and

analyzed by Evan Rose. An example of the electron energy

deposition into 2 amagats of argon along the absorption

line is displayed in Fig. 21. There is some spreading of the

e-beam past the aperture, but most of the electrons are

confined within the 8 cm. From the figure, however, it is

clear that the pump power, and hence the current density, as

well as the absorption, is not constant along the probe

beam, and this complicates the modeling.
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Fig. 21 Scan of radiachromicfilm giving the change in

optical density in the probe beam direction at a distance of

5.8 cm j?-om the foil compared to an unexposed sample.

Optical density is converted to energy deposited in the nylon

film, and a conversion is made to deposited energy in the

gas. The dashed lines mark the boundaries of the e-beam

aperture in the z-direction.

For an argon density of 2 amagats at the maximum

current density, peak pump powers of 550 to 600 kW/cm3

were determined from the RK technique at the position that

the absorption was measured. Table 1 displays the peak

pump powers for the different experimental conditions, and

as can be seen, the pump power in argon is roughly

proportional to both gas density and current density.

Monte Carlo calculations of energy deposition per

centimeter using Jack Comly’s code were made for electrons

of energy 400 keV scattering into the various densities of

argon and krypton. Although the cathode used in the

experiment was hemispherically shaped, the foil was

circular, and the gas cell was cylindrical, the code does not

use a cylindrical geometry. Therefore, the gas cell was

modeled as a box, and the electrons were taken to be incident

on a square foil with 15-cm sides. The aperture was not

included in the modeling, but this is only expected to have a

small effect on the electron trajectories at the edges of the

aperture. The main difficulty with this calculation is that

the cathode shape causes the current density to have a mdial

dependence peaking in the center (as seen in Fig. 21), and

thk can not be entered into the Monte Carlo calculations.

The results of these calculations may prove to be an upper

limit on the peak pump power (perhaps the value of the

pump power on the e-beam axis: y = z = O).

A plot of energy deposited per electron per centimeter in

2, 1, and 0.5 amagats of argon vs distance from the foil in

InertialCon/inementFusionat Los Akunas: Pnwwa Since 1985
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the electron beam direction (x) is shown in Fig. 22. Each

curve represents an average of the depositions in they

(vertical) and z (probe beam axis) directions. The dashed

line shows the probe beam position. A similar curve for

deposition in the vertical direction is presented in Fig. 23.

The dashed lines mark the boundaries of the foil, and the

absorption measurement is taken at y = O. From symmetry

considerations, the deposition in the z-direction is identical

to that in the y-direction.

20 ,
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1 1 1
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Fig. 22 Monte Carlo calculation of electron energy

deposition in argon in the electron beam direction transverse

to the probe beam. The dashed line marks the probe beam

position, and depositions are given for 2,1, and 0.5 amagat

runs. In the calculation for 2 amagats, each electron, on

the average, gives up an energy of 295.2 keV to the gas

(area under the curve). An initial electron energy of

400 keV was used in the calculations.
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Fig. 23. Monte Carlo calculation of electron energy

deposition into 2 amagats of argon transverse to the

electron-beam. The dashed lines mark the foil bounalzries.

The calculation for deposition in the z-direction is identical

to this due to symmetry. An initial electron energy of
400 keV was used in the calculations.

As Figs. 22 and 23 show, the deposited energy density

at the probe position for the 2 amagat argon run is

70 J/cm3/coulomb, giving a peak pump power of

780 kW/cm3 for a current density of 50 A/cm2 incident on

a 225 cm2 section of foil. This value is somewhat larger

than the 600 kW/cm3 derived from the RK film data, and

the difference may be partially due to not having an accurate

knowledge of the electron energy. However, the actual

value of the peak pump power probably lies between the

two measured values, and this may even be considered as

“good” agreement. A similar calculation of energy

deposition into 2 and 1 amagat of krypton, displayed in

Fig. 24, yields a deposited energy density of

106 J/cm3/coulomb (2 amagats), or a peak pump power of

1.19 MW/cm3.

-o 10 20 30 40
Distance from Foil, x (cm)

Fig. 24. Monte Carlo calculation of electron energy

deposition in krypton in the electron-beam direction. The

dashed line marks the probe beam position, and depositions

are given for 2- and 1-amugat runs. In the calculation for 2

amagats, each electron, on the average, gives up an energy

of 267.2 keV to the gas (area under the curve). An initial

electron energy of 400 keV was used in the calculations.

The temporal dependence of the absorption was

measured for the cases of pumping 2 and 1 amagat of argon

at the peak current density of 50 A/cm2. Because the probe

beam passes through the gas three times, it is actually

absorbed over a time period of-27 ns. It is therefore

necessary to define a time delay, At, which corresponds to

the separation in time between the arrival of the e-beam and

the probe beam at the gas cell. At = O is defined to be the

simultaneous arrival of the electron-beam with the probe

beam at the beginning of its second pass through the gas

cell.

A plot of absorption coefficient versus At for an argon

density of 2 amagats is disclosed in Fig. 25. Note that the

absorption peaks at the end of the pump pulse and decays

exponentially. A linear least squares fit of data points with
At> 225 ns to a decaying exponential is seen as a dashed

curve in the figure, and yields a decay time of 230 ns. This

InertiulConfinementFusionatLosAlanux PragnMsSince 1985
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similar plot for data taken at 1 amagat of argon yielded a

decay time of-500 ns, but there is some uncertainty in

this value because the absorption values were lower and

more uncertain. Also shown in Fig. 25 is the kinetics code

calculation (smooth curve) of the temporal dependence of
the absorption. This was obtained by increasing the Ar2*

decay rate in the present version of the kinetics code from
3.3 x 105 S-l to 4.4x 106 S-l and decreasing the Ar2*

absorption cross section from 1.0 x 10-17 cm2 to

1.8 x 10-*8 cm2. This brings the calculation into good

agreement with the peak experimental absorption

coefficient, and it has little effect on the predicted

absorption of an e-beam pumped KrF mix, because the

argon dimers and dlmer ions do not form appreciably in the

presence of krypton and fluorine.

4 :
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o 200 400 600 800
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Fig. 25. Temporal dependence of the absorption at 248 nm

of 2 amagat of Ar excited by a 50 Alcm2 e-beam. The

boxes are the experimental data points, and the smooth

curve is a calculation by the kinetics code. The &shed line
represents a linear least squares fit of the At> 225-ns data

to a decaying exponential, and the decay constant is

4.4 x106 S-l. The uncertainty in the data is as shown.

An important test of the kinetics code was to accurately

predict the effect of varying the pump power on the

absorption in two different regimes: by changing the cument

density, which should have little effect on the formation and
decay rates, but may effect the Ar2* 1ZU+3ZU mixing rate,

and by changing the argon pressure, which effects the

mixing rate and the three-body formation rates. In addition,

because of the simplicity gained by eliminating fluorine and

krypton or argon from the code, there are fewer constants to

vary in bringing code results into agreement with the

experimental data.

The effect of varying the argon density on the

absorption coefficient for a current density of 50 Alcm2 is

depicted in Fig. 26. Experimental results are denoted by

lz

squares, and the code predictions are represented by triangles.

In each case, the code oveqmdicts the absorption coefficient,

although the agreement is satisfactory. The calculated

functional dependence of the data is different than the

measured dependenc~ however, this maybe partially due to

the uncertainty in the data. The effect of reducing the

current density on the absorption coefficient at an argon

density of 2 amagats is demonstrated in Fig. 27. In this

case, the code overpredicts the 50 A/cm2 data point, but

underpredicts the other data. Overall, the agreement is

reasonable.

5 [ I I ii’-
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■ Experiment
4 1:
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r J=50Alcm 2
$
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CL-0 A
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Argon Density (amagats)

Fig. 26 Variation of the absorption coefficient with argon

density. The experimental alzta (~ were taken under

conditions of maximum e-beam pumping. Also shown are

the kinetics code predictions (A). The pump power is

proportional to gas density.

All of the absorption data, including both the krypton

and the argon results, are given in Table 1. One series of

data points was taken at an absorption wavelength of

257.25 nm in 2 arnagats of krypton, and the resulting

absorption coeftlcient was a factor of 2 larger than the

248.4-rim absorption coefficient. This agrees with the

predicted wavelength dependence of the I@+ (and by

analogy, Kr2*) absorption cross section. At the present

time, the modeling results for the krypton data are

preliminary they will be presented at a later time.
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Fig. 27. Absorption coefficient as a function of pump

power. Stainless steel screens reduced the current density by

a factor of 2 (1 screen) and 4.3 (2 screens). The argon

density was held constant at 2 amagats. Experimental data

(H) and calculated a%ta (A) are shown. Pump powers

were calculatedfiom the radiachromicfilm technique.

Discussion

Exposures of radiachromic film have demonstrated the

radial dependence of both the current density and the pump

power, as seen in Fig. 21. Along the absorption line, a

peak pump power of 550 to 600 kW/cm3 has been

determined from energy deposition measurements in

2 amagats of argon. This occurs on the e-beam axis, at the

point (5.8, O, O). Because the pump power, and hence the

absorption, is not constant along the absorption length but

has a z-dependence, it is inexact to calculate the absorption

coefficient by simply dividing the natural logarithm of the

transmission by 24 cm. Instead,

z

-3 ~ ~(z) dz = in(T) , (1)

and in order to calculate the absorption coeftlcient, the

functional dependence of ct must be known. From Fig. 27,

at 2 amagats, the absorption has roughly a PO*8

dependence, where P is pump power, and the z-dependence of

the pump power is obtained from Fig. 21. Although this

is only an approximation, the resulting zdependence of the

absorption coefficient is illustrated in Fig. 28. The

functional form can be expressed as

a(z) = a. f(z) (2)

where cxo is the absorption coefficient at y = z = O and ~(z)

is the absorption distribution function, which has a

InertialC@inement Ikswn atkk Alumos: ProgressSince1966
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maximum value of 1 at z = O. Equation (1) can then be

rewritten

z

-3 CXo~ ~(z) dz = In(T) (3)

L

and ~~(z)dz can be determined by finding the area under the

curve in Fig. 28. In doing so, one obtains the result

~~(z)dz = 7.8 cm, which implies that assuming a constant

pump power along the 8-cm absorption length results in a

determination of the peak absorption coefficient (5.8,0,0)

that is accurate to within 2.590. If the absorption is

assumed to be linear with pump power, then ~(z) is identical
82

to the curve in Fig. 3, and ~ ~(z) dz = 7.3 cm. Therefore,

the absorption coefficient calculated in the simple way given

in the experimental set-up section is nearly equal to the

value of the absorption coet%cient at (5.8, O, O), at least to

within 1090.
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Fig. 28 Absorption coefficient distribution function versus

position along the probe beam direction, assuming that a

varies as the pump power to the 0.8 power, and taking

Fig. 21 as the z-dependence of the pump power. The
absorption coefficient is equal to a. times f(z), where a. is

the value of the absorption coefficient at z = O.

A similar analysis can be carried out for the the faraday

cup measurement. The current density peaks in the center

and has a radial dependence up to the aperture, which can be

approximated by separate y- and zdependences. The

z-dependence is seen in Fig. 21, and the current density is

relatively constant in the y-direction over the 3.5-cm

aperture. By expressing the current density, J(y,z), in the

form

J(Y,z) = Jo ~y(Y) ~z(z) (4]

B
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where ~y(y) and ~z(z) describe the distribution of the current

density in they- and z-directions and Jo is the cunent

density at y = z = O, the total current measured by the

faraday cup (I) is

Y

JJ
z

I=JO ~y(Y) ~z(z) dy dz (5)

Performing the integrals by determining the areas under
the curves yields a value for Jo of 50 A/cm2 for a measured

current of 1.3 kA. Coupled with the Monte Carlo

calculation for energy deposited into 2 amagats of argon,

this leads to the value of 780 kW/cm3 as the peak pump

power at (5.8, O, O). This is somewhat larger than the

value obtained from the RK measurement, and it is clear

that more effort must be expended into determining the

accuracy of the techniques on a more calibrated inst.mment.

Pumping 2 amagats of argon with a 50 Afcm2 e-beam

produced a peak absorption of 4.3%/cm. Prior to these

measurements, the value of the absorption cross section at
248 nm for Ar2* given in the KrF kinetics code was

1 x 10-17 cm2 and the radiative lifetime was given as

3.03 pa (triplet state). However, the code overpredicted the

absorption by a factor of 5, and it was clear that the

absorption cross section needed to be reduced and that

electron and possibly rare gas mixing of the dimer singlet

and triplet states was reducing the effective lifetime of the

dimer absorber. (The triplet state is lower in energy than

the singlet, and the singlet state has a radiative lifetime of

4 ns.) A measurement of the decay time of the absorption
(~d = 230 ns) provided an effective Ar2* decay rate of

4.4 x 106 s-l to be used in the code . In order to bring
code calculations into agreement with the data, the Ar2*

absorption cross section was reduced to 1.8 x 10-18 cm2.

These changes did not have any significant effect on the

predicted absorption of an e-beam pumped KrF mix.

Incorporating these changes into the code resulted in the

tempond dependence of the absorption given in Fig. 25. A

breakdown of the absorption into contributions by the major

absorbers is shown in Fig. 29. The early time behavior is
attributed to dimer ion (Ar2+) and excited atom (&**)

absorption, while at late times, Ar2* is the main absorber.

Because Ar2+ and Ar2* are expected to have similar

absorption spectral shapes and peak cross sections, an

alternative to bringing calculations into agreement with the
data by reducing the Ar2* absorption cross section alone is

to reduce both the Ar2* and the Ar2+ cross sections

together.
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Fig. 29. Kinetics code calculation of the temporal

dependence of the absorption at 248 nm of 2 amagats of Ar

pumped with a 600 kWlcn# e-beam. The solid curse is the

total absorption, and the &shed curves are the contributions
by the major absorbers. At late times, Ar2* is the main

absorber, and the decay rate of the total absorption matches
that of Ar2*.

The dependence of the absorption coefficient on pump

power is understood by considering the kinetics of the

system. The e-beam produces both excited argon atoms and

argon ions. The excitation rate is proportional to the argon

ground state density and the current density. The ions form

dimer ions in three-body collisions with neutrals, and the

dimer ions dissociatively recombine with electrons to form
Ar**. Electron and neutral mixing de-excite the A@* atoms

to the metastable level (A@), and three-body collisions lead
to the formation of the excited dimers, Ar2*. These

processes can be simply described by the following rate

equations:

d[Ar2+]

dt
= k3i [~]2 [A+] - CX’ne [Ar2+]

m

!!kp = a’ ne [Ar2+] - m

‘a’

(8)

‘[~] - ‘yJ [Ar] + w - k3n [Ar]2 [Ar*l

(9)

[Ar2*]d[Ar2*] _ k3n [Ar]2 [Ad] - ~

dt
(10)
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where brackets denote particle densities, ~ and y are

excitation rate coefficients of the ion and metastable atom,
respectively, in units of cm2/A-s, k3i and ksn are three-

body formation rate constants for the dimer ion and the

excited dimer, et’ is the dissociative recombination rate
coeftlcient, ne is the electron density and tat and ~dt are the

effective lifetimes of the excited atom and molecule,

including the effects of quenching.

Admittedly, this is not an exact treatment of the

kinetics, but it does allow us to gain insight into the

dependence of the absorption on pump power. Because the

absorption at the end of the e-beam pulse is mostly the

result of argon dimer absorption, we will consider the effect

of argon density on the dimer population.

At large argon densities, whexe the three-body formation

rates are large compared to the inverse of the e-beam pulse

length, ions which are formed in (6) will quickly form dimer

ions, which will in turn rapidly form excited atoms. These

will quickly populate the metastable level, so that (9) can

effectively be rewritten

W = (Y+13)J [Arl - k3n [Ar12 [Ar*] (9)

and, assuming a square pump pulse of duration TL (200-ns),

the A+ and Ar2* densities can be solved for exactly.

[A.@] = w [1 - exp (-k3n [Ar12 t)] (11)

ad

[Ar2*l = (Y+13)J [Arl ZdI

{

k3n [Ar]2 [1 - exp (-:)] - $[1 - exp (-k3n [Ar12 t)]

k3n [Ar]2 -$ 1
(12)

If k3n[Ar]2 >>1 and $, then at the end of the e-beam
TL

pulse (t = TL), the Ar2* density can be approximated as:

[Ar2*] = (y+~) J [Ar]

{

TL

}
x tdt [1 - exp (- ~)1 - k3n ~Ar12 “ (13)

Expanding the exponential in(13) out to two terms results

in the following:

[Ar2*l = (Y+P) J [Ar] TL (14)

and the dimer population, and hence the absorption, at the

end of the pulse is linear with argon and current density. At

1 amagat,

2 – 14 x 107 S-l fork3n = 2 x 1032 cm6/s,k3n [Ar] - .

1=5x 1015 S-1, and
TL

1
—=2 x 106 s-l.
~dt

As the argon density increases, the effective lifetime of the
dimer decreases, so that ‘CdI< TL, and the dependence of

dimer density on pump power will be less than linear.

At pressures lower than an amaga~ the three-body rate is

slow, and if one neglects contributions to the metastable

level from the ion, (9) can be solved to give

[Ax-$’]= & [1 - exp (-k3n [Ar]2 t)] , (15)

At the end of the pulse, if k3n[Ar]2 TL <<1 and TdI >>TL,

[A@] s y J [&] TL (16)

and the solution for the dimer density is

[Ar2*] =
y J k3n [Ar]3 TL2

2
(17)

Therefore, at low pressures, the dimer population, and

hence the absorption, at the end of the e-beam pulse is

expected to have a pressure cubed dependence. Because the

peak in the dimer density occurs after the e-beam has

terminated, the peak dimer density actually varies as pressure

squared.

At all pressures, this simple analysis predicts a linear

dependence of dimer concentration on cument density. This

is not observed to be the case and is probably due to the fact

that a higher current density will produce more secondary

electrons, and electron mixing will be faster. In addition, the

dissociative recombination rate is a function of the electron

density. The analysis does not attempt to consider the

effects of electrons.

Absorption measurements in electron-beam pumped rare

gases have been carried out at other laboratories, but

unfortunately the conditions under which many of the

experiments took place were not well documented.

Recently, an absorption mea.wmment in argon was made on

the small aperture module (SAM) at AURORA. In addition,

measurements have been made at Spectra Technology, Inc.

(STI) in argon and krypton. The experimental conditions

and results from these measurements are included in Table 1.

Although the densities and pump powers are different, there

Inert&dC%n@wnent FusionOtbSAJ2WUW -ss Since1985 E
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appears to be general agreement with the absorption

reported in this memo.

Although good agreement between experimental results

and code calculations has been observed after making changes

in the kinetics code, no effect was seen in the predicted
absorption of a KrF mix. This implies that Ar2* absorption

does not contribute significantly to the total absorption in a

KrF mix.

TABLE 1. Peak pump powers (kW/cm3) and peak

absorption coeftlcients (%/cm) at 248 nm for the different

experimental conditions and at different facilities. Pump

power values are given from both the Monte Carlo and

radiachromic film techniques. In the case of kxypton, a

measurement was also made at 257 nm (shown in

parentheses). fie screens reduced the current density by a

factor of 2 (1 screen) and 4.3(2 screens). On the SAM and

STI machines, the peak pump power was calculated from

energy deposition measurements coupled with Monte Carlo

calculations.

Pump Power
Density Current (A/cm2) (kW/cm3) RK

Gas (amarzats) (# Screens) Monte Carlo film a(YO/cm)

EGTF
2
2

Argon 1
2
1

0.5

2
Krypton 1

2

SAM
Argon 1.1

1.1

STI
Argon 1.3

Krypton 0.8
0.8

50 (o)
25 (1)
50 (o)
12 (2)
25 (1)
50(0)

50(0)
50(0)
25(1)

25
25

32

32
32

780
390
400
180
200
200

1190
870
600

180
90

330

300
250

600 4.3
300 3.0
340 1.6
130 1.7
160 0.9
170 0.4

— 1.3 (2.6)
— 0.8
— 0.5

— 0.92
— 0.54

— 1.8

— 0.7
— 0.7

C. COMPARISON OF MODEL RESULTS
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V. PROPERTIES OF THE KrF IMN3R MEDIUM

A. KrF SPECTROSCOPY

Chris W. Patterson and David E. Hanson

VIBRATIONAL DISTRIBUTION

Experiments by Jacob et al. (1980), which monitored the

side light fluorescence of an electron-beam (e-beam) pumped

KrF laser in the presence of cavity flux, showed that the

fluorescence did not saturate as expected. This result was

interpreted to indicate that not all of the vibrational states that

are pumped can be de-exited by stimulated emission at the

laser wavelength of 248 nm. The vibrational relaxation and

laser extraction in KrF was modeled by Morgan et al. ( 1983),

who found that a significant fraction of the excited state

population would remain in highly excited vibrational states

not accessed by the laser.

We confirm here the results of Morgan et al. (1983) by

direct comparison with the fluorescence spectrum taken by

Murray and Powell (1976). By fitting the published

spectrum, we can ascertain the population in the lowest ten

vibrational states. We show that this population is a non-

Boltzman distribution, and that about 30% of the population

is in states for which the cross section is a factor of 10 or

more lower because of a shift in the spectral sector for high

vibrational states. We began by calculating the Franck-

Condon factors for transitions from the bound B state to the

free X state as shown in Fig. 1. These factors are calculated

using the published potential curves by Hay and Dunning

(1977) in the form of the Rittner potential for the upper B

state and a simple repulsive potential for the lower X state in

the same form used by Tellinghuisen et al. (1976).

Figure 1 compares well with the results of Morgan et al.

(1983) except that their frequency scale is in error by about

20’;. The KrF laser emission is centered on the v = O

transition. At this wavelength, the v = 1 and v = 2

transitions are also stimulated at their peak cross section, but

the v = 3 transition is accessed at about half its peak cross

section

I I I I I I I I

/’(

V=o

/ V=l

n
396 400 404 408 412

Wave Number (xl 00)

F&. 1. Frank-Cordon overlaps for vibrational B-X
transitions in KrF. Overlaps-ar; normalized to the v = O

peak cross section assumed to be 2.5 x10-16 cm2.

whereas the higher vibrational states are not effectively

accessed. To determine the population in the states which are

not accessed, we examined the published fluorescence

spectrum of Murray and Powell (1976). We simply weighted

[he Franck-Condon transitions in Fig. 1 by the excited state

populations and summed them in order to fit the fluorescence

spectrum. Our calculated spectrum is shown in Fig. 2 and

Fig. 3 and is in good agreement with the wavelengths and

intensities of the observed vibrational structure. In Fig. 2,

the cross section is shown in relative units on a log scale, and

in Fig. 3, the cross section times the lifetime is shown in

units of ~2 ns. The peak at 248 nm is 12 ~2 ns, whereas

the peak was estimated by Tellinghuisen et al. (1976) to be

18 A2 ns in a KrF discharge. We believe that Tellinghuisen

et al. did not take into account the long vibrational tail below

Ine&”alConjkvnent Fusionat Los Alunws: ProgressSince 19S5 1



Vol. II, Chapter V A. ~F SPECTROSCOPY

240 nm when estimating the area necessaxy to properly

normalize the cross section. Indeed, Tellinghuisen et al. fit

their fluonxcence spectrum with a Boltzman population

distribution at 300 K. At 300 K, our calculation spectrum

agrees with that of Tellinghuisen et al. and is shown in

Fig. 4. The peak at 248 nm is now 18 ~2 ns, in agreement

with Tellinghuisen et al. Apparently, Tellinghuisen et al. did

not estimate their zero fluorescence base line properly. The

area under the curve in Ftg. 3, corresponding to transitions in

vibrational states higher than v =3, and therefore not directly

accessed by the KrF laser at 248 nm, represents about 30$Z0of

the total area.

KrF

,L%sm&4L
220 230 240 :

nm

Fig. 2. Vibronic B-X KrF synthesized spectrum using
profiles of Fig. 2 with B state populations derived from
‘Mu%zy ad Powell (1976). - -

Under the conditions of the Murray and Powell (1976)

experiment, about 30% of the vibrational population will not

lase effectively. The vibrational population used in the tit of

Fig. 2 and 3 is shown in Fig. 5. This population is

compared with both a 300 K Boltzman population and the

population modeled by Morgan et al. (1983) We find that the

model of Morgan et al. agrees quite well with the population

necessary to fit the observed spectrum.

In Fig. 6, we compare our derived population with a

2000 K Boltzman population. Although there are obvious

differences, Fig. 6 shows that one can best represent the

actual population with a very high “temperature” near

2000 K. In Fig. 7, we show the spectrum corresponding to

a 2000 K population distribution for comparison with

Fig. 3.

2

la

12

6

!. ---
o~ L_l
220 230 240 250 260

nm

Fig. 3. Same as Fig. 2 but spectrum on a linear scale.
ordinate v in units of ~2-ns.

16 —

m

1=
S3 12 —
c

i

g

6 —

o I I

220 230 240 250

The

2m
nm

Fig. 4. Synthesized spectrum using a Boltzman vibrational
population distribution at 300 K.
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KrF

I I I

I
I
I
1
1
1
1

-;
I
I
I
I
I

& 300 K

I
I I I I

o 0.5 1.0 1.5 2.0

Energy (eV)

Fig. 5. Comparison of vibrational population distribution
derivedfiom spectrum of Murray and Powell (1976) with a
300 K Bolt.zman distribution and the model distribution of
Morgan et al. (1983). Each vibrational quanta is about
0.05 eV an abscissa.

‘“r

7 I I I
o 0.5 1.0 1.5 2.0

Energy (eV)

Fig. 6. Comparison of vibrational population distribution
used in spectraljlt to a 2000 K Boltzman distribution.
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KrF

I I I

A

0 I
220 230 240 250

nm
0

Fig. 7. Synthesized spectrum using a Boltzman vibrational
population distribution at 2000 K for comparison with
Fig. 3.

~ NARROWING

Animportant question posed by the ICF target physics

community that now can be answered is: How large is the

usable bandwidth for a KrF laser system? To answer this

question, we examined the spectral response of a high-gain

KrF system for the homogenemsly broadened v = O Franck-

Condon factor (Fig. 1). We assumed the output energy was

related to the front-end pulse by a simple exponential

behavior,

where N(z) is the W KrF* density (including any

saturation effects) at position z in the amplifier chain, and L

is the total system gain length after the front end. The

amplification factor is

A= Eat/Em .

For a given total amplification, we calculate the output

energy density at wavelength L as:

E(L) = E(0) @(L)@) ~ A ,

where (0) refers to the value at line center and the values for

a(~) / o(O) are taken from Fig. 1. Assuming a flat spectrum

out of the oscillator, Fig. 8 shows the laser bandwidth

narrowing which occurs as a function of total system

3
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amplification. The bandwidth is defined as the point at which

the energy density falls by a factor of two from that at line

center. If, instead of a flat spectrum out of the front end, we

assume the fluomxence profile, the bandwidth is reduced a
C@)

further factor of — which is about .90 to .95 at gains
(Y(O)‘

above 105 and slightly more at lower gains. For this

analysis, we have considered only the v = O vibrational level.

If we consider the other three accessible states, the analysis

has the complication that the broadening is no longer

homogeneous, and we must consider separately the saturation

of each of the states throughout the amplifier chain. When a

more detailed analysis is done, we find that bandwidths up to

4W cm-l are possible for KrF laser systems designed for

ICF. AURORA will be able to demonstrate bandwidth

variability from O to 200 cm-1. However, in view of the

similarity of the Franck-Condon factors and the population

weighting factors, we feel the analysis for v = O is probably

very close to the actual (multi-vibrational level) result.

Methods to overcome this line narrowing tendency are

discussed in the section on front-end development in Vol. I,

Chapter V.

100

Aurora

1 9 t J I I -“l
le+OO le+02 le+04 le+06

Total AmplificationFactor

Fig. 8. Bandwidth narrowing due to KrF laser gain.

EFFECTS OF B-C MIXING ON KrF
GAIN, CROSS SECTIONS, AND
Im’EmMEs

We believe that the fast B-C mixing found by Koks and

Setser (1978) can resolve the discrepancy between the

spectroscopic cross section and that found from the

picosecond gain experiments of Sz.atmari and Schafer (1987)

and Taylor et al. (1988). We find that we can make these

experiments self-consistent with measured B-X cross

sections and lifetimes, if we assume the C state of KrF is

4
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about 230 cm-l above the B state so that it has about one

third the population of the B state. Furthermore, we believe

that the fast gain recove~ experiments (Szatmari and Schafer

1987; Taylor et al. 1988) can be interpreted as a direct

measurement of this B/C population ratio. This differs from

the interpretation of fluorescence experiments by Kolts and

Setser (1978), who reason that the C state is about 130 cm-l

below the B state with about twice its population. First we

discuss the cross section discrepancy and then we discuss the

effects of B-C mixing on KrF gain and lifetimes.

Cross Sections and Saturation Fluence

The spectroscopic analysis of the Franck-Condon factors

(see previous section) in the vibrational spectra of B-X gave

us the very firm value of at = 18.6 A2 ns, where G is the

peak cross section of the vibrational ground state at 248 nm

in AZ and z is its radiative lifetime in ns. Using the

measured value of z by Eden et al. (1978) of 6.8 ns then

gives

~ .2.7 A2 ~d

$sat = hW~ = 3 mj/cm2

These values of a and $Sat are inconsistent with those

measured by Szatmari and Schafer (1987) and Taylor et al.

(1988), in which their picosecond gain measurement is fitted

to a Franz-Nodvik response curve. In both experiments it

was found that

$0= 2 mj/cm2

C$=4.0A2.

We can resolve this discrepancy if the lifetime of the B

state is 4.7 ns instead of 6.8 ns. As shown below, this is

close to the value of ‘cthat we get if we re-evaluate the

results of the Eden et al. (1978) experiment including the

effects of B-C state mixing.

B-cstateMixing

Assuming a high-enough Ar pressure (M torr) such that

the B and C states are in thermal equilibrium, the relative

integrated fluorescence intensities of the B-X and C-A bands

axe given by

IB/Ic = NBtc/Nc~B

where N and z are the populations and lifetimes. Kolts and
Setser (1978) found the IB/Ic ratio to be about 5. Using the

spontaneous lifetimes of Hay and Dunning (1977) of

Inertialconfinement~wn attiAkmwx p173gre8sSime 1985
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P%B = 7 ns and ~c =64 m, one finds the equilibrium

population to be NB/Nc = 0.54. In thermal equilibrium,

this corresponds to the C state below the B state by about

130 cm-l as found in (l). We show below that we have
reason to believe that this population ratio is actually about

3, and the C state is above the B state. This would mean
that the intensity ratio IB/Ic is not 5 but about 20. This

degree of error is possible. It is very difficult to determine

where the B-X band ends and the C-A band begins. Indeed,

looking at the fluorescence data of Morgan et al. (1983), we

get a ratio of much closer to 20 than 5. In facq using this

data, it is hard to arrive at a value less than 10. We shall

show below that there are much better ways to determine the
population ratio NB/Nc and thereby the energy difference

between the B and C state.

On the other hand, Kolts and Setser (1978) determined a
value for the B-C mixing rate kBC = 5 x 10-10cm3/s, which

is extremely fast and essentially gas kinetic. Kolts and

Setser (1978) have shown that with over 4 torr of Ar, the B-

C mixing is thermal. Note that for one atmosphere of Ar

the B-C mixing time is about 68 ps, which is typical of

rotational relaxation times and much shorter than any

vibrational relaxation time.

GAIN RECOVERY EXPERIMENTS

We believe the best measure of the population ratios
NB/Nc is to be found in the gain recove-~-measurements of

Szatmari and Schafer (1987) and Taylor et al. (1988) using a

picosecond probe laser. Both groups found a 70-ps laser

gain recovexy after saturation with an intense pump beam.

Such a fast component of recovexy cannot be attributed to

rotational refilling because the homogeneous width deter-

mined by the ground state dissociation is about 300 cm–l

and would encompass nearly all (>99.9%) of the rotational

transitions. In other words, the absorption profile for the

rotational transitions experiences a homogeneous

broadening, which is much greater than their separation. We

can only attribute the fast gain recovery to the mixing

between the B-C states. Indeed, the 70-ps time scale is

consistent with the mixing rate measure by Kolts and Setser

(1978).

If we attribute the fast gain reeovery to B-C mixing, we
can then directly determine the population ratio N~c. Let

AN be the loss in population of the B state due to saturation

by the laser pump. This is proportional to the drop in the

laser gain. We attribute the fast gain recovery to
repopulation of the B state by the C state. Let ANc be the

population contributed to the B state by the C and ANB the

net population change in the B state such that

InertialCm@nementlkswn atlk AZamos ProgressSince1986
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fiN=ANB+~c .

The factional gain recovery (FGR) is given by

FGR = AN@N = l/(l+~B/~c) = 0.25 ,

as measured by Szatrnari and Schafer (

equilibrium we have

ANB/ANC = NB/Nc = 3 .

987). In thermal

For a Boltzman distribution, such a population ratio

corresponds to the C state about 230 cm-l above the B state.
Note that if NBCNC as postulated by Kolts and Schafer

(1978), then FGR %.5, which is inconsistent with the gain

recovery results in both Szatrnari and Schafer (1987) and

Taylor et al. (1988).

RADIATIVE LIFETIME

Inlight of the fast B-C mixing, we can re-interpret the

lifetime measurements of Eden et al. (1978). It is possible

that Eden et al. did not use low-enough Ar pressures to

inhibit the B-C mixing. Thus the measured decay rates in

B-X fluorescence all include the effects of the repopulation of

the B state by the C and will be less than the actual

spontaneous fluorescence decay rate. One can readily show

that

kr~(memured) = krad/(l+N@B)

or

Zmd(measured) = ~rad (l+NfiB) .

Using the population ratio NB/Nc = 3, we find that

~rad = Zrad (measured)/l .33 =5.1 ns. Using this Z and the

value at = 18.6 A2 ns from Fig. 4, we find that o = 3.6

A2Vwhich is close to the saturation value of 4.0 A2 found

in Szatrnari and Schafer (1987) and Taylor et al. (1988).

On the other hand, using the populations ratio
NB/Nc = 0.54 of Kolts and Schafer (1978) gives us a

radiation lifetime m = 2.4 ns and a cross section of c = 7.8

A29 which is umeasonable.

In conclusion, our interpretation of the gain r=overy

experiments give us rather firm values for the relative

populations of the B and C states. When the effects of B-C

state mixing are taken into account, we obtain a lifetime for

the B state that makes the spectroscopy cross section

consistent with the picosecond saturation measurements.

Further experiments to pnxisely detemnine the radiative

6
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lifetime of the pure KrF(B) state are necessary and will be

carried out both at LANL and U of I (Eden 1978).
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V. PROPERTIES OF THE KrF LASER MEDIUM

B. AMPLIFIED SPONTANEOUS EMISSION
IN KrF AMPLIFIERS

WaUuce T. LeZud

INTRODUCTION

In a medium containing an excess of excited molecules,

a flux of photons appears that is more than the normal

thermal photon flux. The origin of this flux is

spontaneously emitted photons from the excited molecules,

plus the additional family of photons brought about by

multiplication via the stimulated emission process. This

so-called amplified spontaneous emission flux, ASE, is

typically distributed quite uniformly in its direction of

propagation and exhibits a distribution in wavelength

resembling that of line emission. The presence of the ASE

flux is undesirable in laser amplifiers because it reduces the

excited-molecule population available to the extracting laser

flux. The flux that escapes from the medium may cause

undesirable effects, but it could be used as a diagnostic to

monitor medium conditions.

The following treatment of ASE deals only with slowly

varying conditions. Photon transit times are ignored, as are

timedependent effects of pumping kinetics.

Chapter II outlines the theoretical details and develops

the formulas for ASE and energy extraction that are needed

for the description of amplifier performance. The

application to “real” devices is complex and is achieved by

three-dimensional numerical calculations. The treatment of

real devices is considered in Chapter IV and at this time is

relatively limited in scope. Many questions that face the

designer of large amplifiers are not yet fully addressed in the

sense that the parameter space examined has been quite

limited in scope. Considerable insight into general

characteristics can, however, be obtained by considering

simpler, “unreal” devices. This is the subject of Chapter III,

which considers devices with spatially uniform gain.

The correctness of calculated results depends on proper

and complete descriptions of all relevant phenomena

involved. The treatment of photon reflection by walls used

in Chapter IV is clearly not precise in all details, but

arguments can be made to support its adequacy for assessing

its effect on overall performance. There are also

approximations made in the numerical calculation

algorithms. Most of these are made to reduce the

calculation complexity to a level that is sensible for

execution on a Cray computer.

The available experimental data available ~ consistent

with calculations but do not provide definitive tests.

FORMUIA’I’ION OF ASE PROBLEMS

Effect of ASE on Ikited State Population
in AmplMers

We define a function n(r,t), which represents the density

of excited molecules. The function depends on the spatial r

and the time variable t. The time derivative of this function

shows several influences, as follows:

$=s+[~]coh+~]c+,e+[:]incoh (1)

S is a source term representing the creation of excited state

molecules. In the most general case, S may depend on time

and space coordinates.

[-1an

at coh
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represents the effect of a coherent beam of photons that is

propagated through an amplifier.

[1h—
at ~+~e

represents the contribution to the change inn brought about

by collisions of the excited molecules with other particles

and by spontaneous emission of photons.

[1h—
at in~oh

represents the effect of the incoherent ASE flux of photons

on n. It is this term which is our prime concern.

For fiture reference in the discussion of amplifier

performance, we introduce some nomenclatwe and standard

formulas at this point. We have

[1h— = - n ~oh 6(VO) ,
& coh (2)

where ~oh is the flux of photons (photons/cm2 s). All the

photons are assumed to have essentially the same frequency,

which corresponds to the line center frequency, and @o) is

the cross section for induced emission at line center. Also

[:]c+se=-nk+%)=-:(3)

where tsp is the spontaneous emission lifetime, and w is

the lifetime associated with collisions of excited molecules

with particles of type k. The overall effect is characterized
by introducing ‘cU,the effective excited state lifetime.

Unlike ‘%p, zu depends on many details of the medium and

is not a univemal constant.

For the incoherent flux we have

h

lr

— =- n o@)IN@) dv = - n CIASE .
at in~oh _ (4)

Because the ASE flux is not monochromatic, it is necessary
to integrate over frequency. In this expression, IASE(V) is

the ASE photon flux in photons per unit area per unit time

per unit frequency.

In many cases of practical interest, n will very

insignificantly on the time scale of interest. For this

2

d,l
slowly varying case, we set dt to zero and find %, the

steady state value for n, by substituting Eqs. (2), (3), and (4)

in Eq. (1) and solving for n. We have

We define

g(vo) = o(vo) n , (0

go= 6(VO)s G , G’)

15at= l~O@o~ , and (8)

Using Eqs. (5), (6), and (8) we find

(lo)

The symbol g represents the gain coefficient with ~ as

the value attained when both ~oh and I~coh are zero. I sat

is the value of ~h needed to reduce the gain coefficient to

g@, when Iincoh is zero.

NTo proceed with the evaluation of K , we
at incoh

introduce a normalized line shape function f(v-vo) such

that

Ef(v-vo) dv = 1 ,
(11)

where V. is the frequency at line center. For reasonably

narrow lines, one can assume that both spontaneous and

induced emission exhibit this frequency dependence. In

terms of the normalized frequency function we have:

qv-vo) = X_ qwo) $
(J’(V)= CJ(Vo)_

8X ~~P (12)

(13)
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(14)

#(v), which describes the flow of spontaneously

emitted photons leaving the volume element dr, has

dimensions photons per steradian per unit time per unit

fi-equency range, and presumes all directions to be equally

probable. The final expression in Eq. (12) invokes the

usual relation between induced emission cross section and

spontaneous emission life time. Rearranging Eq. (12) we

have

L2a(vo) T,p = -# f(o) . (12a)

We observe that the product 6(vo)~sp cart be obtained by

measuring the frequency dependence of gain or spontaneous

emission.

Calculating the ME flux IM (r,v)

We consider the geometry as shown in Fig. 1.

Equation (14) can be used to describe the flux R(r,s’,n),

which represents the photon flux per steradian per unit

frequency per unit “normal” area leaving s’ in the direction

of r. We then have

I~~r,v) =

\

O(r,v) ~r,r’,v) ~

(r - r’)z
volume

“+

\

R(r,s’,v) T(r,s’,v)
cos(r,s) ds’ ,

(r - r,. (15)
surface

where cos(r,s) is the cosine of the angle between the normal

to da and a line joining ds to r.

For the transmission function we adopt the usual

expression for an active medium:

[( )1~r,r’,v) = exp ~~ - cx [r - r’1 . (17)

The parameter cl introduced here represents a ficquency

independent attenuation coefficient. As defined in Eq (17),

@@is the average line center gain coefficient along the

propagation path to the point r or to a point on the surface.

Calculation of the ASE Parameter 8(r)

Fig. 1. Geometry for calculating ASEflux.

The ASE flux at point r cart be divided into two

contributions:

● spontaneous emission throughout the volume that

reaches r by direct paths or by mirrors within the
medium as denoted by d~v in Fig. 1; and

● flux coming from the surface as denoted by d@s,

which is composed entirely or in part of photons

coming from within the volume, reaching ds’, and

redirected to r.

The photon flux originating at dr’ or ds’ will be

modified in number and spectral distribution as it passes

through the active medium on its journey to r. We describe

the flux rnodfication by a transmission function T(r,r’,n).

InertialCon@wnent Fuswn atLos Afamos: ProgressSince1985

The ASE parameter 6 in Eq. (1O) can now be expressed

in more detail:

[1CIAW _ ~u an8(r)= -— –
@vO) Isat ‘(r) at incoh

[(exp @J%-tx)]r-r’~

s
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+ (J(VO)T“

~

~ Cdr,s’) ~

surface (r-~s)2

r-w ‘v“’”v)%;)x

Line Shape Considerations

where AV is the full width at half maximum. The volume

contribution to 8 (r) in Eq. (18) can then be expressed as

Use of Eq. (18) for the calculation of 6 requires, among

other things, the specification of the normalized frequency
distribution function f(v-vo). The choice of the frequency

function can significantly change the calculated value of 6

because this function influences the physics in three

processes: in spontaneous emission, in photon transport,

and in stimulated emission. If the frequency dependence had

been ignored or assumed constant for a limited frequency

range, Eq. (18) would have assumed the form

~r) = ~

I

~ g(r,vo) ~

‘Sp 4X volume (r-r’)2

exp {[g(vo) - cz] [r - r’1)

+ C(VO) Tu

I

~ cos(r,s’)R(r,s’)

surface (r-r~y

exp{[~- ct]lr-+sl} ,

x

(18a)

&(r) = J!-

J

r,vo) ~d’L

‘sP 4X volume (r-r’~

exp {[g(vo) - et] /r - r’]} F [ g(vo) \r - r’o . (21)

(18)

where R is now the total radiance instead of the spectral

radiance. We have generally assumed a Lorentzian line

shape, although a Gaussian function was used in a few

cases. With either a Gaussian or a Lorentzian shape, the

integration over frequency cannot be expressed as a simple

function. The integral can be given as a power series in

~ [r - r’1,and the power series conveniently summed to

any desired accuracy with a computer. Using a Lorentzian,

we have

f(v-vo) = A

zd(v-v’’~+(%l ‘with
(19)

f(o)=~ ,
z Av (20)

w

F(gL) = ~ ~~0 y(k) ,

with y(0) = I and y(k+l) – -g~2k+ 1)
y(k) 2(k+l )(k+2) “

(22)

(22a)

Comparing Eq. (21) with the volume portion of Eq. (18a),

we see that they differ by the factor F, which is plotted in

Fig. 2. It is seen to be a minimum of 0.5 at small gain

length products, gL, arsd even smaller at larger gL values. If

a Gaussian distribution were chosen, the factor would be

F(gL) = * k;O x(k) , (23)

r
withx(0)=l, and-=~ H . (23a)

This factor is also plotted in Fig. 2 for comparison. Note

that the factor which dependa on ~lr -”! appears in the

integrand, and thus the overall effect in an amplifier will

depend on the geometry and the gain distribution in the

arrmlifier. but it cannot be less than 0.5 for a Lorentzian or.
1W for Gaussian.

1.0
flat-to pad

0.8 - RLineS ape

3

u-

0.2 -

00 6 10 15 20
gL

Fig. 2. Comparison of calculated ASE effects for various
line shapes.

I
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The infinite series, Eq. (22), converges for all values of

gL, but the convergence is slow for large values of gL. For

large values of gL an asymptotic expansion may be used.

We have

F(gL) = *$o(:~ 4n) J (24)

with ~0) = 1, and ~ = ‘n+l’2xn-1’2) .
n+l

As is typical of many asymptotic series, Eq. (24) does not

converge for any value of gL, but nevertheless the series

provides a good representation for F(gL) if it is terminated

after an appropriate number of terms. Figure 3 gives a

comparison of these two representations of F(gL).

I I I

0.6 -

T
g
~ 0.4 -

0.3 -

2
34 [ I I

00 5 10 15 20

gL

Fig. 3. Comparison of asymptotic expansion
approximations of line shupe factor with actual factor. The
numbers refer to the number of terms used in Eq. (24).

The effect of the frequency distribution on the surface

integral contribution to ii(r) cannot be quantified until the

form of the surface spectral radiance, R, is specified. One

wouId expect the effect here to be as large or larger, because

the photons reaching the point r by way of the surface will

in general have traveled farther in the active medium.

calculation of External AsE

The external ASE is conveniently expressed in terms of

radiance at the surface boundary of the medium. The

geometry contemplated is shown in Fig. 4.

B

Fig. 4. Geometry for external ASE calculations.

If the surface at point B is not a source of photons, the

radkmce of surface ds at point A in the direction r can be

found by summing the contributions of the medium along

the line from A to B. The radiance is modified only by

attenuation or stimulated emissions. For convenience we

assume volume elements which have unit area perpendicular

to line AB and of length dL along AB. The radiance from
these elements is given by Eq. (14) with dr = dL. At the

surface element ds we then have for the radiance in the

direction r

B-

H

R(ds~) = dL
dv n tlv-vO) x

Am ‘T5p47t

(/ [L

exp
1]

dL @o)!Q&Lx .
A

(25)

For a Lorentzian distribution an integration over frequency

then gives

J
B

R(ds,r) = 1
4X O(vohsp A

dLg(vO,L) exp([~vO,L) - ct]L) x

(26)

~g(Vo,L)L] , where

.

~x)=~ s(k) ,with S(0)= l,and~=-x~ .
k=O (k+l~

g(vo~L) is the line center gain coefficient averaged over the

path from dL and endhg at point A.

The radiance R is given in photons per second per

steradian per cm2. To obtain R in Watts per steradian per

cm2, one must multiply Eq. (26) by hv, the photon energy

in Joules.

InertialConfinementFuswn atiks Abnos: ProgressSince 1985 5
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Energy Extrad “on

There are two extremes for which a relatively simple

formulation is feasible. In the first case, an energy-

extracting input beam of constant, or slowly varying,

intensity is directed through the medium, and a steady state

is attained between the pumping kinetics of the medium and

the energy extraction by the beam.

At the other extreme, one can contemplate a short pulse

of radiation directed though the medium with a duration so

short that an insignificant number of population-changing

collisions occurs. There is thus no repumping.

For the first case one has the equation

&= I(g-a) .
(27)

This equation in conjunction with Eq. (10) describes the

physics of energy extraction for this case. Substituting Eq.

(10) in Eq. (27) gives

4!

[ ‘1

1+ = d (X&) ,
y 1 -lz(l+y)

80 (28)

where we have defined y = ~ goandg~=-.
(1 + @I~~t ‘ 1+3

If a and 6 are constants, Eq. (28) can be readily integrated

because the variables are then separable. However, the

resulting implicit relation between y and gL is not a

convenient one, and it is generally just as easy to integrate

Eq. (28) by numerical means. Note that the effect of the
ASE term amounts to a scaling of I and go by the factor

(1+8). Because of the nonsaturating attenuation, the output

intensity is limited. From Eq. (28) we find that dy/dx

becomes zero when

(’ )I= Imax=Isat ~-l . (29)

A frequently considered arrangement for energy

extraction involves two counter propagating beams, with

the second beam produced by a mirror reflecting the first

beam back on itself. The equations in this so-called two-

pass case are

U= r~g-a) ,
dx

(30)

g= go ,
l+w+~ (32)

I~at

where 1+ and I- are the intensities of beams in the “+” and

“-” directions. As a further relation, the boundary condition

at the mirror is

I-= RI+, (33)

where R is the mirror reflectivity. At a given point both

beams experience the same gain, so that one has the

relation:

1+ L = constant . (34)

This relation can be used to eliminate either 1+ or L in Eq.

(32) and, with Eq. (30)or(31), produces a differential

equation that, again, for constant a and 6, is of the

variables-separable type. As with the single-pass case,
scaling 1+, L, and go by the factor (lid) occurs. For

numerical integration, we can use Eq. (33) to eliminate I+

or L in the equation set, or we can integrate the following

simultaneous equations:

%i?=-)]=d(xgo)(35)

%iFJd=-d(xgO‘3’)
along with the boundary condition, Eq. (33), at the mirror:

y- = Ry+ . (37)

As in the single-pass case, a maximum output intensity

exists and is given by

Imax = Isat (gb/a - 1) - Iin . (38)

Iin is the input intensity and is seen to reduce the maximum

attainable output intensity.

For the short pulse case, one has the usual continuity

equation for the photon density p:

ap(r’t) + v . v p(r,t) = vp(r,t~c n(r,t) - a] .

at (39)

!&= L (g-~) ,
dx

(31)
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For the excited state density, n, we have

ih(r,t)
—= - v cm(r,t) p(r,t) ,

at (40)

where v is the photon propagation speed. In the one-

dimensional, constant-beam-size case, we can integrate Eqs.

(39) and (40) over the pulse duration time to obtain the

ordinary differential equation

(41)

FI is a dimensionless function of the parameters gRo and

R1/RO. Figure 5 gives FI for several values of R1/RO.

For small values of g%, 6 is largest at the center. For g%

of about 2.4, 6 is relatively uniform throughout the sphere.
At larger values of g% , the largest value of 6 occurs at

the surface of the sphere. This behavior of 6 is a

consequence of the ASE contributions from different parts of

the sphere being proportional to an exponential distance

factor and to the reciprocal of the distance squared. At
small gRo, the local effect of l/r2 dominates, whereas for

large gRo the exponential factor, e~, takes over.

where E is the energy in the pulse, and we define the

saturation energy as

Es = hv/o . (42)

As E becomes large compared to Es, the right-hand side of

~. (40) approaches zero, and one has a maximum attainable
energy given by

&ax=-$Es .
(43)

ASE IN MEDIA WITH CONSTANT
GAIN

There probably is no real system with constant net gain

g(v) as calculated by I@. (10) and (13). As noted earlier,

however, these unreal systems are easier to deal with

mathematically and can give considerable insight into the

magnitude of the ASE problems. For real amplifiers that

are heavily loaded by the energy extracting beams, the

idealized system actually is a reasonable approximation. As

further simplification, we assume there is no surface

reflection an~ for The Value of 6 in a Sphere and The Value

of 6 in Rectangular Parallelepipeds, we will also neglect the

nonsaturating attenuation,

The Value of 8 in a Sphere

For a sphere, the value of 8 can be expressed as a
function of g% and Rl~, where ~ is the radius of the

sphere with constant gain g and RI is the radius at which 6

is calculated. We have

dgRo3@o) = ~ & Fl(gRo,R1/Ro) .
(44)

10 - 1.00
-0
C8 -

\
0.75

‘- 6 -
g

0.50

4 – 0.25
L-

2 -

0
0 1 2 3 4

Fig. 5. Function for computing ASE parameters 8 at a
distance Rlfiom the center of a sphere with constati gain g
and radius Ro. 6 = (T~Tsp) gRo FI

The Value of 8 in Rectangular
Parallelepipeds

The simplest parallelepipeds is a cube. We define a

function H(gL,r) such that:

where L is the dimension of the cube. Figure 6 shows

values of H for the cube center, the cube comer, and the

center of a face. In Fig. 7, a comparison is made between

the value of 6 at the cube center and the value of 6 at the

center of inscribed, cin.nunscribed and equal volume spheres.

For the range of gL covered, the equal volume sphere is seen

to approximate the cube quite well. Results for

parallelepipeds with square cross sections but with longer

third dimensions are shown in Figs. 8, 9, 10. The third

dimensions are two, three, and four times the dimensions of

the square cross sections, respectively. As with the cube,
we have defined a function H(gLz,r) such that

IneriialConfinementFwwn at LosAknms: Pmgmes Since1985 7
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(46)

where ~ is the long dimension.

Corner
1.5 -

~

~1.o -
z Center

0.5 -

n

“o 1 2 3 4 5
gL

q 0.2 -

g 7-

x Center of
0.1 End Face

n
“o 1 2 3 4 5

gLz

Fig. 9. Function for computing ASE parameter 8 in a
rectangular parallelpiped with constant gain g, a square cross
section, and a longer third dimemsion Lz that is three times
the other dimensions.

Fig. 6. Function for computing ASE parameter 6 in a cube
n’ith constant gain and sides of length L. 8= (TIJT~p) gL H.

‘!~E:~”g
0.5 1.0 1.5 2.0 2.5

gL12

Fig. 7. The ASE H function at the center of a cube. The
corresponding fimctions for inscribed, circumscribed, and
equal volume spheres are shown for comparison.

ii :/5’-1

End Face

0.2 –
\

Center of
Long Edge

I I , Comer I
00 1 2 3 4 5

@z

Fig. 8. Function for computing ASE parameters 6 in a
rectangularparalle[epiped with constant gain g, a square
cross section, and a longer dimension Lz that is two times
the other dimensions.

L -J---’
j 0.1

-t

Center of
~ Long ~dge

1
-L

I I

~o 1 2 3 4 5

Fig. 10. Function for computing ASE parameter 6 in a
rectangular paralle[piped with constant gain g, a squzwe cross
section and a longer third dimension Lz that is four times the
other dimensions.

Radiance

The radiance for a given configuration is obtained by

performing an integration as indicated in I@ (26). l?igute

11 shows the results for a KrF system with constant gain

and observation in a direction that corresponds to the gain

length path gL. To obtain these results, we have assumed
O(Vo)Zsp tO be ~ud tO 1.75 x 10-24 cm2s and that

hv = 7.997 x 1o-18 J. The nonsaturating attenuation

coefficient is entered by giving the ratio of attenuation

coefficient to gain coefficient. The radiance is plotted as a

function of (g - CX)L,which tends to make the curves

coincide to a greater degree than if we have used gL as the

abscissa. In a constant gain system the radiance or

“sidelight” can, if measured with known detector geometry

and calibration, be used to determine the gain. The radiance

is also the appropriate quantity of deal with when

calculating ASE radiation falling on an external target.
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Fig. 11. Radiance from KrF medium.

Power andllnergy Output

As noted earlier in Energy Extraction, the extremes of

very short and very long pulse energy extraction arc

relatively amenable to analytical analysis. In this chapter,

the basic formulas presented in Energy Extraction are further
developed for the case of constant go, a, and 6.

Short Pulse Energy Extraction

In the context of a KrF laser medhm a short pulse

implies time durations wherein the amount of extracted

energy is not significantly altered by state population

changes due to processes other than stimulated emission that

occur during the pulse time. Typically, spontaneous

emission and collisional quenching combine to give an

effective time constant of a few (2 or 3) ns. The short pulse

regime is thus relegated to pulses of a nanosecond or less in

duration. There is also a limitation on how short the pulse

duration can be without evoking additional considerations.

For the following discussion, it has been assumed that the

unbound lower laser state has a negligible life time

compared to the pulse duration. The width of the 248-rim

line in KrF is primarily due to the short life time of the

lower state. The line width is about 1013 Hertz which

gives ATs 0.016 ps. For pulses shorter than a few tenths

of a picosecond, we would require consideration of the lower

state populations. In addition to considerations of lower

state population, high energy pulses may display coherent-

type behavior when they are shorter than the dephasing

time.

InertialConfinemetibwn atbs Abnos: PmgnMsSince1985

For pulse durations falling within the bounds described

above, energy extraction is described by Eq. (41). The case

with no nonsaturable attenuation has been examined by

several authors (Bellman et al. 1963; Frantz and Nodvik

1963; Schultz et al. 1964). We then have the solution

‘out - ln{ 1+ exp(g~L) [exp(Ein/Es) - I]} .
Es (47)

Although they were not the first to publish it, Eq. (47) is

usually referred to as the Frantz-Nodvik formula. Also, it

should be noted that Frantz and Nodvik (1963) derived this

formula only for the case of a square pulse, whereas in fact it

is independent of the pulse shape. The case where a non-

saturable attenuation is present probably camot be solved in

closed form. Figure 12 presents a computer, numerical

solution that can be used for short pulse amplifier design.

For a given g/a, the increment in gx associated with any
pair of E/Esat values represents the required gL of the

amplifier with input and output equal to the chosen pair of
E/E~at values. As noted earlier, the presence of nonsaturable

absorption limits the maximum output.

g:L

Fig. 12. KrF ampltjier short pulse peflormance.

Si-Pass Long Pulse Power htractiom

Equation (28) applies to this case. For an amplifier of

length L, integration of Eq. (28) provides an implicit
equation relating ~ and Iin, the amplifier output and input.

We find the relation

9
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L - go 15atJ

When a is zero, the relation is simpler.

Iout - [in= Isat [~oL - ln(Iouflin)] . (49)

AS Iin increases, we find that but - Iin approaches Isat g~L.

This leads to the interpretation of Isat g~L as the available

power per unit area, and to the definition of extraction

efficiency as the ratio of the energy added by an amplifier to

Isat AL. When a is not zero, however, the situation is

altered substantially as one increases the length of the

amplifier. but will approach the value Isat (g@l ). The

maximum incremental power that can be realized from a

thin amplifier slab of thickness Ax is now given by

AImax ‘(1 -~’ Isat d AX , (50)

and is obtained with an extracting beam of intensity Ix,

given by the relation

Ix= Isat(~- 1) .

Figure 13 gives a group of amplifier design curves for

the long pulse mode similar to those of Fig. 12. The

curves can be used in the manner described in comection

with Fig. 12.

lU -0 10 20 30 40 50 60 70
g~L

Fig. 13. KrF ampllj7er steady state single-pass perjormancc.

Double-Pass Long Pulse Power Extraction

The case addressed herein arsumes power extraction by a

parallel input beam that is reflected back on itself by a

mirror. Equations (35), (36), and (37) apply to this case.

Adding Eqs. (35) and (36) shows that

y+y- = Constant= yout [(G+IYG] = yin (l@) , (52)

where yout and yin are the output and input values of y+

and y- respectively. We use Eq. (52) to eliminate y- from

Eq. (35), and integrate the resulting equation to give the

relation

(1- ‘#go) - You~(lffi)/d a/&

1(l-a/tiO) - 2Yout~ + [(G-1]21(1 - CZ/&- ~ ‘ ’53)
go

where y= ( 1-a/g~)2 -~ (a/g~)2 ,

J

(54)

Because of the overlapping counter-propagating beams,

the limit on maximum output is not independent of input

beam intensity. We have the relation

()Iout + Iin S Isat $-1 . (55)

The maximum incremental power for a thin slab is identical

to the single-pass case.

AItnax=(l -m’ Isat go AX ,

but occurs with half the extraction beam power.

(50)

(56)

The interaction of input and output beams precludes

having a relation such as that presented in Fig. 13 for the

singl-pass case. There is in effect another parameter

involved. Figures 14-21 provide a graphical description of

the extraction process. Figures 14-17 depict the relation

between g~L and the ratio of output intensity, Iout, to Isat,

with g@ and the ratio of output to input intensities, G,

serving as parameters. For Ivrge amplifiers, extraction

efficiency is of great concern. Figures 18-21 give the

10 InertialCon@ement Fusionat k%sAh7mos Pfvgzss Since 1985



B. AMPLIFIED SPONTANEOUS EMISSION IN KrF AMPLIFIERS Vol. LI, Chapter 5

extraction efilciency for the same range of parameter values

used in Figs. 14-17. The extraction eftlciency peaks as one

varies gL. For values of G greater than one, the peak

extraction eftlciency falls off from the value given in Eq.

(55).

‘r’1111.
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‘O 5 10 15 20 25 30

goL

Fig. 14. Ratio of output intensity to I~al versus g&for
various values of overall gain G. glcz is fixed at 5.
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Fig. 15. Ratio of output intensity to l~at versus g~ for
various values of overall G. gla is fixed at 10.
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Fig. 16. Ratio of outoput intensity to I~at versus g&for
various values of overall gain G. gla is fixed at 20.
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Fig. 17. Ratio of outout intensi~ to I~at versus g~ for
various values of overall gain G. gla isjixed at 50.

InertialConfinementFusionotlks Aldmos: ProgressSince 1985 n



Vol. II, Chapter 5 B. AMPLIFIED SPON!MA%EOUS MISSION LiVKrF AMPLIFIERS

“o 5 10 15
goL

Fig. 18. Extraction fiactio q versus gJ. for various values
of overall gain G. gla isjixed at 5.
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Fig. 19. Extraction fraction q versus g&for various values
of overall gain G. gla isjlxed at IO.
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Fig. 20. Extraction fraction q versus g~ for various values
of overall gain G. gla is~ed at 20.
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Fig. 21. Extraction fraction q versus g~ for various values
of overall gain G. gla isjixed at 50.

With the assumption of completely overlapping beams,

two-pass calculated extraction efficiencies are substantially

greater in all but the low G cases. This is due largely to the

capability of the two overlapping beams to extract more

uniformly in an extended size amplifier. Actual

implementations of two-pass extractions do not generally

achieve full overlap of the two counter propagating beams
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because of the finite angular separation, and the extraction

efficiency will be less than calculated here because of the

finite angular separation.

ASEINREALAMP~

For “real” amplifiers, application of the theory and

results presented in Chapters 11and Ill requires the use of

numerical calculations. Several publications dealing with

ASE appear in the literature. Hunter and Hunter (1981)

employ a one-dimensional model along with analytical

estimates to account for the frequency spread of the ASE.

Lowenthal and Eggleston (1986) utilize a three-dimensional

cylindrical geometg and include the effect of frequency

spread, as well as reflections in the end mirror for two-pass

extraction cases. Sasaki et al. (1989) also use cylindrical

geometry and include reflections from side walls as well as

the end mirror. They do not consider the effect of frequency

spread. The Los Alamos threedimensional code is based on

an assembly of cubical cells. It includes wall and end mirror

reflections as well as the effect of frequency spread. In

addition, wall-to-wall transport is included. This is

equivalent to the inclusion of multiple reflections.

Contributions of ASE within each cell to itself is included

by analytical approximation. The papers cited above do not

indicate how they treat the problem of self contribution; this

is problematical for threedimension treatments, because

division by r2 is present in the formulation . In heavily

loaded amplifiers, the effect of ASE can be thought of as a

small-to-moderate perperturbation. In this regime,

published results of all the threedimensionaJ codes appear to

be in reasonable agreement. Comparisons in operating

regimes more dependent on ASE details have not been made,

because results of suftlciently similar cases are not

available. A brief description of the Los Akvnos three-

dimensional (3D) codes is given in the section, General

Features of the Los Alamos Code. To include wall

reflection, additional physical description is needed to

implement the surface term in Eq. (18). The section below,

Side-Wall Surface Reflections of ASE, describes the model

incorporated into the Los Alamos Code. In the section

Results Using the Los Alamos Code, a few examples of

code results are presented.

SideWall Surface Reflection of ASE

The side walls are considered as diffuse reflectors

obeying a Lambertian cosine law. In addhion, a parameter
Rs is introduced that represents the fraction of ASE photons

reflected. Integrals over frequency are included by table

lactk-u~ tar the photon flux originating within the volume,

Inertz”dConfinementFuswn at ImsAlanw: ProgressSince1986

and an assumed average correction factor, Fm, is introduc~

for the additional line narrowing that occurs with multiple

reflections. For use in equation (18), we seti

1$ represents the total incident side surface ASE flux unit

area. A portion of Is results from ASE photons originating

within the volume and traveling directly to the surface or

from specular reflection in the end mirror for two-pass
extraction cases. The balance of Is results from surface-to-

surface trajectories, either directly or by reflection in an end
mirror when it is present. Rs, as noted above, represents

the fraction of photons reflected. Then factor arises from

normalization using the cosine law distribution. The

argument of the cosine factor is the angle between the

surface normals and the path along which the photons

journey to a volume element.

The adequacy of this representation of surface

reflectivity cannot be justified in any absolute sense. The

omission of a dependence on the incident photon angle is an

obvious deficiency. Except for a very rough surface, such a

dependence is to be expected. One should note, however,

that averaging over angular dependencies occurs in the

calculation. The ASE photon flux present at any given

point is the sum over all paths to that point and, as such,

embodies a large range of angles. Dependence of results on

reflectance model detail wiIl vary from triviaI to significant,

based on the amplifier configuration and the specific

quantity calculated. For unloaded large amplifiers, the side-

wall reflectivity is involved in the creation of what might be

termed a diffuse parasitic mode buildup. In this case, the

details of side-wall reflectance will affect the dMribution of

the resulting ASE flux and its magnitude as well.

General Features of the IANAlamos 3D
AsEc.Qde

As noted earlier, the formulations are for steady state or

slowly varying input conditions. Spatial variations of input

quantities and calculated variables are simulated by marnces

of appropriate dimensions: 3D for volume-related quantities

and 2D for those associated with areas. In correspondence

with these matrices, the active volume of an amplifier is

divided into cubical volume elements, and the surfaces are

divided into squares. The square dimensions are equal to that

of the cubical volume dimensions. The restriction to

cubical and square constructs is in deference to the use of

analytical approximations used in some parts of the code.

B
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Integrals over volume and surfaces are approximated by

sums over the cells or surface elements. Integrals over

frequency use analytic series approximations and are

implemented by table look-up procedures or other

approximating schemes.

Several versions of the 3D code have evolved to address

cases in which the amplifier is used in single-pass or

double-pass extraction modes or cases in which no

extracting beam is present. Iterative algorithms are

employed to obtain self-consistent solutions that include
. energy extraction by beam photons and
. ASE effects arising from:

— volume-to-volume transport of ASE photons,
— volume-to-surface and surface-to-volume transport

of ASE photons when side-wall reflectivity is not

zero, and
— surface-to-surface transport of ASE photons when

side-wall reflectivity is not zero.

ASE transport via specular reflection in the end mirror is

also included for two-pass extraction modes.

Note that by including surface-to-surface transpo~ a

self consistent solution will include multiple surface

reflections. The source code is written in Fortran 77 for use

on Los Alamos Cray computers. Special attention is given

to details so as to achieve maximum utilization of the Cray

vector calculation mode.

Input and Output Data

The number of cells in each of three directions (x,y,z)

and the cell dimension describe the amplifier size. These

quantities are entered directly into code parameter statements.

The program uses the number of cells in each direction to

set the matrix dimensions. Recompilation is required when

changes are made to these parameters.

Tables associated with integrals over frequency are

loaded from separate data tiles. The remaining parametem

needed to specify amplifier condhions are also read in from a

data file. The data file allows for up to ten sets of

parameters, so that up to ten cases can be accommodated in

a single program execution. The number of cases (up to

ten) is selectable via an entry in the data file.

Code execution for multiple cases is different from

execution of a single case. “First-guess” solutions in the

iterative process are taken as the answers for the previous

case in all but the first case. The multiple case mode is

thus only suitable for parameter studies in which modest

changes are made in parametetx from case to case.

Considerable economy in execution time results. In some

cases it will allow solutions to be reached whereas attempts

to run a single isolated case results in nonconvergence of the

iterative algorithm currently used.

B

Amplifier pumping is represented by a 3D matrix and

thus can be spatially nonuniform. At the present time, a

gain coet%cient is entered via the data file and is used to

initialize the pumping matrix to a uniform distribution. To

implement nonuniform pumping, it is necessary to insert a

code that will initialize the pumping matrix in accordance

with the desired nonuniformity in the pumping.

Nonuniform distribution of the extraction beam is

implemented through a twodimensionrd matrix representing
the distribution of input intensity in units of Isats. A

single input parameter is currently used, but two options are

currently implemented through use of another input

parameter representing the radius of an input beam. For

cells lying outside this beam size, the input is zero. This

option is useful in providing some information as to the

effect of ASE on performance when unextracted regions are

present. If the input beam radius exceeds the amplifier size,

the entire amplifier is filed with a uniform extracting beam.

The nonsaturating attenuation coeftlcient is introduced

by specifying its ratio to the gain coefficient parameter.

For two-pass extraction mode cases, an effective mirror

coefficient is entered. It represents the ratio of the beam

intensity as it leaves the active volume to its value upon

return after reflection in the mirror. It includes consideration

of attenuation in any unpumped end region that may be

present, as well as the actual mirror reflectivity.

Refltxtivity of each of the four side walls is entered via

a reflectivity coefficient for each. The coeftlcients represent

the ratio of total incident photons to total reflected photons.

A weighting factor is used as part of the routine that

produces successive approximate solutions. The factor is

supplied via the data file and may be given different values

for each case.

The primary calculated xesults appear in various 3D and

2D matrices. These are
. volume distributions of gain and the ASE parameteq

(The ASE parameter is further divided with

contributions arising from non-zero side wall

reflectivities and that due to volume effects alone. The

two contributions appear in separate matrices.)
. the distribution of photon flux on the side walls; and
. beam output distribution.

The full contents of these various matrices are normally

not transmitted to output files or printers, because the

quantity of numbers involved would be overwhelming. To

provide the user with a more surveyable set of numbers, the

primary output is processed to produce averages. The

average values, as well as representative slices of the

distributions, are sent to an output file and maybe printed if

so desired.

InertialConjkvnent Fusionat ti Afanzm: ProgressSince 1985
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General Organization of the Program AIgorithm

There is, first of all, a program section that reads in the

appropriate data files, performs matrix initializations, sets

up other needed quantities, and calculates values used

throughout the main program sections. After this first

general initialization, the program proceeds to perform the

necessary calculations for the cases specified in the input

data tile.

The pump matrix is initialized in accordance with the

pump input parameter. For two-pass extraction modes, a

first guess is required for the beam intensity at the mirror

end. If required, this task is accomplished and the

appropriate matrices initialized with these first guess values.

The program then proceeds to the iterative portion of
the calculations. Extraction and gain distribution

calculations are performed first. With this calculated gain

distribution, the volume contribution to the ASE matrix is

then computed. If there is a significant percentage change in

the average ASE effut, the program returns to the extraction

and gain calculations and continues this iterative process

until the change in avenge ASE effect is acceptably small.

Except for the first iteration, a new guess as to the correct

self-consistent volume ASE effect is taken to be a weighted

average of the new and previous result. For the first

iteration, the new guess is taken to be the new ASE effect.

If side surface reflectivities are not all zero, the prow

proceeds with a calculation of the surface contribution to the

ASE effect. This involves computation of volume-to-side

ASE transport, side-to-side ASE transport, surface-to-

volume transport, and, finally, the surface contribution to

the ASE effect. Surface and voIume contributions to the

ASE effect are combined to obtain the total ASE effect. If

the percentage change in the average ASE effect is

unacceptable, the program returns to the extraction and gain

calculation seetion and the entire process is repeated. This

continues until an acceptably small change in the average

ASE effect results from the last iteration.

The program then proceeds to the output section in

which the primary results are further processed and selected

results are sent to an output file.

Except for the first general initialization, the entire

program is repeated until all designated cases have been

processed. Computing time varies drastically with number

of cells selected. In essence, sevendimensional integrals or

sums are involved. For cases with 2000 cells, side-wall

reflection, and two-pass extraction, the computation time is

typically one to two minutes.

Results Using the IAMAlamos 3D ME

As a first example, an amplifier with dimensions of

200 x 200 x 400 cm is considered. Calculations were

performed using 20 cm as the cubical cell dimension. This

results in a total of 2000 cells. The four side walls are

divided into squares with 20 cm sides. The gain parameter
go is assumed uniform throughout the volume and was set

to 3/m. The nonsaturating attenuation coefficient was set to

0.3/m. Two-pass extraction using a uniform input beam

was used. Nonpumped gas attenuation and mirror

reflectance was assumed to produce a ratio of 0.92 between

the beam returning and leaving the pumped region at the

mirror end. The reflectance of each of the four side walls

was set to 0.2. Calculated amplifier perfonmrtce is shown

in Fig. 22, where the amplifier spatially-averaged output

(solid curve) is plotted as a function of amplifier input.
Units for both input and output are Isats. For comparison,

the calculated performance with no ASE effects is also

shown (upper dotted curve). Although the input and

pumping are spatially uniform in this amplifier, ASE

effects cause the output and other quantities to be

nonuniform. Tables 1 to 3 show some of the spatial
distributions for the case having an input of 0.1 IsaIs.

Table 1 gives the output distribution whose average is

plotted in Fig. 22. Table 2 shows a slice of the volume

gain distribution that obtains at the mirror end. Gain

distribution in the extracting direction is primarily

influenced by the extracting beam intensity, except for very

small inputs. The resulting center Iine gain distribution is

shown in Table 3 At larger input values, the cross-sectional

distributions become more uniform.

Extraction et%ciency for the same amplifier, with and

without ASE, is shown in Fig. 23. The theoretical

maximum extraction eftlciency for an infinitely thin

amplifier with the assumed gain-to-attenuation ratio of 10 is

46.7 %. The extraction eftlciency for this 400-cm amplifier

with no ASE is less, because all parts cannot be

simultaneously operated at optimal extracting beam

intensity. Note aho that the presence of ASE further
reduces by 10.7% the fraction of g~Isat that can be

extracted.

Ined”al ConfinementFusionat.bs~ Pmgmss Since1985
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TABLE 1. Distribution of Output (I~aE)

X(cm)10 30 50 70 90 110 130 150 170 190

10 3.88 3.87 3.83 3.81 3.79 3.79 3.81 3.83 3.87 3.88
30 3.87 3.86 3.82 3.80 3.79 3.79 3.80 3.82 3.86 3.87
50 3.83 3.82 3.78 3.76 3.75 3.75 3.76 3.78 3.82 3.83
70 3.81 3.80 3.76 3.73 3.72 3.72 3.73 3.76 3.80 3.81
90 3.79 3.79 3.75 3.72 3.71 3.71 3.72 3.75 3.79 3.79

110 3.79 3.79 3.75 3.72 3.71 3.71 3.72 3.75 3.79 3.79
130 3.81 3.80 3.76 3.73 3.72 3.72 3.72 3.76 3.80 3.81
150 3.83 3.82 3.78 3.76 3.75 3.75 3.76 3.78 3.82 3.83
170 3.87 3.86 3.82 3.80 3.79 3.79 3.80 3.82 3.86 3.87
190 3.88 3.87 3.83 3.81 3.79 3.79 3.81 3.83 3.87 3.88

TABLE 2. Distribution of gain (%/cm) at mirror end

X(cm)10 30 50 70 90 110 130 150 170 190

10 0.92 0.92 0.91 0.91 0.91 0.91 0.91 0.91 0.92 0.92
30 0.92 0.92 0.91 0.91 0.90 0.90 0.91 0.91 0.92 0.92
50 0.91 0.91 0.90 0.90 0.90 0.90 0.90 0.90 0.91 0.91
70 0.91 0.91 0.90 0.89 0.89 0.89 0.89 0.90 0.91 0.91
90 0.91 0.90 0.90 0.89 0.89 0.89 0.89 0.90 0.90 0.91

110 0.91 0.90 0.90 0.89 0.89 0.89 0.89 0.90 0.90 0.91
130 0.91 0.91 0.90 0.89 0.89 0.89 0.89 0.90 0.91 0.91
150 0.91 0.91 0.90 0.90 0.90 0.90 0.90 0.90 0.91 0.91
170 0.92 0.92 0.91 0.91 0.90 0.90 0.91 0.91 0.92 0.92
190 0.92 0.92 0.91 0.91 0.91 0.91 0.91 0191 0.92 0.92

TABLE 3. Distribution of centerline gain (%/cm) in extraction direction

Zcm) 10 30 70 110 150 190 230 270 310 350 370 390

g 1.153 1.150 1.1251.0721.000 .915 .882 .726 .628 .527 .474 .417

16 Inertial Confinement Fuswn at Los AZamos: Progtws Since 1965



B. AMPLIFIED SPONTMVEOUS EMISSION IN KrF AMPLIFIERS Vol. 1. Chapter 5
/

Sizewxhxl

--- 100x4OO x400cm _
I I

— 200 x 200x 400 cm

6 -
---100 x100x 200cm

+ gOL (1 -@)z
No ASE

5 -
.. -- . . . . . . . . L. 400 cm. . . . . . . . . . . . . . . . .

-- (

m /
=

‘: Fr!ZEZ1-’

0.2 0.4 0.6 0.8 1.0

1in(l sats)

Fig. 22 Ampltjier performance.

50:(1-gy Size 200 x 200 x 400 cm ] –

1 I I I I I
0.2 0.4 0.6 0.8 1.0

Fig. 23. Amplifier extraction eflciency.

In this two-pass large amplifier, a further noteworthy

effect occurs. As shown in Fig. 22, the output reaches a

maximum value and then declines slowly as the amplifier

input is further increased. This behavior results from the

combined action of nonsaturating losses and the varying

distribution of extracting beam intensity. For much larger

inputs, the output will again rise to approach the linear

relation appropriate for an attenuating medium of this size

and character. For the no-ASE case, the upturn occurs at an
input of 6.5 Isats. Note, also, that the presence of ASE

substantially increases the required input at which maximum

extinction efficiency occurs.

To illustrate the dependence of amplifier performance on

the proportions of a given cross-sectional area, a second set

of calculations were performed with identical amplifier

characteristics, except that cross-sectional dimensions were

changed to 100 x 400 cm. The results are shown by the

dashed curve in Fig. 22. Slightly better performance is

achieved at the lower input values. Volume-averaged gain

and ASE parameter 6 @q. 9) are shown in Fig. 24. Because

“equivalent” Isats of monochromatic radiation. The actual

ASE intensity is substantially higher.

I*
9+

3
0.8

Size 200 x 200 x 400 cm
0.7

0.6
6

2 0.5 ;

0.2 0.4 0.6 0.8 1.0
lin(i~~)

Fig. 24. Average gain ami ASE parameters.

Amplifier size and goL product also change the

characteristic performance cutves of amplifiers. This effect

is illustrated by the lower curve in Fig. 22, which presents

the calculated results for an amplifier similar to the one

discussed above, but with all physical dimensions halved.

Lower ASE effects, combined with the ability to achieve

more optimal extraction intensities throughout, result in
extraction efficiency of 41.470 at an input of 0.3 IsaIs. Note

that no downturn of output occurs, as it did for the larger

amplifier.

The dependence of performance on side-wall reflectance

is shown in Fig. 25. For this study, the input was held

fixed and the side-wall reflectance varied. All other
parameters were the same. With an input of 0.3 IsaK, the

amplifier with an aspect ratio of four is substantially better

with large side-wall reflectance. The lower curve uses an
input of 0.1 Isats and is more seriously impaired by ASE

effects.

When no extraction beam is present, the resulting

media gain is strongly influenced by the presence of ASE.

Fig. 26 plots the resulting gain coefficient as a function of
the parameter go (the gain that would obtain if no ASE were

present). The amplifier size and parameters are identical to
the previous examples, except for the variation in go and the

absence of the mirror used for two-pass extraction. Note

that ASE for this large amplifier makes measurement of the
small-signal gain parameter go virtually impossible.

I

integration over frequency was performed, the units for 8 are
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Vol. II, Chapter 5 B. AtlPLIFIED SPONTAiVEOUS MISSION IN KrF AMPLIFIERS

5

4

j3

5
–0 2

1

Fig. 25. .

Ii“ Dimensions

---o.31=t, 100x400 x400cm
— 0.3 I~,, 200 x 200x 400 cm

_ ---0.1 l=,. 200 x 200x 400 cm
I ---=.- --%

-\* N
\ \

‘\
\

\
‘\ \

\
‘\ \

‘\
\

‘n~.

\
gO= 3% I cm ‘i \

\
gJa= 10 ‘\ \

R ~lnOr= 0.92 ‘\
‘\

T“lzsp = 0.3 ‘\
--.-

~
0.6

Side Reflectance

Effect of side reflectance on amplifier pe~ormance.

1 I I

Size 200 x 200x 400 cm [

/
/

/
/

/
/

❑
gola= 10

Tu/T~p = 0.3

Rs,~e= 0.2

‘z
1 2 3

REFERENm

Bellman, R., G. Bimbaum, and W. G. Wagner,

“Transmission of Monochromatic Radiation in a Two-Level
Material,” J. Appl. Phys. W 780, 1963.

Frantz, L. M., and J. S. Nodvik, “Theory of Pulse
Propagation in a Laser Amplifier,” J. Appl. Phys. 34.,

2346, 1963.

Hunter, A. M., and R. O. Hunter, “Bidirectional

Amplification with Nonsaturable Absorption and Amplified
Spontaneous Emission,” IEEE J. Quantum Electron., ~

~, 1879, 1981.

Lowenthal, D. D., and J. M. Eggleston, “ASE Effects in

Small Aspect Ratio Laser Oscillators and Amplifiers with
Nonsaturable Absorption,” IEEE J. Quantum Electron., QE

22, 1986.

Sasaki, A., K. Ueda, H. Takuma, and K. Kasuya,

“Amplified Spontaneous Emission in High Power KrF
Lasers,” J. Appl. Phys. a, 231, 1989.

Schultz-Dubois, E. O., “Pulse Sharpening and Gain

Saturation in Traveling-Wave Masers,” Bell System
Technical Journal Q, 625, 1964.

go(% / cm)

Fig. 26. Resulting small-signal gain versus go.

B InertialCon@wnentFusion at Los Ahunos: Pmgmss Since 1985



V. PROPERTIES OF THE KrF IASER MEDIUM

APPENDIX V. A
ASE EXPERIMENT

Stephen J. Czuchlewski

As a test of the predictive capability of the Los Alamos

ASE code, an experiment was conducted on the AURORA

Large Aperture Module (LAM). This electron beam

(e-beam) module has a large active volume (1 x 1 x 2 m3)

that generates substantial ASE.

If a laser medium is excited without the injection of an

input pulse, the measurable small-signal gain will be

reduced by ASE according to:

g=--&L ,
l+ Q!SE

Isat

where go is the small-signal gain that would obtain in the

absence of ASE, I~at is the saturation intensity of the

medium,and IASE is the intensity of the ASE.

Figure 1 shows the predictions of the Los Alamos code

for this experiment. The measured small-signal gain is
plotted as a function of go. In the absence of ASE, the

measured gain would equal go (dashed line in Fig. 1). With

ASE, the gains measured on the LAM will be substantially
less than the unsaturated value go (curve labeled

100 x 100 x 200 cm3). Also shown in the figure are

three data points. The normal operating point is indicated
by the circle. When the LAM is pumped to a go of

2.7%/cm, the measured gain is 1.6 %/cm.
When the pumping, and hence the go, is reduced by

half, the point indicated by the square is obtained. In the

final test a baffle (with dimensions of

20 x 100 x 200 cm3) was inserted into the amplifier to

reduce the volume, and hence the ASE, without reducing the

pumping. This condition is indicated by the triangle and the

theoretical curve labeled 20x 100 x 200 cm3.

In each case, excellent agreement was obtained between

the data and the predictions of the ASE code.

o 1 2 3 4

go(% / cm)

Fig. 1: Effects of ASE on small-signal gain for the LAM.

Solid curves are the predictions of the Los Alamos ASE

Co&.

Energy Extraction Experiments

Practical ICF drivers will need large active volumes

(> 1 x 1 x 1 m3), high extracted-energy densities

(>10 J/liter-atmos), long pulse lengths (approx. 1 ps), and

reasonable efilciencies (> 10%). In principle, these

requirements might be achieved via any of three

technologies: e-beam pumping, e-beam sustained

discharges, and x-ray pmionized discharges. In fact,

substantial work has been conducted only on e-beam

pumped KrF lasers.

High extracted-energy densities and good efficiencies

have been demonstrated with e-beam devices. Because ICF

gas lasers will operate near atmospheric pressure, we will

normalize existing data to such operation. Table 1 lists the

InertialConjhmnentlkswn atLvsAkxnKM Progmw Since1985 1
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highest extracted-energy densities that have been reported for

e-beam KrF lasers.

The group at Sandia (Rice et al. 1980) extracted

37 J/liter when they pumped a 2500-torr laser mix very hard

(7 MW/cc). They extracted 12 J/liter when they drove

1000 torr at 1.8 MW/cc. These correspond to extractions

of 11 and 8.7 J/liter-atmos from standard argon mixed with

10% Kr. Intrinsic efficiencies were also good (10 and 12%).

At AVCO, extractions of 8.7 and 16 J.liter-atmos were

observed (Mandl et al. 1987) with conventional and krypton-

rich mixes that were more moderately pumped

(-160 kW/cc). Efficiencies were 11% and 12%.

Most recently, extractions of 11 and 16 J/liter-atmos

with eftlciencies of approx 11Yowere reported (Klmura et al.

1989) in similar mixes pumped at 300 kW/cc by a group at

Spectra Technologies Inc. (STI), which is working under

contract to Los Alamos.

Although all of the data above have been for KrF lasers

that have been configured as oscillators, these results

demonstrate that extractions of greater than 15 J/liter-atmos

and intrinsic efficiencies greater than 11YOcan be achieved.

Thus, performance typical of our LMF designs have been

demonstrated experimentally.

A. ASE EXPERIMENT
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TABLE 1. High efficiency and high energy-density extraction data for KrF lasers. Intrinsic
el%ciency hI and extracted energy @EXT) densities are indicated for Ar and Kr-rich mixes.

Press Pump hr E~/V EE@V-P

(torr) Kr/Ar (MW/cm3) (%) (J/liter) (J/liter-atmos)

SNL 2500 Ar 7.0 10 37 11.

10QO Ar 1.8 12 12 8.7

AVCO 1140 Ar 0.16 11 13 8.7

608 Kr 0.16 12 13 16.0

STI 1004 Ar 0.32 11 14.5 11.0

665 Kr 0.32 11 14.5 16.4
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V. PROPERTIES OF THE KrF LASER MEDIUM

Co ENERGY EXTRACTION FROM KrF AMPLIFIERS

Jay R. Ackerhdt

KrF PULSE PROPAGATION

Theoretical studies of pulse propagation in KrF

amplifiers have been performed to model amplification in

both single and double-pass amplifier configurations and to

examine techniques for pulse shaping and multiplexing for

laser fusion and near-term experiments. In this document we

will summarize what has been accomplished and our plans for

extension of this work.

Our modeling studies are based on solving differential

equations for the excited KrP species and plane-wave

Maxwell’s equations for the propagating electric field

intensities. We have also included propagation equations for

the on-axis amplified spontaneous emission (ASE)

intensities. The equations are

d N = - cNI~ + P(t) - N/ts - N/tq(t)
dt

(2b)

(3)

wheTeIT=IR+IL-M:+I:. (4)

InertialConfhw?nentFusionat LQsAlomos: Pmgn?ssSince198.5

The stimulated-emission cross section, speed of light in

vacuum and spontaneous emission lifetime are 6(cm2),
c (cm/s) and t~ (s), respectively. The field intensities

(photons/cm3) for the right and left propagating laser fields

and ASE fields, and KrF number density (number/cm3) are

?PIR, IL , R, L and N, respectively. The time-dependent

parameters, et(t), ~(t), ~(t) and P(t), are the saturable and

nonsaturable absorption coefficients, the quenching rate and

KrF formation rates, respectively. These functions are

computed by our kinetics code and entered into the

propagation code as time-dependent input parametem. This

simplification allows the propagation code to run faster and

more eftlciently without omitting any of the essential
physics. The last parameter, C?i(z), is inserted to roughly

account for the solid angle subtended at each z for the

contribution to the on-axis ASE that is generated by each

gain sheet in either the left (i=L) or right (i=R) propagation
directions. The saturation intensity, ISAT, is
hv(l/~(t)+l/ts)/6, where h and v are Plank’s constant and the

photon frequency.

Single-pass and double-pass amplifiers are very dMferent

from a rigorous mathematical point of view. For example,

there are techniques for running a single-pass amplifier

computer code backwards as an attenuator to precisely tailor

pulses in both shape and energy. These techniques, however,

are so exacting that for a multiplexed train of pulses in which

every pulse on output is exactly the same, the required input

can be an experimentalist’s nightmare. For a double-pass

amplifier there is no such rigorous technique, but similar

methods have been found to be not too bad at predicting the

proper input for a particular output. However, at the time we

were testing these techniques, we discovered that if the

amplifier was uniformly saturated by the pulse train, then the

amplification was nearly linear. The implication of this

result is that it is not only easier for the experimentalists to

1
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satisfy the pulse shape requirements of the target designers,

but it is most likely possible.

Typical pulse shapes for laser fusion are characterized by

a long low-intensity foot with a narrow intense peak at the

end of the pulse (see Fig. la). Once a pulse of this type is

produced in the front end of the amplifier chain, it is not

possible to amplify a single pulse, preserve its shape, and

also et%ciently extract energy from the laser amplifier (see

Fig. lb). The natural tendency of a strongly pumped KrF

amplifier is to produce a very intense spike on the leading

edge of the pulse whose width and height depend on the rate

of rise of the pulse’s leading edge. Some level of control can

be obtained by softening any rapid intensity changes in the

pulse profile. For example, we have modeled some target

physics pulses constructed in the form of a histogram. These

pulses underwent strong amplification on the leading edge of

each separate rectangular part of the pulse profile. By

softening the Ieadhg edges we obtained some degree of

control over the large spiking produced in the amplifier

however, we no longer retained the desired pulse shape.

We have multiplexed pulses in our model amplifier

simulating both single- and double-pass amplifier

configurations. The advantage of overlapping and sequencing

pulses in the amplifier relates to both the efficiency of the

amplifier and the preservation of the input pulse shape. For
example, if we overlap pulses having a long low-level foot in

the amplifier so that the intense portions of these pulses are

uniformly stacked back-to-front, then after the initial strong

amplification on the leading edge of the pulse train, the

individual pulses are amplified linearly, preserving their input

pulse shape. In fact, if the long low-level foot is removed

initially from the first few pulses in the train, then the large

amplification spike at the onset of the pulse train can be

substantially controlled (see Fig. 2a). In addition, it may be

possible to use these truncated initial pulses in the train, if

they are timed to reach the target simultaneously with the

intense portion of the remaining pulses. We have also

studied the effect of varying the spacing between the pulses in

the train. In Figs. 2b and 2C (on the following pages) we

show the results of successively increasing the spacing

between the pulses in the train. We have found that the

greater the spacing between pulses, the stronger the ripple

that develops on the low-intensity foot. The overall pulse

shape, however, is reasonably well preserved.

2

1 1 I I

o 40 80
Time (ns)

120
a

A

o 40 80
Time (ns)

120
b

Fig. 1. Effect of amplification of a single shaped pulse in a

KrF double-pass ampll~er (a) input, (b) output. The front of

the foot is peaked by the unsaturated gain; the dip before the

main spike arisesj?om pulse overlap near the reflecting

mirror.

In Fig. 3a we show a case of a train of super-Gaussian

pulses that have no prepulse structure, as is presently the case

in the AURORA-LAM amplifier. Once into the train, the

pulses preseme their shape fairly well. In Fig. 3b we have

introduced a spacing roughly equal to the pulse width

(-5 ns), equivalent to dropping every other pulse in the

train. Because the gain is not saturated between the pulses as

in Fig. 2, we observe a strong amplification on the leading

edges of each pulse that destroys the input pulse shape. If

pulse shape is not an important criteria, but extracted energy

is most important, then, when the spacing is shorter than the

gain recove~ time (roughly 2 ns), not much energy is

wasted
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Fig. 2. Effect on amplification of increasing the spacing between pulses in the train. Fig. 2a, b, and c are for 4-,8-, and 10-ns

spacing peak-to-peak in the train. Lefth-ightfigures refer to input toloutputfiom the amplifier. Upperjigures are for a centraIly

located pulse in the train. Lower jigures show the total train. Thejirst few pulses have no feet, and thejirst two input pulses

have been attenuated.

For larger spacing between pulses the extraction is reduced,

but not as rapidly as one might have initially expected. For

example, for the case shown in Fig. 3 in which the pulse

width is 5 ns, we found for a 5-ns spacing between pulses,

only a 15Y0-2090 reduction in extraction occurred in a double-

pass amplifier similar to the AUROW4-LAM amplifier. In

Fig. 4 we show relative energy extraction versus the delay

between pulses for several pulse intensities. The AURORA-

LAM calculations are labelled with triangles. One should

note that for these calculations the energy of each separate

input pulse in the train was held constant, as opposed to

holding fixed the pulse-train energy per unit time. This

means that as the pulse spacing is increased the energy per

unit time in the input train is reduced. An even smaller

deerease in output energy is obtained if the input pulse train

energy is held constant.

In the previous discussions we have emphasized generic

features of single-pulse and pulse-train amplification using

simply constructed pulse shapes. We will now discuss our

modelling efforts in conjunction with off-line experiments at

Los Alamos. In addition, we will discuss theoretically

designed target pulses (Kidder 1974) and pulse shapes

consistent with the LMF design configuration.

We have calibrated the computer code, which is based on

Eqs. (l-3), by comparing single-pulse amplification data with

our model calculations. We have accounted for the beam

expansion through the discharge amplifier in the off-line

experimental setup by including a term in Maxwell’s

equations that represents Gaussian beam expansion far from

focus. We have checked that this term correctly accounts for

the decreasing beam intensity, or increasing beam area, by

setting the absorption coefficients and formation rate to zero

and propagating the beam through the amplifier. In order to

model the discharge formation rate as a function of time in

the amplifier, we calibrated the code on-axis ASE output with

the experimental ASE output when no pulse was inserted

into the system.

4 Ineti”al Confinement Fusion at Los Alanms: PIV@ms Since 19S5
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Fig. 3. Results of ampltpcation of a train of super-Gaussian pulses in a double-pass amplijier configuration, similar to the

AURORA-LAM. Fig. 3a shows the case where the pulses are stacked back-to-front. Fig. 3b shows the effect of introducing a

5-ns spacing between the pulses with the peak intensity heldjixed. Thejigures are oriented as in Fig. 2.
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Fig. 4. Based on calculations similar to

those of Fig. 3, traces of relative energy

extraction vs. pulse spacing are shown for

various delay times. (Note: a delay of 5 ns
corresponds to a pulse train in which the

pulses are stacked back-to-front with no

inter-pulse spacing, as in Fig. 3a. The

AURORA-LAM amplijier corresponds to

the 0.18 MWlcm2 case. Notice that the

graph scale runsji-orn 0.S to 1.)
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Fig. 5. ASE pulse shape comparison between experiment (Fig. 5a) and theory (Fig. 5b). The theoretical fit shown in Fig. 5b
was obtained by tailoring the discharge formation rate temporal projile in order to match Fig. 5a.

In Figs. 5a end 5b we show the comparison between

experimental pulse shape and model predictions. The overall

shape and HWHM in time are in excellent agreement. Using

a scope trace for a typical input pulse profile we constructed

Fig. 6a. This should be compared with the temporal pulse

profile shown on the left in Fig. 6b. The experimental scope

trace shown in Fig. 6b have both the input (left) and output

(right) superimposed. The theoretical energy per square

centimeter displayed at the top of Fig. 6a, when multiplied

by the experimental beam cross sectional area of 0.081 cm2,

gives 0.5 mJ of energy chosen to match the experimental

number of 0.5 * 0.2 mJ. After theoretically propagating the

pulse through the 90-cm amplifier accounting for the beam

expansion, we computed the result shown in Fig. 6c.

6

Comparing this profile with the output experimental

temporal profile shown in Fig. 6b, we find excellent

agreement between theory and experiment. Taking the

numerically computed energy per square centimeter shown in

Fig. 6C and multiplying it by the experimental beam cross

sectional area of 0.476 cm2, we obtain 51.6 mJ. This value

is in excellent agreement with the experimental result of

50 k 5 mJ. We have also done computer simulations for

which the timing between the discharge and pulse insertion

into the amplifier was varied. In all cases, the results were

representative of the many other experimental scope traces

presented to us for modelling. The results shown in Fig. 6

are characteristic of the excellent overall agreement which we

found.

Inertial ConjkvnentFusion atIAM A!amos: Progress Since 1985
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Fig. 6. Experimental input and output scope traces are

shown on the lefi and right sides of Fig. 6b, respectively.

Fig. 6a is a typical input pulse shape projile. Fig. 6C is the

corresponding output profile computedfiom our model,

which should be compared with the right trace shown in Fig.

6b.

In Fig. 7a (solid curve) we show the temporal profile

used by Kidder (1974) to calculate the implosion of a uniform

spherical pellet of DT. The pulse shape was modified to

return to zero 33 ns after it was turned on. The width of

these pulses is roughly 2 ns. Once we had verified the

physics contained in our computer code, we studied the

extraction pulse-shape characteristics of a double-pass

amplifier. We stacked 64 of these pulses front-to-back with a

2-ns pulse spacing (see Fig. 7c) and propagated them through

the amplifier. We chose the input peak pulse intensity to be

0.2 MW/cm2 with the gain in the vicinity of 15, which gave

an output peak intensity of 3.0 MW/cm2. In Figs. 7a and 7b

we show both the input (solid curve) and output (dashed

curve) pulse intensity (7a) and energy (7b) profiles versus

time for the 30th pulse in the train. We have scaled the input

energy to the output energy in order to plot the curves on the

same graph. The factor used for this scaling is printed on the

top of the plot. The pulse shape is so well preserved that it

is almost not possible to distinguish the two curves. We

have done calculations for larger pulse spacings of 4.0 and

8.0 ns, keeping the input pulse train energy per unit time

constano i.e., for a 4.O-ns spacing we used only 32 pulses in

the train and doubled their energy. As the spacing was

increased, ripples started to form on the pulse with a

repetition time the same as the pulse spacing time. These

ripples resulted from the increased gain recovery between

pulses caused by having a larger modulation depth and

duration when the pulse spacing was increased on input. The

ripples increased with increased pulse spacing but were not

greater than 30%-40% at an 8.O-ns pulse spacing. In

addition, we found that the output energy for constant input

energy did not change by more than 1% in going from a 2.0-

to an 8.O-ns pulse spacing, implying, in general, that the

energy extraction from a saturated double-pass KrF amplifier

is independent of pulse spacing for constant input energy, at

least for “reasonable” pulse spacings.

7
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Fig. 7. Input (output) traces are indicated by the solid

(dashed) curves shown for the 30th pulse in a train of Kidder-

shaped pulses. Fig. 7a compares the intensity projlles, and

Fig. 7b compares the energy profiles. The scale ratio is the

ratio of the output to input pulse energy and allows the

curves to be plotted on the same scale. Fig. 7C shows the

train of 64 pulses overlapped n’ith a 2-ns spacing.

To see if pulse shaping was consistent with the LMF

design, we generated a pulse shape having the general

characteristics believed to be desirable for the energy expected

from an LMF facility. We modelled the last double-pass

amplifier in the LMF amplifier chain. The pulse shape on

input is the solid curve shown in Fig. 8a. The input peak

intensity was set at 0.2 MW/cm2 with a gain of roughly 20.

The tail of the pulse has been taken to fall off somewhat

more slowly than might be feasible experimentally and

desirable from an energy utilization standpoint, but we have

found that providing this gradual tail helps to smooth the

energy loading and hence to maintain the pulse shape. This

is a tradeoff that needs further study, taking into account both

target performance and the impact of pulse spacing on laser

architecture and cost. In Fig. 8C we show a train of such

shaped pulses with a 15.O-ns pulse spacing. Although the

pulse trains shown in Figs. 7C and 8C have very different

pulsewidths, the uniformity of energy loading in both trains

is similar. The temporal modulation in the train is

consistent with the percent variation shown in Fig. 7a for the

Kidder (1974) shaped pulses. In Figs. 8a and 8b we show

both the input (solid curve) and output (dashed curve) pulse

intensity (8a) and energy (8b) profiles versus time for the 9th

pulse in the train. Differences between the input and output

pulse shapes in intensity are more visible than in energy, but

they are expected to be minimally different with respect to

impact on a target. We consider these results a confirmation

of the pulse-shaping capabilities of KrF laser amplifiers. We

have not redone these calculations for various pulse spacings

in order to verify our previous energy extraction results, but

we fully expect no surprises in this area.

In the near future we plan to compare the pulse-shaping

characteristics of single- versus doublcipass amplifiers.

Because our preliminary calculations indicate that the pulse-

shaping results are not very different in the regimes studied,

we plan to develop a simple code for treating single-pass

configurations. The physics of these amplifiers is far easier

to solve, because the pulse train has a natural periodicity to

it. This means that the gain medium must also be periodic

over this interval, and that the physics of the steady-state

portion of the train can be completely solved by simply

computing the amplifier dynamics of a single, repetitive time

window. We have successfully used this type of calculational

technique in treating forward stimulated Raman scattering and

expect it to work here without any complications.

8 Inerh”cdConfinementMon at Los Aknwa Pmgrexa Since 198S
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Fig. 8. Figs. 8a, 8b, and 8C correspond to and are described

by Figs. 7a, 7b, and 7c, respectively, but for an LMF-

designed pu[se shape. The input single pulse shape is the

solid curve in Fig. 8a. A train of these input pulses stacked

back-to-front is shown in Fig. 8c. A comparison of the

input (solid) and output (dashed) intensity and energy

temporal profiles are shown in Fig. 8a and 8b, respectively.
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Ins ~TION OFCOHSRENCEAm CORREMTXONpWTERS FOR TN2 EMCTRON
INFACT 2XGITATIONOF ATOM

Cborge CSANANxnd David C. CARTURICNT

Los Al-s Nationcl Leboratozy, P. O. Box 1663
ks Aluos , New h.XiCO 875k5 , USA

In the last fow yaars vb have directed our ●ttention to the calculation of
cohe renco xnd correlation parameters [CCP’ ●J for electron fxpact excitation of

the nl’3P [n- 2,3,...,8] and nl’3D (n- 36, , . . . ,8] states of helium, using
firet-order mcny-body theory [IWMBT] (1), mnd tried to provide a physical
interpretation of tha rasulte. This ●ffort was xmtivated by the increased
●xperlmantal ●ctivity in this ●rea(2) along with varioue formal ●nalyses (3) ●nd
interprctativa ●fforts (6).

Th theoretical method we usad, lWIBT(l) , is one form of ● distorted wave
●PProxiMtlon [~Al ~d is characterized by the faatura that the distorted wave
orbitale for both the incident and scattered ●lectrone are calculated in the
●tet ic - ●xchanga potmttial of the ground ●tata atom, thereby insuring
ortho;onelicy. Tha FONP.Thas bean umed vary euccossfully for tha calculation
of intermediate ●nargy inelastic ●lactron ●catt.rins difforantial cross
●actionc [DOS’●] by rare gae targets (5). It ie ueeful to associata the
followinr simple physical sequence with the MA(6, 7) , the incident ●lectron
wave 1s diffracted by tlm f leld of the targat, followed by the excitation
procass mediated by tlm Couloxb interaction potential, followed by diffraction
of the scat ter.d ●lectron by the f h ld of the target.

We shall first dlscwe our 3WBT results obtain-d for the U > and -t
1

parmmetors(8) for tlm ●xcitation of th. nlP [n - 2,3,...,8] ●tatec of helium.
al> rcfere to the average ●ngular momentum trmef ●rred in the collis f on

(perpendicular to the scattering plane) ●nd Y 10 the ●liment angle, relativa
to the direction of the incident ●lectron, of the char~e cloud of tho tar;et
●tate “creatad” by the ●xcitation procese, Our results for those parameters

for tho excitation of the 21P mnd 31P sates of helium by 80 ●V ●lectrons are
shown in Fige. 1 xnd 2 whera thay ●re compared with ●xperfmenral read ta(9) ●nd
with Bern ●nd R-mxtrlx theory resulte (10). (In the Born approximation al> = O

for ●ll scattering mngles. ) Figuree 1 end 2 chow thatthe FONBT results are in
●emiqucntitat ive acreemmnt with the ●xperimental data. FONBT certainly
reproduce the characteristic engular behavior of U >, which ●uggests that it

1
containe the ●eeential physics neceemry to describe this paremetor. At higher
incident ●lectron ●nergy, tha agraament with ●xperiment is ●ven better. Other
versioxu of the DWA also give quantitative agreement with ●xperiment ( 2b).

In order to get come physical ineight into these parameters, we first
●xtended our calculation ●t 80 ●V incident ●lectron ●nergy to tha ●xcitation

of nlP [n - 6,5,...,8] states. Tho intarasting result that we obtainad was
that the U > mid 7 pmemeters were found to be ●ssentially independent of the

1
principal quantu nwmber, n(n), 8X is shown in Fig. 3. This observation can
be ●xplained on the baeis of quxntum defect tlmory [QDT] (12), which in turn is
bezed on the observation by Nartree ( 13) that, close to the nucleus, a bound
●tate orbital ie ●ssantially independent of the principal qumncumnumber [n]
●xcept for ● normxlfzation c0nxtxnt(14). This characteristic can be ●een from

the following anxlysis. Th@ ‘direct” portion of tho 3WBT T-matrix (~) for
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Electron-impact coherence parameters for excitation of the ‘P states in helium

George Csanak and David C. Cartwright
LosAlamorNational .Ldomkwy, Uniuemity of Cbhjlornia, Las Alamo% New Mexico 8754S

(Rs=ived 8 February198S1

Firw-xder many-bodytheory (FOMBT) hasbeenusedto eslculateditTcrcntidcrosssections
(DCSN and eIcctron-impsc:coherencepammc!ersIEICPS) assoeiawdwith excitationof the n‘P
(n =2,3) electronicstatesof heliumfor incident-electronenergiesin the range 22 eV .SEs SW eV.
The DC% predicted by FOMBT ●greer-nably well with the available experimental data mrd in
the 50 eV s Es 500 ev energy range, as wellas,or be~~erthan,threepr~jcted by anyOthertheory.
The EICP’S predicted by R-matrix me:hcds are found to ●gree better with the available experimen-
tal data in the threshold region (Es 30 eV) than those predicted by FOMBT. However, h the
interrnediak+sergyregion,SOeV s Es S00eV, FOMBT providesEICP resultstha! am h aemb
quantitative agreement with the available data. Partial-wavedecompositions of the (L, ) parame.
ter at various ineident+lectron energies show that the structure observed in this parameter is mused
by interference among the free-elcetron partial waves and that the small-angle chamcteris:ics of this
parameter are determined principally by low-l partial waves, i.e., by incident electrons with small-
impact parameters. Additional experimental maurements and rcsuhs from more clabora!e calcu-
lations at intermediate and large seatterirrg angles and for intermediate and high incident+kctron
energies are needed 10 resolve a number of issues a.ssnciated with the interpretation of the EICFS.

L INTRODUSTHON

Shortly after results from the first electron-phoion
coincidence experiments were reported by Eminyan
ef a/.102for the 2’P state of helium, calculations using
first+rder many -tmdy theory (FOMBT) were reported for
the two electron-impact coherence parameters (A and X)
obtained in those experiments.3”4 Two years later, experi-
mental’”b and theoretical’” (FOMBTI resultswere report-
ed for excitation of the 31P state of helium. These initial
results from FOMBT were obtained for the incident-
elecwon energy range 40 eV g E s 80 eV and correspond-
ed to the region of the available experimental data.

Since 1978, a substantial amount of new experimental
data has been reported,9 principal} for incident-electron
energies in the 40 eVs Es 80 CV range, but also a few
measurements at lower energies’o-’s [E c 40 eV) and
higher energies (E> 100 CV).’6 Simultaneously, a discus-
sion developed in the literature” -‘9 as to the best choice
of parameters for characterizing the results of electron-
photon coincidence experiments. The parameter k and
X, originally introduced by Eminyan ef al.,’oz refer to rel-
ative magnitudes wad phases of magnetic sublevel excita-
tion T matrices, while an equivalent set of parameter%”
denoted by (L, ) and y, denote the ●verage angular
momentum transferred to the atom mad the alignment an-
gle of the charge distribution following the electron-
impact excitation proccsa, respectively.

Although a considerable amount of new experimental
data has been reported these past ten years, relatively few
analyses have been reported on the theoretical interpreta-
tion of the electron-photon coincidence data. Motivated
by ncw experimental data, the previous FOMBT calcula-
tions have been extended in the work reported here to ex-

citation of the n ‘P states for those energy ranges ht =2,3)
[hat have not been considered before. In this paper, we
repofl results for the (L., ) and y parameters and at-
tempt to develop a physical interpretation for these pa-
rameters in terms of the electron scattering process. Our
FOMBT results are compared with available experimen-
tal data and some previous theoretical results in order to
evaluate the ability of FOMBT to accurately describe the
measured elect ron-impact cohcrcncc parameters
(EICP.S). A more comprchcnsivc comparison of all exper-
imental data with all theoretical results is being published
by Anderscn et al.20 and is being compiled b} the Data
Center of the Joint Institute for Laboratory Astrophy-
sics.”

Rcccnt calculations using FOMBT of the EICP”S asso-
ciated with excitation of the n ‘P states ht =2,3. . . . . El
resulted in the new and interesting obscrvaticrn:’ that the
EICP’S arc prcdictcd to be essentially independcnf of the
principal quantum number (n). An analysis of a physical.
Iy appealing model M based on a~tractive and rcptslsi~e

potential scattering to explain the EICPS has also been
rqrorted.zz This study showed by an anguIar momentum
analysis that no simple relationship can be established be-
tween attractive and repulsive scattering potentials and
the sign of the transferred angular momentum (L,).
This angular momentum analysis, reported earlicr~~ for
80-eV incident-electron energy, is extended hereto higher
energies to aid in interpreting the new parameters and,
thereby, obtaining improved physical insight into the
electron scattering process.

11.SUMMARYOF FOMBT

FOMBT apphcd to the description of electron-atom ks-
elastic scattering was first introduced by Csanak a d.~~

2740 131988 The American Physical Society
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LETTER TO THE EDtTOR

The fh+atructure effect for ekctron impact excitation of
n3P&,Jdates of Ukoupled atoms: L Helium

George Csanak and David C Cafiwright

S.QSAlmws Natioual t.sborstory, Los Alunc.s,New Mexiso 87S45,USA

Receivsd 10 Ssptensbsr19Sd

AhatrBc$.A simple relationship bstwcenthe electron spin polarisation function and [he
eleciron-photon sohsmncc ●nd correlation psmmcters sssoched with the excimion of
nJPrqct srstesby ● unpolarisedincidentelcamn beamisderived for LS-coupled ssrgets

initially in t & state. ll!is relationship is useful becauseit facilitatesthe experimental
determinmion of tbs eleciron spin polmisstion funaions associatedwith this pmticular

WC Ofex~~tiOn PrOc=ss*rOuah themeawcm en:of theA and x tmherencc●nd correlation
psnmetem, thus avoiding the necessityof messurin~ the spin of the srarrereddecwons
direcrly. I%is relttiomhip is illustrated by using Sirxt.ordermany-bodythmfy (FOMST)
to predist the elearon spin polarisation functions S,(A, k’) sssc.eked with the excitation
of the nxP, (11=2 . . . . 8; J = O,1,2) statesof helium by electronimpsd.

In a recent letter to this joumaf, Shelton (1986) reported numerical results from an
L.S-coupled distorted-wave approximation calculation of the spin polarisation resuking

from the inelastic scattering of an unpolarised incident electron beam following
excitation of the resolved 2p,,2 and 2p,,2 levels of the hydrogen atom. This type of
polarisation effect was first discussed in atomic collision physics by Hanne ( 1976, 1980)
who called it the “tine-structure effcctt. In this effect, for unpolarised incident electrons,
the polarisation vector of the inelastically scattered electrons, P, is perpendicular to
the scxttenng plane and its magnitude and direction are described by an electron spin
polarisation function SP(k &’) (Hanne 1983, equation (2.6)), where k and k’ refer to
the wavevectors of the incident and scattered electrons, respectively. 1ssa related, but
different, class of experiments, polarised incident electrons are used and left-right
asymmetry is measured. Tttk latter experiment is characterised by the SA(~ k’) func-
tion, which will not be discussed here because, for ‘So+ ‘P, (J= O, 1,2) pure-exchange
excitation of LS-coupled targets, SA(~ k’)= -Sp(~ k’). (For details see Hannc ( 1983)
pp 98-100 and table 2.) The experimental measurement of SA is, however, sometimes
more mnvenient than that of 5P (Gay 1986). Hanne (1983, figures 15 and 16) used
the mmplex scattering amplitudes of Padial er al (1981), obtained using first-order
many-body theory (FOMBT), to calculate the SP(~ k’) function for the electron impact
excitation of the 43P, (J= O, 1,2) levels of argon.

The purpose of this work is twofold. We first show that for an M-coupled 3P,
(J= 0,1, 2) state excited from a ‘SO state, a simple relationship exists between the
SP(~ k’) function ●nd (LA), tbe transferred ●ngular momentum, measured in an elec-
tron-photon coincidence experiment. This result shows that (as discussed by Hanne

? For a dstailed discussionof the 6na-swuctureelks sscHmne (19S3) and Blum and Kkinpoppm (19S3).
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LETTER TO THE EDITOR

Calculation of the electron impact coherence parameters for
excitation of the 3’D state of helium

D C Carrwright and G Csanak

LosAlamosNational bborstory, Los Alamos, NM 87545, USA

Received28 May 1987

Aksraci. first-order many.body theory (FOMIIT) hssbsm usedto calculatetheddkrentrsl
crosssections(OCS) and cksron impacs coherencepmsmete!s (EICPI associatedwith
exsimtion of the 31P, 31D and 31D statesof helium for incident electronenergie$of 30.
40,45 and 60eV. No directmeasurementsof the ocs for excitationof the individual 3’P,
31D and 3>D stateshsve been rcporred but the sum of the !heoreticsl MS for cxcIIation
of thesethree Matesis in excellentagreementwith sha! determined from recentelectron
energy lossdsta m 30eV. The EICP pred:cred by FOMBT for excitationof the 3’ D state
arc in good agreementwi!hthe recentmeasurementsof Bc.ijcm●l al but differfromtho$e
obtained using the multichanneleikond ●pproximation. More mxw’stc●nd extensive
measurementswill bs needed to determine which of thsse two theories bsuer dcscsibss
the electronscaucrin; process

The electron impact coherence parameters (EICP) for atomic and molecular systems
can be determined from either electron-photon coincidence experiments (EPCL] or
from the differential cross sections (OCS) for superelastically scattered electrons from
laser-excited targets (see e.g. Hermann and Hertel 1982). The majority of such experi-
ments reported to date have involved excitation or de-excitation of dipole-allowed
states. (For reviews on EKE and electron scattering by laser excited targets, see BIum
and Kleinpoppen (1983), Slevin (1984) and Andersen eI al (1987 ).) It is only recently
that results have been reported from EPCE involving excitation of electronic states that
are not dipole coupled to the ground state, such as the 3’P (Humphrey ●r al 1987,
Silim et al 1987) and 3’D state (van Linden van den Heuvell ●I al 1983, Beijers e[ al
1986, 1987) of helium, the 3’D, states of atomic hydrogen (Chwirot and Slcvin 1985)
and the d317ustate of the hydrogen molecule (McConkey cr al 1985, 1986).

Theoretical results of the EICP for excitation of higher electronic states of any target
are also sparse (see Andersen er al 1987). We recently reported results from a first-order
many-body theory (FOMBT) calculation of the EICP for excitation of the n’P (n =
2,3 ,..., 8) states of helium (Cartwright and Csanak 1986). The only other theoretical
results that have been reported on the EICP for excitation of the 3‘D state of helium
are those of Mansky and Flannery (1987), obtained using a multi (ten) -channel eikonal
(MCE) approximation.

The purpose of this letter is to report FOMBT results of the EICP for excitation of
the 31D state of helium. The most interesting feature of our results is that at all energies
studied and for small electron scattering angles ( Oc 40”) the transferred angular
momentum (.LJ is negative, which is opposite to the finding for rr’P (n =2, 3,...,8)
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The role of symmetry of the final target state in the angular
momentum transfer by electron impact excitation of atoms

George Csanak and David C Cartwright

Los Alamos National tAboralov, University of Cahforma. Los Almnos. New Mcx!co
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Akswmt. Fret-order many.body theory predictstha! the dccrron-impact-induced c.rbual
anaular momen!um transferto thetaract,(L.), associatedwith cxcstationof the n’D states
of helium m Ihe cnerayran8e45-60 cV. ISneg.wivcfor scattcrinaanalcsless !han or equal
to 50’. in agreementwith recentmeasurements This ncgauvebchabiour for the “’D SUICS
k oppositeto ;hat associatedwith excitationof the n’.>P and n]D statesfor thesamerange
of scattcrin~males. TIW qualita!iwclyditlcrem characteristicof (L. ) for cxcim!ion or n’D
comparedwith the n>D slates of helium showsthat de!mls of the excitationprocessi!selr
play an imponant role in detenninina the an@ar dependenceof (L.). As 85also the case
for cxritation of the n’ ‘P states,the electrontmpaa coherenceparametersfor excretion
of the n‘ ‘D statesare predictedto be essen!iall> independent or the princ,pal qua”t”m
number [for fixedincidentclatmn eneray]. An impona”t cxpmnncntaltestof theco”ccpt,
discussedin this letterwould be measurementsof the Stokesparametersassociatedu !th
●xcitationof the F atomics131esin helium in this enerayranae

~e goal of the pioneering work by Kohmoto and Fano ( 1981) was to identify the
sign relationships between the spatial orientation of the magnetic dipole momen!+
(wilh respect to the scattering plane) induced in a target by collision, the deflection
of the scattered particle, and the efTective interaction between the particle and target
(Fano 1980). Kohmoto and Fano ( 1981) were only able to show [hat the orientation
of this collision-induced magnetic dipole moment is reversed by a sign reserval of the
particle-target interaction, and their work initiated considerable effort to explain the
details of the orientation process. For reviews of this work see Andersen ef al ( 1987)
and Andersen and Hertel ( 1986). Some of the subsequent analyses kept alive the hope
that an effective arfrac(iue interaction between the inciden[ electron and the neutral
atomic target induces a positive orientation while an efiective repukiue interaction
induces a negative orientation. Madison e{ a/ ( 1986) and the present authors (Csanak
and Cartwnght 19g6a) recently showed that the characteristic angular dependence of
the orientation parameter (Ll) for the excitation of the n ‘P (n =2, 3,. ... 8) states of
helium is the result of imerference effects among the various free-electron partial wa\,es.
This interference is a typical quantum mechanical phenomenon which can be shown
to extend to incident ektron energies as high as E = 500 eV in the case of helium

(Csanak and Cartwright 1986a). We also showed (Csanak and Cartwright 1986b) that
first-order many-body theory (FOMBT) predicts that the orientation and alignment

* The termsmaanclicdipole moment. orientatmn parameterand !mmferrcd a“aular momcmum arc used
interchangeablyin the literature.and in :his Ieuer they refer 10(L.).
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FOR ELECTRONIC STATES OF F2 AND F2+
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Potential cneray (PE) CUIVSZfor she Rydberg statesof F2. and for the ground and lowesttwo clccwomcstateseach of
symmetry2nk., ‘Ab. snd ‘Xl. of F,”. haveban obtainedusing modest-sizeduznfiguration-imcractionulculatlons These
PE sumrJ have bcsn used to calculatespcaroscopicconstantsfor the electronicstatesand the resultssgrcercamrmbl) well
with the limited experimentaland theoreticalreruhs previouslyrcporred.l%c theoreticalPE curvesfor the Rydberg $tatt$of
F, ●rc found to be strongty pcr!urbcd by vslence-Rydbcrg-iomc interactions and there pcrz.rbattom appear to be
responsible for anam features in recently reported electron energy-loss spectra in Fz, The corrc$pondmg eltwwomc
wtvefunctiom have ban urcd to calculatethe electronictransition moment. as a funcnon of the mtemuclcar d!smzcc. for
dipole-allowedtransitionsbetweenthe lowestexcitedelectronsta!cof csch symmetryand the appropriate ground elcctrotuc
SISIC‘t%ersdmtiw enussionprobab]htics.natural ttfet!mcs,and absorptionoscillatorstrengths.for eachband system,arc alm
reported here. The prczhcwdlifetimesfor vibrational levelsof the A ‘S1. electronicstatein F; vary from 1.3-1.511$ and
●ucc reasonablyWCSIwith the sin~e asailablesetof measurementsThe predictedrad!atne Mcumes for the Iuaherelcc,rontc
SISte.sof Fl+ ●re substantmtlylonger and fall m!o the range 5- l@3 ms.

system, and extracted improved estimates for the
spectroscopic anstants of the X and A states.
Aarts [2] recently reported measurements of [he
radiative lifetimes for vibrational levels # = 6-9
of the A 1II. state which appear to be the only
lifetime mcasuremen!s prcsenffy available for any
electronic states in F2+.

Other experimental techniques that obiain data
of relevance for developing a belter understanding
of F2 and F; are absorpion, photo-electron. and
electron energy-loss spectroscopy. Golc and
Margrave [3] studied Rydberg series converging to
the F; ground electronic state. reinterpreted
Porter’s earlier measurements [4]. and obtained an
estimate for the F; dissociation energy of 3.31 e\’.
A series of experiments utilizing photo-electron
spedroscopy by Potts and Price [5], Comford et
al. [6] and Bieri et at. [7] produced accurate values
for the vertical ionization energies from F2 to the
Iowcst :hrcc electronic states of Fz+ and rough
estimates of the spectroscopic constants for the
lowest ‘~g and 211u electronic stales of F{. The
best available estimate for the spectroscopic con-

1. Introduction

The structural and spectral properties of molec-
ular fluorine, and its positive and negative ions,
have become of interest the past few years because
of the central role these species play in rare-
gas-halogen laser systems. Although there have

been very few theoretical results reported on the
electronic structure and spectral properties of F2+,
some new experimental data have recently been
published, Tuckett et al. [1] reported an extensive
study of the A 2I_i” - X 2II, electronic emission
spectrum from flow-cooled F2+ in which they re-
wlved the spin-orbit structure and obtained spec-
troscopic mnstrmts for both spin-orbit compo-
nents of the A zfl. and X 2II, electronic states of
F;. This work, the second that has been published
on F; emission spectroscopy, is important for
understanding the electronic structure of F2+ be-
cause it raultcd in much improved vatues for the
band origin wavelengths for the A ’11.-X 2~,
band system in F;, corrected previous determina-
tions of the vibrational numbering for this band

0301 -0104/g7/$03.SO O Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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Principal-quantum-number dependence of coherence and correlation parameters

for excitation of helium by electrons

George Csanak and David C. Cartwright

Los Alomos National Luhmrto?y, University of GrliJlornia, Los Alamos, New Mexico 87545
(3bccived 12 November 19851

Electron-photon inherence and rmrelation parameters for electron-impact excitation of the

n 1P (n =2-8) states of helium at 80 eV are predicted to be ~sentially independent of the principal
quantum number (n], and the available experimental data for n =2 asrd 3 show (serssiquantitativdy)
the same behavior. The n indeprndmce of these parameters predicted by first-order many-lrcdy

theory ran be explained using ti!c mneeprs asstiated with quamum.defect theory and, if verified

by further experimmral results, has important consequences for understanding the physics of the

electron-atom scattering pr~s

A numb-a of experiments involving electron-photon
coincidence with atomic targets have beers reported since
the pioneering work of Eminyan et al. 1,2 The vast major.
ity of these experiments have examined the electron im-

pact excitation of the 21P or 3 1P states of helium al-
though results involving neon, argon, krypton, mercury,
sodium, and hydrogen have beerr reported recently.],4 The
fimt set of coherence and correlation parameters, denoted
by A and X, were introduced by Eminyan er af. ‘.2 to treat
excitation of the n 1P (n= 2,3, . . .) states of helium. They
defined k and X by

k=
la012

Ia012+2ja)l
~, aM=\aM[e’rM, x=x, –x~

(M=o, tl) (1)

where a~ denotes the aeattering amplitude for the excita-
tion of the Afth (M = O,~ 1) sublevel of the n 1P electron-
ic state. Calculations of the A and X parameters have
ken reported using distorted-wave theories, first-order
many-body theory (FOMBT), distorted-wave polarized-
orbkal approximations, multichannel eikonal theory, and

3,6 Bmuse of simpler physictd ‘n-the R-matrix method.
terpretations7,* emphasis has recently bear placed on us-

uivsdent (L, ) and y parasrreters, which are de
;:Jh;y3

(Ll)=–2[A(l–A)] l%inX,
(2)

tarr(2y)=-2[A( l-).) ]’%ssX/(2A-1) .

The purpose of this paper is to report that the coher-
ence and correlation parameters for excitsstion of the n 1P
(n= 2–6 ) ektronic states of helium, at ~ incident ej~.
tron energy of about 80 eV, are predicted to be essentially
independent of the principal quantum number ( n ) for all
scattering angles. These new predictions for the ( L.l )
and y parametem were obtained tssing the FOMBT (Ref.
9) with the slight modification that the transition density
matrix was calculated using %xed-core” Hartrec-Fock
(HFI wave functions’” for the atomic target states.

Figures 1 and 2 mmpare the theoretical results for the
(LI ) and y parameters (respectively) for excitation of the

n 1P (n = 2—8) states of helium with the available experi-
mental data for excitation of the 2 1P and 3 1P states and
with the R-matrix calculation results of Fon et al.’1 in
the 2 ‘P case. From these figuses it is clear that the coher-
ence and ea-rdation parameters calculated by FOMBT
are easerstialIy independent of the principal quantum num.
ber (n). We note that the experimental &ta for n =2 and
3 in Figs. 1 and 2 aIso suggest an n independence al-
though the error bars are currently tw large to be certain.
We note that if the (s51 ) and y parameters are n indepen-
dent, then so wiII be the A and X parameters, and vice ver.
Sa.

This predicted n itrdependerrce cnsr be understood by ex-
amining both the direct and exchange scattering T ma-
trices The “’direct” portion of the FOMBT T matrix
( TD) for excitation of the n 1P states of helium earr be
written in terms of the radia3 integrals,

T~.,kt,r = Jo- P~(?)Pk.r(r)Vls-~(rMr , (3)

where Pu( r) is a tmrstinuum Hartree-Feck (static-
exchange) orbital with energy k 2 (in Ry) and angular-
momentum quantum nrrsrsbcr f, and Vl,-w( r) is defined

by

~h-w(rl=j j’~Pdr’)Pw(r’)r’dr’

+r f,- P1,(r’)Pv(r’)* ,~,2 (4)

where P,,(r) is the ground-state HF orbital and Pw (r) is
the fixed-core HF ortita3 of the n 1Pelectronic state. The
cause of the wenk rr dependence of the (L, ) and y pa-
rameters cars be traced to the weak n dependence of both
Vl,-w(r) and Pk,r(r). It is to he noted that only the
behavior of the Pw (r) orbital where P,,(r) k nonzero is

important in Eq. (4) and in this small-r region the only
strong n dependerrce in P (r) comes through the orbital

22 ‘~cording to quantum-defectnorsnaIization constant.
theory (QDT), one can write Pv(r) in the forrrrz’

Pv(r)=(–l)”
[1

V:(l+cn) ‘“2

2
P(En,r) , (5)
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The sign of the orientation parameter in electron-photon
coincidence experiments

D H Madison?t, G Csanak$ and D C Cartwright~]l

t physicsDepartment,Drske University, Des Moines, Iowa S0311, USA
$ LcIsAhmos National Laboratory. Los Alamos, New Mexico 87S45,USA

Rcc?ivcd 14Jmruary 1986

Aksracs. Steph and Golden haveproposed a model for the orienta!lon parameterwhich
●ttributer positivetransferof angulw momentumto Iong-ran;e antac+ive●tomic polmisa.
lion potentialsand ncgsrivetransferto elearon-clccrron repulsion. This model is based
on a classical;mzing picturefor the collisionand har receivedconsiderableauenttondue
10 irs intuitive appeal. In this paper we show that quamal causations reveal that the
physicaleffectsof this model ●re not of primary imporuncc in determiningthe signof the
orientation parameter.

L tmtradtsction

In inelastic collisions involving atomic excitation, angular momentum may be trans.
ferred from the projectile to the atom, Theoretical calculations for electron excitation
of heIium 2’P and 3‘P states have predicted that the transferred angular momentum
should be positive for smaI1 scattering angles (O c 40”) and negative for larger scattering
angles (O> 800). (For reviews on these calculations see, for example, Bransden and
McDowell (1977, 1978), BIum and Kteinpoppen (1979) and Slevin (1984 ).) In an
●ttempt to exptain this phenomenon, Steph and Golden ( 1980) noted that a semiclassical
model would predict positive transfer of angular momentum if the dominant scattering
potential is attractive, and a negative transfer for a dominant repulsive scattering
potentiaI. Consequently, they proposed a modeI in which the positive values of
orientation for small-angle scattering were attributed to the attractive polarisation
potential and the negative values of orientation for large scattering angles to the
repulsive potential of the helium electrons. This model has received considerable
attention in the literature (Hermann and Hefiel 1980, Bhrm 1981, van Linden van den
Heuvell er al 1982, Beyer e! al 1982, Andersen et al 1984, Slevin 1984) and the majority
of the authors have assumed the validity of the Steph-Golden (1980) model for
high-energy scattering (i.e. for E >80 eV), where semiclassical models are expected to
be relevant. However, the Steph-Golden model as originally proposed, cspccia!ly with
regard to the role of the polarisation potential, was questioned by Attdersen et al
(1985). In this paper, we will show that atomic polarisation and electron-electron
repulsion are not the physical effects which determine the shape of the orientation
parameter.

t Work suppmtcd by the NSF under Gram NO pHY.83 IW
I Work supporred by t30E md NSF.
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Application of a Phase-Conjugate Brillouin Mirror to
Generation of High-Quality Variable-Duration KrF

Pulses

NORMAN A. KURNIT AND SCOTT J. THOMAS

AbrfrmS-Phase conJuCaIionby BriUouln cdterlng [n SF. gss hss
been Implemented on a two-pass KrF amplitler to provide new-
dllTractlon-limllrdoutput pulseshaving a very low background level
of amplitled spontaneousemission. Tbe pulse durallon Is varhble be-
twern 1and 10 m by simply sllenuatlng Ibe input PUIW. These pulses
bnvealsoken usedfor the generntlon of much shorter duration pulses
by truncated BrUlouin scatteringat tbe surface of cyclobexane.

1. INTRODUCTION

P HASE-CONJUGATE reflection by stimulated Bril-
Iouin scattering (SBS) [1] has been applied to improv-

ing the output characteristics of numerous laser systems
[2], including KrF [3], and has also been used for short-
ening pulses, either by compression [4] or truncation [5].
We present here details ofa fairfy simple modification [6]
10 a commercial laser system that utilizes SBS in gaseous
SF6 to provide high-intensity, nearly diffraction-limited
KrF pulses with a duration that can be varied between 1
and 10 ns. The output is quite reproducible, and contains
a relatively low-level background of amplified sporrta-
neous emission (ASE), most of which can be eliminated
by spatial filtering. Residual ASE can be further sup-
pressed by means of a saturable absorber [7]. The high
contrast ratio between the amplified pulse and any resid-
ual preptdse energy is of interest for application to inertial
confinement fusion lasers, which require input pulses with
well-controlled prepulse energy. This modification has in
fact recently been incorporated into the front of the Los
Alamos Aurora KrF laser system [8].

We also present details of some initial observations [6]
of further shortening of these KrF pulses (down to -60
ps) by truncated SBS [5], [9], obtained by focusing a frsc-
tion of the output pulse at the liquid-gas interface in a
vessel containing cyclohexane. The variable-length out-
put pulses have been used for some preliminary short-
pulse damage measurements and studies of self-focusing,
which are briefly summarized.

ManuscriptreceivedM8y 20.1988: revisedAugusl23, 1988.Thk work
wasperformedu“dcr theauspicesof the U.S. Dcparlmmt of Energy,

The authorsarr with the Chemical and Law SciencesDivision, Los
AlamosNational Labommfy, Los Alamos, NM 87545.

IEEE Log Number S8258SS.

II. EXPERIMENTAL ARRANGEMENT

A master oscillator and two-pass amplifier was set up
as shown in Fig. 1, utilizing a Lambda Physik Model
EMG 150-ES KrF laser [10], which contains two dis-
charge heads. A stimulated Brillouin scattering cell placed
after the first pass provides a phage-conjugate reflection
for the second pass. In addition to correcting phase dis-
tortions which may be introduced in the first amplification
pass, the Brillouin mirror has negligible reflectivity for
the low-level ASE which precedes the amplified pulse.
With a normal mirror in place of the SBS cell, the ASE
amplified in two passes is intense enough to compete with
the main pulse. The SBS mirror has the further propetiy
of providing a fast turn-on for the reflected radiation when
threshold is reached.

The 1.27 m long oscillator cavity is formed by a 10 m
concave high-reflectivity mirror and a 70 percent-R flat
output coupler. A mode-restricting aperture of 1.5 mm
dia, approximately three times the TEMm mode radius, is
located just inside the fla! mi~or. Dispersive elements
were eliminated in order to obtain broad-band lasing; a
bandwidth of 30 cm-’ has been measured for both the
oscillator and amplifier outputs. The requirements for
Brillouin scattering under these conditions will be dis-
cussed below.

Two Brewster-angle-fused silica plates are placed in-
gide the oscillator to polarize its output, which has a
smooth, nearly flat-top transverse distribution that fo-
cuses to a spot size slightly less than twice that expected
for an apemsred plane wave and diverges -1.5 times
more rapidly than even this number would imply. The
uniformity of this output, despite the presence of the small
intrscavity aperture, presumably results from the high gain
and low saturation intensity of KrF. The less than ideal
beam quality and excess divergence possibly result from
imperfections in one or more optical elements; a similar
oscillator described in [8] has about two times less diver-
gence. A 6.7X telescope placed 3 m from the output cou-
pler is employed to expand and collimate the oscillator
beam to overfill the 1.5 X 3 cm aperture of the amplifier.
The 1.5 rrrJ, -8 ns FWHM pulse obtained from the os-
cillator is delayed 25 ns (as measured between the output
coupler and the center of the amplifier) to compensate for

0018-9 197/89/0300-042 1$01.00 @ 19g9 IEEE



Transient absorption spectroscopy of Kr2F(42r)
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An opticxl mutricharmcl detcdion systun was used its mrrjursction with a pulsed xenon lamp
and an ultraviolet prcionimst discharge to remrd tire msrdmrorrs ●bsorption apsdrum of
Kr2F(421’-92r) in the 2554S5 nm wavelength region. The absorbiig species was positively
idcsrtiticd hy its temporal and F1 pressure dqrcrrdcn=. Pak abwqstiorr omurs at 315 smr and
has a half width of 85 nm.

Bccarsc of their importanm in the kinetics of ram-gas
halide cxcimcr Iascr& the rarwgas halide trirncrs have hers
the subject of considerable cxpcrimmtal and theoretical iss-
vcstigations.’ Gfparticular interest is Krz F, sisrcc its fomu-
tion and subsequent optical ●bmrption are potcrrtixl loss
mscbxss.isms in the high krypton thction, cktron bcsssr
Prrmpat KrF Iascm being investigated ~ inertial mn6nc-
mcnt frkon drivem.z In addition, the sxnission and absorp
tion prupsrtics of Krz F arc apparently bmefrcixl in increas-
ing the efficiency of XeF (C-.4 ) lxscss~

Previous cxpcrimentxl studies of KrzF absorption have
bear rcstrictsd to discrete wavelcsrgths. Powell md Jasrcaitis
masurcd direct absorption at several Rasnars-sbiftcd KrF
laser wavclmgtbs in elsctron bcsrrr cxcitcd Ar/F, and
Ar~”/F2 mixt~ and rrsat absolute fluorucmw isrtermi-
tics to csdmmc the population densities and absorption cross
sect.ions of Arz F xnd Krz F.’ Mom rscurt work has involved
msasurisrg the suppression of t.risrrcr fluorrsccrm versus Ia-
acr ttucsrcc at excisrrer wavelcn~ allowing ●bsorption
- sections to be determined without the necessity of

krro~g population dmsitics.= The tccbnique has just ~
cent.ly km cxtcndcd to other wavclcssgtbs using cxcimcr or
Nd:YAG-pumped dye ~rs.’.’

Despite thm massuruncrre ttrcrc still exists some un-
certainty in the exact spectral shape of the Kr2 F absorption
band, pxrticutxrly on the short-wavelength aide. ~.
qtrmrtly, a pulsd broadband tight sorrrcc and a gatcabl~ op-
dcd multichannel detection systcsrr have becrr used to record
the continuous ●bsorption s~trrrm of Kr2 F in the near I&
tnviolet.

The expcrirrrsntxl setup is shown in Fig. 1. A small mm-
mcrcisl excimcr device with MgF1 windows and a discharge
volume of 0.6x2x 20 cd was used to create the ncaxsary
dmsity of the trimcr. Apertures of .-0.4 cm diameter on
each side of the discharge device delirrcd a pmbcd volume

~pletely fiide the cxcitcd medium. Lklrt from a small
xmon flashlamp was mllimatsd by asbort focal lmgth fused
silica Ims, passed through the dischargq and was focused by
a 20-csrr focal length W achromatic lens onto the 25-pm
entrance slit of ● 0.25-m spcctmmetcr. The spctfometcr dis-
pcrxcd the light onto a 8atcd, intcnsifiat, UV-sensitive diode

-Y ●t the output focal plane. The w of a 300 gronvss/rnm
~ting blazed at ~ llsrs tdlOWd data to & ~rdcd
bctwccrr 255 and 455 nm without changing the spcdromctcr
setting. This spcctml region is as close to the strong KrF
(B-X) transition as cars be obtained with maximum detsc-
tor smsitivity, which is nsccssmy for a good signxl-t~noisc

ratio, and no diode saturation. A butyl acetate liquid 61ter,
with ● sharp cutoff ●t 255 nsn, was placed in front of the
entrance slit to eliminate any second-order detition.

The intcmifwi diode army dercctor head was scanrsat
and rssct by a detector controller unit that also scrvsd as the
master clock. A single digital delay gssssrator pmvidcd the

●PProP~m ~g p~ for tie xenon lamp, high-voltxge
gate pulscr, ‘nd discbargc device. A 20-ns-wide gate pulss
was applied to the irrtmsi6sd diode arny detector at the
peak of the -3tWrs-wide lamp pulse. Tcmporxl dspm-
dcncca were acquired by changing the delay of the discbargq
whoss timing mlativc to the gate pulse was monitored on an
nmilloacopc displaying both the gste pulse waveform and
Use output of a photcdiode. The photodiode viewed the dis-
charge fluorrscarcc rekted from ● 4Y qrrartx flat placed
bctwcur the output aperture and W xcbmmat, The phot~
diode output also provided information on the slow tempo-
ral dritl of the tbyratmn-switchsd dischargq which was mr-
mctcd by adjusting tbedclay of the rtiscbxrgc timing pul.scao
as to maintain a constant gxtc delay during a dam mn. Jitter
of the discharge was typically less than * 5 rrs.

Tire detector mrrtrollsr was interfacd to a mmputer
that stored and analyxcd the data. The spsctsa were tbm
viewed on ● Itigh-rsmhstion graplrkx tuminal and outputtsd
on ● plotter. Each individual abmrption spectrum rsquircd
thmc data runs ofa sninimumof3CS)aborx pcrrursata I&Hz
repetition rate. Tire 5rst run (1, ) mnsixted ofacquirisrg the
light from both the lamp pssing thmrsgb the discharge as
well ax the discharge Euorcxccsrcc. The scccmd run (12) mn-
aistcd of acquiring the light fmm the discharge alone and the
third run (13 ) mrssistcd of the lamp light without a dis-
Chr& Background 00iSC WSS aUtOUllti~y SUbt5XCtcd

~

~ -
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Enhancements in the output energy of a KrF oscillator
A. W. McCown and J. A. B. Godard
Laser Physics and Applicatiorrs Gruup, .%.sAlamm National tiboratory. Los Alamm, New Mexico 87545

(Received 7 December 1987; accepted for publication 31 May 1988)

Enhancements of up to 45% in the output energy of a KrF excimer laser have been observed

following opticsl pumping of the resonator with as little az 1 mJ of 248-rim radiation from an
external source. Polafition of the input beam leads to enhancement and partial polarization

of the output puIse for time delays between the 2 pulses of up to 100 ns. Enhancement is not
sea in seeding experiments performed on a KrF amplifier, indicating that the oscillator energy
enhancement is due to opticnl seeding of the resonator cavit y, resulting in a shorter amount of
time required for the laser to reach thrczhold.

L INTRODUCTION

Several experiments were recently conducted at the
University of IIlinoisl which demonstrated that enhance-
ments in the output energy of an XeCl ( 308-nm ) oscillator
resulted from optically pumping the laaercavity with a small
amount of pulsed 308-nm radiation. Similar results were also
obtained when the XeCl hser was injected with 193-, 248-,
and 351-nm radiation,2 akhough smaller enhancements
were observed. In addition, the time history of the enhance-
ment, i.e., the energy enhancement as a function of time de-
lay between the pump pulse and the XeC1 laser pulse, waa
markedly ditlkrent at the various wavelengths. The enhance-
ment that rczulted from 308-nm pumping was attributed to
the removal ofa molecular species which absorbs at 308 nm,
and cavity seeding, both of which shorten the time required
for the lazer to reach threshold. The significance of cavity
seeding is that it eliminates the time necessary for the cavity
flux to build up from the spontaneous emission “noise.”
Thus, seeding cars only take place when the seed and output
wavelengths are identical.

This paper reports the results of experiments in which a
KrF oscillator (and in separate experiments, an amplifier)
was optically pumped with 248+rm radiation at different
times before the output pulse exited from the laser. In order
to study the effect of cavity seeding, the input pulse wsz
variably polarized and attenuated using beamsplitterx, and
the output polarization waz examined. The rczults for the
KrF oscillator injected with 248-rim radiation are similar to
tbe XeC1 data of Ref. 1. A peak enhanmment of ‘tSqo oc-

curred at a time delay kctween the input and output pulses of
40-50 ns. However, the output pulse wax partially polarized,
even for time delays in excess of IW ns, proving that cavity
xeding wssz taking place even at long time delays. 1ssaddi-
tion, no enhancement waz observed in the extracted output
of a KrF amplifier that was injected with 248-rim pulses,
which were sz large as lW M3. If a photochemical process
was takkrg place, an enhancement in the extracted energy
output would be observed. Tlrese results indicate that cavity
seeding is the primary cause of the energy enhancement seen
in KrF oscillators

IL EXPERIMENTAL SETUP

In these invcatigations, two types of experiments were
performed: Oacillator+scillator and oscillator-amplifier.

f

The layout for the former caze is illustrated in Fig. 1. Two
excimer lasers [Lambda Physik EMG-201 E (20 1) and
EMG-101MSC ( 101)], separated by 1.5 m, were arranged
so that their beams were counterpropagating. Each laser was
filled with a KrF gas mixture (0.2% F2, 5% Kr, balance He;
rezearch grade rare gases). When fired separately, the laxerz
yielded a maximum of 750 mJ (from the 201) and 335 rnJ
(from the 101, twth unpolarized) pulses. Each laser resona-
tor consisted of a flat dielectric full reflector (R sz 99.5% )
and a flat MgF2 output coupler (92% transmission). The
laser pulse widths were 29- and 25-ns full width at half maxi-
mum (FWHM) for the 201 and 101, respectively. Both 1a-
sers were fired at 10 Hz with a firing jitter of + 2 ns.

Alignment and apertunng of the laxer beams were ac-
complished by paxsing them through two rectangular aper-
tures (2.45 X0.95 cm’ ) which kept laser electrodes from be-
ing irradiated. The lazers were slightly mixe,ligned to prevent
the formation of one large laser cavity. To further isolate the

lazers, an attenuator, composed of 10 optosil flats with a
transmission of 54% waz placed in the beam path at a 3’
angle of incidence to the laser beams. This angle was chosen
in order to minimize polarization of the beams and to pre-
vent beam waIkoff. Two suprasil quartz beamsplitters were
likewise set at Y and reflected approximately 8% of the inci-
dent beam onto Gentec ED-2CCIpyroclectric energy detec-
tors, which monitored the energies of the pulses coming
from the two lasers. The detectors were interfaced to statisti-
cal r=dout units, which calculated the average of lW shots
and the standard deviation.

llming between the pulses was controlled with a trigger
generator and a digital delay generator. A vacuum photo-
diode monitored stray light which had scattered otT of the
attenuator and allowed the temporal separation of the pulsez
to be calculated from scope tracez. At the start of each exper-
iment, the initial output energy of each laser was measured
with a Gentec ED-500 energy detector. Three hundred shots
were averaged. Grdy 3’$90 of the 101 output beam was trans-
mitted through the experimental apparatus to the entrance
of the 201 while 2570 of the 201 beam arrived at the 101
input. Data acquisition consisted of recording the averaged
energy output of the probed laser (the laser which waz fired
later in time) as a function of the time delay, At, between the
peaks of the two pulses. Although a fraction of the energy of
the injected pulse waz included in the probed laser energy
measurement, its value was determined and subtracted out.
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Absorption at 248 nm by KrzF*
A. W. McCawn
Loser Physicsand Applications Group. I.QSAlamos National Lo60mtory. La Alamos, New Mexico 8754S

(Received 10 November 1986; accepted for publication 2 February 1987)

The cross section for absorption of 248 nm radiation by the lowcxt bound electronic excited-
state(4zr) of the rare gas halide trimer Kr2F* haa been messurcd to be 7.2 x 10-19 cm?. This
iz an order of magnitude smaller than the value which is typically used in KrF kinetics codes
[cf. T. H. Johnson and A. M. Hunter, J. Appl. Phys. 51,2406 ( 1980) ]. The lower absorption
cross xection leaves unaccounted the observed nonzssturable absorption in long pulse KrF
hscrx.

An understanding ofprocessez which take place in large
ekctron beam pumped KrF excimer lasers, such as the
Large Aperture Module at the Los Alamos National IAro-
rstory,’ rquires knowledge of excited state pumping and
quenching parameters as well as a&orber identities and ab-
sorption cross sections. several researchers have prcdicwd
that a significant increase in the intrinsic efficiency of strong-
Iy pumped e-beam deviccz ( ~ 250 kW/cc) should take place
when krypton-rich ( Kr fraction ~ 0.997) mixtures are
uscrt.~~ This would also have the elkct of increasing the
concentration of KrzF”, since its production rate varicz aa
the square of the krypton prcszure. Since KrzF* is assumed
to be a major absorber of 248 nm radiation,’ a high cavity
flux in long pulse lasers would be necessary to drive the KrF
B state density down, which would effectively make KrzF* a
saturable absorber. However, the role of KrZF* in absorp
[ion is critically dependent on the value of its absorption
cross section.

Up through 1985, the absorption cross sections of the
trimerz had not been measured experimentally, but were es-
timated, based on the presumption that they are similar to
those of the molecular ions but with broader band and slight-
ly Iower peak absorption, s Prewous measurements of the
Xe2Cl” absorption cross sections in the ultraviolet verified
that a peak crosz section simiIar to that of Xc; (to within
33% ) existed for XC:C1*, but a uery broad absorption band
was observed (absorption at 193 nm which was MYc of the
peak value ).’

This letter reports the meaxurcment of the Kr2F” ab-
sorption cross section at 248 nm using a fluorcacencs sup
prsssion technique that was first used to mcnzure the Xe2*
absorption cross zcction. ‘“s Sinu absorption by an cxcitcd

state iz a Iosz mechanism, supprcxsion of the fluorescence

intensity rcsulrs when Kr2F0 absorbs 248 nm photons. A
msasure of the amount ofsupprcsaion versus photon fluencc
yields the cross section.

The experimental setup, illustrated in F]g. 1, has been
described in detail elsewhere and will only Lscbriefly present-
ed here.’ Two excimer Iascrx, operating with argon fluoride
and krypton tluoride gas mixes, were aligned so that their
beams were counter propagating and cylindrical lenses fo-
cused the bcsms to a common line inside a 4.O-cm-o.d.
quartz cell, which was attached to a gaz hading system.
Timing was controlled using a pufse generator and a digitd
delay generator. Fluorcacence emanating from the cd,

which mntainsd 1000 Torr of krypton arrd 1 Torr of ftu-
onnq WS.Scmllcctcd by a telescope, dispersed by s 0.27-m
monmhromator, and dctcctcd by a Harnamatsu R943-02
photomultiplier. The output signal was fed into a boxcar
svcrager and oscilloscope.

The argon fluoride lazer, which was triggered first,
served to excite krypton atoms to the 6p[ 3/2 ]~ lc~cl in a
resonant, two photon pr=s.s.’o At high pressures, excited
atoms are rapidly quenched to the metaztable state which
quickly feeds the KrF B state by tbe harpoms reaction”:

Kr” + F,+KrFB +F. (1)

Again, owing to the pressures employed in these cxpcn-
ments, Kr2F* ix rapidly formed in a three body process,

KrF B + 2Kr-KrZF” + Kr. (2)

h shown in Fig. 2, the fluorescence from KrzF” has peaked
60 ns after initiation by the ArF ptdse. In Fig. 2 the KrF laser
was triggered 60 ns after the ArF laser, and absorption of 24g
nm photons by Kr2F* resulted in a suppression of the excited
state fluorescence, as sear in the middle wavcfotm. The ArF
Iaxcr prcduccd 250 mJ pulses, while the KrF pulse energy

nOAS
HANOL24G
SYSTEM
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ArF 193 Ml fl--’Q KrF 248 rm
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FtG, 1. Sshcnmticdisgrsmof cx~cnml SPWSIUSusrd IO rnu.rurc the
dsmpt!on crossxcrIon Tbe ArF tuc.r ISuxd to prcpnreexmtrdKrjP
molrcuta and theysubrcqurntlyabsorbKrF laserphotons
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KrF LASER OPTIMIZATION
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The optimization of a 10-kJ large aperture (1- x
l-m) electron-beam-pumped KrF laser is investigated
theoretically. Model calculations in zero and one di-
mension have been performed over eriensive ranges in
a few parameters for optimization of output jkence.
A practical procedure for onedimenrs”onal modeling is
given, and signt~cant dt~ferences between calculations
performed in zero and one dimension are discussed.
Predictions are compared to preliminary experimental
results.

The model is then applied to a regime of much
higher electron energy deposition and total gas pres-
sure. Some OSPCIS of the operation of such a l~er are
discussed.

$3&%&Y”’ ‘ +W’’”””w
~w .. .

INTRODUCTIONAND EXPERIMENT

The KrF laser is a potential driver for inertial con-
finement fusion (ICF), and, as part of the lCF pro-
gram at Los AJamos National Laboratory, a large KrF
laser, called Aurora,’ is under construction. The pur-
pose of this project is to provide an end-to-end demon-
stration of a KrF laser system and to conduct studies
leading to optimization of its output energy and effi-
ciency. The final amplifier for this laser is an ekctron-
beam (e-beam)driven large aperture module (LAM)
with a 1- x 1- x 2-m active volume. It is pumped on
two sides to reduce transverse variations in the de.
posited energy density. Energy output from this device
is expected to be in the range of 10 to 15 kJ. As an
amplifier, the LAM will be driven by a series of %
angularly multiplexed 5-ns laser pulses. For this con-
figuration, the extraction puIse is 0.6 AMlong and
matches the duration of the high-voltage pumping
pulse for efficient operation. Specifications for the

660

LAM are contained in Table 1, and more complete
descriptions are given in Refs. 2 and 3.

For preliminary tests, the LAM was configured
as a laser oscillator, specifically, as an unstable reso-
nator with an 88V0 output coupler (Fig. 1). Of the
580-Torr Ar/Kr/Fz medium, the initial F2 fraclion
was set at 0.005. Although this figure was much higher
than the concentration Calculated for a more optimized
laser performance, it served to allay early concerns
that sufficient fluorine remain to support Iasing after
unknown losses due to the reactivity of the F2 with

TABLE 1

LAM Specifications

Pulsed power

Marx bank
Charging voltage (kV) 60
Energy (kJ) 2x360
Erected voltage (RtV) 1.8

Pulse-forming line
Impedance (n) 2.7
Energy (kJ) 4 x 105
Pulse length (sss) 650

Electron gun
Diode voltage (kV) 650 !0 700

Area (1 x 2 m) (cmz) 2 x to’
Current density (into gas) (A/cm2) t 2

Laser
Apcrrurc (1 x 1 m) (cmz) 10’
Punrpedvolume (1 x 1 x 2 m) (cm’) 2 x 106
Peak pumping power (at highest gas

density) (kW/cm)) 150
Deposited energy (J/cm] ) 0.1
Predicred smatl-signal gain (gOL) 6!09
Output light energy (kJ) lo to 15
Intrinsic efficiency (Vo) s 1010
Gas (Ar/Kr/F2 ) (amaga!) 0.7101.5

FUSION TECHNOLOGY VOL. 11 MAY 1987



Effective saturable absorber for KrF lasers
Irving J. Bigio and Scott J. Thomas
Los Akzmos National Lubomtosy. Loz Alamos. New Mexico 87545

(Received 24 June 1986; accepted for publication 22 August 1986)

We report what we believe is the tirxt demonstration of an effective and xcalable saturable
absorber for KrF lasers. our measurements show that a 10-cm path length of ozone (O, ) at a
partial pmszure -1 Torr will attenuate a flux of 1sss than 50 mJ/cm2 by a factor -50 ( -2%
transmission ), while allowing transmission of -9070 for energy densities above 1 J/cmz.

In attempts to find an effective xaturable absorber for
UV excimer lasers. most authorx’~ have studied the dyelike
(and other large organic) molcculcx. In spite of the enor-
mous cross sections of these molecules (ranging from 10-”
to 5 x 10- ‘e crrrz) the rcxults that have been reported con-
firm the typical problems with large molecular weight elec-
tronic-state absorbers or dissociative abxorbe~ excitcd-
state and triplet-state absorption which dots not xaturate, or
dissociation products which absorb. The resulting high-
fhsence transmission in dycx is typically no better than about
50% for concentrations that are also able to provide a useful
smaI1-signal attenuation.

Earlier work done at Los Alamos’ had centered on pho-
todissociation of alkali-halide vaporx which appeared to bc
more promising than the dyes. Although the cross sections
sccmcd to be large enough ( -5 x 10-’7 cmz ) the best satu-
ration shown was for heated cells of CSI at -1000 K ( -1
Torr vapor) yielding 77~0 transmission at 1 J/cm’ (smalI-
signal transmission approached 4%). Nonxaturable absorp-
tion in the dissociation products may have been a factor.
Organic gases are also possible photcdissmiation candi-
dates, but there the likelihood of prcduct absorption is even
higher.

The potential usefulness of ozone ax a UV saturable ab-
aorbcr, of the photodssociation type, was first pointed out
by Lewis.s Unfortunately, it was never tested until the ex-
periments repated in this letter. Ozone aIso falls in the cate-
gory ofphotodissociation absorbcrx, but in this csae the dis-
sociation products (02 and O) exhibit negligible absorption
at the frequencies of interest ( -250 nm ).

In Fig. 1 it can be seen that the absorption bandwidth of
03 is quite wide (centered near 250 nm ), presenting no re-
strictions on the Iaser bandwidth or frequency, and the ab-
sorption cross section at the peak is catimatcd to be
-1.2 X 10-’7 cmz (baaed on our measurements of smrdl-
signal transmission ).

A schematic of the expcrimentrd layout is shown in Fig.
2. A Lambda PhysikEMG-150 injection-locked KrF laxer is
employed with its output bandwidth narrowed to -0.2
cm-‘. The actual frequency and bandwidth are not of great
conacquencc since the absorption bandwidth of the ozone
(see Fig. 1) is so wide. The rectangular cmxs-section bazm
passcz through a uniaxial beam compressor (made from
commonly available prisms ), resulting in a xquare beam 1.5
cm across. In order to increase the ftuerrce in the absorption
cell a telescope is used to further reduce the beam size to
about 4 mm square.

A Laser Precision radiometer (model LP-7200) com-
pares the light that is transmitted through the gas cdl with a
sample of the originrd beam. Fused silica beam splitters are
used for the reference and transmitted beams, limiting the
maximum intensity on the detectors. The beam intensity is
varied with the uac of reflecting attenuators whose wansmis-
sions range from 1~0 to 90Y0. The iinawity of the dctccrion
scheme was chcckcd (using the same calibrated reflectors to
attenuate the bcarrrs in front of the detectors) and found to
be better than 1% over a dynamic range of 10’.

Additionally, cells with lengths of 4, 10, and 20 cm were
uxcd to check the linear relationship of the absorption cocfti-
cient to the absorber pressure (density), and no significant
deviations were noted. Experiments were conducted both
with a static filI and with flowing gas. When a static till was
used the small-signal transmission was chcckcd ●lternately
after each high flux shot, and the cell was refilled if notice-
able deterioration had cccurrcd.

Ozone was made by flowing 02 through a mmmercial
ozone generator which utilizcx a corona discharge (Ozone
Rcxearch & Equipment Corp., model 031’5-0 “Ozonator’.)
producing concentrations of 03/02 ranging from 1% to 6Yc,
depending on flow rate, pressure, and discharge current. The
gas was then passed through a vacuum/gas-handling station
before bckrg piped to the experimental cell. In the cases
where pure ozone was desired the oxygen/ozone mix was
condcnscd in a coId trap, and the oxygen was then pumped
olTIcaving behind just the ozone. Ozone concentrations were
chcckcd by standard chemical analysis methods. It shouId

OZONE ABSORPTION
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Electron-Beam Pumped KrF Laser Extraction
Measurements for High Kr Concentration

Gas Mixtures

E. T. SALESKY AND W. D. KIMURA, MEMBER, JEEE

Absfmd —Emqy rxtrastlon measswemrncs are oShSntd with ● 3S0us
electron.beampumpsd KrF taaer(Ar dlluent) st Kr swnecnwaakmsfrom
4-S?S.6per~n:. During the mu$uremenls, the FI number densityis held
constantw 8.9 x 101tem-}, and the ●veragepumprateisrrulntalncd St
.120 kW{cmj b) ●dJustine the total pressure of tht gas mlxturcs in
order to mmpen.satefor Shedifferent eleetronatopplngpowemof Ar and
Kr. For ltw 4, 10, and 99.6 percmt Kr cases, total prusures are 1040,
1004,and 465 Iorr, ?sapceSSvely.Averqe output ●tYkknfks in percent
of 9.3 ●t 4 percentKr, 11.2 ●t 10 ~nt Sir, and 9.2 ●l 99.6 perscnt Kr
arc obtsinrd. Peqk power dylclenelcaknpcrmnt of 9.6 ●t 4 percent Kr,
12.S●t 10percentKr, ●nd 11.6 at 99.6 pc~nt Kr uc derkd from the
data. Our computer model predicSJonsagreew4ththe rr.sulrs.

INTRODUCrJON

INthe past, electron-beam pumped KrF lasers have typi-
cally operated with a gas mixture of 4–6 percent KS and a

uace of F: in an Ar diluent at 1.5–3 atm [ 1]-[3]. Recently,
there has been interest in operating these lasers at high Kr
concentrations, including elimination of the Ar diluem alto-
gether [4]-[7]. There are two reasons for this interest.

Firs!, due [o the higher electron stopping power of Kr com-
pared 10 Ar. a Kr/F: mixture can have similar deposition rates
when operated al a lower total pressure (e. g., 6C0-760 !orr)
than an Ar/Kr/Fl mixture, This means the static pressure
loading on !he laser foils and windows can be substantially
reduced, which for large devices will significantly ease their
design requirements and cost.

The second reason is high Kr concentration mixtures have
formation and extraction efficiencies higher than conventional
Ar/Kr!Fz mixtures. This implies Kr/F2 lasers may be capable

of higher efficiencies. The theory pertaining to this second
reason will be described in more detail in the next section.

These issues are important for devices such as the large
aperture module (LAM) at Los Alamos National Laboratory,
which is a KrF laser for inertial confinement fusion (ICF) and
has a 1 m square aperture, Operating such a laser at low
pressure (e.g., 600 tos-r) also allows the serious considera-
tion of systems that do not require a quartz outpu! window,
since the elimination of the pressure differential has been pro-
posed to permit the possibility of using mechanical shutters

[81. [91. [51.
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This paper describes room temperature energy extracnon
experiments of an electron-beam pumped KrF laser (Ar dilu-
ent) at Kr concentrations from 4-99.6 percent. in addition to
varying the Kr concentration, the output coupling fraction
(OCF) is varied from 50 to 80 percent transmission. As will
be shown, high KS concentration mixtures can have efficien-
cies higher than conventional Ar/Kr/Fz mixtures together
with the advantage of lower operating pressures,

TWEORY

In electron-beam pumped devices, the energy transfer or
pumping mechanism is primarily through ionization of the
noble gases. Empirically it is known that on the average,
26.2 eV is required to form an electron-lon pair from Ar,

There is an additional yield of 0.28 Ar* metastables from this
reaction [10”].Tbe Ar” ion leads to the formation of KrF*

either through charge transfer to Kr or ionic recombination
with F- to fomr ArF* which readily interacts with Kr to form
KrF* via the react!ons,

Ar”+F-+M-ArF*+M (1)

Arl” + F- ~ ArF* + Ar (2)

ArF* + Kr * KrF* + Ar. (3)

KrP can fomr from Ar* via the harpoon reaction, Ar” +
FI + ArF* + F, and then the replacement reaction (3)
Hence, if we assume a unity branching ratio for the harpoon
reaction and also for the formation of KrF* from Ar”, then
an energy expenditure of 26.2 eV can potentially result in
1.28 KrF* molecules. This yields a formation efficiency of

1.28(5 eV)
m_(Ar) =

26.2 eV
= 24 percent (4)

This number is actually too high because the branching ratio
of she harpoon reaction is less than unity (i.e., 0.60) [11].

By pumping directly through the Kr atoms, less energy is
rquired to form the precursors of KrF*, resulting in a higher
formation efficiency. For Kr, on the average. 24.3 eV is
required to form an electron-ion pair with an additional yield
of 0.35 Kr* metastables [10]. This results in a formation effi-
ciency for Kr of

(5)

Hence, in laser mixtures composed of high Kr fraction, the
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Gain and ou!-of-band absorption measurements are made of electron beam pumped KrF laser
mixtures IAr diluentl with 4-99.670 Kr conwstrations. The average pump rate is maintained at
s 120 kW/cm’ by adjusting the total pressure of the mixtures to compensate for [be different
electron stopping powers of Ar and Kr. The FZnumber density is also kept constant a! 8.9X 10’*
cm-’. Measured small-signal gains (gO– a] are 3.8%/cm at 49c Kr, 3.3%/cm at 50% Kr, and
3.27c/cm at 99.6% Kr. The out-of-band abaospions (261nm] are 0.4392/cm at 4~o Kr, 0.74%/
cm at 507’ Kr, and 0.87%/cm at 99.6cZ0Kr. Our computer model agrees with the results and
f)rcdicts in-band absorrstions (248 nm) of O.29Yo/cm at 4% Kr, 0.44910/cm at SO% Kr, and
k.5292/cm at 99.6% Kr.

Elec!ron beam pumped, high Kr concentration KrF Ia-
ser gas mixtures have been shown to have comparable eRi-
cmscie$ with conventional high prcsaure[> 1.7 atm) Ar/Kr/
F: mixtures.’? This opens up the possibility of using rsrfuccd
static pressures in large aperture KrF lasers, such as the
large aperture module [LAM] at Los Alamos National Labo-
ratories (LANLj which has a 1-m square aperture. The pres-

sure loading on the Iaser windows will be reduced, thereby
easing [he design requirements on the large, expensive win-
dows Enhanced laser performance is also predicted at re-
duced pressure opration by Ssdcsky3 and by others.’.’

Gain and absorption measurements for high Kr ccm-
centration mixtures are reported in this letter. Krypton con-
centrations are varied from 47c to 99.6Y’ with tbe balance

Aq previous mawsrements6.7 have been reported at low Kr
concentrations (4-6%]. Tbe Fz number density is held con-
stant at 8.9x 10’6cm - 3.These measuremerrtaare in support
of the energy extraction muauremerm reported else-
where,’.2 and used the same elsctron beam pumpsd laser”
(Tahoma) and pump conditions. Power deposition is kept
constant at s 120 kW/crrr3 by adjusting the pressure of the
laser mixture to account for the difkeni electron stopping
powers of Ar and Kr, and their different fluorescence losses
(e.8., 665 Torr for 0.W4 F1/0.996 Kr, ●nd 1004 Torr for
0.0027 F#O.04 Kr/O.957 Ar).

These muassrements are particularly important for
mixtures containing a high Kr concentration, since three-
body qtsenching of KrF” by Kr is important and results in
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Energy extraction mcastrrerrtents are obtxinsd with an electron bcxor pumped KrFlaser for initial
gas temperatures from 294 to425 K. Gsx mixnsrcs invcxtigatcd am 89.79’o Ar/1090 Kr/O.27% F2
at 1.23 amagats and 99.690 Kr/O.4% Flat 0.8 I amagatx. These derrxitiss camapond to equivalent
elsctron stopping powers ad result in ass average pump rate ofs 120 kW/cm3. Mmsursst
efficiencies do not increase significantly with temperature, its sharp contrast to exdier pratictions.
The KrzF fluor~cs is monitorsd ax a function of tcmpcratu~ and Iasirrg or non3xxing
conditions. A3though the Kr2F tluoreaccncc cmisxion does dscrcssx rl@g Iaxirrg rmnditiom
indicating rrarrial saturation of the molecule. the fluorrxccnce also does not exhibit a strong
!empxature deperul~ Computer simulations are in good agresrnmt with the rsxulrx whcrr
using an inverse square root temperature depmden~ for the KS2F formation.

Rsccntly, we performed extraction,’02 gaim’ and out.of-
bxnd absorption’ musurcnrerrtx of elxctron bcarrr pumped

KsF Isxcr mixtures (Ar ditumt) containing 4-99.6% Kr.

The rcsulrx demonstrate that Kr.rich mixtures have mm-

parsble efficiencies to conventional 4-6% Kr mixtures ●t

high prcssurea (> 1.7 atm). One implication of this work is

that large ap”rture KrF lasers maybe operated efficiently at

low static presxursx. This lowers the pr=sure loading on the

large, cxpmsive windows which reduccxtheir dcxign re-
quirmrentx.’ Enharrccd Isscr pcrfortrrm= at reduced pres-
sure operation hax also hem predicted by a number ofauth-

orx.s’

In our previous work we have established Kr-nch mix-
tures as Lxing =pable of potentially vc~ high efficiency due
to increased formation efficiency and higher extraction effi-
ciency. However, bscsuse the cavity length and pump rate
were tw small, the KrzF formation could not be suKcient-
Iy xaturatsd to allow the higher extraction elticicrrcy to bs
raked in those experiments. Improving the pcrfonnsrr.x of
the Kr-rich mixtures may be possible by incrcaaing the ini-
tial tempcmture of the medium to rahxx Kr2F formation
as originally suggested by Shui.’.” The formation of KrlF
redu- gain by quenching KsF and by abscrrbkrg ●t the
laxer wavelength [248 rim]. Msasursmcntx by Ktimck and
Hsia’” confirm that this reaction has ● tmspcrsture depcn-
den=. The higher initial temperature mcsxurementx also
provide an oppxtunity to text our kinetics code in tempera-

ture regimes for which Iittlc data exist. Furthcrmor~ this

aflowx us to obtain data in tbe temperature regimes that wi33

be r-hcd at higher pump mtcx and longer prdxs times The
prs!iminary code simulations leading up to this experiment
indicatsd that the Kr2F loss could be greatly rsttrsced by
heating the medium, and that this would result in substantial
improvcmmt in efficiency for this mixture. The temperature
dependence of the 1095 Kr mixture ix cxpcctsd to bs weak,
airrcc the formation of Kr# is less significant for this mix-
ture.

Extinction measurements are obtained for two diflercnt

gas mixture (89.7Y0Ar/10% Kr/o.27~o Fz at 1.23 arrrsgata
xrrd 99.6V0 Kr/O.4% Fz at 0.81 astragatx) ●t various initial

gas tcmpsratrrmx (294425 K). These am two of the mixtures
studied in Ref. 2 at294 K. The 10qa Kr derrtonxtratsd the
best pcrformarru with an avcrsge cf6ciatcy of 11.270 and a
#r powsr efficiency of 12.5%. Ttrix mixture u being used
as ● referen= in order to evaluate the perforrrtance of the
99.6% Kr case.

IIsLergy extraction measuremcrrrx are perforrnsd using

an electron heartspurrtpsd laser (Tahoma).Thix laser is the
same onc used during the earlier extraction end gain mea-
auremens= with the pump umditiom remaining the same
dttting these measrrrernentx.Power deposition ixrnairrtaincd
at = 120 kW/cm’ by adjusting tbe gas pressure to compm-
sate for the rti5ererrt ckctron stopping powers of Ar and Kr.
The deposition ix mcaxurai using a p-ure rise technique.
Ttrc Fz rrrrrntssrdcrrsity ix afso kept corrstarrt ●t 8.9X 10’6
CM-’. During the previous work, optimum output coupling
wax found to be SO%; this coupling is used during afl the
measurernencx in this letter. The Iascr pulse length ix s 3S0

~, the excitation length ix 70 CM,and the mirror scparatson
ix 130 CM. F@re I is a schmsatic oftbe expcrimmtal sstup.
The only dMermw in the experimerttxlarrangemmt from
that d-i in Ref. 2 ixthe usc of ●calibmtsd rctfactor to
direct the laxer output into a photoctitrde. This method of
obtaining tbe laxerpulse shape msurex the detector is sattt-
pling the mtirc beam. Energy and power efficimciesarede-
termined using the same techniques d~bcd in Ref. 2.

In addition to the diagnostics dtibat in the previous

expefienL the formation aod qumchirrg of Kr2F is morri-
tomd using an S-5 photodiode with a narrowbarrd (10 m.)
filter ccntcrcd ●t 398.5 nm. The correlation bstweerr the KrF
signal and the KraF signal allows us to determine the de-
gmc of saturation and loss from Kr2F formation. The rsla-
tive signal strmgths ●t the various initial tempcmtrrrex *

be compared for conxixtmcy with the expected rsduction of
Kr2F formation with isrcrcesing tsmpcrature. For the tem-
pemture rcgimca of this expcrimmt the rexction mte should
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