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ABSTRACT |

COMPUTATIONAL SUTDIES OF VOLUME DOMINATED PLASMA PRO- |

'CESSES IN THE CARBON MONOXIDE LASER/CALCULATION OF THE !

RELATIVISTIC FORM FACTOR FOR ELECTRON IMPACT IONIZATION
' ' OF ARGON . - .

- . " by | ) i.f

William Lowell Morgaﬁy

o

PART I S ; -
The theory and methodology for the solution of 'the eyéc—

tron energy distribution function in a molecular laser dis- -

“_gmarge plasma is detailed. The steady state Boltzmann equa-

tion is solved numerically for'mixtures of NZ and CO includ-

- ~~ing all the .important ineJastic and elastic collision proces-
{ . o :

ses, _Predictions on the drift velocity fof both N2 and CO
show gobd agreement wifh experiment. S;ﬁé differences with
'past predictions are noted in the drift vqloci}y of gzﬁCO
mixtures depending‘on the excitation cross sections used. 1In

d@ﬁtrast to past calculations, we find that the presence of .

N2 does not enhance the electron-CO excitation rate at room

%

ctemperature. Results of chemical kinetics calculations on

* . . o
the CO-He lasp%&yith 0, as an additive are also presented.

In these .calculations, the electron energy distribution func-
N -

tion is ysed to’ compute realistic rate coefficients for

electron ympact processés that include the effects of col-
lisions of the second kind. The calculations predict, in
agreement with experiment, that, due to charge transfer re-

actions, 02+ replaces C202+ as the dominant ion in the

$

o
=




J

W

_plasma when O, is added to a CO-He discharge. In’'a constant:

current discharge this results in"a lowering of the electric
field in the positive column which, in turn, is responsible
for more efficient coupling betyeen the electrons and the CO

vibrational levels. In addition, we find that for higher

-partial pressures- of 0, in the discharge; there is suBsfan-

.tial,dissociation.into oxygen atoms which has a deleterious

[

effect ﬁpgn lager perforhance due to V-T:réléxation of ﬁhe
CO ‘laser levels. |
PART IT ' . : ‘.

fCalculations.in the Bethe-Born approximation of the
Bétﬁe surface and totél'cfbs% secfion for'ionization of the,
Argon My,q shell-by.feldfivistic éigctrons are presented.
They-were perfofmed using Dirac-Hartree-Fock-Slater bound
state wavefunctions and numerical éontiﬁuum wavefunctions,
computed-from tHe'DHFS potential. In ad@}tion, photoiA iza-
tion cross. sections weTé'computed in the relativistic dipole
approximation. The photoionization results are in agree-

ment with previous calculations in the single particle
ey

central field approximation. “~ The computed electron impact

ionization cross sections are in good agreement with experi-

ment for electron energ#es up to 100 keV. For higher impact
S

energles the computed dross sections deviate greatly from
the mea is is shown to be due to inaccuracies
in the differential cross section in the small momentum

transfer (photoionization) limit which can be’ traced, to

iii
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inadequacies in the single particle model. .It, is shown that
i

these problems can be overcome hy use of an a

ation, due to Fano, incorporating empirical ﬁhotoionizabion

4

data and the computed non-relativistic form factor.

) . '!_

—

»

pproximate formul-
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PART I
_COMPUTATIONAL.S-TUDIES OF VOLUME DOMINATEDP PLASMA
PROCESSES IN.-THE. CARBON. MONOXIDE LASER



I. Introduction

The prediction of the operating characteristics of -
an electric discharge molecular gas lasér requires a de-
tailed‘Knowledge of neutral chemistry and energy transfer
processes as wefl as the excitation, atgachmeﬁt, and
. recombinétion processes occurring in the discharge plasma.
Although considerable effort in the past has concentrated

on developing sophisticated models for the energy transfer

1,2,3

processes in molecular lasers » only recently has a

similar extensive effort been aimed at an understanding

4,5,6

of the important plasma processes This understanding

encompasses a predictive capability to model the transient
électron density in CW molecular lasers but more im-

- poftantly to characterize the electron energy distribution
function in molecular systems where significant electron
énergy loss processes are present. These lbss processes
include excitation of vibrational, rotational and electro-
nic levels, ionization, recombination,-and dissociation and

attachment processes.

,

The rate coefficient chargﬁteﬁizing these various
P

processes is calculated froQ/




_ [2e}1/2 e 3
Kj = [ETJ { Qj(e)f(e)ede %%E' (1)

relative collision energy (eV)

where ¢
m = electron mass (g)
. . . .th 2
Qj='electron impact cross section for j state (cm™)
f(e)=distribution function (probability function) for
v . : .
relative collision energies.-¢. e = electronic

-19

charge, 1.602 coul.; this is also the conversion bé-

tween electron volts (eV) and joules of energy since 1 eVs
1.602_19jou1e. The energy dependent excitation cross section hﬁ
comes from a wide variety of experimental and theoretical
sources7.
Recent calculatioqs on the characteristics of pulsed
CO/N2 molecular fgser systems have ‘assumed that the elec-
tron energy distfibﬁtion function was Maxwell-Boltzmannl’z.
In terms of the distributién of electrgn energy, this as-

sumption means

£(e) :12 [%T]S” expl-e/TkT/e)] (2)

where € = electron energy (eV)

It

and T = electron temperature (°K); defined in terms of
the mean electron energy, €, where € = (3/2)kT

For preliminary calculations on molecular laser pheno-
menology where the total electron density is unknowﬁ,

this Boltzmann assumption appears jusfifiedl; however, as

more detailed and precise information on the optimum



operating.characteristics of molecular laser systems 1is
required, particularly regarding the role of additive spe-

cies, considerable improvement in the above plasma descrip-

‘/
tion is needed. Nighan has shown, for example, that the
actual electron distribution is far from Boltzmannd’s;

showing regions of underpopulation in the electron energy

~distribution corresponding to strong coupling to the mole-

Cular, energy levels. These non-Boltzmann energy distri-
butions are.a functiqn of E/N, the electric field divided
by the total number-density, the partiai pressure of the
gas species present and the state of“éxcitation of the mole-
Cular gases (superelastic processesf@&

In order to inquporate realiétic electron eﬁeigy
distribution functions 'into tbe'molecular iaser modeling
codes, and to.investigate the effects of additives oﬁ
laser efficiency and power output, a program was initi-
ated to develop a reiiéble and fast method fof the solu-

tion to the Boltzmann equation including the coupling to

‘the many available energy states in the gases present in

the laser discharge. '

A descriptién of the calculation of the electron
energy;diétribution function is given.in sections IT and
III. 1In the iater sections are discussed the applications
of this calculation to the study of excitation processes

& {(/\
in carbon monoxide ldSers with particular emphasis on

AN
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the effects that additive gases have on these processes. //,h“‘\

I't is clear from several past studies on discHarge
sustained CO molecular -lasersl’z’s’34 that the primary
energy input to the CO vibrational levels is direct electron
impact excitation. :Thié excitation occurs via the unstable
1,23

negative ion, CO~ , and thus the excitation! rates are

/
sensitivé.to both the electron density (rgsulifng from
ionization and recombination processes in the plasma) and
the electron energy distributioﬁ. This latter sensitivity.
necessitates that reliable modelling of CO laser performance
accurately account for superelastic and inelastic processes
which lead to non-Boltzmann electron energx distributions
and subsequently alter calculated excitation rate coeff-
icients. Once the vibrational energy is input by the
electrons, rapid vibration-vibration energy exchange pro-
césses rearrange the vibrational energy until sufficient gaih
to lase is obtained onjindividual vibration-rotation-lines
of the fundamental seqyence in CO. The latter processes are
well documented elsewhere1’2:3’3;_34. This study'focﬁses
on the plasma chemistry ana plasma electron processes
critical to 1asér operation and, in particular, the role

of trace additive species. (
) TN

Pt K N S .




II. Application of the Boltzman Equation to the Electric

scharge

In order to find the dlstrlbutlon in electron energy
(or velocity) in a laser plaswia we need to start with the -
kinetic equation desaribing the dependence of the distri-
bution function upon the electric field strength; particle
density, and the various elastic and inelastic collision
processes. This kinetic equation, the Boltzmann equation,

can be writtenB: -

[+
Fh

Ly ]f(r v,t) (—) (3)

collisions

(B 9r +

[aJ

where ghg.LHS is the usual hydrodynamic derivatife. The
form of the RHS depends upon the details of the collision
processes being considered. The distributioﬁffunction, £,
is defined such that f(?,?,f)d?d?ét represents the pro-
bability of a particle being in the differential volume .
element dT around T with velocitf in the range'(§,§+d$)
in the tlme interval (t,t+dt). }
We assume that the laser plasma is placed in.a unlform
dc-electric field (1.e., F = eE) If the system is in a
stéady state, the partial time'derivative can be eliminated
from equation (3). The steady state assumption implies
that the time scale for the relaxation of ;he'ele&tron
energy distributiong is much shorter than the time scale

characterizing the change in the populations of the various

molecular states. - This electron energy relaxation time 1is



-

determined by the electron-molecule collision frequency

which is given by:

v = NQv ' ¥

where N = molecular density (cmqs)
Q = totel elastic collision cross section.(cmz)

and v = electron speed (cm/sec).

The relaxation time, T, is defined as 1/v. The elastic
collision cross sections for the major species CO and N

2 and 10714 2(7)

2
lie in the range between 10 *° cm

while the moiecular number densities in appropriate laser
systems are between about 1017 m‘3 and 1020 cm_s.
/Average electron energies are in the range of .5 eV ‘to

‘2 eV with corresponding speeds between'4x108fcm/sec and
8x108 cm/sec. These values of N, Q, and v give the fol-
lowing approximate limits on the electron disStribution

" Telaxation time:

sec £ T < 3x10.l} sec

10713
Since the 1ne1ast1c cross sections are smaller than
the elastic, cross..sections by from one to four orders of
magnltude (dependlng on the partlcular level) the character-
istic tlme for electron impact excitation of these states
'will be corfespondihgly longer. Hence,.on this longer
time scale the electron distribution will always be in a

quasi-steady state, Notice that in discharges possessing

a large concentration of a neutral gas, such as He, the

J



difference Bétween characteristic times will be further
‘enhanced due to the increased elastic collision frequency.
Tf we assume further that the electron dlstrlbutlén
is uniform in space, the spatial gradient term may be eli—
mihated fr3h equation (3). This 'is the case if the
colllslénal mean free path (MFP) in the gas is much smal-
ler than the characteristic dlmen51on of the discharge
tube. Since the mean free path is equal to 1/NQ, the
values of N and Q used above give: |
-3

cm < MFP < 107+ cm

10
Since the discharge tube is generally much larger than 1 mm
in diameter, this should also be a good assumption.

_ With these assuﬂsﬁions the Boltzmann equation is

reduced to:

' %E ) Vv £ tv) - [%%] coll. (4)

10

The usual treatment of the LHS involves expanding the

distribution function in spherical harmonics. The first

r

two terms would be: N

£E(V) = £,(v) +

<<

£.0v) ) (5

The rationale behind this expansion procedure involves the
assumption that the electric field, E, is weak enough that
the directed speed of the electrons due to the field (drift

velocity) is much smaller than their random (""thermal™)



~

speed. A spherical harmonic expansion gives us what .is
neéded, a function having a diréctidnai bart that amounts
to just a pérturbation on.a spherically symmetric part,
For a.typical glow discharge, drift speeds are on the ofder
of i06—107 cm/sec and the random speeds might be aboﬁt ten
to iwenty times greater. For this case the first two
terms in the expansion are expected to be adequate.

If the expansion (5) is substltuted into the equa-

tion (4) and the resulting equation is separated 1nto its

scalar and vector parts, the follow1ng two equations

result: . _ .
B4 [ vit )J ( o ] | | )
e v : (6a
. at jcoll. : -
‘3mv2 dv ’ “
ceE df (v) _ (o, (6b)
m dv 3?— coll.

Under the above assumptions the RHS of (6b} is simple,

« - S

oF '
[sfl] coll. zvm5¥1 ' 7

where Voo 1s the frequency for elastic collisions between
electrons and molecular species, and the sum.is over the
molecular species %abelled.ﬁy 5.

Substitution of (7) into (6a) gives the equation for
the spherically symmetric (random motion): part of the dis-

tributlon.functlon fo



iy,

"section (cmz) for species s

T m -7 dv v | T (3t coll. (8)
i ' §vms .
In (8), | | J
?\)ms = Ni GS Qms v

wvhere 6, = mole fraction of species s.

: .y '
Qms = elastic momentum transfer collisionpcross

aﬁﬂ_ N = total number density of molecules (cmhs).

: ' + %
Inserting E = |El, and changing the variable to energy,

u =.mv2/2 , Eives,

' 2 af ). of '
1 (eE)* .d u_ ol _ ol . = (9)
kS ﬂ!“’ du [T 8,0, du |- [at } mu

coll.

/—-—'

The form of(afo depends upon the spécific

at )coll.

interactions that we want to consider. In the most general

case it would involve integrals of n-particle correlation

functions. The two assumﬁg%gns usually made to simplify

the collision integral are:
i) Binary collisions
ii) molecular’ chaos.
The first of these assumptions is valid if the gas density
is sufficiently small. An additional criterion is'fhat the
interaction forces be short range. Ifhthe inperaction is

long range, Coulomb forces for example, each particle then

interacts with many others simultaneously.. A different

approach, the Fokker-Planck'equationg, is nééded to treat



10

ﬁthis problem.

The second assumption, molecular chaos, simply mgans
that the'velocities of two colliding particles are uncor-
relatﬁg befor?‘thei; céllision. This is valid if the gas
dehsity is low ehough that the mean free path between col- .
lisioﬁs isﬁmirh greater than the range of the int§réction

force.

With these assumptions the collision integral in the

Boltzmann equation for f(vl) becomes12
3f(vy) | - =raesadv,o (@) ¥,V a0
at coll

[fﬁ'?_) ff"($'1)-f(¢2)f("x71)]

where o(Q) = the differential collision cross section™in

the center-of-mass reference frame,

31-32 = the relative speed of the colliding

- particles, and _ . o hvj
- -+ + -~

Vis Vg, '1, 3'2 are the veloc1t1es of the collldlng
particles and the product partlcles, respectively.

For the molecular laser plasma of interest here, the

af

. . ol. . R
detailed form of [Sz—i coll..IS :

of .
VTl pe— .4 (N Zh, Q..) u®(f_+kT dfo)
- [at ]coll. = du [ s M, "s'ms 0 T

-ty
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N g 58 Carg ) (g ) £ (urugy) -uQ s (W) £, ()
-N E 6. [(u-u ')QS,-j (u"usj)fo(u"usj)‘uqs,-j fo(u)]

»J S

where Ms = mass of molgcular species s

T = gas temperature (OK)
usj= energy of the jth level of molecular species s
and Q .J— collision croés section for excitation (+j)

or de-excitation (-j) of the Jth level of spec1es \S ..
The -distribution function fo(u) is' normalized su%h that

SPE () utEau = 1 | (12)

¥

On the RHS ofaequation (11} the first term represents
the energy 1ost by electrons in elastic collisions with 7
molecules, the second term represents the energy gélned by
electrons in collisions with fast molecules, the third
term accounts for the energy lost by ‘electrons in
inelastic (molecular excitation) collisions, and the fourth
term represents the energy éained by elactrons in super-
elastic (molecular de exc1tat10n) collisions.

The superelastic cross sectlons are related to the
'inelastic cross sections by a dgtailed balance relatlon

_ 2
giving:l4 - ' ‘



uQg jw) = Nsj (utugs) Q

S50

s, (urugy) (13)

where N and N sj are the populatlons of the ground and

jth states,_respectlvely, of speC1es S. Applylng detailed

balance and comblnlng (11) and (9) gives:

-~
> 2 .

" E d d 2

' 3 (e ) & [rgn—u H—] T [('55 705 %is)

u (f(u) + KT ai)]

+ I .65 [[u+usj)Q5j(u+u5j)f(u+u$j)

3 ’J '’

< ',‘uQsj(U)fCUJJ TN

RN gii[(wusj)Qsj(wusj)fﬁuJ -‘-t:__'__‘ .

N * s;j S0
- —uQsjtu)f(u—ﬁsj)J=_O ‘ \ (14)

. ' "+ Note that integrating this once over energy gives the

equlvalent integro- d1fferent1a1 equation:

2 ” oo S 3 (eEf “_EQ_" H— ( 22 85 s ) u

(f(u) + KT a—)
utu- . '
+ 236 s Si du u'QSj(u
S» - u
. N5.
<j f(u') - N;i f(u'-usj?} =0 :' (1%)

.In these equations we have dropped the subscrlpt from f .
- From here, unless note& -otherwise, fo(u) will be called -

o ‘ ‘

\ S

e e 1 g e
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electron mean energy is much greater than the energy as-

13

1

— . :
the distribution function and will be denoted simply by
f(u). Boundary conditions on these equations are that.

f(u) be finite at u = 0 and £(u) +0 as u + «». The
N

population factor, ﬁil, is related to the vibration temp-
50

erature, Tsj’ defined with respect to the ground state by (;\
\ >
the relé%ipn:
Ilso '
Hence, when TS‘

]
population distribution that would exist if the molecules

= TS for all levels, we have the Boltzmann
1

of species s were in thermal €quilibrium at temperature TS.
This vibrational temperature is a commonly used method of

describing the relative populations of vibrational levels.

Frost and Phelpsls; Carletpn and MegilIlﬁ' Gibson17;

Rockwood, Brau, Proctor, and Canavans; and Lowke; Phelps

19

and Irwin solved equation (14) in their respective works.

Nighan5 used equation (15) in his calculations. ~Both ap-
proaches have been used in the CO2 calculations of Elliot,
Juﬂd, Lockett, and Rockwoodlew

If they are important, terms for rotational excita-

ti?n15’16’17, and long range interactions20 can be included
Sf- \
in ( f0) . In order to neglect electron-electron

Agt / coll. '

(?oulgpb) collisions, we assume that the plasma is weakly

;bnized. Rotational excitation can be neglected if the
‘ )

. "v:l.‘

¥

N
.

Y



at

AT i

sociated with rotational excitation.

As they stand, these equations are independent of.
electron density. As long as the fractional ionization is
small, allowing us to neglect electron-électron inferactions
this will be‘ﬁalid. For highly ionized gases the electrons
will interact with each other, tending to push the distri-
bution function, now eiectron density dependent, toward
the Maxwell-Boltzmann distribution. The effects of electron-
electron collisions on the disEribution,function_have been
investigated by Rockwood19, He found that the effects
were negligible for fractional ionization'less than about

.

4x10'4 in calculations on Hg discharges. Lasers typically

have fractional ionizations of less than 10_5. Hence elec-

_tron-electron collisions can probably be safely neglected.

Equations (14) and (15)-relate the energy gained by
electrons from the electric field and the energy gained by
dé—excitation of higher molecular states to the enefgy
lost by elastic collisions with molecules and by inelastic

collisions which excite molecules. This can be more easily.

‘seen if equation (14) is integrated over the energy range

(0,»). The result is:
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L) for) s N .
+ a.Gsuson duuQsj (u) [f(u) - 'sj f(u—usj)]
5,J Nso
(16)

Recalling that here f(u) = fo(u) and noting the
‘Telation between fl(u) and %éo expressed by equations
(6b) and (7) we see that the LHS of (16) is proportional
to the mean particle velocity for the distribution £

This is, of course, the drift velocity. More precisely,

df

' 2 L o '
1 |eE - - du
K LTW] Of 26;25; du™ .
1/2
=[e-9§][ %E] VD (17)

Now, looking at the second term on the RHS of (16)
we note the'similarity between it-and equation (1) which
defines the rate constants. 'Simplification of this term,

using (1}, gives:

1/2 N_.
'E_J 5 - 21 Kk
s.u_. k . S (18)
[Zg s, 57°5] s] Nso s-3

Combining (16), (17), and (18), we get an energy balance

equation relating all of the various processes:

() v+ Tl | o [ g ]

LY

| 1/2 N_. o )
M o« 5
* e(fE) ; &,5%%s3 [ksj N ks, -3 } (19)

50
o



III. The Numerical Solution of the Boltzmann Equation

Examination of equation (14) will show that in order
to compute f{u) at some engrgy’ﬂjﬁzhe values of f at higher
energies, u+u;j must be known. This characteristic makes
the computation of f(u) difficult. Note, however, that if
superélastic collisions can be neglected (i.e., the excited
molecular levels are not highly populated) f(u) only depends

upon terms of the. form f(u+quJ: Sherman22

showed that
there exists a unique solution to equafion (14), in the

abgence.of superelasticlprocessés, subject to the fol-

lowing conditions: K
i) f(u) x>0

i1) ofmf(u)iyl/z du.= 1 (normalization)

0

111y uf f(u)udu < =,

Since 1lim f(u) =0 as ur®, it is possible to start at
some high energy, u,, where thg value of the distribution
function f(u) is smail, and integrate equation (14) in
toward zero energy, a process which Sherman22 calls "back-
ward prolongation". Another alt?rgative involves the
standard finite difference technique of superposing an N
point grid on t@g interval (0,u,) and solving the result-
ing N simultaneous equations.

When the population of excited molecules is small

(i.e., low vibrational temperature) we solve equation (14)

16
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by backward prolongation. This is done by separating
equation (14), which is a second order differential equa-

tion, into two coupled first order equations:

: 2

1l|eE u +{p2m_ & wrr | 4f -
3| N] T8 G | s ‘sts Eo (20)

= -| L éﬁ §sts] u? flu) - g(u)

s s S
d
= I
H% s, s [(u+usj? Qsj (u+usj)f(u+usj)
N_. .
S

- uQsj(u)f(u):| - sgj‘ss N—J‘SO

[(umsj) Qg; (urug)E(w) - uQsj(u)f(u-usj)J

These.équations are solved numerically using a modified
fourth order Hamming Predictér-corrector schemezs'

The initial values f(uo) and g(uo) are obtained using
an approximéte solution to the Boltzmann equation given
by Holsteinlo.

When ‘'the superelastic terms cannot be neglected, the
integration is performed as before until the energy range of
non-zero - vibrational cross sections is reached [geﬁerally
1-3 eV) where a simple polynomial extrapolation fechnique
is then used for the terms containing f(u-usj).’ When these
superelastic terms are large (high vibrational tempera-
tures) the polynomial extrapolation causes the numerical

integration to become unstable. If the extrapolated value [J

is too ?9ﬁ7%he calculatéd distribution function is too
]

|



18

highy and if it is too high, the computed distribution is
too low, “In both cases the instability rapidly g;éws.
'When instability sﬁts in, the integration is stopped and
the standard finite differenqertechnique is used over
the remainder of the energy rangé.

Our solution is an iterative one in that the distribu-
tion function calculated on the first run through the above
procedure is used for the extrapolation on the next itera
tion. On higher iterations, if they are needed, ?:loga

rithmic average of the previous two distribution unctilons

is used in the extrapolation procedure.

Some Additi;}s to the Formalism

The solution of equation (14) is diffi
high vibrational temperatures that we normal i in
modeiing molecular lasers. Because we must treat sfstems
characterized by -large excited state ﬁopulations, it is
desirable to include in the calculations transitiﬁn; be-
tween all molecular vibrational levels rather than just
‘between the ground level and the other levels. The cross
sections Qsj(u) in the equations represent‘transitions.
between the ground level (j=0) and the jth vibrational
level "or electronic level. With the exception ﬁf theore-

tical calculations on N2(24), the cross sections

R a5 +aj

are generally unavailable. 1In order to do the calculations

I
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2

allowing for transitions between ‘arhitrary vibrational
- -

levels we assume that:

Uagrag T By
This approximation appears reasonable from the calculations
on NZ(ZS) and is also applied to CO which couples to

electrons by a similar mechanism.

With this assumption equation (20b) becomes:

de s |1 e Mol (1)
= I 1+ 3 p
e s,j > 1=1 Nso

l:(U+I_JSj )QSJ (Uﬂisj 1 (u+u-sj ) hUQ.sj (u) f(u)]

J
- ré Nsi max Nsi
- 5 N— + E .N_.
SO i=j+1 S0

l:(u+usj)QSj (u+usj)f(u) - uQs; (u)f[u*ﬁsjﬂ .

In equation (21);jmax. is the number of vibrational levels.

used in the calculation. In calculations in#olving CO or
INZ’ we generally use eight vibrational levels. The vibra- -
tional states higher than v=8 have-~very smail Cross sec-
tions which ﬁave only recently been measuredzé.‘
Ionization processes are includéd in the égaculations
using the formulation given by Holiteinlo. Let'Qi {u,u')
be the cross section for an elécé&fn of'energy u producingb
an electron in the energy range (u',u'+du’') in an ionizing

collision with a molecule of species¥s having an ioniza-
K e
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tion potential u;. Then as an additional term in equations

(14}, (20b), and (21) we have:

= gas [J du'uQ;(u',u)f(u') (22)

i
utu
s

-~ i
u-u
S

- uf (u) I Qi(u,u'?du']

0
The first term on the RHS sf (22) represents the addition
of electrons to the energy range (u,u+du) due to ionizing
collisions. The second term represents the loss of elec-
trbns frdm the rénge (u,u+du).

We generally'havs no iﬁformation on ionization cross
sections with regard to how the energy remaining after
lonization is divided between the resulting electrons.

=~ Since we are dealing with low energies we aésume‘that one

of the electrons has zero enérgy after an ionizing col- N
lision. This is a good aséumption when the primary electron
energy 1s relatively low , when ionizing collisions
are infrequent compared to the other elastic and inelastic
collisions, and when therelis an electric field to drive

the secondary electrons from zero eﬁergy 50 thét they

relax into the distribution in a short time consistent

with the steady state assumption. All of these assump-
tions are expectéd to be valid for most molecular gas
discharge lasers of interest. In this case, equation (22)

becomes:

w

\
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i

ST [(uwi Q) (urul) @)
ion

- uQl () f(u)}

where Qi(uz = the total cross section for ionization of
molecular species s by an electron of incident energy u.

If the calculation were to be dependent upon electron
density we would need to include the electrons produced
by ionization in a balance of electron number density,
as is done by Rockwood??. Since our calculation is steady
state, we treat tﬁe electron aensity as a parameter and
assume that the new electrons (the ones produced at zero
energy) relax into thé distribution on a time scale that -
is short compared to the time scale of interest to us.
This assumption is consistent with our previous arguments

concerning the teady state approximation.

Ve

Calculated Distribution Functions for Electrons in Carbon

\

In Figure III-1 are shown some computed energy dis-

Monoxide

tribution functions for electrons in CO. These calcula-
tions, which contain no superelastic contributions, il-
lustrate the dependence of the distribution function on E/N,
A discuésibn.of the cross sections used will appear in
Section IV. The dip in the distribution in the 1-4 eV

range 1s due to strong vibrational coupling of the CO
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Figure III-1: Electron Energy Distribution Functions in CO
. . vs. Energy for Various E/N Using the Cross
Sections of Ehrhardt, et al.



23

with the electrons. At high E/N the distribution functioh
is controlled by the electric field and this structure is ¥
wéshed out. At high E/N the distribution functiﬁn ap-
p%oaches, a§ a limiting form, the Dryvesteyn distribq—

. tiong’10 wﬁich has an EXP(rconst.-- uz) energy dependence.
The effects due to supereléstic processes a;e shown in
Figure III-2 for a CO vibrational temperature of 4000KT
Here electrons in the 1-4 eV energy range gain quanta
of energy from the vibration levels, ranging from .27 eV
for v =1 to 2.03 eV for V = 8, increasing the mean'eneé%&
of the distribution. ' . i

The quantity u shown élong ﬁith these calculations.
is a ”reduced”.avéfage energy5 fqr the distribution which is
related to the effective "electron temperature'", Te,
and, mean energy, E;?\aﬁ the distribution by,
2

) u = kTe = K9 Em ~ . '-
- where
\ o7 E (uyu/ 2du
E =
‘ CoTm
ﬂfmf(u)ul/zdu

In Figure‘III-S is shown the fractional energy balance,
,~j;k%hat is the fraction of the electron energy which is trans-
\\\v ferred to the internal states of CO, for two values of E/N
As E/N is increased the fractlon of energy g01ng into
electronic excitation increases at the expense of vibra-

tional excitation, leading to decreased inversion efficiency.

e———— T
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. C
This suggests that CO laser operation at low E/N is de-

PR PR PR R

sirable except that this means low ionization rates and ,
low é}bctron densities unless appropriate additives.or
external ionizatioﬁ sources, are used. The use of low
ionization poten%ial additives to overcome this problem

will be discussed later

L] [+ %
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IV. Vibrational Excitation Processes in CO/N, Mixtures

This electron energy distribution analysis has been
applied to the study of FZO/N2 discharges. N, is used in
carbon monoxide lasers to increase-the pumping efficiéﬁcy
of the CO. N2 1s vibrationally excited by electrons just
aé is CO but cannot radiate the energy away because it lacks
‘a dipﬁle‘momgnt. Since the’vibrdtional spacing of N, is
slightly largef than that of CO it exchanges vibrational
energy with the CO ;nd thereby assists in pumping fhe laser.
Nitrogen also affects the électron-eneréy distribution
function and, conseqUently, has an effect ﬁpon vibrational
excitation rate coefficients, electron temperature, and the
partition of electron energy into the various states of

excitation. These effects will be discussed in this section. .

v
T -«

Vibrational Excitation Cross Sections Used In,CO/N2

-

Calculations

As will be evident from thé regultg discussed in tﬂis
study, even the qualitative characferisfics,of CO laser
systems are affeeted by the_set‘of input cross sections
used in the calculation. 'Tﬁi§ 1s partiecularly true}in Co
Where the. vibrational eicitation cross sections are large and,
consequently; the power output or gain is sensitive to the
shape of the vibrational distribution curve.

Table IV-1 lists the cross section data used in the cur-

rent calculations to solve equation (20) for the electron

energy distribution f(u). A1l data from these references has

27
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momentum transfer

(elastic)

vibrational
excitation

electronic
excitation

+ .
see section V

28

co N

— o

Hake § Phelps27 Engelhardt, Phelps,28
(1967) § Risk (1964)

Hake § Phelps t
(1967)
or

Ehrhardt, et al.26

(1968)

Hake § Phelps+ "

(1967)

Table IV-1: References to cross sections

used in the calculations
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been taken from the recent compilation of Kieffer7. Two sets
of data appear in the literature for the-viﬁ:ational exclta-
tion cross sections of CO by electrons. Although the shapes
of the excitation cross sections from these sources are Sim-
llar és shown in Figure IV-1, the quantitative differences are
important in assessing the role of N, in CO laser plasmas
(vide infra). The CO and N, excitation cross sections for
levels v=9 and v=10 for N, and CO are also availablezq but
were not included.in the calcu&ations which follow because
they are very-small and have a negligible effect on the compu-

ted distribution function.

‘Calculation of the Distribution for CO/N2 Mixtures

Figure IV-2 shows the effect on the electron €nergy
distribution calculated without superelastic contributions by
the addition of N, to a co discharge. The presence of N,
appears to increase the number of electrons in the energy
region 1-3 eV which results in both increased mean electron
energy as well as enhanced CQ excitation rate coefficientsz
This result suggests, as found previously by Rockwoodzg, that
the presence of N, in the laser plasma might enhance the bower
outpu? from the CO laser independently of the NZ—CO bumping
process via_vibraiiqngi-vibrational energy exchange known to
occur in this mixturg1’3’32-35. However, actual Ealculations
performed on the CO/NZ—system are found to be strongly depen-
dent on fhe CO vibrational cross section set used and general-
ly do not show this enhanced CO pumping as will be discussed

-

later.

N e et e A R
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The addition of N, the discharge will have an

additional effect t@at ﬁay lead to greatér efficiency in
vibraé?éggfqé§citation. Because its cross sections for vib-
rational excitation are smaller, the addition of N2 at con-
stant value of E/N increases the mean electron energy as
shown in Figure IV-2. This raises the high energy "tail" of
the distribution function causing an increase in the rate
coefficient for ionization which, in turn, results in
increased electron density in the plasma. The addition of

N2 will, then, via this sequence of events, cause an increag%
in the vibrational excipation rates and thereby increase the

efficiency of a CO laser.

Plasma Drift Velocities

One measure of the successful‘operation‘of a molecular
plasma code is agreement between bredicted and measured
transport properties. In this context, drift.velocity meas -
urements 1in N2 and CO are avallable gnd re herein presented

in comparison with predicted values from the laser plasma

code. Figure IV-3 shows the drift velocity sus E/N for
both CO and N, in comparision.to literaturg values. Note
that the two sets of cross section data for CO shown in
Table IV-2 are used and are so labeled in the figure.

The N2 drift velocities and the CO dr%ft velocities
using the Hake and Phelps cross sections agree well with the
measured values from Massey and Burhopso. Both sets

of cross sections give results that are substantially

different from the . experimental results at low E/N. . Both
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sets of CO cross sections give good agreement at high E/N

"16 V-cmz).

(i.e. above about 2x10
The predictions for the'CO/N2 mixture drift velocities
versus mole fraction¢f CO for various E/N are shown in
Figure IV-4 in comparison to the earlier predictions of
Rockwoodzg. ‘The velocitieé predicted using tﬁe cross sections
of Hake and Phelps are in substantial agreement with the
Rockwood predictions while the Ehrhardt ‘cross sectjons give
rise to a somewhat different mixture dependence. These
différences become more dramatic when we look at electron

. . . . . p—— . .
excitation rates .in CO/N2 mixtures which are given in the next

Section.

Thé Effect of CO/N2 Mixtures on Electron Excitation Rates

‘ Of majop-intereét in laser plasma predictions is the
total rate at which energy flows into the vibrational modes of
CO due to h;khiiectrons. In Figure IV-2Z we noted that the
presence of N2 causes a favorable shift in the electron energy
distribution function, incréasing the mean electron energy at
fixed E/N and reducing the dip in the electron energy distri-
bution associated with coupling to the CO vibrational modes.
To investigate the direct effect on the CO excitation rates as

a function mixture ratio, we calculated the total excitation

rite for CO, £,Q,

fCOQ = GCO ? {kj - k—j exp(~uj/ij)}
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where GCO = frac;ion of CO
uj = energy of jth level .
kj = inelastilc rate constant

k_j = superelastlc rate constant

and Tj = vibrational temperature of 3 th level.

Flgure IV-5 shows the results for the total CO excitation rate
versus fraction of N2 for various E/N in comparision with the
previous calculations of Rockwood 9 Three effects are par-

ticularly important to note. When the Hake and Phelps CTYoss

sections are used we find rather good agreement with Rockwood's

predfﬁtions for high E/N but poor agreement at low E/N. The
inclusion of a superelastic contribution, however, (arbitrar-

ily chosen as T, = 4000 °K for illustrative purposes) leads to

a disagreement even at high E/N.
r

The conclusions reached by Rockwood that an optimum
N /CO mixture ratio exists as shown by Rockwood's curves
in Figure IV-5 appears questionable when anothé?’z?3§s
section set is used as well as when superelastic processes
are included. These calculations, though, do not take into
account other processes due to the addition of N, that may
affect these résultsi One effect, an increase in electron
density, has been discussed above. In addition, there will
be other molecular species, atomic species, and negative
ions produced in the discharge that, although in small con-
centrations will not alter the distribution function appre-

ciably, méy affect the vibrational excitation via a variety

of energy transfer processes.' In order to assess the
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importance of these processes a study of the plasma

chemistry of the discharge 1s needed. Because the CO4N2

system would be an extremely difficult one for which to model the
chemistry,since it would involve neutral and ionic re- |
act}ons of molecules compoSéd of C, O, and N atoms, the

simpler €0-0, laéer was chosen for study. This system

i1s important because it is known that 0, as an additive
efthances the powér output of a CO laser. The plasma chem-

*

istry of the CO—O2 laser is discussed in the next section.




V. The Plasma Chemistry of the CO—OZ-He Discharge
35-39

A number of experimenters have found that a small

amount of O2 added to a CW CO laser plasma has a pronounced
effect upon’ the oppratioﬁ of the laser. Bhaumik, et a1.36
have found that small amounts of O2 (approximately 5% of the
CO partial pressure) enhanced the power output by a_féct&r

of 10%-20% and reduced carbon deposits on the walls of the
laser tube. They .suggested that the 0, affected*the dissoc-
lation reaction CO2C+0 by driving it to the left. Greater
amounts of 02 had a deleterious effect on laser operation,
possibly due to the large electron attachment cross section
of 0, or to the formation of COZ’ in their opinion. Hartwick
ané Walder37 found that total laser output increased and

that the laser became more stable with the addition of 0, to
a CO-He discharge. The optimum mixture was found to be 28
torr He{ 2 torr CO, and 0.1 torr 02. In addition, the} ‘
measured the gés temperature in the plasma usiﬁé a the;mo-
couple and correlated it to laser output find}ng that the
miﬁimum in temperature, approximately 295 0K, correippnded

to the maximum iﬁ power output as the O2 flow rate was

varied for a liquid nitrogén cooled laser. At slow oxygen
flow rates the'mgasured kinetic temperature was approximately

320 °k.

Extensive work involving the effects of O2 upon CO lasers

has been done by Keren, Avivi, and Dothan38’39.

They found
that the addition of O2 increased the power output and

decreased’ the operating E/N of a water cooled CO flow laser.

39
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At a constant current of 17 mA the laser output. power

reached a maximum of 4 watts with the addipioﬁ of 50 m-torr

pf Oé to a mixture of 1.4 torr CO in 18 térr He and the axial
field strength in the dischafgé dropped.frbm 136 V/cm to

88 V/cm. Power output then decreased with the addition o%
larger concentrations of O, and lasing was compleéely
-quenched at an a, partial pressure of 100 m-torr. They ;150
pointed ouf that the discharge was very unstable and that
laser action could_not‘be obtained in‘the absence of the

0, additive. On tﬁe,basis of the measured decrease in EyN\\
and a calculation of the fraction of electron energy flowyﬁz

.- =
into CO vibrational and electronic states as a functigz_gﬂ

A

E/N (similar to that presented in Figure III-3 here) they
. S

v

concluded that the enhanced power output was due to more

efficient vibrational pumping because of the ldaérfE7N.

9

Keren, et al.3 also analyzed the composition of the
. ”

ions leaving the discharge using a mass spectrograph and
found that with the addition of 20 m-torr 0, to the laser
plasma (1.4% of the CO partigllpressure],'oz Became the dom-

inant positive ion in the discharge, - With no oxygen present
the dominant ion is the C.0) cluster as has been observed

272
40

in the past They suggest that the dominance of O; is due

to ionization via a three step process:
- * 3 - =
e + CO +CO (a’ml) + e ™

x *
CO + 0,+ CO + OZ(Metastable)

* - +
, t e O2 + 2e i

qlaiming that the probability of producing O; by direct

0
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’ \

ionization is at least a fdctor of twenty lower than the

probability of this process. They discount the charge

“transfer reaction,

+ C o+ o’
Co + O2 - O2 + CO

o ), . . .. .
~as a means of forming thg O; because, in their opinion, it

cannot explain the decrease in E/N that occurs with the
addition of molecular oxygen. Using this three\étepmodel
they compute that about O.S% of the 0, molecules are«excifed
; for a total O, partial pgsiiyredgf 25 m-torr. '
Beéause very;smali amounts of molecular oxygen added
to a CO laser have significant effects upon laser perform-
ance, it appears clear that the plasma properties of the
discharge are affected but, at present, it is not known how.
The calculations that follow are directed toward providing
somé systematic éxplanation of the observed properties of
additive 0z in a CO diécharge. This is accomplished by

studyingthe electron impact excitation processes in the

discharge using the electron energy distribution calculation

described”above and bi studyi the chemical kinetics of the

system by numerically in

-t

grating the rate differential
equations for the formation and removal of each chemical
species.

Electron Impact Processes

o

The cross sections for electron impact excitation of the

vibrational modes of CO have been discussed in section Iv

above. For the ‘electronic excitation of CO by electron impact
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there is little data available, What most workers have used
in the past has been a single composite cross section, due
to Hake and Phelps » With a threshold of 6 eV and a peak
value of 53(10_16 chz at 10 eV. This corresponds to the
CO(asﬂ) state. ThlS Cross section, however, is not a meas -
ured or computed CToss section but, .rather, just a value that
was included in their calculations to "prevent electrons
which penetrate the vibrational barrier from reaching unreal-

N 2
istically large energies.”“7'

They point out that "the magni-
tude chosen for this cross section is probably much larger
than the true excitation Cross section for this staite."27
This became apparené when, in the course of this work, com-
-puted 1onlzat10n rate ceefficients were several orders of
magnitude smaller than their values realistically should

have been. For example, in a 7% CO and 93% He mixture with

E/N=3x10"16 V-cm2 the Hake and. Phelns electronic'cross sect-

-

ion glves an 1onlzat10n rate coefficient of 1.3x10 -13 cm /sec

while the CTOSS sections dlscussed below give a coefficient

of 2.3x10710

cm /sec. This comes about because the ioniza-
tion rate coefficient, which is the integral over energy of
the” ionization cross section times the dlstrlbutlon function

(equation 1 of section I), is very sensitive to the magnitude

and shape of the high energy tail of the’ distribution function.

As the electronic cross section is increased, the tail of the
distribution function drops and thus the ionization rate

coefficient decreases,

The information available on CO electronic CToss sections

Rt
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41 and

1s summarized as follows. Lassettre and Silverman
Trajmar, Williams, and Cartwrigﬁt42 have published experi-
mental differential cross sections for the excitation ofqa
number of CO electronic state$, Their.data is of 1little
use in this work because it is takéﬁ at énergies substan-'
tially higher than the energy range of importance in gas
discharges--400 to 600 eV in reference (41) and 20 eV in
reference (42). We need total cross sections from thresh-
hold to about 25 eV. For this we haVQ\Ehe work of Mumma,

3 on the excitation of CO@E3 M) and Cb(Alﬂ),

Stone, and.Zipf4
and the theoretical work of Chung and Lin45 on the excita-
tion of eleven CO eleétronic states.

In these calculations we have included the two CO
electronic statés with the laréest.cross sections: the 33H
state at 6.04 eV and the Alﬂ state -at 8,07 eV. The cross
sections used are coméoéites of those given in references
43-54, They are in substantial agreement with a similar
set of cross sections due to Sawada, et 31.46. It should be
pointed out that revisions such as this in the electronic

A
excitatioﬁkg¥§gs sections used in solving the Boltzmann
equation have a negligible effect on the results of the
éalculations presented thus far. They will affect energy
flow calculations such as those shown in Figure III-3
bu¥ that particular figure is meant just to be an iliustra-.
ti n\gf how vibrational pumping efficiency can vary with
E/N. '

The references to all of the cross section data used

e #am

b e
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in these calculations are given +n Table V-1. Some comments
are in order for several of the excitation processes shown.

3 3

With reference to excitation of the A"L and B

L states of 02,
it is known that these excited states predlssoc1ate The

0 (A ) 5tat049 predissociates into 0( P) + Of P) and

0 (B L ) predissociates 1into 0( P) + 0 D) 48,49 Although
there are several ways for the O (B) state to prcd1xsoc1ato
into O P) + 0f P) via curve cr0551ng549 the probabilities

of this occurring are uﬂknown. 1t has been assumed in this
work that all of the excitation follows the 3p 4 ID predis-
sociative path. The cross sectlon for ionization of the

03 metastable is unknown and has been taken to be the same

as that for jonization of OZ(X), This is about the
least arbitrary method of obtaining an estimate of the

cross section for this process in the absence of experimental
or theoretical data. There is some support for this assump-
tion from the work of BurrowSO on dissociative attachment
from QZI He measured the ratio of the 10nlzat10n CTOSS

section of the a1Ag state to that of the x32 state at
approximately 0.5 eV above each respective threshold and

found it to be 0.8 = 0.3.

.Chemistry of the CO-0,-He system

‘In order to assess the importance of some of the pro-
cesses that can occur in the discharge, the computer code

for calculating the electron energy distribution function
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Electro Impﬁéwarocesses Energy Loss (eV) Reference
e CO: ,
1. co' (8 1levels) 0.266-2.034 26
2. CO(aBH) 6.04 see text
3. \_coalm 8.07 see text
4. C+ 0 9.00 75
5. Cc o+ o0 12.55 75
6. co” 14.0153 7
e 0,:
7. oz (8 levels) 0.193-1.46 7
8. 0,(a’s) 0.98 76
9. oz(bizgl 1.64 76
10, 0,(n° £ 4.5 27,77
11. o0,(8° L) 8.4 27,77
12. 9.7 eV allowed ! 9.7 77
13. 0 + 0 3.62 75
14. 02 12.063 7
15. 0 + 0 19.54 75
e 0:
16. o(lp) 1.96 78
17.  o(ls) 4.17 78
18. 0" 13.6 7
- *
e 0,:
19, O; 11.0 see'text

Table V-1:

»

Electron impact processes in the

C0-0, system.
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.

was combined wiéh a chemical kinetics code. This allows
the concentrations of chemicai'species to be computed as
a function of time. Since we are studying a CW laser,
this computation is carried out in time until the species
concentrations are épproximately in steady state. We '
integrate the differential rate equations rather than di-
rectly solving the steady state equations because the coupled
non-linear algebraic equations that arise out of a steady
state analysis are exceediﬁgly difficult to solve in a
systematic way. In additioﬁ, there areésome species in a
fast flow laser (such as CO2 in a CO laser) that do not
reach steady state. The chemistry code that was used in
this work is based on the Ru;ge—Kutta-MerSOn algoritﬂm for
the integration'of'stiff differentiﬁl equations used by
Keneshea52 iin his sghdies of ionospheric chemistry. In
this scheme initial CO, 02, and He densities and an initiél
electron density close to their expected steady .
state values are specified. A value for E/N and an ini-
tial vibrational temperatufc are also specified as inputs
to the calculation of/%he electron energy distribution. - As
time progresses and the CO vibrational temperaturec changes
the electron distribution function is re¢0mputed and new
rate coefficients caleulated to reflect these changes.

A list of the seventy nine chemical reactions included
in this calculation is presented in Table V-2. Only a -

relative few, however, are really important and will be dis-

cussed here. The rate coefficients for the reactions and
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Reactions Rate Coeff. Ref.

l. O + E- = CO' + E- T 9,4E-09

2. CO' + E- - CO .+ E- 2.2E-08

3. CO + E- = CO* + E- 6.8E-11

4. CO* + E- = CO + E- 1.6E-08

5. CO  + E- = CO+ + E- + E- 2.4E-14

6. CO + E- =C .+ 0 2.88-14

7. CO  + E- -C+ + 0~ 4 E- 9.3E-17

8. CO' + E- = COH + E- . + E- 2,4E-14

9. 02 4+ E- = 02' + E- . 2.3E-10

10. 02' + E- =02 + E- 4,2E-10

11. 02 + B- = 02% 4 P- 1.9E-10

12, 02% 4+ B- =02 + E- 5.4E-10

13. 02 + E- = 02+ 4 B~ + E- 6.6E-14

14, 02 4 E- =0 . +0 + E- 5,1E-11

15, 02 + E- =0 + 0- 5.5E-12

16, 02 + E- =0+ + 0- + BE-- 6.1E-18

17. 02  + E- -0 + 0% 4 B- 2.6E-11

18, o + B~ = 0k 4+ E- 6.1E~10

19, o + E- =~ 0+ 4+ E- 4 E- 4.98-14
20, 02*% 4 E- = 024+ + B~ + E- 1.6E~13 ,
21. 0- + CO = C02 + E- 7.3E-10 53
22, CO* + CO = CO' + Co' 9.98-11 54
23, CO* + CO = C + €02 ’ 1.1E-11 54
24, CO+ +CO + CO = C2024++ CO 1.4E-28 55-58
25. C2024+ CO = CH+ +CO0 + CO 2.1E~-12 55-58
26, C2024+ E- = C0 + CO 7.4E-08 40
27. 02+ + E- =0 + 0 . 1.0E-08 59
28, 02+ + E- =0 |+ 0K : 1.0E-08 59 .
29. 0%  + 02 -0 +02 7.5e-11 g0 4
30. 02 + o0 + M =03 +M 6.4E-34 61
31, o 4+ 03 - 02 +02 ° 3.88-12 60
32. 0 + 03 - 02 4+ 02 2.0E-14 61
33. 02 +03 =02 +02 +0 1.5E-13 61
34, 0+ + D2 =02+ 4+ 0 4,0E-11 62
35. 02+ 4+ E- +M =02 +M 8.0E-29 52
36. 0- + 02+ =0 + 02 1.0E-07 63
37.0- +0 = 02 '+ E- 2.0E-10 63
38. 0- + 02 =03 + E- - 5,0E-15 63
39. 03 + B- -0~ +02 1,0E-11 63
40. 0- + 02% =03 + E- 3.0E-10 63
41, 0- + 02+ + M =03 +M 1,98-27  EST.
42, 02 +.BE- + M = 02- +M 1.0E~33 64
43. 0 +E- +M =0- +M 1.0E-31 52
44, ¢ +02 - CO' + O* 3.3e-11 65
45, ¢© + €02 =CO0 +CO 7.0E~19 65
46, C + 02+ = CO+ + 0 2.38-10 65
47. ¢+ + Cco2 - CO+ + CO 1.8E-09 62
48. C+ + 02 ' - COH + 0 1.1E-09 62
49, CO+ + E- = C +0 9.2E-08 65
50. CO+ +E- +M =C0 +M 8.5E-27 63

Table V-2: Reactions used in the plasma chemistry
calculation. ‘
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5l.
32,
53,
54,
55.
56.
57.
58.
39,
60,
61.
62,
63.
64,
65.
66.
67.
68.
69.
70.
71,
72,
73.
74,
75.
76.
77.
78,
79.

+Th15 rate coeff1c1ent has been taken to be

c
Co+
Co+

+
+
+

C2024+

o+
Cox
0%
o*
o]
02~

02-
02-

02—~
02-

02-.

O-
02+
024
03~
03-
02+
02+
04+
04+
co'
co’
o2’
04+
o+

+
4
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

0

Reactions Rate Coeff. Ref,
0 + M =0 +M 1.0B-32 65
02 = CO + 02+ 2.0E-10 62
0 = Co + O+ 1.4E-10 - 63
02 = C0 <+ Co + 02+ 2.0E-10 +
Co2 = 024 <+ CO 1.1E-09 63
02 = CO 4 02% 2,.0E-10 54
co = Q0 + Co' 1.7E-11 - 66
co -0 + COo 5.6E-11 66
co’ =0 + CO 5.9E-15 67
0 = 03 + E- 5.0E-10 - 62
= 02 + 0- 3.3E-10 63
02+ = 02 + 02 4,2E-07 63
02 = 02 + 02 + E- 2.0E-18 63
03 = 02 + 03~ 4,0E-10 63
2% = 02 + 02 + E- 2.0E-10 63
03 = 0 + 03— 1.0E-09 63
03- =03 40 + 0 1.0E-07 68
03~ =03 <+ 02 2,0E-07 68
0 = 02- + 02 1,0E-10 68
0 = 02 + 02 + E- 1.0E-13 68
02 + 0 = Q04+ + p2 2,88-30 63
02 + M = 04+ + M 1.0E-31 63
02 = 024+ + 02 + 02 2.0E-13 63
0 = 024+ 03 3.0E-10 63
HE w C0 <+ HE 1.7E-17 69
| =C0 + 3.4E401 1
HE = 02 + HE 1.6E-15 70
- = 02 4+ 02 1.1E-07 59
+ M =0 + M 2,0E-27 63

of reaction (52).

48

Table V-2 cont.

equal to that

”

Ml %y e i ks o
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references to them are also given in Table V-2, The rate
coefficients for the first twenfy reactions, éxcept number
(8), are computed using the electron energy distribution code
and the cross sections discussed above. The rate coeffi-
cient used for ionization of vibrationally excited CO
(reaction 8) is taken to be the same as that for ionization
of ground state CO (reaction 5). The rate coefficients

shown in Table V-2 for reactions (1) through (20) were com--
puted using an E/N = 1x10_16V4cm2, and a CO vibrational temp-
erature of 3000“J K for a gas mixture corresponding to

1.4 torr CO, 50m-torr 02, and 18 torr He. These values are
shown for illustrative purposes as they are typical for the
conditions being discussed in this work. The electron
temperature under these conditiéns is 1.0 eV, The gas
temperature has been taken to be 300°K. The rate coef-

ficients in reactions (21) through {79), where they are

>

dependent upon electron or gas temperature, have been com-
puted using these values.

To illustrate how the parameters critical to the cal-
culations being presented here vary with E/N and vibra-
tional temperature we have in Figures V-1 through V-3
plots of the ionization rate coefficient of CO, mean electron
energy, and CO+, Czozﬁ and‘02+’recombinatidn rate coef-
ficients. These were computed for mixtures of 1.4 torr CO,
50 m-torr O,, and 18 torr He corresponding to the experi-
39,39

mental conditions of Keren, et al. The sensitivity
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of the ionization rate coefficiegt to E/N (Fig. Vv-1) is
striking and gréphically ?xplains why, for Fhé sake of
stab 1ity, these discharges are operated in a current re-
gul-Fed mode> ‘ ' ) - )

%e results of the calculation of the time evolution

of chemical species in a CO-OZ—He discharge are displayed
in.Figures V-4 through V-7. 1In these calculations, the
electron density was taken to be 5x10°° em”3 initially with
a gas mixture of 1.4 torr CO,50u 02, and 18.torr He and T/N

5716 y_cp?, The initial CO vibrational temp-

equal té;l;O
perature was chosen to be 1000°K and as it increased the
electron impact rate coefficients were recdmpﬁted/ig

T, ip = 1500°, 2000°%, 2200°, 2400°, etc. The speg&es co,
.02,0 ) 02*, and He were included in the calculation of the
electron energy distribution function, but, as can be. seen
in Figure V- 8 for a C0-0,-He mixture, the presence of
oxygen in small concentrations has little effect upon the
shape of the distribution funetion.

These calculations show that 02+ becomes the dominant
ion in CO lasers containing 0, due to charge transfer
reactions and that, as a consequence .of recombination
kinetics, it is responsible for the lowering of the E/N
in a current regulated dischérge. This is in direct ;
opposition to.khe explanation advanced by Keren, et a1.38”59.
This lowering of E/N allows:for‘mor; efficient pumping of

the CO vibrational levels leading to' increased pdher output.

The calculations alsoc demonstrate that O atoms, formed by
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.'_electron impact dissociation of 02, have an advefse gffect
upon lascr‘performance when 0, is added in large enough
concentrations, This is due to relaxation of the CO laser
levels by vibrational translational energy exchange in CO-0
collisions. The details of these findings, ard others, are

presented in the following sections.

‘ !
Ion kinetics of the CO-O,-He discharge

It was pointed out above that 02+ is found39 to be

the dominant ysitive ion in €O discharges containing
oxygen, eveg:ji;n the 02 is present in partiai fractions
less than 1%.. The results of the calculation (Figure V- §)
are in agreement with this observation. The dominance of
02+ is due to Oz-having the lowest ionization potential of
the major species in the discharge and is formed almost
entirely through Charge transfer react?ons. C202+, ‘
which is the dominént ion in CO dischargeslﬁighout oxygen,
and CO" both readiiy charge‘traﬂsfer with O2 (reactions 52
and 54). Even though there is a large amount of atomic
oxygen fofmed in the discharge, as will be discussed later,
thy 0" ion does not appear in large concentrations because
it f o has a large rate coefficient for charge transfer
with 9 (reaction 34). The same is true of COZ* although
it has\ not been included in these calculations.

TF¥onizatioh from the‘Ozlmetastable, which appears in large
concentrations due to reactions (11) and (56), 02+e_ -
+ €O + 0," (56), has been included in

3': - x
‘oz +e” (11); €040,

-
I'd -

(\\f/ N
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. . - - + .
these calculations but is unimportant as a source of 02 in

comparison to the charge transfer processes. This observa-

38,39

tion is in disagreement with Keren et al. who

postulated that ionization via metastable 02 is the dominant
process for Oé+ production,

This replacement 6f co” and C202+ by 0é+ as the major
ionic species has an important effect upon the voltage-
current characteristiés of the discharge. As can be seen
in Figure V-3 the rate coefficient for recombination of 02+
is substéntially smaller than that of either co’ or C202+.
This regpits in an increased e€lectron density so that,under
constant current operation, the electric ¥ield
must be reduced. As has becn repeatedly pointed out in
this work, a lower electric field increases the efficiency
of electron impact excitation of the CO vibrational states
eventually reéulting'in increased powver output.

As a test of this hypdtﬁesis a simple calculation was.
performed in which, given a recombination rate coefficient
{as a function of electron temperature), E/N and CO‘
vibrational temperatures were varied and ionization rate
coefficients calculatedrin order to achieve a chosen cur-

n
rent density. Current density, j (amp/cmz) is related to

;/

electron drift velocity & (cm/sec) and number density Ne
(Cm-sj by -

j = evyN_ where e = 1.6x107%° coul.

The usual assumpt] is that the radial distribution of

electrop/ density in cylinder of radius R is proportional

L

»

P VR LR
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to the zeroth Bessel function of r/R:

N (1) :
& =3 (2.4 %)
-Neioi o 7 R
so that Ne(r= R) = 0. The total current, i, is then the

integral of the current density over the discharge area,

L ' T,
i = 4wedee(0) JO(2.4 K) rdr

R
§.
= 2.72 R?

j (A)
Hence, the éxperiments of Keren, et a1.38 on a 0.5 cm
radius discharge at a current -of 17 mA involve a current
density of abecut 25 mA/cmZ. The drift velocity vy can be
computed from the electron enefgy distribution function.
If one assumes that the only formation and removal pro-
cesses for electroﬁs are lonization and recombination,

respectively, a steady state electron density can be com-

puted from

di%fl = kion [e 1L CO} - krecomb (e 10+ ion]
If the ion and electron densities are assumed to be ecqual

(i.e., one ion dominates), at steady state: N _-

é%%;l =0 + [e_l§= Kion [co]
recomb

Now if the same procedure is carried out for excitation of
CO (v=l) by electrons and dexcitation by Buperelastic col-
lisions with electrons, which is predicted (see -below) to
be the major loss process for low vibrational levels, we

<

. o
find at steady statle

€
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[CO =¥zl)] - kgag
1+0 !

Using these two expressions and the equation for current
density we can choose an E/N and CO vibrational temperature,
solVe'the Boltzmann equation obtaining rate coefficients,
temperature, and drift velocity, 'and calculate a current
density and new vibrational temperature. This process can
be repeated until the assumed and computed vibrational
temperatures are equal and the desired current density .
has been obtained. This approach is, admittedly, crﬁde,
but contains the essence 6E the processes involved in
establishing the elecfron deg;%;y in the plasma. Thé
greatest inaccuracy lies in the assumption concerning vibra-
tional excitation and deexcitation of CO(v=1) since there
are other important processes, such as excitation and de-
excitation te and from CO(v=2, 3, ...), Ehat affect th
population of the V;I level. | ,//?
Despite its defects, this calculation gives re-
sults reasonable enough to illustrate the ﬁsint concerniﬁg
the relationship between recombination rate, E/N, and ef-
ficiency of vibrational excitation. The results are pre-
sented in Table V-3. To achieve similar current densities
and vibrational temperatures using the 02+ recombination
coefficient required a 10% decrease in E/N from the value
needed using K ecomb (c0™). The lowering of E/N resulted

in a 34% decrease in the fraction of energy flowing into

CO electronic states and a 9% igy%ease in the fraction being



EVN_(V-cmZ)

[e”] (cm™)
j (amp/enm?)

€ (eV)

Vd;ift {em/sec)
f (CO*)
£(CO_ 1)

Table V-3:

63 .

Using kCO+

1.12x10° 10

4.93x10"10

23.4x10°3
1.27

2.97x10%0
21.3 %

18.1 %

[

ionization-recombination processes,

| DI AN TR ya

Using kot

2

———— e

1.01x10

-16

4.99x10%10

22.2x10°3 .
1.09

2.78x10*0

14.0

16.8

Results of the simplified calculation of

Q.
o

4]

©
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channeled into v=1 alone. Thus, @n contrast to Keren et al.,
we have shown that 02+ directly effects both the E/N of
the plasma and the excitation of CO vibrational energyy

in agreement with the experimental observations.

Negative ions in a CO discharge .///-

The time development of the negative ion densi-
ties is shown in Figure V-7. Although 0" is rapidly formed
by dissociative attachment of CO and 0,, CO + e +C +0° (6),
O2 + e +0 + 0 (15), it is rapidly removed by detachment
collisiéns with CO: CO + O +C02 + e~ (21). This is iW
contrast to the chemistry of COé lasers as discussed by
Nighan and Wicgands and by Garscadden and his collabora-
72473

tors , where negative ions appear to control the sta-

bility of the discharge at low E/N. The results obtained
here ﬁre consistent with the observation5 that additions
of- CO to €0, lasers stabilize the discharge through electron

detachment reactions with the negative ionic species.

-

The role of atomic oxygen in the discharge

As mentioned earlier in this secpion, at higher O,
partial preésﬁres the - laser output power 1is found to
decrease and the neutral temperature increase. 'Qur calcula-
tions indicate that both of these effects are due to the
formation of O atoms in the plasma. The cross sectiong

for electron impact excitation of predissociative 02 .

electronic states are large. This leads to large production -
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rates of ox¥ygen atoms (reactions 14 and 17) aﬁd) conse-
quently,llarge 0 concentrétions in the discharge. The
calculated time devclopmént of neutral oxygen speéies is
shown in Figure V-5.

For small concentrations of O2 as an additive to
CO lasers the dissociation into O atoms has littie effect
upon laser berformance. Above some thrqfhold 02 éoncentrg-
tions, however, vibrational-translationél energy transfer
collisions between CO and O (reaction 591 is_expeéted to
become the.dominant deexcitation mechanism for high CO
vibrationhl levels. Since it is the higﬁer vibrational
levels that dominate the laser output spectrum, the pre-
sence of O atoms will degraae the laser output. Examples .
of vibrational deexcitation rate coefficients for CO (v=1) =
and CO (v=12) are shown in Table V-4, For low vibrational
states (v=1 to v=8) superelastic collision with electrons
is the primary deexcitation process. In the absence f
oxygen,radiation (reaction 76) and VT collision with _He
(reaction 75) are primarily fesponsible for CO vibrational
‘deexcitation. The radiative rate per CO (V=12) molecule 1s
given by the Einstein A coefficient in Table V-4. The
deactivation rate per CO (¥=12) by collision with He is
kVT[He]‘= 262 sec’ ! for 18 torr of Hegﬁﬁjhis is approxima-
_ tely the same as the radiation rate. Using the superelastic
rate coefficient for v = 1+0, which is probably too large
for the v = 12+11 transitiop, and an electron densitylof

10710 gives a deexcitation rate of 10 - 100 sec—l. Hence
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Procéss v=1-+0 v=12+11
Radiation®, A= 33.6 sec 1 239.9 sec”!

V-T with Hegg, k= 1.7x107 17 cm3/sec 9.0x10" 10 cm3/sec

(Tgas=300_K) : co s .

+
V-Twith 097, v s9x10715 w3, gqpm13t
V-T with 0,74, » 2.1x107 14
V-T with co,’4,n . 8.6x10 14
- T -9 -8+'i~ '

Superelastic 10 7-10

with e |,

TThe value shown is computed assuming the same scaling
with v as the CO-He V-T process.

1ﬂiThe rate coefficient is typically in this range with its

exact value depending upon the electron energy distribution
function.' . :

Table V-4: Deexcitation of CO vibrational
levels.
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radiation and He V-T exchange are likely to be the dominant
deexcitation mechanisms. ‘

When O atoms are present, even in small concen-
trations, they may strongly affect vibrational relaxafion
since the .C0-0 V-T rate coefficiegt 1s more than one hundred
times larger than that for CO-He. If the same scaling with
v is assumed for V-T relaxation by O atoms as exists for the
He V:T process, an O partial pressure of 52 m-torr would
be needed for CO-0 V-T to be equal to the radiation or the
CO- He V-T processes. Laser performance will be degraded -
when the contrlbutlon of the C0-0 V- T rates is non-negli-
gible in comparison to the fixed radiation and CO-He V-T
rates. The scaling of vibrational relaxation rate coef-
ficients with'increasing vibrational levél is, in-general,
uncertain. ﬁowever, the collision system of Of p) + CO( I,V ),f~
which correlates with the triplet state of COZ’ ofﬁersvthe
possibility of a strong "chemical' interaction through '
curve crossing to the COZ(IE) state and the enhanced energy
transfer possibilifies associated with a shdrt lived
triatomic complex.

Although these arguments are qualitative_in.nature,
it is entirely plausible that the partial pressure of 02
at which the Yaser output is seriously degraded (i.e.,_lOO
m-torr) yields a 20% dissociation to O (i.e., 40 m-torr
since each O2 yields 2 0 atoms) and the CO-0 V-T process
begins to relax the vigrationally excited CO Jeading_to

reduced laser output.

et

ey
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If can be seefl from the rate coefficients in
Table V-4 that vibrational relaxation by 0, will be un-
important for the concentrations being dlscussed here .
The same will be true for small concedtratlons of CO
Wthh is formed prlmarlly by reactions (21) and (23), ‘
0 +CO +C02+e (21); CO + CO+C + CO (23). The density
of €O, is still increasing, however (%igure’V-6); at
the end of the calculation indicatdng that there may be a
1%;ge buildup of this species.in closed CO systems. In flowing
Ldischarges with a-residence time of .1 - .5 sec this may
not be a problem but in a sealed system CO2 may be present

in large enough concentraticns to be a major source of

vibrational deexcitation.
]

Additional discuseion 6f CO laser chemistry

}_ Carbon in the CO laser is formed primarily by !

reactlon (23) Reactlons [22) and (235 .
| W ~co" + co» c0+coJr 122) A
‘ co + CO+ C + c'o2 (23) '
eorreeeend 0 two channels for'deexcitatidn of CO* by CO.

54

The tota  rate coefficient is knowt but the branching

&

ritiq is not, It has been assumed 1n these calculat10n5~

. that 19§ of the CO" .+ €0 reactions follow:the ¢ + cO, *

branch. ¥ The C productlon rate is cr1t1cally dependent upon
- 13

this branching ratlo and there 1s, unfortunaggly, ho in-

kJ

formation on the branching ratio or even on the carbon

concentrations found in CO discharges. ;f%e‘carbon is’

§

= i ) . ; ‘éé? ‘ -
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readily removed by reaction (44)
cropcolv0t (44)
‘with 02. This is a satisfactory ‘explanation of the ob- .
servation that the addition of 0, tﬁ a CO discharge re@pces
the quantiky of carbon deposited in the system. The pro—.
ducts of this reaction have been assumed to ée COT and
'O{dD) as these are spin allowed and energetically acces-
sible.
Finally, mention should be made of the possible
role- of 0(ID) in the discharge. It is rapidly formed by

reactions (17) and (28):

‘ . * -

. . O, +e »0.+0 + e (17)
_ L)

o;+ em+0+0n . (28)

' ‘ . *
and, perhaps, {44) as discussed above. The O is then
rapidly reqaved in reactions (57) and (58).

* + R
0" + €O+ 0 +CO - (57)

0 + CO~+0 + CO N\ : (58)

* ' ' ' .
. Although O has little effect upon the chemistry of the

-system it. may, in this way, be an important source for
“héating the-gas.
- : . : ’
Using the reaction rates for'both-O(ID) quenching

into«translational emergy (reaction 58) and relaxation of

'COT into translational énergy (reaction 59) as given in

Table V—Si the total energy flux from these reaczg%ns is
: . ‘ : : -

d

' &



ifT\agféi'g, 5.36%8

2. 2.2478, 5.1918

3. 7.67711, 4.
4. 1.5778 71

5. 2.98° 14
6. 3.2071% 1
7. 1.12716 ¢
8. 2.98°1% ¢

10. 4.16710 3,
11. 1.88710 o,
12. 5.44710 5,
13. 8.0271%, 3.
14. s.5171 5,
15, 5.97714) 2!
6. . 7.46°18 3.

17. 2.99711 4
18. 6.16°10, 1.
19. s.97714
20, 1.90713 1.
21, 7.30710, 4
22. 9.90°% , 3
23. 1.10°%, 4
-28

24, 1.437°%, g,

25. 2.107°¢, 4

.87

1616

4814

4416

3912

0312
13

.3915

4212

4412

9510
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~ 26.
27.
28.
29.
30.
31,
32.
33,
34,
35.
36..
37.
38.
39,
40.
41.
42.
43.
44,
45,
46.
47.
48.
49,

50.

[ A T o T ¥ |

9.

8

Table V-5: Rate Constants and Rates

o at t

—

= 0.1 sec

.80°7, 5.42

40727, 2.25

32708 3 611

09

10777, 1.08

10

of Individual Reactions'

é
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52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64 .
65.
66 .
67.
68.
69.
70.
71.
72.
73.

|y

74.

-32

.007°%,

-10

.00 ,

-10

.40 ,

-10

007",

-09

.10 ,

-10

.00 ,

-11

.72 ,

-11

58714,

-15

T

-10

.00 ,

-10

28777,

-07

.20 ,

-18

.00 ,

10

00 7Y,

-10

.00 R

-09

.00 ,

-07

L0077,

-07

.00 ,

-10

L0077,

-13

0077,

-30

.80 ,

-31

00774,

-13

00713,
00”10,

%izj
9707

AY
Table V-5, continued

1.9112

1.0810

2.10%2

3.61

2.21%3

6.82%4

4.42%°

1.4310

2.3410

1.8309

1.269°

g.4207

1.569%0

1.1200

1.69
0%

1.9398

1.7699

1.7699

1.7509

1.4311

2.00

1.4111

12

08

07

71

75. 1.707%7, 3.0910
76. 3.36701, 2.11%7
77. 1.607%°, 1.19%°
78. 1.11797, 30509

79. 2.00 27, 1.11%
’

4

4"See Table V-2 for a listing
of the reactions
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37

sufficient to explain the observed gas temperathreiin-

crease with increasing 02 pressure beyond the optimum

pressure for laser output..

‘1



VI. Conclusion &

This report has outlined the theory ang metho-
‘dology behind modeling the steady.state plasma of a mole-
" cular laser system incorporat%ng both the inelastic and
superelastic processes appropriate to a given laser mix.
Sample falculations on the CO/N2 laser sys%gp have coﬁ_
firmed the nqn-BoltzmanE character of the electron energy
distribution'function in substantial agreement yith the
earlier work of Nighan4 and Rockwood3. The effect of added
N2 is shown to increase the density of electrons in the
energy range for maximumlcoﬁplinéito CO vibraticnal éﬁergy
but detailed calculations on excitation rat;g‘indicate that
this shift is essentially compenééted for by the decrease
in CO partial pressﬁre required to maintain a constant
total molecular density (constant E/N). 1If superelastic
proceése@ are iﬁcluded in the CO/N2 mixture case, further
support 1is givenﬁto pure CO being the opfim;m mixture for
coupling the electron energy into CO.

The laser plasma code discussed in this'report
is very efficient and is easily extended to any number of
molecular or atomic constituents for which cross secfgg;‘-
information is available. The results of the plasma_caig
culations presented here are in substantial agreement with
the results of other workers as well as measufed drift

) . b . .
velocities for N2 and?*C0. There are, however, clear indi-

cations from the results of the calculations presented in

73
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this report that reliable cross section information 1is

critical to the understanding and optimization of laser

plasma performance.

We have presented results of calculations on

the chemical- k1net1c5 of the CO laser with O2 as an addi-

'tlve We have shown that v1brat10nal temperature is an

important parameter in the evaluation of ionization and

recombination rate coefficients, and, wn thes® calculations,

" have used rate coeffidients for excitation and Njonization

computed from an electron energy distribution‘thgt includes
the effects of gas composition and vibrational temperature.
These calculations have demonstrated th"at’OZ+ is the dominant
ion in CO~O2 systems as a consequence of charge transfer
reactions with co” and C202+. In a current regulated
discharge “fhis results in a lowering of the E/N leading to
mokge efficient pumping of the CO vibrational levels. We -
have also found, from these calculations, that O afoms{
formed by electron impact dissociation of 0,, have a de-
leterious effect upon CO laser performance for large con-
centrations of 0& as an additive. This is due to relaxa-
tion of {the CO lasér levels by vibrationai translational
energy exchange in COT 0 colllslons ’

These results suggest that Xe and Hg, which are
known to enhamte laser output even if present in very small
concentrat10n53 may affect the plasma chemlstry of the CO

laser in d\\\ﬁt%?r manner to O, as the Xe* and Hg' ions can

be expected to recombine much more slowly than 02 In
a8

2218
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f . .
ﬂddition, due to their low ionization potentials, they may
enhance ionization rates. With knoﬁleage of the funda-
mental processes occurring in laser discharges and the
ability to perform plasma and kinetics calculations such

as those presented in this work, one should be able to

.search systematically for additives that affect the plasma

chemistry in such a way as to produce desired laser per-

formance characteristics.

s
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CALCULA&ION*@F THE'RﬁLATIVISTIC FORM FACTOR

FOR ELECTRON IMPACT IONIZATION OF ARGON

-



1. Introduction

This wotk arose out of an effort to model the physical

! . _x'—\_/ 1 .
relativistic ectron beam. In these systems,

processes inyolved in pumping high pressure gas lasers a v//’
: : \
using

the energetic electirons in the incident béam‘prgduce many
low energy secondary ¢lectrons as a result of ionizing col-
lisions with the target laser gas. The secondary electrons

- F g
are then responsible for most of the subsequent excitation

‘processes in the gas. . ‘

As a specific examﬁle, energy loss calculations for a
relativistic electron beam in argon depend upon a knowledge:-,
of the ionization cross-section’differed%ial in energy
loss dg/dW. Large discrépancies were found at relativistic
energiés bethen the iotal cross-seétion COmputed'from the
sémi-émpirical analytic form for ag/dwﬁbased on the Bethe-

Born‘approximatioﬁ,as given by Peterson and Alleﬂz, and

the e;perimeital CTross sectionés. The Peterson and Allen
.totéi'cross sections have-tﬁe correct non-relativistic
'AinE/f + B/E enerfy dependence, where E is the incident
electroﬂ energy, but it inco}rectly retains fﬁis energy
dependence for large;‘relativistic impact energies (i.e.,
above aboBt 10S eV). Since the‘experiméntal AE) starts

to level off at about 10° eV and even rises at .higher energy,
due to relativistic effects that will be discussed later,

A%

81
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.

the Peter;on and Allen total ioniéqtion cross section is
too small at relativistic impacééenergies. I%.is, for
e;amﬁie, approximately a factor of five too smal1 at 108
FV and is even worse at higher energy.

Although the reason for this was the use of the non-
relativistic Bethe-Born aéprdximatiqn by Peterson ahd Allen
the problem stimulated interest in doing a completely
relat1v1st1c calculation of the so-called Bethe surface
for the ionization of argon within the framework of 'the
Bethe-Born approx1mat10n.‘4 This is what is attempted in the
presentation that follows.

Although this problem is now far removed from the
laser studieés mentloned above, and, in fact, i's much more
detailed and involved than is necessa;y for the laser mod-
elliﬁg work, it does have merit in its own right; It
serves as a test of the relativistic Bethe-Born approxima-
tion and is, to my knowledge, the first time that a proper
calculation of the relativistic Bethe surface using rela-
tivistic self- con51stent atomlc wave functions has been
attempted.

In the discussion that follows, cgs units have been

. N ]
used except for energy, which is given in zlectron volts.
In analyses taken from other authors, their units, what-
ever they may be, have beén converted to the cgs-eV system

for the sake of consistency.

&



‘ - ‘
. II. The Bethe-Born Theory for Ionization of Atoms by

v Relativistic Electrons

. As shown by Bethe™'", the relativistic form of the
differential cross section for ionization by electron im-

act is given, in first order perturbation theory, hy
P 8 y b

= 1

dwd@  4m2 pd 4 g

d?; _~ 1 E. Ef k¢ |U|2 cmZ/eV/sr (1)

where E  and Ef are, respectively, the initial and final
i

total energy of the incident electron,

’,

- 2.4 202, 231/2 _ o
Ef (m“c™ + c“h kf ) .= Ei W

W is the enefgy loss, ki and kg are the initial and final
proﬁagation Veétors (is ;/h), and dQ is the element of
solid angle for the scattered electron,

The matrix element.U is proportional to the interac-
tion energy between the incident electron and the atom_

4

and is given by

—

U= v () V() Y (*) 4% - (2)
where V(¥) = the potential energy of the incident elec-

tron and the atom;

-

¥;(f) = the initial wavefunction of the system of
incident electron + atom;

Ye(¥) = the final wavefunction of the system.
6

~

In the first Born approximation® the wavefunctions of .

the incident electron and of the atom are assumed to be

83

-~
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independent and thus the wavefunction of tdg system is
-describable as a product of the electron wavefunction,
o (1), and the atom wavefunction,u(?i) for the ith atomic -
electron. If the atom has z electrons, fhe matrix element

(2) becomgs_

Y

= eF (D) 0] (Bt VAT, ()
0; (F) wy (f1,...,%,;) d¥,.,.dF,d7

In the Born approximétion, the electron wavefunctions

¢ (1) are taken to be plane wavefunctions, eik'?‘in non-
relat1v1st1c theory, and u(p)e+~E 1n the relat1v1st1c,
case. The Dirac plane wavefunctions will be discussed in
a 1ater‘section.

In the Bethe-Born appr9x1mat10n we assume that the
collision can be descrlbed as a blnary collision between
the incident electron and the atomic electron that is
ejected as a result of the -collision. Using this assump-

tion and the Mgller/’.8 formula for the interaction between

two relativistic electrons, the matrix element (3) be-

[

comes
2 x o+ * + W, .
=e % é Pe(rylve(®y) 1-ay-a, eiﬁElrl‘Tzl
. 12 IT1-17]
<> . . + :

where |¥)- ¥,] is the distance between the two electrons
‘‘and &, and &, are the, Dirac operators. Here the El and

f'/
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-

the 32 operate on the $i(?l) and wi(?z) réépecfively.

The exponential is the retardation factor, which is due

LS

to the.finiteness of the'speed ofllight. The terms in-

R - P

volving the K's arise fromlthe magﬂetic interaction of

the spins of the two electréns, électrbn Spin béing an
inpyiﬁisic_part of rélativistic'qqantum theory. The Bethdf
Born approximation is used not only because it.i;'a good
approximation for high energy encounters4, but also be-
cause it-is gﬂoht the only ;ay of doing relativistic
calcﬁlations since, in relativistic theory, there is no
known general form for the many body interaction energy '
in .closed form. . ‘ . :

The exchange matrix element is the same as (4)

' -
except with the final wavefunction given by ¢f(;2) wf(rl).

As shown by Mott and Massey40, by'Rudge41, and; forb%e;a—
tivistic interactions, by Perlmanlo, the ex&hange matrix
element is negligible for high (relative to the ionization Y
energy) impact energie$ such as are béing_dealt with in
this work. Hence it will be neglected here.

For .the ionization calculation'w‘i is a bound state

wavefunction and wf 1s a continuum wavefunction. 'If ‘the

wavefuncﬁions'¢i and ¢f are fakenc%é be plahe waves we

s
\

E??ave the Born approximation.

Let ' . !

. -
¢;(rq) = ?i(gi)elile

v -"¢'f(rl)

> :
‘.’f(ﬁf]elkf‘rl - L -
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then
| 2 k;-% ) W
U=et [ [ (el Fi~Xg)-Tp 3% 3 .3, _
M- 3 R R SR a4 (5)
-+ -~ ' '
|T1"T2 ]

t

The integral over-?1 is8,10

-

ar iKirz
KZ_TﬁET ©
cJ2
- -+ -
where K= k; = kf.

This gives for the cross section,

Vg2 4
d“o de E:-E .}_C_ﬁ 1 .
= 1 f ( ] —_—
dwdg  hAc? k; [Kz_wz ' 2 (e
' £2c2
iXeT2 6 # o tyat)
Zlé; uf¢f(r2}(1-31-ﬁz)uiwifrz)drzl

The integral overﬂfz is defined as the relativistic form

factdrS

» n(W,K). The calculation of this quantity is

the main object of this work and will be discussed later.
The ] represents a sum over all degéneréte final ‘states
{angular mgmeﬁtaJ electron spins, etc.) and an average
over all degenerate initial states.

If the variable Q is defined as%»%»11

=1 ﬁzkz-wzl 2
< 157( ©

which is. approximately the recoil kinetic ‘energy of the

ejected electron, then the element of solid angle, df
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- can be replaced by
”

go = 2TKdK _ 2™ _dQ
P ' kikf- LY kikf

-

and 2he cross section becomes

i2g = 2ped’ Eg +n(W,Q1|2

dwdQ  B2mc?]E; Q2 ?
' . _+ where 52.= (Elz-m c4)/E 2 "(v /c) The total cross sec-
' tion is then .
' (Ei+I)/2
2red max .
0= — dw |n(W.Q)|2 Q.
B4mc? : . Q2
Qmin.

Y

~

where Qniy.and Qmax are defined by Kmin;k;"kf and'lKmax
_—k j*kg. The factor Qf Ef/Ei has been neglectéd here as it
L1s very close to unity.

B As can be seen here, the important quantlty in the
theory of ionization is the form factor, n(w Q?)\ In non-
re}at1v1st1c theory+t315 reduces to the fam111ar matrix
element E(W,KTKWIeiK'rl 0>. Iﬁ atomic physics, ;he

r

3 generalized oscillator strength,

df (K, W) = W | - |2
T R a7 400D

where Ry is the Rydberg ehergy @13 6eV) and ao'is the Bohr

radius, is generally used instead of the form factor.

. 'g% as a function of W and K defines a surface, calléd the



-

-

:by13: T s : :

N

N 'Bethe surface, which is characteristic of the atom. 'As

[

4, this is a useful generalization

pointed out by Inokuti
of the fa@iliar op;;cal'dipole qscillator strength., In
the limit of X + 0, f&r high‘primary electron energy,
this gogs into the obticél-gs;%llator.;tréngth, dfo/dwlz.

+

For photoionizatidn the energy loss, W, is equivalent to

the photon energy, %w, and the cross section is N

-

~
i3 -

o(w)= 2n2elfi dfy = 1.098x10716(cm?ev) dfy
o mc dw _ _ dw
. . ’ T %W

The existence of this limit allows some comparison4'to be

made between electrbn impact data and photoionization data

as will be shown later. .

[ X

—“/_\.\ . T



III. Calculation of the Relativistic Form Factor

‘As defined previously the relativistic form factor
. + 5 f

is given by n(W,K) = £ el "Ty uf wE(?z)(1131'az)“iwi(?z)dfz
-~ 4 2 -
, (1)

This is independent of the d{recfion of ® because the co-
ordinate systeﬁ'is chosen so. that X points aiong the z-axis
which is aiso taken to be the quantization axis for thé
wavefunctions.

Here the 1initial four-vector Dirac wavefunctions, u:

i
’
and ¥;, of the incident and- bound electron, respectively,

are operated on the Dirac matrices &, and &,. The &'s
1
have three compdnents which ared
‘\/‘_‘\ . - r .
. 0001 (00 0-i 0010
_lo.010 Jooio looo 4
.01 00 oy "|0-i00 %z Tl100 0
1000 | (0-10 0
’
" The components of & operating on a four-vector $=f$1
¢3
x¢4
give the following: oo
N b d=
. 4 4 3
a,d 2 93 a =il 03 o, b =94
X4 YT ke : ol
(e 3 ' 42

-

written in terms of components, is:

k) = [FNT ulba )b, o)) @
Tr?2 B

The form -factor,

_u;w;(?z)[qxuiaxwi(rz) * ayuia;wi(?z) .
+azuiaz¢i (rz)] x dF 2}

o
89



becomes a

90
When all of the four-vector products are carried out this

four 1ntegrals each of the form,

v

F (L ary et rzwf(xl)¢§?% ) L ®)
: .

where the hga) ugs), ¢(Y) ‘ (6) are each a component

of the correspbndlng four-vector wavefunctlon With can-

'cellations the number of terms reduces to forty. %

e

In computlng the integrals (3) the well known expan-

5101'114

1? Ty _ Z 1 (2n+1)jn(xr2)Pn(cos 8)

th

is used. Heﬁb J 1s the n spherical Bessel function} Pn

is the Legendrg)polynomial of order n, and 6 is the, angle

between K and ?2. ) A
A ..

The wavefunctionfcoﬁponents w(i) have the form,
i . et
w( ) = a(lj(rz)czlpmiYRi’mi(n)

]

as discussed in the sectlon on wavefunctlons Hence the

1ntegrals (3) are of the form, ¢

up (@) (331 Cotnyof 426", )a(?) 2)

w

Y Y yY s i (2n+1)jn(Kr2).

1’“& n—
Pn(cos e) r2 drzdﬁzu

Rearranging this gives,'



* (o), (B) -
't ¢ m‘f‘cﬂi n

1a¥1,) af ?} ) i (Kgy) T drzl

'ﬁ)a ':

-
| rPy(cos @) YEY Y gggmg_dgj.

md E i"(2n+1) oy

% | £ \
N ‘ . -
Using the follow1ng relatlons14 15
1/2 /2, ,.41/2 .
2n+ 28+1 28T+ .
éY 0¥ om Yo m.dn —~——7— (2n 1) (22+1)°77( 1)
Inee ) hae? . T | s
| [Omm'J r(;OO} ' S (5a)
\ : | 1/2 '
Yn0(8,¢)= {22+1] ) Pn(cos_ 8) .\_. (5b) .
| Y* "" mY - : ' : Ve 5
Lm —.(-1) 2,-m | . R . (C)
T - . ~
the angular integral in equations (4).becomes
. Y ’ . # 6 _ ¢
m 1/2 /2 n T, n g 2.
NG I 75 P IETS 5 DR IR £
. 0 -mfmi|{0 0 O
. ) 1 ‘
. abel 7 - 15 A
where the are Wigher 3-j "symbols~>.
. o B Y . . LS - | .
Since the 3-j symbol vanishes unless a+B+y=0, we have
the selection rulk that me= . < In addition,,}he 3-3.-
'\-.\.- x s . .
symbol with a=R=y=0 vanishes urg#ss a+b+c is even. This
means thé} in’the sdm, n takes on only even'values such that
'IEE'“£§| <n gl} +£g: The series then'is finite.
With these simplifying features, the integral (4) be-
comes,
: )
P
L

%



-.‘

vy 6
x Li3
CRY Cgﬁ 17 (2n+1)
£ i Y , 6
¢ n=%2 =R I *
A f‘ 1 L3
N . )
‘ ngl zg n oo} g8
0 -m m' 0 0 0

v - 1'§£¥}2j agf}z) jn(Krz).r%dré
. . =~ ..

s

This.is now complete; except for the need to average over.

e 6. . VO X s
initial electron spin polarizations and initial m values and

.sum over flnal electron spin polarlzatlons, final m values,

i

and final angular momentum quantum numbers of the e;ected
electron. These sums and averages.are’taken on the matrix
element squared. The sum and average over m gives a factor

of 1/(2ji+l)= In summing over. the final angular momentum

. : ! -
quantum numbers of the ejectedeelectron the number of j- .|

u, .

vaines required to achieve convergence to five per cent or

better varied from a minimum of fourlior small momentum

tf;nEfer to as many as ten for large momentum tranefer an&

large energy loss:. The sum and average over electron spin

polarizations is discussed .in the section on Qavefunctions'
,

The- sum of the forty terms, each of the form (6) is then the

relat1V1st1c form factor n(W K).

»



IV, AThe Calculation of Wavefunctions

The calculation of the wavefunctions used in

tering integral involv@s the solution of the time

Dirac equation6’7,

2

(-ihéa-?+3mc2 +V)¥ =Ey

-»> . ‘ .
where o =(g g); the 3 representing the Pauli spin

1

\ .
and B =(0_%) w1th T be1ng “the 2x2. 1dent1ty matrlx.

the scat-

indepéndenp

(1)
métrices,

Singce

the Dirac equation applles only to a. sp1n 1/2-particle in an

'external fleld (there exists no geﬁeral formulatlon for_a

system of mutually interacting particles.in relativistic
. 8 : .

quantum theoryj the?indepen&ent particle mddel\must be .used

& .
in its application to atomic systems.

That is, each atomic

electron is considered to- be orbiting-in an external field

} v
due to all of the other atomic electrons. )

The wavefunction ¢ is a four component spinor that can

be written-in the following form?’ 16,
for j =2 + 1/2, ’
.r 1
¢ 1/2.
. . | :
lgjér) F2E+1/2] Y?—i§§ | (2a)
-t “.'
ig. (¥) fom1/2 V2 me1/2
N j 728 1 j-1/2
y, (7). -
"im 11/2 .
£ (r) g'-m+1/2 gm-l/z
jL T22'+] j+1/2
£ (1) pranr1s2 1/_2““*'m+1/z _
Uy | 3¥U/2 J
where ¢' =g + 1, a o
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v :
For 'j = ¢ - 1/2,

' N - (2b)
( 3 !
1y, (x)(gmmr1/2 1/2 Ym—1/21

> “1E5y | 2L j*1/2

o
g

i (r)| L+m+1/2 1/® Ym+l/2

| 251 ~—1T—J+1 j+if2

+ . . 1

() " P | 172

¢ . ‘ _f.(r) R'+m+1/2 Ym—l/z

je. k 20 +1 ) j-1/2

e (1) [21-mr1/2 V2 ne1/2
jL 28T+ j-1/2( |
\ T I

where ' = & - 1.

If we.lét kK = x(j+1/2) for j =1+1/2 and let G(r)=rg(r),

F(r) =rf(r) the equafions for the radial wavefunctions are,

-

—

. ' el 4 : N '
dG(r) _ _ % G(r) - [Eﬁmc aZ(glJ F(r) (3)

T c
;

A Eat L a6y . g r

I
Here E is the total relativistic energy of the electron, E=

-
(c2P2+m2c4)?/2, and a is the fine structure constant,

S

a =e2/hc = 1/137.036. Z(r) is the screened atomic charge of
the atom, varying frem Z inside the innermost atomic shell

to Z-N+1 at infinity, where N is the total number of atomic
electrons®. G(r) is knqwn as the large component of the
wavefunction and re&uces to the solution of the Schrodingér {

equation in the non-relativistic limit. These wavefunctions

are normalized sugh that ﬁG|2+]F|2)dr = 1.
=0
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We need to solve these radial equations undef thé
independent‘par%icle and central field hssumptions for the
wavefunction G(r) and F(r) and for the quantity Z(r). The
.approach takén is to solve the ragg;I equations for the
neutral atom using fhe Hartree-Fock—Slater‘SelfiConsistent‘
Field method to obtain thé bound state wavefunctions and the
screened charge, Z(r). . The radiél equations are then again
solved using Z(r) for the continuum wavefunctions which, ’
wheﬁ Z(r) is given, are functions only of the angular mom-
enfum (via kappa) and the“energy 6f the ejected electron.

The calculation of continuum wavefunctions will be dis-

cussed later.

. : «
Self-Consistent-Field Calculations

é%he computer code for the calculatgon of SCF solutions

to the radial Dirac‘eduation was ‘'obtained frém Dr. Chien-ping
n17. Detailed discussion of the SCF method can be found
: . L . .

in references 18, 19, and 20. Discussion of the method ap-

Li

plied to the Dirac equation is given in references 21 through
24. |
In these calculations the wavefunction for the system

is represented as a product of one-electron wavefunctipns. - .
Each electron is assumed td mofe ipdependently of all the
other electrons in a time-averaged, centrai, electrostatic
fie{d’produced by the nucleus and all the other electrons.
Minimization of the average energy of the system in this re-

presentation gives variational equations for the wave-
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functions. These equations, the Hartree—Fock.gquations, con-
‘tain excﬁange'terms that account fér statjstical correlation
in £he motion of pairs of elect:dns of like sﬁin. In the
Hartree-Fock-Slater method used here the exchange terms in
'the Hartree-Fock*equations aredsimplifed by use of the appro-

Ximate, Slater free electron exchange potential

» -

Vexch 1/3

. 5 .
() = -6 [g— [p]] Rydberg

where-p is the total electron density. This is simply a
means, based on the relationship between the potential and
charge density in a free electron gas, of réplagizg the

individual exchange potentialsffor different orbitals by a

aipgle average exchange potential depending only upon. the

local electronic charge density. The equations are then

A Rt

solved by itefation until the desired degree of consistency
is achieved.
The Dirac-Hartree-Fock-Slater bound state wavefuncgions
for the argon MIII shell aré shown in Figure IV-1. The |
.screened charge Z(r) is shown in Figure IV-2. In Table IV-1 ‘- =
are aisplayed the shell energies for argon computed using
this DHFS program, those computed by Herman and Skillmanzo,
and some obtained from-x-ray‘datazs. A diagram of the shell

structure of argon is shown in Figure IV-3,

Continuum Wavefunctions

The radial continuum wavefunctions are obtained by

N am L a3 g s

integrating the radial equations (3) from r=0 to large r
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Figure IV-2: Screened Charge,
by DHFS Method.
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Figure IV-3: Grotrian Diagram of the Energy Level Structure
- of Argon. '
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using the screened charge, Z(r), obtained from the DHFS
~calculation. In these calculations a fourth order Runge-

Kutta sc_:heme26 with variable step size is used for the inte-

-

gration. Thé computed radial wavefundtions are normalized

per. unit energy by matching them to the ahalytic asymptotic

continuum solutions for an electron in the field of a nuclear’

charge‘za=Z-N+1. These solutions are shown by Akheiser and
7 X .- N

-

to be:

o= ()Y e )72 cin B ggessuani]
. ' m¢c -
(4)

o _ | 2'-2 m B/2{E 1/2
) F(r) = (-1)7 - ‘ -
@ = bt [a) 2&27 %
'$in Pgi - 2‘% + 8§ + vin Z r]

Berestetkii

where

v = Z;;a/B (B=v/c)
v = (kE-z2a%)1/2
6 =

£ - arg I(y+iv) - 7 (y-2-1)
and £ is defined by,

s w pLse mc
y 8215 = K-iZ a (p,

veiz a(E
. Y+1Zau(cp)

The units of G and F are Cenefgy ~-1ength)-1/2ll.The‘
‘exatt‘solutiohs to the radiq}iDiréc equationssafor the bound
;Coulomb problem are ;onfluent hypergeémetric functions~of’
complex érgument which reduce ﬁﬁ,thése trigonometric func-
tions in the asymptOticllim;t. ~Some exaﬁpleslof the wave-

functions computed for various values of kappa and electron
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kinetic energy using the Z(r) of Figure 1V-2 are shown in
Figures IV-4 through 1V.-6. | N )
The quantity ;eZZ(r)/r represents the screened central
potential seen by ﬁny one of the N independent electrons of
the atom as it moves in the combined fields of the other

N-1 electrons plus the nucleus. .The use of the screened

charge in the calculation of the continuum wavefunctionsg

» 15 commonly called the "frozen core' approximation in that

‘duping the-dBllisioﬁLprocess'the wavefunctions of the other -

N-1 non-participating. electrons remain un;hanged. Hence

the potential represents that of the unrelaxed atomic ion.

This 1is, of'course, strictly correct only for large T.

Further discussion on the use of screened chargés and the

calculafion of.continuum wavefunctions can_beﬁfou;? ih the
8

. '? .
articles:by C00per27 and by Pratt, Ron, and Tseng( .

’

Dirac Plane Wavefunctions

In the Born approximation being used -for, this scat-

tering calculation the'priﬂﬁ?? electron is treated as a plane

wave before and after the collision. The relativistic Plane

wavefunctions for electrons of rfghf (R) ﬁnd left (L) handed

helicity,ére given byﬁ:
_ ( 1 ) s
¢’(R%ﬁ) = elf‘?‘ , CO. e-th (5a)
B —— /2| —Riy
. r1+& B 2.2 E+mc
‘ (E+mc”) .
.cgE§+1§¥l
£ " E+mc
L) A
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i
- 0 . (5b)
. R 1 g
O wes R L emipg) | ote
\/ : ]\ 2,2 1/2| E+mc? - | -
147 )
\__(_:F'H-ﬁ(’c ) -—;EZ W
\ me J

whe figh@ and left handed helicities correspond to elec-
~-, u\/\ ' . ’ . .
tron spin components +1/2 and -1/2 in the direction of .

travel ﬁzg. : ﬂ : .

The calculation of the relatifistic form factor in- *

volves an average over initial helicities and a sum over

-final helicities. 1If the primary electron is tayég to be

moving in the z-direction initially, as shown in Figure IV-7,
the momentum transfer P is related to thé initial and final

primary electron momenta, p: and » by the kinematical
b4 | ‘ i Pg Y

relation, -

»
H

2 _ 2 2
P'_pi+pp

- 2p;pg cosB (6)
In relativistic theory momentum, p, is related to kinetic
energy, T, by the relation, ”

2_2

c“p® = (T + mc?)? 2.4

- m“c (7)
GiVen the momentum transfer and the enefgy loss, for electron
impact ionization the scattering angle; 8, can be computed
using.relationsw(ﬁ) and.(7}: .
Since the £‘énd y components of the final momentum are
not.unidue, but are needed in the @ost collisioq electron
wavefunction, they are summed over the X-y plane in the

calculation of |ﬂi2.

e v

s




»iv

N

Figure IV-7:

Coordinates
Calculation.

and Angles for Electron Scattering
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.

In non-relativistic theory, t]}e components of momentum
~do not appear explicitly J:.n the spinor multiplying e;cp |
(ik*T - iwt) in the plane wavefunction. This allows the
?square of the matrix elefent to be greatly simplified aé

shown: by Manson17 .

. l;‘-
-

-



V. Photoionization Calculations

As pointed out in Section II, the electron impact
ionization cross section calculated in the 1limit of small
momentum transfer, that is, K-=0, correépbndé'to,the photo-
ionization cross section. As a test of the computationai
techniqﬁe and the computer program this calculation was
performéd for the MIII subshell of argbn. The results
are shown in Figure V-1 along with the experimentél pHoto-

ionization cross section data from Sdmsonsl. AN

. L] -+
In the limit K+0, the elﬁ T factor in the matrix

element is, approximately,
KT L iRt s
In p;inciple, the first term will vanish due to the ortho-
gonaiity of the initial and final electron wavefunctidns
1eaving;tmé T "dipole'" term. Since numerical wavefunc-
tions are used in these calculations, however, the everlap
integral J¢;¢id¥ is, in genefal, not idehtically zero.
This can lead to large errors in the calculdtion of the
matrix element and hence, when-ﬁf! is very shall, |
in the computed photoionization cross section. Thus,
tbe photoionization crosé sections presented in Figure V-1
are computed from the mafrix eleﬁent of the quantity

kT
(e -1). <

. . ! v R
These calculated photeionization cross sections are in

28,32

good agréement with those';omputed by Cooper and by

McGuire®> for argon using the non-relativistic diﬁole theory.

- . 109 <

[ RY S D R
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c(cmz) . . .
10716~ . | ' /

e I{

calculated for MIII'shell in Iimit (aOK)2+ 0
experimentalSIJ

10717
1018 |
10719 1 L 1 N | 4
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Figure V-1: Argon Photoionization Cross Section.
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,They are, howéver,-vgry different from'the measured cross
sections, particularly at low energy. This is a well known
characteristic of single electron models and has been.dis-

- cussed by a number of author534’ 35f 36, 37. It is due to
a negiect'of many-body correlation effects that are most
important at low energies. This is a problem that cannot be

. easily treated.in relativistic theory, however, since, as
has been mentioned previously, there is no relativistic

quahtum theory of many body interactions in closed- form.

Relativistic Electric Dipole Photoeffect Calculations .-~

Further photoionization calculations were performed
using the formalism described- by Grant38. He computed the
‘matrix element, Myg, for a radiative transition from 8

to a,
W 1/2 * o> :
Myg = (52 / qu(r)w(?) + catA(F) ]y, (Frdt
using a multipole expansion of the vector potential. The

reduction of this to rdadial matrix elements gives

e - i )
Mg (GL) = Mig(0) + 6, M ¢

with |
ﬁﬁs(o) = ib {(%;T)l/z[(xh-ms) I:;1+(L+I)I£+1]
htéfl)l/é (O )iy - LI£-1]}
and

-LI; ; *+ (L+1) IL+1}

T
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;
The radial integrals are

T

+ _ _m . wr
IL(w) = é (GaFB+ PGGB) iy (C ) dr
Y '
- - _ . _('E_I_..
TLW) = -1(6,Fg- P Gg) 3y ()ex
Ly _ 7 , . WT
Iy~ £(GaGB +FFg) 3 (%) dr .
where w is 'the photon frequency.
3
The Einstein coefficient in units of Tg = =71 °
me

2.4188x10*17 sec is given by

. N . \2
W 2] +1 {j L j = 2
Ag,y =20 >p— . " a B al M, .|

and the oscillator strength is

3 . 2
2" G
Y
where Ry is the Rydberg of energy.

For photoionization calculations we want21

£.o = (HgtD ¢
wE o owmgn A
For photoionizatioh, this becomes the differential oscil-
lator strength dfo of section I as the continuum wave-
. dw

functions are normalized per unit energy.
In the above equations MEB represents the matrix
element of the electric (transverse) vector potential and

ﬁﬁs is the matrix element of the longitudinal vector .
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B

GL is the gauge parameter (L = multipole

.quantum number) defined such that the Coulomb gauge, for

which the longitudinal component vanishes, corresponds to

Gp = 0. Grant shows that ﬂﬁs should vanish for all pairs

"of states o and B that are eigensolutions of the same

Dirac hamiltonian since transition probabilities should

be independent of gauge. He also shows that the matrix

element in the Coulomb gauge reduces, in the non-relativis-

tic limit,

to the dipole-velocity form. He shows further

that ﬁiB(GL) reduces, for GL'= (Lgl)l/z, to the non-rela-

tivistic dipole-length form.

Using this formalism t

ibQEE (L = 1) photoioniza--

tion cross section for a gon MIII has been calculated ip

both gauges

This calculation is in good agreement with the previous

calculation.

and the results are shown in Figure V-2,

Although the longitudinal matrix element

cannot be expected to vanish identically for the DHFS

approximate

wave functions, it should, at least, be sub-

stantially smaller than the transverse matrix element.

This then serves as a test of the.accﬁracy of the wave

functions,

For energies of about 60 eV both gauges give

the same result with ﬁis being, typically, less than one

per cent of Mt

energies.

The problem here may be due to the(;se of the frozen

core approxlmatlon in the calculation of continuum wave

aB" This is ‘not the case, however, at lower

2T e e
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Figure V-2: Argon MPIf Photoionization Cross Section

Calculated from the Theory Given by Grant33,
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functions. These wave functions should be more sensitive
to the central atomic potential at low energy and at small
radii so that the use of the potential of the unrelaxed

ion should lead to inaccprate wave‘functions. Also, in
these photoeffect calculations, the domin;;t conpr;bution
comes frqm the integréls ;i_lfw) and J(L) containing spher;
ical Bessel functions which weight the integrands toward

small radii for small w and L = 1.

A



vi. Beéthe Surface and Total Cross-Section Calculations

Low Energy Calculations

As a test of the computational technique and the
computer code itself, calculations were made for electron
1mpact ionization of argon in the non-relativistic limit.

Cross sections differential in energy and angle were cal-

‘Culated for 4 keV electrons incident upon the Mit1 sub-

-shell of argon.' These results and the experimental 4 keV

data of Afrosimov, et al.39 are plotted in Figure VI-1.
There is good agreement between the Bethe-Born calculation
and the experiment for small energy loss and small scat-
tering angle. This is a well kanown characterlstlc of Born
approximations40’ 41. For larger values of energy loss
(there are, unfortunately, no data for energy loss between
20 eV and 100 eV), the calcuiated cross sections hane ap-
5;:ximate1y the correct snape but are low by factors
between two and three. This might be expected, however,
because the computed cross section does not include con-
tributions from the MII shell, which has nearly the same
ionization potential and wave function as the MIII shell.

In addition, at energy loss gredter than- about 29 eV,

there will be contributions from the M; shell which, of

course, have also been neglected.

It should also be noted that these calculations give

approximatéiy the same results as'these obtained by Amus'ya,

et al.42 in their calculations using the first Born ap-

proximation and the Herman—Skillman20 wave functions and’

116
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T i -_—

e lomrnrn el Rl - e

Fiiv,



118

potential. ' o

High Energy Célculations ~

The Befhe surface computed using the theorf presented
prééiously is displayed in Figures VI-2 through VI-6 for
pfimary-eiectron energies of 4 keV, 10 keV, 100 keV,
1 MeV, and 10 MeV. Seferal characteristics common to all
Bethe surfaces are apparent in Figure VI-2. _

First, for large energy loss,‘each curve of éf/dw

vs.ln(aoK)2 possesses a definite peak that moves to
larger values of K as W increases. ‘This peak, as a func-:ﬁ
tioq of energy 1os§ﬁ is called the Bethe ridge. It cor-
responds to the scattering angle where, classically; momen-
tﬁm is conserved in the collision between the incident and
atomic electron. At the Bethe ridge energy loss and mom-
entum transfer are related by

b

(a5)?

W/Ry (non—relativisticd) (1)

]

(aol()2 [ (W + mcz)2 -'m2c4]2Ryxme2 (relativistic)
The finite width of the Bethe ridge is a quantum mechanical
effect due to the binding of the struck electron. Be-

cause the momentum of the atomic electron is not well de-
fined, collisions with momentum transfer different from

that given by (1) do occur and thus give the oscillator
.strength as a function of momentum transfer a finite width

around.the Bethe ridge. The width of the peak is related

to the binding energy, B, of the atomic electron by4

. |

S TN e e L

SNV

PR PSRRI St s T P N,
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plEn(a %] = @t

For small energy loss, relative to the binding energy
Iof the atomic électron, the Bethe ridge disappears and
the oscillator strength becomes a much more sensitive func-
tion of the Qavefunction of the atomic electron. Compar-
ing Figures VI-2 through VI-6 it is'apparent that the os-
cillator strength, and thué the total cross section, de-
creases wifh.iﬁcreasing incident electron energy. At
about 1 MeV, however, this trend reverses and the oscil-
lator strength increases again. This effect is called the
”relativistic rise"” and is due to the interaction between
the incident electron and the atomic. electron, through the
emission and reabsorption of virtual photons. As shown by

Fano?8s44 45

and by Rose ,.the Coulbmb ipteraction, a matrix
element of e2/|?1 - ?2|, exerts a force parallel to the
momentum transfer vector, K,,and hence is called longitudinal
whereas the virtual photon interaction acts through !""trans-
verse'" photon fields perpendigcular to K. Emission of a
photon of momentum K by the incident electron and absorp-
tion of the Qame photon by the atomic electron is repre-
sented by the 31 . 32 term in the Mgller interaction de-
scribed previously. In the region of the relativistic |

rise, the cross '‘section does not continue to increase in-
definitely, but, rather, starts to decrease again as the
"density effect"43,46  yich involves the polarization

LS
by the electron of the atoms of the gas through which it is

moving, becomes important.
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The cross sectioné differential in energy, g%,.
computed using these Bethe surfaces are shown in Figure'
VI>7. The‘total ionization cross sections are shown in
Figure VI-8 along with the results of some other 1nvest1ga- ‘ﬁ
tions. The experimental data shown are the non- relat1v1s-

tic results of Van der Wlel et al.47

48

, and of Schram et
.al,””, and the relativistic absolute CTross sectlons mea-
sured by Rieke and Prepejchals. The cross sections of
Salop49 were computed using Bethe's relativistic formulaé’14
énd approximate non-relativistic matrix elemen@s calculated
with the projection operator method of Hahm and Watsonso’ 51.
The low energy total Cross sections calculated here
agree very well with the experimental values, while the
high energy cross sections differ somewhat from the experi-
mental values, The computed total cross section for an
incident electron energy of 10 MeV is 4.5 x 10 1/ cmz,
which is about a factor of forty too large. The explana-
tion for this involves the calculation of the relativistic
form factor in the limit of small momentum transfer (photo-
effect) and should be apparent in the following ana1y51s

due to Fano11

The total ionization cross section is given in terms
of the relativistic form factor by equation (9) of Section
II. As discussed by Bethes; the relativistic form factor
can be apprdximately related to the non-relativistic form

factor IF(W,Q)]2 dnd the optical dipole matrix element

-
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Figure VI-7: Calculated Cross Section Differential in

Energy Loss for Ionization of Argon MIII'
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squared, lx(W)lz by the -following:

2.1 .2 _
In@,Q 1% = [Fo,Q 1% - 1xw) |2 %&%}f—l (2)
' Y

where R = 13.605 eV, the Rydberg. The integration limits,

which are functions of- incident electron energy, can be

taken as
2 2
. - w 1_8
Q min = __17___1
and
Q'max = )

. b ) .
For allowed electric dipole collisions ( Q<<W), |F(W,Q) |

has the form L.
2 2
F (W, = X(w
IR0 %_—YI()I
If the integration of [F(W,Q)IZ is split into two parts at
Q = W* << W and the integrals over Q of |X(W3[2 are per-
forméﬁcthe following is obtained .
N 2 .

= 2 |X!W!| . 2 .
FinW,Q) | g% = Ry [ﬂn[tg j "82] (3)

. L ' .

Q min

o0

. 2 d
J?_lw,qn 4
o2

2mc

. 4
‘The total cross section is then just %137 times the

B mc
integral of '(3) over energy loss, W. For low emrmrgy col-
lisions, the dominant term in (3) is the integral involv-
ing the non-relativistic form factor. As B increases toward

the limiting value of unity, however, the contribution from

the term involving the optical dipole matrix element .
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increases and eventually becomes dominant. At relativistic
energies, then, the total cross section becomes sensitive

to the value .of IX(WIIZ, which is proportional to the photd-
ibnization Cross sectidn. As Qe have Seen, however, these
form¢ factor calculations are n;t very accurate in the small
K limig, particularly at the low values 6f energy loss

that contribute most to the total cross section. This then

explai e inaccuracies in the total cross section at

relativistic en ies and in particular at 10 MeV.

hs a test of thisS-~explanation the fotaf‘ionization
cross section was calculated using equation (2) and the for
factor for 4 keV electrons computed here ana the optical
dipolé matrix elements squared from the photoioniiation
cross section data given by Samsonsl. The 4 keV fofm‘factor
was used because it was availablé from thé electron impact
calculations presented aboveﬂipd because it is the most
non-relativistic of the Eérm\fiFtors calculated, ’ The.re-
sults, also shown on Figure VI-8, can be seen to be much
better. The 10 MeV cross section computed in this manner

is 1.2x10718 cp? _ , a marked iﬁprovement

over the 4.5x10° 17 em® value computed previously. It
thus appears that the best way to compute a relativistic
lonization cross section is to calculate the non-relativis-

tic form factor, obtain experimental photoionization data,

and use the formalism of Fano presented above.



P

VII. Conclusion
.As pointed out in the fntrdduction,'this is, to my
knowledge, the first time that a complete relativistic
electron impact ionization calculation Has bgqn performed
using relativistic self-consistent atomic wavefunctions.
The Bethe surface so computed reduces to the correct non-
relativistic surface at low energy and exhibits the proper
behavior due to relativistic effects at high energy.
These effects which are due to electron-electron interac-
tions via transverse virtual photons and are responsible
for the rise in the Cross section at high énétgxs are
implicit in the relativistic theory. They aré naturally
included 'via the E-Eia-wi terms in the Mﬁller interactiqn
which mix large and small components of the wavefunctions.
- ‘At relativistic energies the small components of plane
wavefunctions are large enough for ,these terms to make
a sizeable contribution to the intenaction energy. These
interactions are not present in the non-relativistic
theory so that explicit multiplying factors involving
electron velocity must be usedrxbeﬁ applying non-relativis-.
tic}matrix elements to relativistic collisioﬁs, as in
thg Fano theory presented above. However, these calcula-
tions exhibit the correct relativistic effects qualitati-
vely, but their quantitative accuracy suffers from the
problems inherent in small mémentum transfer (photoioniza-
tion 1imit) calculations. X pecent stﬁd?_hy Enbb:ettblssz

shows that even in the relatively simple case of helium,
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correlation effects in both.the initial and final states
have a large effect on the photoionization cross-section.
The correct treatmen; in this case, which would involve
consideration of many body effects, is not a simple mat-
ter in the relativistic theory because, as has been pointed
out previously, there is no known method of dealing with ;
many'body interactions in the relativistic quantum theory
in closed form. In this ﬁense, these calculations are
difficult to improve upon. The relativ{stic calculationW
déséribed here works reasonably wef&*gp‘to about 1 MeV
incident electron energy, but then begins to break down due
to an inadequate representation of the photoionization
cross-section neaf’threshold. The best approach above
1 Mev appears to be the semi-empirical method which incor-
porates the experimgntal photoionization cross section
near the threshold as described at the end of the preceding
section. They could be expanded, however, to iﬁvestigate
other reldtivistic effects such as spin flip by the incident
electron due to the spin-orbit interaction, which is auto-
matically included in the relativistic¢.theory. |

It would be interesting and useful to apply this
scattering calculafion to the ionization of, say, the K-
shell of a heavy atom, where fhe relativistic nature of
the inner shell atomic electron is particularly important.
This calculation hasrnevgr been performed, but as has .

been pointed out by others4’52, would be desirable.
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