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ABST

~~~

CT

An analytic capability has been developed to model two type of
laser experiments: (1) a D2 IHC1 EDL and (ii) an c-beam sustainer
discharge HCI laser.

For the former device, a discharge in D2 /inert gas mixtures
provides excitation of the vibrational mode of D2. This gas is then
supersonically expanded and HC1 injected. The gases mix and flow
into a cavity where vibrational energy transfer pumps the HC1. Com-
plete modeling of this sequence of steps has been achieved. The
relevant electron impact rate constants for D2 (and H2 ) as well as
the vibrational energy transfer rate constants for the D~~/HC 1 molecular
system were selected from available data and theory. Comparison of
the result s of this model with data from the NRL EDL experiment were
in qualitative agreement , although more definitive comparison was
precluded by experimental difficulties. A conceptual design of a next
generation experiment was performed and indicates the requirement for
an c-beam sustainer discharge operating at about one atmosphere plenum
pressure . Under these conditions laser demonstration of a D2 /HC1 EDL
is predicted to be feasible.

In the second experiment, HC1/inert gas mixtures are directly
excited by a pulsed, high current c-beam sustainer discharge. The
discharge conditions were modeled by developing a set of electron impact
cross sections for HC1 by a critical review of existing data. The results
of model calculations indicate that for the conditions of the NRL experi-
ment, sufficient atoms may be generated in the discharge to prevent
attainment of high gain. Definitive modeling of the atom generation is not
po ssible at present due to lack of kinetic information. A significant range
of experimental variation could not be achieved due to device limitations.
Additional, controlled experiments are suggested to assess the critical
technical questions concerning an HCI discharge laser.
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I. D2/HC 1 EDL MODEL

A . INTRODUCTION

This Section of the report  describes anal y t ica l  modeling of the
D2 /HCI. e lectr ic  discharge gas dynamic laser (EDGDL) unde r invest i ga-
tion at NRL . The concept of this device is as follows: D2 /di luent  mix tures
are  passed throug h a low to medium p res su re  D .C.  g low disc harge.
In pr inciple , a hig h , i. e . ,  a tmospher ic  p ressu re  susta ined d i scharge

• could also be employed. It is expected tha t at the prope r value of F/N ,
a substantial  f rac t ion  of the d ischarge  ene rgy  wil l  be dissipated in exci t ing
the vibrat ional  mode of the D2. The vibrat ional ly excited D2 is then
expanded throug h a supersonic nozzle and mixed wi th  HC 1. Fur the r down-
stream in the cavity , the D2 trans fe r s  its v ibra t ional  energy  to the HCL
via a V-, V process:

D2 (v = 1) + HC1 (v = 0) -I D 2 (v = 0) + HCI (v = 1) ( 1- 1)

In addition , rapid intramode V-~V pumping occurs among the vibrat ional ly
excited HC1 molecules :

HCI (v = n) + HCI (v = 1) -~ HCI (v = n + I )  + HCI (0) ( 1-2)

The occurrence  of processes ( I - i )  and ( 1-2) unde r conditions of hi g h vib ra-
tiona l and low t ransla t ional  tempe ratures  is an example of T e a r e— T r a i n o r
pumping and , in pr inciple , can pr odu ce a pa rt ial inversion on the HCI upp er

• vibrational levels.

• A schematic of the NRL experimental appa ratus is shown in
Fig. I - i . The discharge is s t ruck between a set of ba llasted pins and the

Fur ther  details concerning the NRL EDGDL and the resul ts  of the experi-
ments performed on this apparatus may be found in the fol lowing series of
reports : ARPA-NR L Laser Program Semi-Annual  Technical  Reports :
1 July 1973 -31 Dec . 1973 NRL Memorandum Repor t  2846 , Jul y 1974 p. 19;
1 Jan. 1974-30 June 1974 , NRL Memorandum Report 3005 , A pr i l  1975 ,
pp. 52_ 56 ;  1 July 1974-31 Dec. 1974 , NRL Memorandum Report  3084 ,
July 1975 , pp. 18-27; 1 Jan. 1975-30 June 1975 , NRL Memorandum Repor t
3217 , Feb . 1973 , pp. 13-2 1.
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end of the nozzle blades. The dis charge length is about 20 cm. Typical

• plenum conditions are  100 .- l50 torr  of 30% D2 - 70% He mixture . * rhe

discharged ID2 is expanded to approximately Mach 2 and mixed w ith a

small amount of HCI. Final gas mixture composition in the cavity is typically

0.3% HC1/30% ID2 /70% He at a pressure  of ~6 tor r .  Observation window s

extend from about the end of the nozzles to 15 cm downstream . 
An addi-

tional 14 cm of downstream observation is available by repositioning the

windows . The t ransverse  cavity dimension is 25 cm.

The pr imary  diagnost ics  consis t  of the discharge parameters 1 gas

flow rates and pressures , and HC1 in f ra red  f luorescence .  This latter

measurement is made via an optical sys tem which translates parallel to

the cavity during a run.  Data of HC 1 f luorescence  in tens i ty  versus  down -

stream distance are obtained.

In the following sections of this report  we wi l l  d i scuss  the analytical

• 
modeling of this experiment , comparisons with data , and p r e l imina ry

concepts for  an improved device. Recause of the geometry of the experi-

ment , the modeling natural l y divides into major  tasks:  (i)  the d ischarge

or plenum region and ( i i )  the cavity reg ion. A major port ion of the f i r s t

e f fo r t  was devoted to the development of a sta t e -o f - a r t  electron impact

cros s section data package for  D~ over the electron energy range of inte res t

in this study. Becaus e of the exis t ing l imited data base fo r  D2, cros s

sections were f i r s t  develope d for  H~ , and theoret ical  arguments  used to

extrapolate the H2 data to ID2. Under the cavity modeling , we will  d i scus s

the vibrational energy t ransfer  rate cons tants for  the D2/ HC I  molecular

system, approximate mixing models , and calculations of fluo re scence and

small signal gain unde r typical experimental conditions . Finally ,  som e

limited comparison with data a re  discus sed. It is shown that fluid

mechanical problems associated with the device dur ing much of the

• 

• 

program preclude a detailed compa rison. Suggestions are developed to

const ruct  a second generation experiment by which to provide laser device

verif icat ion.

More specifi c exper imental  condit ions are presented late r in this

report.

-3-

— 
— — - M ’_~~~~ _ •~ - - -



• •~
_• ••~_-~ • • •~~~--- •~~

B. DISCHARGE MODELING IN H2 /D 2

1. Boltzmann Code

The purpose of this task was to determine the electron energy
distribution and molecular excitation rates arising from electric
discharges in the gases H2 and ID2 with the ultimate goal of providing
laser performances predictions. The phenomena modeled involve: (i) the

• application of an electric field acro ss a pa rtially ionized gas which causes
the electron acceleration; (ii) the various inelastic collisions of electrons
with the gas molecules; (iii) the resulting electron energy distribution
caused by the combination of these inelastic collisions with the electric

-

• field strength; and (iv) the excitation rate constant s determined by
integrating the relevant excitation cross sections over the resulting
electron velocity di stribution.

The electron energy distributions in discharges a re  generally
~on-Ma xwellian and must be determined by a solution of the Boltzmann
transport equation. Fortunately, much effort has been directed toward
the solution of this problem. The computer code used in the present
analysis was originally developed by Carleton and McGill ’ and has since
been updated by Lenande r2 among others. The inelastic processes
considered and included in the code are: (a) momentum t r ansfe r , (b )
rotational excitation, (c) vibrational excitation, (d) dissociative attachment,
(e) molecular dissociation, (f) electron excitation, and (g) ionization. TheF main thrust of the present effort was to develop a cross section data
package for the H 2 /D 2 molecular system to be used with the existing
computer code.

The derivation of the Boltzmann equation is discussed in detail in
Carleton and McGill. 1 The specific solution starts with the Boltzmann
equation for a spatially uniform electron distribution f ( v , t) :

~ - + a  (!
~

) (
~f) (1-3)

where a is the acceleration due to the driving force , V is the gradient in
velocity (v) space , and t is time. A solutioi~ is assu~~~ d of the form:

f (v) = f ( )  + E v f 1 (v) + (B x 
.~~~~~ ~~~ (1-4)

4
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where E and B are the electric and magnetic fi eld s, respectively.

An expansion of f (v) in spherical harmonics in V space results in
the following

(eE)~~a. (u) k ~ 
i~Ij ~~~ 

(u) g (u) + 
l2k W

r 
(u) 

g (u)

u 
( 1-5)

+ 
0.75 

~~~ 

f  
[

~U + u ..)  a . (u + u . .)  g (u + u . .)  - u a . .  (u) g (U)] du

E is the rms amplitude of the electric field with angular frequency w;
g (u) = f (u); u (eV) = kv 2 where k is a unit conversion factor; e/m is the
electron charge to mass ratio ; N1 is the density of species i with mass
M~ which has elastic cross  section 

~~~ 
(u),  an average rotational c ross

section air, and inelastic cross section for inelastic process j  with
threshold energy Uij (eV). W~ is the average energy loss in a rotational
collision with species i.

In Eq. (1-5) it can be seen that the f i r s t  term represent s the
momentum transfer , the second term the rotational excitation collisions ,
and the third term includes all other inelastic processes such as vibrational
excitation, ionization, dis sociation, electronic excitation, and dissociative
attachment. In our calculations the rotational cross  section , a ir,  i s set to
zero and rotation is treated as another group of inelastic processes.

The expressionfor f1 
(u) and f

2 
(u) are given in terms of g (u) as:

2ke(u) + - — a. (u) du 
(1-6)

f 2 
(u) = v (u) f 1 (u) ( 1-7)

* 
-5-
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• where C~ = (e B/rn) and

[ 2  2 2
• - 

v (u)Lw + C~ + v (u
— 

2 2 4 2 1 2 21 
(1-8)

(w - O ) + v  ( u ) + 2 ’~ (u) [w +

~~~~
l J

v (u) =~~~~~~~ N. ,J
~ [a

. (u) + a . (u) +~~~~~ a.. (u)] (1-9)

0 The small perturbation solution as described above is valid for a
periodically fluctuating electric field E, with frequency w, and magnetic
field B. It is of questionable accuracy at high field strengths and/or  low
frequencies; however it is valid for w = 0. For the current  application con-
siderable simplification exists because the electric field is constant , there-
fore w = 0 , and there is no magnetic field. Hence , Eq. (1-8) becomes

0 a (u) = l/ ~~, f 2 (u) = 0 and further simplification of the other relations are
obvious. Further discussion of the limits of validity of the theory may be
found in Ref. 2.

2. Data Base

The only comparison between predicted (i. e. solutions developed
from Eq. (1-3)) and measured electron transport properties in H2 /D 2
discharges , which has been performed for a wide range of the Townsend
parameter E/N , is the study of Engleha rdt and Phelps. ~ At the time of
this latter study the available cross section data base for elastic and
inelastic collisions between electrons and H2 /D 2 was very limited and
many of the cross sections were deduced by Eng lehardt and Phelps
through a technique involving trial and error comparisons between predicted
and measured transport properties. (In this analysis theoretical and
experimental guidelines were used wherever possible in specifying the
cross sections. ) Since the time of this analysis a considerable amount of
new data concerning the collision processes in the e/H 2 /D 2 system have
been amassed, and it has become evident that the Englehardt and Phelps
cross section base requires substantial revision.

This re-interpretation is due, in part, to the fact that the measured
transport properties of H2 /D 2 are now more accurately defined. In
particular, it has been found that the transport data used in Ref. 3 for H2

-6-
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at large E/N,  ~ 6 x ici~6 
V/cm

2, were erroneous.  This led to an
incorrect definition of the momentum t ransfer  and electronic state excita-
tion cross sections at high electron energ ies , i. e. , ) 10 eV. More
important, from the viewpoint of laser performance predictions , is the
fact that the theoretical treatment applied by Eng lehardt and Phelps 3 to
specify the cross sections for rotational excitation has since been found to
be inadequate, and therefore, both the rotational and vibrational cross
sections presented in Ref. 3 are invalid. In the present analysis the cross

section data base has been updated. The goal of thi s update was not to
provide the most “ exact’ comparison with the available transport data , but
rather to ensure that the comparison between predicted and measured
transport properties was sufficiently good so that laser performance

0 
predictions could be developed with a reasonable degree of confidence.

Much of the relevant cross section data base for  H2 molecules may
be found in the recent data compilation by Kieffer;4 however , no recom-
mended cross sections nor comparison with theoretical predictions are

• included in this compilation. Therefore , a search of the recent literature
was performed, the available experimental data and theoretical predictions
for each -process were reviewed , and a “best” cross section representation
chosen. These selected cross sections represent the authors t personal

judgement (and perhaps biases) concerning the relative merits of the
various measurements and theoretical calculations. In most cases the
high energy (> 10 eV) portion of the cross  sections had to be extrapolated
as no theoretical predictions or measurements are  available.

The most studied inelastic process for H2 is the cross section for
the v 0 - 1 vibrational excitation. The data base 3’ 5 1 1  for  this process
is shown in Fig. 1-2. The larger cross sections were deduced from dr i f t
tube result s, while the remainder of the data were determined by electron
beam experiments. The latter measurements are p re fe r r ed , since the
data analysis for a beam experiment is more straightforward than for  the
drift tube. The cross section selected to be used for the present  calcula-
tions was essentially that of Ehrhardt et al ’° extrapolated into the higher
energy data of T rajmar et al. 9 The data for excitation into hi gher vibra-
tional levels of H2 is more sparse, and the choic e of these cross sections
is , therefore , considerably more subjective. As an example , the data base
for vibrational excitation to v = 2 is shown in Fig. 1-3 . Again the cross
section selected was that of Ehrhardt  et a11° extrapolated into the hi gh

• energy data of Trajma r et al. 9 Fortunately, the larger  excitation cross
section is to the f i rs t  vibrational level.

r
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Rotational excitation was handled in an approximate manner in the
present calculations. Both H 2 and D2 are  composed of o rtho and para
states with certain statistical wei ghts. The relative concentrations of
each rotational state are  also a function of temperature.  Cross  section
data for the J = 0.. 2 and 1 -, 3 transitions a re  well defined for both H2 and

- • 
D2 except at the higher electron energ ies in ID2. ~~ Little information is
available on higher transitions such as 3 = 2-. 4. The existing version of
the Boltzmann code uses a continuum rotational excitation model , but this
is not appropriat e for  molecules such as H2 /D 2 which have large rotational
spacings. Therefore , the code has been modified to calculate each rota-
tional transition as a separate inelastic process. The cross section for
each rotational transition must be put into the code separately, properly
weighted by the population of that rotational state. In the present predic-
tions the H2 and D2 molecules were taken to be 50% in the J 0 state and
50% in the S = 1 state. As discussed in Appendix I-A, this turns  out to be
a very reasonable approximation.

For the remaining cross sections for  H 2 the following correlat ions
were used: (a) The momentum t rans fe r  cross  section deduced by Gibson~-1was applied at low electron energies. (b) The dissociation cross section
used was that determined by Cor r i gan , 12 albeit corrected by more recent
measurement s of the ionization cross section. (3) Lastly, the hi gh energy
momentum transfer  and electronic state excitation cross  sections deter-
mined by Eng lehardt and Phelps 3 were used. Although it is recognized
that the latter cross sections a r e  incor rec t , these processes  a re  only
important at characterist ic energ ies beyond those for  optimum vibrational
excitation. Since such discharge reg imes are  not of interest for the present
laser applications, it was felt that the effor t  required to develop accurate
cross sections in this energy reg ion was not warranted.

The data base for  inelastic collision cross sections for  D2 is very
limited, however, it is expected to be analogous to that for H2. ~ where
data were not available for D2, cross sections were constructed which
were similar in shape and magnitude to those for H2 but adjusted to have
energy onsets appropriate to ID2. The onset behavior of the v = 0-. 1
vibrational excitation cross  section for  ID2 has been specified by Gibson. 11

The appropriate cross sections of interest for  H 2 a r e  shown in
Fig. 1-4. The data for D2 are quite similar. For simplicity, onl y one of - 

-

the cross  sections for rotational and vibrationa l excitation is shown. It is
to be remembered that each of the processes in Fig. 1-4 results  in a
distinct energy loss to the electrons and , thus , will affect  the electron
distribution function in a different manner.

I 
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3. Model Predictions

Discharge predictions have been made for both pure H 2 and ID2 over
the E/N range of i0~~

6 
- 10-15 volts-cm2. As a check on the validity of

the result s, comparisons were made between the predicted electron drif t
velocity and characteristic electron energy and the best available drif t  tube
measurements of these quantities as presented in Ref.  13. The comparison
for H2 is shown in Fig. 1-5. Although it is obvious that fu rther refinement s
could have been made , the agreement is quite reasonable , with differences
b etween predictions and data being 7% at the worst for EIN between 1 and
6 x 10~~~t) V-cm2. The differenc e becomes worse at increased E/N as a
result of the improperly specified cross sections at higher electron energ ies.
In particular , the predicted cha racteristic energ ies are  too hi gh and drif t
velocities too low , continuing the trend which can be observed in Fig. 1-5.
Conversely, the predictions at hi gher E/ N  are  in fair agreement  with those
developed by Enh glehardt and Phelps. ~ This suggests that the changes made
in the low energy cross  sections , i. e. rotation , vibration , do not affect the
predicted transport properties at hi gh E/N.

Such a comparison cannot be made in the case of D inasmuch as
there are  no mea surements of the room temperature  t ransport  propert ies
for E/N 1o 16 V-cm 2 . Gibson~~ has shown that the low energy cross
sections for  ID2, which are essentially identical to those used in the present
analysis , provide good agreement (~~~~~ 1%) with the observed t ransport
properties of D2 in the range of E/N of I to 10 x ~~~~~ V-cm 2. Nonetheless,
he point s out that the rotational cross sections cannot be determined
uniquely from the available electron swa rm data . Inasmuch as the conjec-
ture that the H 2 and ID2 cross sections are similar cannot be confirmed at
present, the predictions for ID2 presented in the following pages must be
considered as qualitative rather than quantitative.

Predictions of the energy deposition and excitation rate constants for
pure H2 are  shown in Figs. 1-6 and 1-7 respectively. While the excitation
rate constants are required to perform kinetic calculation s, the relative
energy distribution can be used to determine optimum discharge  parameters .
As can be seen from Fig. 1-6 , optimum pumping into the vibrationa l mode - :
of H2 occurs at E/N 3 x b ’16 volts-cm2. At lower E /N rotational
excitation beg ins to dominate, while at higher E/N dissociation becomes
important. Note that even at the optimum operating condition only .‘- 70%
of the electron enr rgy loss goes into vibration with the remainder going
into translationai. and rotational heating. From Fig. 1-7 it can be seen that
the vibrational excitation rate constants are  also nea r their maximum at
an E/N of 3 x iO~~~6 volts-cm2 and decrease considerably at lower E/N.
Not e that the excitation of the first  vibrational level 3f H 2 is by far  the
dominant process.
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From these calculations it was foun d that the dissociat ive attach-
ment cross section was sufficiently small so that th is  p rocess  played no
impo rtant role in the discharge.  F u r t h e r m o r e , over  the range of E / N
considered , the electronic excitation and ionization p rocesses , althoug h
instrumental in defining the hi gh energy  tail of the e lect ron energy
di stribution, were  neg lig ible sources of electron energy loss .

A few predictions have also been made for  mix tu res  of H 2 / A r .
The important additional process  in these  mix tures  is the momentum
transfe r collisions of e1ec~ rons with the inert  gas . The cross  section
data for argon was taken from Fros t  and Phelps. 14 On comparing pure
gas calculations with mixture predictions , it was found that at the same
E/N H2, the electron dis t r ibut ion of the mixture  has a lower ave rage
electron energy and a more non-Maxwellian dis t r ibut ion than that of the
pure gas . In particula r , the hi g her  energy  portion of the electron energy
distribution of the mixture is decreased relat ive to that of the pure  gas .
The magnitude of this  effect  depends upon the ratio of diatomic to ine r t
gas and the value of E / N H .

This behavior is intimately connected with the deep R a m s a u e r
minimum occuring in th e low ener gy reg ion of the a r g o n  momentum trans-
fe r  cross section . At values of E/ N H 2 c o r r e s ponding to low cha rac t e r i s t i c
energ ies , i. e . ,  < 1 eV , the effect  of a rgon  on the m i x t u r e  t r a n s p o r t
properties is minimized because of the low cross  section for  momentum
transfer  at these low electron energ ies . This Ar momentum t r a n s f e r  c ros s
section r ises  rapidly with increasing electron energy ,  and , th us , wi ll e f fec t
the hi gh energy  tail of the electron distribution.

The magnitude of this effect is shown in Table I-i  w h e r e  predicted
discharge propert ies a r e  shown for  mixtures of 50% H 2 / 50 % Ar , l5’~ H 2/
85% Ar , and pure H 2. All calculations were  pe r fo rmed  fo r  a constant
E / N H 2 of 8 x lO 16 v-c m2 . The most in terest ing  comparison is between
the characterist ic and average electron energ ies . In the case of a
Maxwellian distr ibution these quantities would be representat ive of kT e
and 3 /2  kT e respectively, where  T e is the electron tempera ture2 . As
can be seen , these two quantities approach each other with inc r easing argon
concentration, i.e. the electron energy distribution becomes more  non-
Maxwellian at the expense of the hi gh energy tail of the distr ibution.  As
can be seen from Table I-i thi s “truncation” of the electron energy
distribution has a dramatic effect on the discharge energy allocation ,

-~ channeling energy away from dissociation into vibrat ional exc itation. It
• is to be noted however , that the vibrationa l excitation rate constant does

not vary significantly with mixture ratio. This is because the dr i f t
velocity r~ecreases with increasing argon concentration.

r
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TABLE I-i

EFFEC T OF Ar ON TRANSPORT PROPERTIES OF H 2
- -16 2(all calculations performed for  E/N  = 8 x 10 v-cm

2

GAS MIX 100% H
2 

50% H
2 

15% H 2
____________________________ __________  

50% Ar 85% Ar

Characteristic Energy, eV 2. 63 2. 56 2. 1

Average Energy,  eV 3. 83 3. 45 2 .4

Drift Velocity, cm/sec 8. 5 x 10 6 5. 3 x l0~ 3.2 x 106

Fractional Discharge Energy 0 29 0 46 0 68
Lost to Vibrational Excitation

Fractional Discharge Energy 0. 55 0. 32 0. 02
Lost to Dissociation

-: Vibrational Excitation Rate -9 -9 -9
3 3 .3x10 3 .3xlO 3 x 1 0

Constant v = 0 -. 1, cm /sec

S

1
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As alluded to earl ier , th is  effect of Ar becomes less pronounced with
decreasing E/N H 2 , because the fraction of electron s which would fall into
the hi gher energy reg ion dominated by the argon momentum t r ans fe r c ross
section decreases  with decreasing characterist ic  electron energy.  The
importance of the argon Ram sauer  minimum in the t ransport  behavior of
H2 /Ar  discharges  had previously been discussed by Eng lehardt and Phelps. 15
Although the H2 cross sections employed in the present analysis are
different than those used in Ref. 15 , the phenomenobogy is the same.

Predictions of the ene rgy deposition and excitation rate constant s
for pure ID2 a re  shown as a funLt ion of E/ N  in Figs. 1-8 and 1-9. The
results are quite analogous to those for H2, except that the optimum
discharge conditions for vibrational excitation a r e  at slightly lower E/ N
and the maximum amount of energy transferred to vibration is slightly
higher.  No predictions have been provided for  D2 /Ar mixtures ;  however )
it is expected that the mixture behavior would be simila r to that observed
for H 2/Ar .

Discharge calculations have been pe r fo rmed  for  D 2 /He  mixtures.  *
A composite of the momentum t r ans f e r  c ross  sections for  He determined
by Frost and Phelps l4 and Crompton et al , 16 was emp loyed in these
calculations. The predicted characte ristic energy and dr i f t  velocity for
mixtures of 100% D2, 40% D2 /60% He , and 20% D2 /80% He a re  shown in
Fig. 1-10 as a function of E/N D . As can be seen , both characterist ic
energy and drif t  velocity decrea~ e monotonically with increasing helium
conc entration. Unlike argon , helium exhibits a relatively smooth momentum
transfer  cross section with no Ramsauer  minimum, thus the electron
energy distribution is not truncated. Indeed , the ratio of average to-

• characteristic electron energy approaches 1. 5 , the Maxwellian distribution
value , with increasing He concentration.

The predicted discharge energy deposition and excitation rate
constants for D 2 / H e  mixtures of 20 , 30 and 40% D2 are sh own in Figs. I - l i
and 1-12. These latter two fi gures  a re  plotted vs E/ N T (N T = total gas
density) rather  than E/ N D2. As can be seen , the pea k efficiency for
vibrational excitation is essentially the same for all mixtures . Thus , the
addition of helium would not be kinetically detrimental to laser performanc e
as far as the discharge excitation is concerned.

*(At the time of this analysis it was thoug ht that He would be the c a r r ie r
gas in the D2 /HCI EDL experiment. As is discussed in the following
sections it has since been found that Ar would be more  appropriate because

t of fluid dynamic mixing considerations.)

r
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4. Plenum Condition s

From the rate constants for vibrational excitation such as shown in
Figs . 1-4 , 1-7 , 1-9 and 1-12 the actual vibrational populations that result
from a given experimental discharge condition can be calculated. A
specific calculation will be carried out to illustrate the technique. The
chosen experimental conditions are  listed in Table 1-2.

It will be assumed that the discharge is uniform and fills the
plenum. Then , the average residenc e time , 1’ , for a molecule in the
plenum is:

1~ = —  , (1-10)r uD

where u
D 

is the average gas velocity. From mass conservation:

uD 
= . (1-11)

Hence, for the given experimental conditions, T = 1. 8 msec.

For an E/N = 0. 8 x 10~~16 V-cm 2 and a mixture of ID :He = 0. 33:0. 67 ,
the discharge calculations yield a drift  velocity, Ue = 1. 9 x 10 cm/sec.
The electron density, ne, may be determined as follows:

• I 10 3 
-n = u A = 5 x 10 electrons/cm (1-12)e 

e

Calculated by the code are the rate constants for excitation into
the first  three vibrational levels , and the rat e of t ransfer  of energy into
rotation and translation. (It is assumed that the rotational and translational
modes are coupled). Given a rate constant for vibrational excitation, k1,the population of the ith vibrational level , n~, at the end of the discharge
(plenum) is

n . = k . n 1 N (1-13)i i e r D
2
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TABLE 1-2

NOMINA L EXPERIMENTA L DISCHARGE CONDITIONS

Length of Discharge = L = 20 cm

- . 2 2
Cross Sectional Area of Discha rg e A = 1. 9 x 28 cm = 53. 2 cm

E/N T 
— 8 x ~~~~~ V-cm

2

Discharge Current  8 amps

NT 
Total Gas Density in pa rticles/cm

3 of D2 /He Mixture

Plenum Pressure = 53 torr

Flow Rates of Gases:

th = 0. 82 moles/ sec
He

= 0.41 moles/sec

Total Gas Density in Plenum (53 torr at 400°K) = 0 = 2. 13 x l0~
6 molest

cm 3

-25-
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For the particula r experimental conditions the vibrationa l populations that
result are:

16 3
= 4 x 10 par t /cm

15 3
n

2 
= 1. 3 x 10 part/cm

14 3
= 1 x 10 part /cm

The estimate of rotational/translational heating is AT — 20°K.

The above calculation neg lects V -. T deactivation from D2. We
estimate a relaxation time of TVT for D2 o f —  100 msec for the plenum
conditions. Clearly, ¶VT >> i

~
. and V -. T processes  can be neg lected.

Howeve r, the intramode V -. V exchange time for  D2 is estimated to be
— 1 msec for the given conditions, and considerable rearrangement of
quanta can occur within the D2 while the gas flows throug h the plenum.
Since the excitation rates to vibrational levels of D2 hi gher than v = 3
are not known, and since the V -~ V rates are  fa st , we have assumed that
the distribution found in the discharge will probably approach a Boltzmann
distribution and can be characterized by an approximate vibrational
temperature:

Tv = e D /ln (n /n1) 1700 °K (1-14)

where 0D2 
is the characteristic vibrational spacing for  ID2 = 4300°K.

A more exact calculation would have to include the combined finite
kinetics of electron excitation together with finite vibrational exchange

• rates as the D2 /He mixture flows throug h the plenum. This typ e of
calculation is possible by a modification of the present code , but was not
pursted in the present contract.

I
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C. D2 /HC I LASER MODELING

1. Assessment  of Vibrat ional  Energy Trans fe r Rates

In orde r to perform mode l calculat ions for  the D2/ H C I  laser  it
is necessary to determine the kinet ic  rates for  v ibra t ion-4t rans lat ion
(v-.T) and vibration-wibration (V-~V) energy t r ans f e r  processes for  this
molecular system. Considerable expe r imental data is available for the
D2 ,  HCI , and D2/HC I mixtures , and thi s data base has been reviewed to
determine the best kinetic rate package. Almost  all  of these data provide
kinetic information on the rates for the lowest v ibrat ional  levels (v = 1).
Therefore , a combination of empir ic ism and theory has been used to
extend the rates to the upper vibrational levels for the anharmonic
oscillator model (A . H . O . ) .

The mechanism considered for vibrat ional  energy  exchange in
the D2/HCI sys tem is shown in Table 1-3. It can be seen that thi s is a
complex mechanism with many rates.

a. V-I T Processes

Cons ide rable experimenta l data exist for  the V-I T p rocesses  for
the D2/ D 2 and HCI/HC 1 interactions for v = 1. For ID2, data exist at hi gh
temperatures (1500 - 3000 °K )  from sho ck tube experiments of Kiefe r and
Lutz 17 and Bird and Breshears .  18 At room temperature  a number  of
measurements 19-21 have been pe rformed.  Quite recentl y Lukas ik and
Ducuing 22 have pe rformed a Raman excitation technique to measure  the
v-~T relaxation of D2 over the temperature range of 50-~400°K . The
totality of this data provide a consis tent  set of measurements  and define
the V-I T rate constant and its tempe rature dependence to bette r than a
factor of two . A curve fit to these data is used as the rate for  the
process:

D2 ( v = 1 ) + D 2 -~ D2 (v = 0 ) + D 2 .  ( 1-15)

For the HCl~ HC1 V-,T process data also exist over a wide range
of temperature.23 ~ Figure 1-13 s u m m a r iz e s  these data and shows the
res ulting curve fit. It is seen that this rate exhibits a minimum around
room temperature. This phenomenon is typical of the hydrogen halides
and is presumably due to the domina nce of a t t ract ive  forces in the
molecular interaction at lower temperatures .

I
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TABLE 1-3

A NHA R MO NIC OSCILLATOR KINETIC MECHANISM
FOR D2 /HCI

V -~ T PROCESSES:

A ( v = 1 ) i - B -~ A (v = 0) + B

A (v = 2)  + B -, A (v = 1) + B

A (v = n) + B -. A (v n - l )  + B

(4 combinations: A/ A , A/ B , B/ B , B / A )

V -, V PROCESSES :

INTRA MODE

A (v = 1) + A (v = 1) -+ A (v 2)  + A (v = 0)

A (v = 2)  + A (v = 1) -~ A (v 3) + A (v = 0)

A (v = n) + A (v = 1) -+ A (v n + 1) + A (v = 0)

A (v = n) + A (v m) .-~ A (v n + 1) + A (v = m - 1)

(A = D2 or HC1, two sets of rates)

• INTERMODE

A (v = 1) + B (v = 0) -. A (v 0) + B (v = 1)

A (v = n ) + B (v = m) + A (v = n - l )  + B (v m + 1)

(A = D2, B = HCI)
T
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There is considerably less data for  the mixed V-s T p rocesses
D2/ H C I and HCI/D 2. In fact , no measu rement s exis t fo r  D2/ H C I .
Theoretically HCI shou ld be a less ef f ic ien t coll i s ion par t ner t han ID2
i n V - ~T deactivation of ID2. We will assume tha t k DZ / H C I = 0 . 2  k D2 /D
This process is obviously not important  in the mechanism unless  2

[HC1] > ID 2] which is not the optimum laser condition . For HCI/D~there is a measurement  by Hopkins and Chen 19 whi ch indica tes t ha t ID2
is about 0.02 5 as eff ic ient  as HC 1 i t se l f.  The refore , we have assu med
tha t kHCL/D 2 = 0. 025 k HCl/HCl .

b . V-5 V Processes

For the D~~/HCl V-s V t r a n s f e r  rate , exper imental data 24 exist over
the temperature rang e of 196 - 342 °K.  These measurements  show an
invers e temperature  dependence which has been explained theore t ica l l y 24
as due to long range intermolecular  fo rces .  Based on this theory we
predict that k )‘HCI

cr T 112 . At  su f f i c i ent ly hi g h tempera tu re  shor t

range forces may be gin to dominate resul t ing in a d i f f e ren t  t emp era tu r e
dependence. However , for the temperatures  of in te res t  in this p rogram
(T < l000 °K )  the long range interact ion should dominate.

c. Anharmorii c Oscillator Rates

The rationale for  choosing the rate constants for  v >  1 fo r  the
A. 1-1.0. model is as follows: For the V-T p rocesses , sca l in g to upper
vibrational levels was accomplis hed by making use of the Landau -Te l l e r
selection rules 26 together with the v = 1 -* 0 rates alread y establ ished.
This scaling is an approximation , since i t was ini t ially der ived for
harmonic oscillators .

• In addition to thi s Landau-Teller  scal ing,  it is expected t hat th er e
will be some additional change in rate constant  due to the fac t  tha t the
exothe rmicity, A E , of the process  will depe nd upon the par t i cu la r  vibra-
tional level(s)  involved. For V-T processes and V-V processes  involving
large exothe rmicity. both of which primarily involve shor t  range i n t e r -
actions , the ~, E dependence of the probabili ty is sca led f rom the expe cted
theoretical dependence. 27

k~~ T 1 exp 
[~~c ( A E ) 2 13 T ”~ ] (1 - 16 )

The cons tant C is determined from the tempe ra tu re  dependence of the
v = 1 process.
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For V -V  pr ocesses involving small ~ E ( ~ 200 cm~~~), th e e n e r g y
and temperature dependence is scaled according to long range i n t e r a ct i o n
theory:28

k T
1 

exp C A EI] , (1~~17)

where the constant C has been determined f rom empir ica l  cor re la t ions
or f rom experimental data 29 31 whe re available.

By this combination of experime nta l data , em pi r i ca l  cor re la t ions ,
and theory, the complete A. H. 0. kine tic package was derived and is
s umma rized in Table 1-4. Due to their  complexity, the A .H. O. kine tic
rate con stants are obviousty an approxima tion at this stage , and f u r t h e r
exper imenta l and theore t ical inv est i ga tion are requi red  to improve our
unders tanding of these processes  for the D~~/ HCl molecular  system. The
ra te cons tants listed in Table 1-4 a r e  those that were  useu  in the modeling
discussed in this report .

T owa rd th e end of th is pro gram , add iti onal da ta became ava i lab le
tha t would modif y some of the rate constants derived above . In pa r t i cu l a r ,
under anothe r p rogram at PSI , Rosen  et a 132 have recen t ly measured  the
hi g h tempera ture  ( l 0 0 0 -2 0 0 0 °K )  HCI/H 2 V —I T rate . Combined with the
lower temperature data of Bott and Cohen , 33 these resul t s  show that the
HCI/H 2 V -~T process has a steeper temperature  dependence than that for
HCIIHCI .  Thus , the assumption of kHC1ID 2 = 0 .025  ~~~~~~~~~~ is probabl y
not cor rec t , al thou gh the d i f fe rence  in the vicinity of room tempera ture ,
whe re the present  modeling is conc erned , is not expected to he very  si gni-
f icant .  In addition , Bott and C ohen 33 have also measured  the D2/HC I
V -~V rate over the temperature range of 300 -750 °K. Thei r r e su l t  shows
a less steep temperature dependence than the data of Hopkins et al . 24
However , in the vicinity of 300°K th e r e su lt s a r e  nea r ly id ent ica l .

It has not been possible to evaluate the quant i ta t ive  s ign i f i cance  of
these revised rate constants on the laser calcula t ions  presented in this
report. For the cavity condit ions of in teres t  in this stud y T ~ 300 °K .
At 300 °K , there is littl e d i f ference  in the rate in te rp re ta t ions .  Howeve r ,
at lowe r temperatures , one would expect tha t us ing  the more recent rates
would lead to less HC 1/D2 V-sT deactivation and perhaps somewhat lower
D2 / HC 1 V-s V pumping. These e f fec t s  are expected to be small and of
minor importance in the overall conclusions .

-5.
1
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TABLE 1-4

LIST OF RATES FOR D2 / HC1 A. H, 0. MODEL
(all k’s in units of cm~ -sec 1)

FOR D W ‘ = 3118. 4 cm ’
2 e

w ‘x = 64. 09 cm
1

~ ~~
2W

e ’Xe ’ = 2990. 22 cm ’

Vibrational Levels -, u ~ 10

lIE’ = U) ‘ - 2 u W  ‘ x
e e e

HC1 U) = 2989. 74 cme
— l

w x = 52.05 cme e

w - Z w x  = 2885. 64e e e

Vibrational Levels v ~ 15

l IE  = W - Z v w x
e e e

1) D2 (u) + -D 2 
-s D

2 
(u- i )  + D

2

U , u— 1
k (ID

2
, D2

) (u) 2. 90 x l0~~ exp [_o.  5963 (l IE ’)2”3 T ’’3 1

u — l , u U , u — i
k (D

2
, 

~~~ 
= k (D

2
, D2

) exp ~ -l.4388 (l IE’)  T 1
~]

2) ID
2 (u) + HC1 —‘ D2 (u- l )  -F HC 1

u, u — 1  u , u — l
k (D

2. HC1) = 0. 200 k (D
2

, D2 )

u- 1 , u u , u - l
k (D

2
, HC1) = k (D 2 , HC1) exp [-1 .4388 ( l IE’ )  T ’ 

]

‘4
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TABLE 1-4 (Cont . )

3) HC1 (v) + HC1 HC1 ( v - i )  + HC1

k (HC1, HC1) (v)~~ 4 .676 x ~~~~~ exp [-0. 379 (A E) 2/ 3  T ”~~J

+ 3. 130 x ~o~~
6 
exp(27. 9! T ” '3

)}

v — 1 , v v , V — i
k (Rd . HC1) = k (HCI , HC 1) exp [ -1 .4388 (lIE) T ]

4) HC1 (v) + ID2 
-s HC 1 ( v - i )  + ID2

v , v — l  v , v — l
k (HC1, D2

) = 0. 025 k (HC 1, HC1)

v — 1 , v v , v — l  1
k (HC1, D2

) = k (HC1, D2 ) exp [ - 1 . 4 3 8 8  (LIE) T ]

5) D2 
(u) + HC1 ( v - I )  -9 ID 2 

( u - I )  + HC1 (v)

u , u- 11 1
k (D 2, HC1) = (u) (v) 8. 89 x 10 T exp [( -  1. 633 x l0~~~) LIE” ]

v — l , v
LI E” LIE’~~~ A E W ’ 2UW ’X ’~~~~ + Z v W x  -

~~~e e e e e e

u — l , u u , u — l
k (D 2

, HC1) = k (ID2
, HC1) exp [ -1 . 4388 (LIE”) T

v , v — l  v — l ,v

6) HC1 (v) + HC1 (v ’ - 1) HC1 ( v - i )  + HCI (v ’)

L ~LI EI (Zv ’ - 2v) 
~
‘
~e X

e

L ~~~~~
k (HC1, HC1) = (v) (v ’) ~~6 .769  x lO~~~ T~~~

2
exp {~~4 . 6 3 8x  IO 3 J L I E I ]

+ 1. 941 x I 0 
12 ~~ exp [~ (0. 4 9 5f LI EI ~~~+ 40. 246) ~~~ 

lf3~ }
v — 1 , v v , v — l

k (HCI , HC 1) = k (FICI . HC 1) exp [- 1 . 4 3 8 8  L I E )  T

— 3 3 —

~ 
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TABLE 1-4 ( C o n t .)

- 7) ID2 
(u) + D2 (u ’- i )  -4 D2 

(u- i )  + D
2 

(u ’)

IAE ’ I = (Zu ’ - 2u) 
~ e’ Xe

’

u , u — 1  v , v — l
k (D

2
, D

2
) 0. 200 k (HC1. HC1)

u ’— l , u ’

(u)(u I ) {l . 3 5 4 x10
~~l

T
_ h / 2

exp [
~

4. 6 3 8 x l 0
_ 3

1 L I E , I ]

+ 3 , 8 8 2 x l 0 l3
Th/’2 exp [_ (0 . 495 I LI E h I~~

3 +40. 246) T
_ 1(3

]}

u — l , u u , u — 1
k (D

2
, D

2
) k (D

2
, D

2
) exp [ _ 1.4388 1LI E ’I  T

1 
]

u’,u’— l u’— l ,u’

‘4
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2 . Characterist ic Times

Before embarking on a detailed calculation of the laser cavity, i t is
useful to examine the characteristi c times for  various energy t r ans fe r  re-
actions and for the major fluid mechanical process of mixing. Since the
D2/HC I. EDL modeling inv olves many parameters such as area ratio ,
plenum pressure, P0, and temperature , T0, gas com position , cavity
temperature, etc. some of which are not independent quantities , a
complete optimization is very complex. Instead, we will carry out a
simple analysis concentrating on establishing the approximate optimum
Mach numbe r at the exit plane of the nozzle bank , Me, for  the g iven
plenum cond itions, gas composition, and experimental dimensions .

For simplicity we will assume tha t all energy t rans fe r  reactions
occur after the gas enters the cavity. For a given plenum condition and
gas composition , the flow is assumed to isentropically expand throug h
the nozzle. Hence, the the rmod ynamic properties at the nozzle exit plane
can be parameterized by the nozzle expans ion rati o , or equivalently Me •

We consider the five fundame ntal vibration t r ans fe r  reactions , i . e . ,

ID2 + HC1 -, D2 + HCI

D2 + D 2 -+ 2 D 2

+ HC1 -s D2 + HCI (I 18)
k4HC1 + D2 -s ID2 + HCI

.. k 5HC1 + HC1 -s 2 HCI

The asterisk indicates that the molecule is in a vibrationally excited state.
In this approximate analysis , we consider the molecules in the ha rmoni c
oscillator limit , hence intramode pumping of HCI (processes I~ 2 ) is
omitted. The cha racterist ic times , ‘r ’s , associated wi th  the reactions ,
1-18, can be calculated assuming constant temperature and density. For
example, the characterist ic pumping time 

~~ 
1/ (k 

~ 
[HCI] ) where

fHC 1] is the number density of HC1. The characte r is tic tim e of a reaction
is equivalent to the vibrational relaxation tim e for  tha t process at the
particular exit temperature and density that result  from the expansion.
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In addition to the reaction times, there are als o the cha racteristic
flow time , Tf = Lc/u e, where L~ is the cavity length and ue is the exit
velocity and the characteristic mixing time, TM. For the expe rimental
conditions , the mixing process will probably be dominated by turbulent
transport. Sato 34 has shown tha t the transition distance in a shear flow
is 40 to 50 times the momentum thickness at the trail ing edge in a low
turbulence wind-tunnel , and the Size of the nozzle in the NRL device is
about 1 mm while Lc —

~ 30 cm. F rom a detailed calculation of turbulent
mixing in a shear layer 35 , the half-width of the shear layer is determined
to be iinear in x , i. e .,  6 0. 07 x . The density ratio between the two
shear layers for this calculation is comparable to the present experiment.
Using the above linear growth result , one can now estimate the turbulent
mixing time , TM’ which is defined as the time for the shear layer to grow
to the width of the nozzle at the exit plane .

For the conditions of P0 = 60 torr , T 0 = 300 °K , and HC 1/D 2 = 0. 1/
0. 9, the various characteristic times are  shown in Fig. 1-14.
The V-V pumping time is seen to be fas t  compared with all V — T  deactiva-
tion times. Als o shown are ¶

~ 
corres ponding to Lc 30 cm and TM~As one may observe, TM < I~ 

which is desirable. However, the pumping
time approaches i

~ 
with inc reasing Me. For this case , it appears tha t

the optimum condition should be approximate ly 1 < Me < 2 . Unde r these
conditions the device would be mixing limited.

As shown itt Fig. 1-15 - 1~~17, similar maps have been calcula ted
for P0 1 atm, T 0 = 300°K and mixtures of 10%, 5% and 2% HCI respec-
tively. Als o shown on Fig .1-15 are lines for  effective exit or cavity
temperature, Te, and area ratio , A 0 /A ’ .

A comparison between Figs. 1-14 and 1-15 shows the ilowing
features:  For the 1 atm . plenum pressure  ( 1- 15), all the ch,. rac ter ist ic
times for the energy transfer  processes are considerably smaller at the
same value of Me due to the higher cavity pressure .  However , the cavity
fl ow times are identical. In addition , we assume tha t the turbulent mixing
time is essentially independent of pressure, 36 and , hence, that T~~ is the
same for both conditions . The advantage of the hi g her plenum pressure  is
tha t the pumping time may be made much smaller than and r~~ for con-
siderably larger exit Mach number. The larger Me leads to lower cavi ty
temperature which enhances gain . Of course , a diffe r ent discharge tech-
nique would be necessary to provide volumetric excitation of the vibrational
mode of D2 at thi s high, i .e . ,  atmospheric , pressure.

The effect of varying HC1 mole fraction is seen in Figs . 1-15 , 16 ,
and 17. As the HCI concentration is decreas ed , the V-sV pumping time

1

-36-.
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increases , and the dominant  V -sT deact ivat ion process changes f rom
HC I/HCI  to HCl/ D~ . As mentioned previous ly, th is analy sis igno res the
HC 1/HC1 V-s V pumping. It is d i f f i cu l t  to es t imate a c h a r a c t e r i s t i c  t ime
for this process , since it depend s both upon the concen t rat ion  of vibra-
tionally excited HC 1 and the number  of vibrational levels being cons idered.
Even thoug h the rate for this process is considerably f a s t e r  than for  the
D2 / HC I pumping process (Table I -IV), it clearly adds to the overall tim e
to pump HC1 to a suff ic ient ly hi g h level fo r  maximum gain. Thus , the
times required to produce gain and lasing will be cons iderab ly l a r g e r  than
shown in Figs. 1-14- 17.

Th e maj or conclusion to be drawn f rom this analysis is that for
the NRL experimenta l device desi gned to operate at  M e > 2 , insuff icient
flow time may be available to provide for optimum pumping . A hig her
value of Po would be desir able , bu t wo u ld require a m aj o r cha n ge in the
excitat ion technique.

3. . Mixing Anal ysis

The ana lysis presented in the preceeding sect ion indicated that
the mixing time , r~-~-~ << Tf . Hence , to a g ood approxima t ion the gases
mix ins tantaneously at some exit proper t ies  at the nozz le  exit plane .
This approximation is not reasonable if the pumping t ime (and o ther
ene rgy t ransfe r t imes)  are smaller  than Tm. For this latte r condit ion ,
the de tails of the mixing clearl y i nf luence the v ibra t iona l  k i n e t i c s .
Howeve r , examinat ion  of Figs.  1- 14-17 indicates tl~at condi tions can be
found for  which T pump T~~~~~ <~ Tf .  Accord ing ly, we have develo ped a
simple mixing model which calculates  the ave rage prope r ties at  the
nozzle exit plane by assuming  that the secondary  in jec tion mixes in-
s tantaneously with the main flow.

A sketch of a nozzle with secondary in jec t ion  is s hown in
Fig. 1-18. Plenum gas (D2 plus d i l u e n t )  enters  at s ta t ion 1 with pr essure
P 1, density p 1, and velocity u 1. Cold HC 1 is injected at s ta t ion 2 .
The gases a re assumed to be uniformly mixed at s ta t ion 3, the nozzle
exit plane . The following analysis will provide the average gas properties
at station 3.

Assuming  one -dimensional stead y nozzle  f low , the govern ing  equa-
tion , for the Mach number var ia t ion  between stat ions I and 2 can be
written as 37

2 ( l + ’
~~— M )  d Td M  2 1 2 s d A l

2 2 + y M T - 2 
~~ -j  ( 1- 19)

M ( l _ M )  S
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where ‘~ is the ratio of specific heats , and A is the nozzle  cross-sect ional
area. Any change in plenum temperature  T 5 is due to v- T energy  t r a n s f e r .
With an assumed ID2 vibrational temperature distribution one can readil y
calculate the Mach number distribution and consequently, P and ~~~, with the
aid of the continuity equation and the equation of state.

Now , consider the flow throug h the control  su r f ace  of Fig.  1-18.
We shall write the physical equations governing the flow in such a way as
to obtain relations between the propert ies  at stat ions 2 and 3:

C ontinuity: p uA  = p z u 2 A 2 + p~ u2 A 2 
( 1-20)

P2_ + P
Momentum: P2 (A 2 + A 2 cos cp) + (A -A 2 -A cos ~ ) -PA

2 2 I I Z I

= p u A - p 2 u2 A 2 - p 2 u 2 A 2 cos cp (1-21)

Energy:  p u A H  = p 2 u 2 A 2 H2 + p 2 u2 A 2 H2 + ~ Q ( 1-22)

Perfect  Gas Law : P = p T , (1-23)

where ~ is th e angle between the seconda ry injection and the axis (see

Fi g. 1-18), R is the universal gas cons tant , MW is the average  molecula r

weight of the mixture , H is the total enthalpy :

H = C T + ~
- U

2 
, (1-24)

p 2

- 
- and ~ Q is the heat addition term which resul ts  f rom the vibra t ional  ene rgy

t ransfe r between stati ons 2 and 3.

X RID
2 

_ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _

A Q  = MW 9 /T 
- 

B /T  ID ~~~~~~~~ 
9

HCl~~v
D, v 2 ID

2 
v3 2 2

e - l  e -1

( 1 — 2 5 )

1
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where quantities without subscript indicate the p rope r t i e s  at station 3 ,
X is the mole fraction , 0 is the vibrational spacing, T~ is the vibrationa l
temperature of ID2 and is the fraction of v ibra t ional  quanta trans f ered
from ID2 to HC1. The above set of equations , Eq. 1-20 to 1-23 , is
sufficient for  determining the unknowns P , T , p and u. K nowing the
properties of the seconda ry flow , one can rea r range the continuity,
momentum and energy equation and af ter  some al gebra , obtain

M W P u 
= (1 + w

2
) 
~2 

u
2 

(1-26)

1 
P
2
-P A

2
u = — 

, l u + w U C O S T  + (1 + C0S~~~1 2  2 2  Z p u  A
l + w  L 2 2  2

(1-27)

+~~~)]

C~~ T 2 
F2 C~~ T 2

C T =  +P l + F  1 + F 2

( 1-28)

+ X D t
~~D2 

- 0
HC 1 ~~~ 

[e

8
D2~~~

v2 - 
1 

- 

e

0
D2

/ T
~~~~1]

+ 

~~~~~ 

[ , u~ + 
F

2 
MW 2 u 2

- M W •  u
2J

where w is the mass flow rate, F is the molar flow rate, and C~, is the
specific h eat at constant pressure .  With a known nozzle contour , A / A 2,
one can iterate on P. Assuming P , one can calculate u f rom Eq. ( 1-27)

-

~ and consequently T f rom Eq. (1-28). Finally, f r o m  Eq. ( 1-26) , one can
calculate P which is then compared with the assumed value. Ite ration
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con tinues until a converged solution is obtained. The p roper t i es  of the
seco ndary f low can be determined f rom the isentropic rela tions if we
know the stagnation p r e s s u r e  and t empera tu re , the gas composition , the
mass flow rate and the exit temperature .  The resul ts  of the above
instantaneous mixing model , namely the thermod ynamic state of the
mixture at station 3, can be used as inputs for  the D2 / HC 1 EIDL cavity
ca lculations .

4. Cavity Model

To model the ID2/ HC 1 EDL in the cavity reg ion a gene ra l i zed  l a s e r
kinetics code developed under anothe r program 38 was used. This code
can in tegra te  a large numbe r of k ine t ic  equat ions  under a va r i e ty  of f l u i d
dynamic cons t ra in t s . For the p re sen t  ca lcu la t ions  the cavi ty  r eg ion  was
assu med to be a constant  area duct wi th  no rad ia l  g rad ien ts  (one dinien-
s ional ) .  Heat addition to the gas f rom V - T  and V -~V processes is
accounted for  th roug hout the flow .

The model assumed 11 v ibra t ional  levels in D2 and 16 in HC 1.
This  rathe r l a rge  number of levels was chosen to avoid ‘ b a r r i e r  r e f l e c t i o n
a t the top of the v ibra t ional  ladder as the in t ra rnode  \‘—~,V pump ing takes
plac e. The resul ts  sugges t  that  a smal le r  numbe r of levels , pa r t i c u l a r l y
in ID2 , could hav e been used wi th some smal l  r educ t ion  in compute r r u n n i n g
time. The vibrat ional  k inet ics  package and spec t ro scop ic cons tan t s  used in
this model ing are given in Table I - 4~

As a funct ion  of flow dis tance ( t ime) ,  the code ca l cu l a t e s  the popu-
lations of the various vibrat ional  levels , small signal gain  (or  abso r p t i o n )
on eac h rotat ional  leve l of each v ib ra t iona l  level , and f l u o r e s c e n c e  emis -
sion per  pa r t i c le .  In addit ion , a sub rout ine  can be used to s i m u l a t e  powe r
ex tract ion in the gain equals loss approximat ion . ~9 The o s c i l l a t o r
s t rengths  and line width cross  section for  HCI a r e  those  developed for  t h e
H2/ HC 1 CDL modeling . ~~

A calcula t ion to simulat e a D2/ H C I  EDL e x p e r i m e n t  is p e r f o r m e d
as follo ws: ( i )  Give n the d i s cha rge  p a r a m e t e r s  and p lenum gas  cond i t ions ,
the Bolt zmann code is used to d e t e r m i n e  the e x c i t a t i o n  r a t e  cons tan ts  and
e lec t ron d r i f t  velocity as func t ions  of F / N . ( i i )  F rom the r e s u l t s  of ( i )
a plenum calcula t ion is pe r fo rmed  as out l ined  in Section I . B . 4 . This
yields  the v ibra t ional  d i s t r ibu t ion  of D2 and gas t r a n s l a t i o n a l  tempe ra tu re
at the end of the plenum or en t r ance  to the n ozz le .  ( i i i )  Given the  s e c o n d a r y
gas inject ion conditions and nozz le  geomet ry ,  t he i n s t a n t a n e ou s  m i x i n g

• m odel is used to speci f y the prope r tie s of the  fu l l y mixed gas at the exit
of the nozzle .  V ibrationa l re laxa t ion  and f u r t h e r  heat  add i t ion  to the gas
ca n be accounted for as out l ined  in  Sec tion  1. C. 3. ( i v )  The o u t p u t
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co nditions f rom ( i i i )  a r e  the n used as input to the cavity model .  In
pr inc ip le , the various codes ( i )  - ( iv )  can be combined so that the en t i r e
ca lcula ti on would be pe rf o rmed in s eq uen ce . However , a s is usual l y the
case for complex modeling probi~ ms , it is much more e f f i c i en t  to do
ea ch ca lculation se par a tely and provide some evaluat ion before  proceeding
onto the next step.

To i l lus t ra te  the cavity model a sample ca lcu la t ion  will  be
presented.  The d i scharge  and p lenum co ndit ions are essen t ially those
d iscussed  in Sections I. B. 3 and 4. A s  wi l l  be remembered , this
yielded a vibrat ional  tempera ture  of ID 2 —~ l700 °K.  HCI at 300 °K is
injected at the nozzle  and the input co nditions for  the cavi ty  ca lcu la t ion
are s hown in Table I - S .

Resul ts  of v ibra t iona l  population d is t r ibut ions  of HCI at var ious
dis tances dow nst ream of the nozzle  exit are shown in Fig. 1- 19 . Thi s
f i g u r e  shows the effect  of anharrnonic pumping as quanta in the  low er vibra-
tiona l levels of HC 1 are  pumped up the ladder  by the exothermic  V-~V
t rans f e r mec hanism , process ( 1-2) ,  r e su l t ing  in increased  population on
hig her v ibra t ional  levels.  Because  of the complexi ty of t h e ra te s tr uc t ure ,
it is d i f f icu l t  to assess  the exact mechanisms involved. There  are  also
effects of V-~V t r ans fe r  from D2 to l-IC1 and of in te rna l  t r ans fe r  in D~ .
At the last station shown (x = 20 cm), the translational temperature  has
risen to 205 °K , so there  has also been some small translat ional  heating
due to V-I T deactivation and non-resonant V-’V t ransfe r processes .

The small s ignal  gain , C0, resul t ing f rom these population dis t r ibu-
tions is shown in Fig. 1-20. For each vibrat ional  band onl y the pa rt icular
t rans ition of maximum gain has been plotted. It can be seen that as the
V_3V pumping of HC 1 occurs , the gain increases and shifts to hi gher  vibra-
tional levels. The absolute magnitud e of C0 (~~~ 

i~~-~ - i0 4 cm~~~) is
clearly too small for  a practical  l aser .  Th is is to be expected f r om th e
low init ial  D2 vibrat ional  tempera ture  (TV ID� = l700 °K ) .  However , i t is
possible to calculate the spontaneous radiat ion ( f luo rescence )  f rom such
vibrationa l distr ibutions and compare these resul t s  wi th  experimental
data .

I
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TABLE 1-5

Input to D
2

/HC 1 EIDL Cavity Calculation

[Hcl] = 0. 029 mole fraction —

[ID 2] 
= 0.333 “

[ H ]  = 0.638

T = l700°K
ID2

P = 0 . O l3 atm
e

T = l95°K
e

u = 1. 1 km/ sec
e

4-

~p.
I-
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D.stribution.
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ID . COMPARISON WITH EX PERIMENTA L DA TA

1. Plenum Conditions

A series of experiments were  performed at NRL to attempt to
obtain an estimate of the ID2 vibrational t empera tu re  produced by the
electric discharge in the plenum . Expe r iments were  carr ied  out in
which CO2 was injected into the discharge excited D2 /He s t ream , and ,
downstream, lasing was observed on the CO, band at l0 .6~.&. B y measuring
the gain on various v, 3 lines of the CO2 10. ~~ band with a probe laser ,
both the vibrational and rotational temperat ures of the CO2 were  determined.
Table 1-6 shows the results  for a series of runs.

The data of Table 1-6 distribute themselves into two classes . The
runs with Jow cavity p ressure , i. e. ,  6-8 to r r , show a gradua l l y increas ing
temperature  throug hout the cavity. The runs at hig h cavity p r e s s u r e , i. e . ,
l 2_ l 4  tor r , show a rapid tempe ra ture  jump with a subsequent  drop or
leveling off downstream. Thi s latte r beha vior is believed to be associated
with some choking of the flow at hig h secondary (C02 ) gas in jec t ion.
Nevertheless , the data of rable 1-6 indicate CO2 (001)  v ibra t iona l
temperatures from l000 .2200°K with an average value a round  l700 °K .

The results  of thi s experiment can be used to in fe r  an approximate
vibrational tempe rature for the D2 in the cavity. Two d i f f e r en t  assump-
tions can be made: (i) The D2 vibrational level (v = 1) is energet ica l ly in
close energy resonance with CO2 (01 1 1). Thus , the D2 (v = 1 ) mod e can
be assumed to be in rapi d V-~V equi l ibr ium with CO2 (0 1 1 1). if it is
fur ther  assumed that the CO 2 (01 10) is rapidl y quenched , then for  every
quanta of D2 (v = 1) energy lost to C02, the CO2 (00 1 ) mode will gain ~~ 70%
of that energy. Simple analysis indicates that under this s ituation , f or  a
measured CO2 (00 1)  Tv of l700°K , the T~ of ID2 must  be about 2300 °K.
(ii) In the second case , we assume that  D2 (v = 1) and CO2 (001)  a re
directly coupled by a rapid V -,V process . For the gas condit ions of a high
D2 vibrational temperature com pared to the t rans la t ional  tempera ture , the
Teare-Traino r40 relation may be used to relate Tv for D2 to that measured
for  CO2 (001) .  Thi s latter anal ysis leads to a value of l l O O °K fo r  T~ of
D2 for a measured value of 1700 °K for  CO2 (00 1).

Several points can be made concerning thi s experiment and the
resul t ing  ana lysis. First , the f luid dynamic problems encountered in the
experiment suggest  that the measurements  and their interpretat ion should
not be assigned hig h accuracy.  Neve r theless , the device did demonstrate
lasing for  a large number of gases, and the measurement  of a value of
* The tempera ture  values at 12 . 1 cm may be hig h due to some systematic
e r r o r .
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of 1700 °K for CO2 (001) is reasonable for  a laser  si tuation.  Secondly, the
two a nalyses give a wide range of possible ID2 vibrational t empera tu res :
l l00-230 0 °K . It is noted tha t our d ischarge  modeling calculat ion gave an
intermediate value, I 700°K.  Thirdl y, a reasonable choice between
the two chosen D2/C O 2 energy t r a n s f e r  mechanisms cannot  be made
at present on the basis of existing experiment or theory.  Final l y, a
more complex analysis using a finite kinetic analysis and th e meas ur ed
rate constants for  the D2/ CO~ molecular system could be pe r formed , but
does not seem justified on the basis of the uncertainty of the data .

In conclusion , thi s experiment and ana lysi s of f e r s  no detailed
verification of the plenum discharge modeling. The results show that
substantial excitation of the ID2 vib rational mode must occur , and this con-
clusion is consistent with the results  of Sec. I. B. Measurements  on a
system more amenable to detailed analysis  would be needed to provide a
more accurate determination of ID2 vibrational temperature .

2. Fluid Dynamics

In the early stages of the experiment it was recognized by NRL that
for certain value s of secondary mass injection, the measured cavity pressure
suddenly increased , suggesting a choked flow in the cavity. It was also
believed that for values of mass injecti~ n less than these  c ritical values ,
the flow was reasonably well cha racter ized.  It was these latter (normal)
conditions for which the modeling was plannei. However , as experimental
data became available it was clea r that , in general , the measured  cavity
pressure  did not closely correspond to the expected valu ’~s based on known
plenum pressure  and nozzle area ratio even in the non-choked situation.
A simple analysis illustrates this point.

The detailed nozzle dimensions fo r  the NRL EIDL a r e  shown in
Fig. 1-21. The nozzle throat hei ght , A ’ , is nominally 1 mm , so that th e
overall geometric area ratio is 7. The case chosen for  ana lys is  u sed a
prima ry flow of 0. 33 D2/ 0 .  67 He mola r mixture throug h the nozzle confi g-
uration shown in Fig. 1-21. For this gas mix tu re  the theoret ical  flow rate
(in the absenc e of boundary layers)  is g iven by

(ou) * = 157 p /  .fl~~~~ 
gm/cm

2 
-sec (1-29)

at the throat , where p0 (atm) and T0 (°K) a r e  th e plenum p r e s s u r e  and
temperatur e , respectivel y, In the dischar ge reg ion , .“h e r e  the flow area

~ 7 A*, the Mach number is — . 08 and T /T 0 ~~~~. 998 , p /p 0 ~~~. 995. Thus ,
a static p res su re  measurement  in the d i scharge  reg ion y ields p0 within
0. 5%. The selected plenum conditions a re  shown in Table I-VU . For p0 = 53
torr  and T0 = 300°K , the mass flow is thus 0. 632 g m / s e c  per unit area of
primary throat , yielding 4. 24 gm/sec  total flow (A * = 6. 7 cm 2 ) , or — 1. 06
moles/sec , comparable with observed flow rates .
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For the case of no secondary injection, if this D2-He mixture were
expanded supersonically to an area rati o of 7, the downstream p re s su re
would be .009 p0. Observed cavity pressures  were in the range
0. 2 p0 > p > 0. 1 p0, (see Table 1-7). Thi s behavior would imply eithe r
that the flow had been shocked to a subsonic exit velocity or that nozzle and
cavity wall boundary layers were thick enoug h to drastically reduce the
effective area of flow clcs e to the cavity centerline. The observed cavity
pressures  for this situation would correspond to an effective area  rati o
AlA” in the rang e 1.3 - 1.8 , with corresponding cavi ty temperatures
0.57 T > r > 0 .44 T

0 0

For analysis of the case with HC1 injection , the instantaneous mixing
model was used with a secondary flow of 3% by volume of HC1 (or 27% mass
ratio) introduced at an area ratio of 2 . 32 , or roug hly 3 mm downstream of
the throat. At this point the pr imary gas pressure  should alread y be less
than . 06 p0, and the cavity pressure  for  a uniformly mixed supersonic flow
should be - . 02 p0. Both these pressure levels are lowe r than the observed
cavit y pressures (see Table 1-7). Howeve r , diagnostics emp loyed with
CO2 injected as the secondary gas establish that some of the cavit y gas is
cold (—.200°K see Table 1-6), so that it must be assumed that the entire
cavit y flow has not been shocked to a subsoni c velocit y.

Various causes for this poorly characte rized flow mi ght be listed:
(i) nozzle wall boundary layers , (i i )  cavity wall (to p and bottom) bounda ry
layers , (iii) inefficient secondary injection with associated incomplete
mixing, and (iv) poor diffuser/pump operation. Estimates of most of
these phenomena were made and none , by itself , appeared to be sufficient
to produce the observed flow effects. However, this analysis did suggest
several experimental changes which might be implemented to improve the
fluid dynamics. For example , cavity bo undary laye r effects  could be
minimized by diverging the top and bottom walls sli ghtl y to account for the
displacement thickness of the boundary layers. An estimate of the behavior
of the HC1 flow f rom the secondary injection port s indicated that the HC 1
stream wo uld not penetrate to the nozzle axis. Penetration improvement
could be obtained by us ing fewer injection ports of smaller  diamete r , or
by using an inert carrier  gas to permit  higher values of secondary gas
injection.

Toward the end of the present  program, NRL was able to improve
the flow in the device sub stantially. This was accomplished by f i r s t
recognizing that the steam injecto r line was limiting the p re s su re  in the
device to about 2 torr.  More importantly, the top and bottom cavity walls
we re wedged at an angle of 1.70 each to compensate for boundary laye r
growth. An example of these improved flow conditions is shown in Table 1-8.
These data are for CO/He! C2H2 flows, but it is clear that substantial
secondary injection produces no discernable choking effects  as was shown
in the earlier data. Hence, (in retrospect) there appears no evidence for

$4 incomplete mixing in the NRL EDGDL.
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3. Cavity Fluorescence Data

It was decided that these aerod ynamic i s sues  associated wi th t he
experiment as it fi rs t  existed , precluded a detailed comparison of the
results  of the analysis with the data . Therefore , it was decided to provide
some calculations which  would encompass a r an ge  of possible experimental
operation and to provide a p re l iminary  des ign  of an improved device to be
used for fur ther  assessment  of the viability of the D2 /HC 1 EDL.

A series of measurements  were  per formed by NRL on the i n f r a r e d
fluorescence from HC1 using an optical system which could be translated
parallel to the flow during a run.  These data consist  of records of i n f r a r e d
intensity in selected band passes ve rsus  distance downstream of the nozzle .
Examples of these data are  sho wn in Fig. 1-22 for  an optical band pass of
approximately 3.0 - 4 . 0~~. The top trace (a)  is i l lustrat ive of an unchoked
flow , while the bottom trace , (b) obtaine d at a hig her HCI inject ion rate , shows
an abrupt leveling off of the s ignal  which is not due to optical or electronic
saturat ion. This latte r f luorescence behavior was always associa ted  with
the abrupt j um p in cavity p r e s su re  and was believed due to the presence  of
shocks or choked f low in the cavity as descr ibed previously.

Although it was decide d no t to per fo rm de t ai led compar ison of these
data with the calculations, seve ral qualitative conclusions can be made .
(i) For the more normal run Fi g. 1-22 (a) ,  the f luo rescence  intensity con-
tinue s to rise throug hout the observation distance of about 12 cm. Mo re
recent f luorescent  data (DARPA -NRL Laser Program Semiannual  Technical
Repo rt , 1 Jan . 1975-30 June 1975 , NRL Memo randum Repor t  3217 , 1976 )
show that in the non-choked situation the intensities actuall y do not show a
leveling off unti l about 20 -25 cm downstream of the nozzle exit. This
observation can be com pared to the calculations of Fig. 1-20. The conditions
are not identical , but , nevertheless , for these low cavity p r e s su re , ~~8 to r r ,
the HC1 is calculated to be at a low level of excitation with small values of
gain at distances of 10 cm downstream of the nozzle . Cons iderably longer
flow lengths and/ or  higher cavity p ressures  would be required to provide
optimum pumping and gain. (ii) No lasing of HC1 could be obtained. Thi s
result is also consistent with the results  of Fi g. 1-20 . (iii) Observations at
longer wavelength 4. 0 - 4. 5 1~ 

showed much less radiation intens ity tha n in
the 3 - 4

~~
j band pass . A gain this resul t  is consis tent  with the low level of HC1

vibrat ional  excitation expected. As the gas flows down the cavity,  HC 1/HCI
- - V-+V pumping should populate the hig her vibrat ional  levels of HC1 and the

f luorescence  should shift to longer ~~avelength . (iv) The t ypical E / N  for  the
runs of Fi g. 1-22 is 1 x 10 ’~~

6 V-cm . This is close to the optimum discharge
condition for this mixtu re as seen from Fig. I_ l i.

These qualitative comparisons of the fluorescence data combined with
the plenum comparison (Sec. 1. ID. 1) do indicate a general consistency with
the modeling res ults. Excitation of the D2 vibrat ional  mode in the d i scha rge
appears to occur , and it may be possible to channel as much as 7O°~ of the
discharge energy into the vibrat ional  mode by opera t ing at optimum F / N .
V-~V transfer from ID2 to HC1 does occur as evidenced by the HC1 fluorescence.
Howeve r, to demonstrate lasing,  hig her densi ty operat ion is required.
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E. DESIGN OF NEW EXPERIMENT

1. Concept

Based on the discussions of the proceeding section , it is clea r t hat
a new facility is necessary for  a meaningful experimental demonstration
of the D 2 /HC 1 EDL conc ept. First , the flow in the present device cannot
be well characterized. In addition , even if the flow could be imp roved ,
the calculations indicate that a hi g her  density operation is desi reable .
This is not feasible  in the existing apparatus.

In th e c o u rs e  of t h e p resent p ro g ram , N R L  had planned to replace
the pin-type , ballasted g low d i scha rge  with an e-beam sustained d i scharge .
Thi s latter techni que is a recognized scalable excitation method which can
be used at hi gh , e. g . ,  one atmosphere , pressure. Therefore , it was decided
to take as a starting point fo r  a new device conc ept an atmospheric  p r e s s u r e
plenum excitedby an e -beam sustained discharge .  Using the comparison of
the various characterist ic t imes fo r  the major  kinetic p rocesses  with the
fluid dynamic constraint s for  the hi gh p r e s s u r e  ope rat ion , the overall  cavity
Mach number and nozzle expansion ratio can be e stimated.

There were insufficient time and resources  available at this point
in this program to provide extensive discharge modeling for  the e-beani
sustainer discharge.  However , the re  is no reason to believe that the
overall conclusions of the g low discharge modeling, i. e. , that a la rge
fraction of the electron energy can be channeled into the ID2 vib rational
mode , will change for an e-beam sustained discharge.  Th e r e f o r e , a
series of kinetic calculations were  pe r fo rmed  for  various assumed values
of T~ of D2 within the range 1000° � T~, � 20 0 0°K.

Finally, it has been shown f o r  the N 2 /C02 mixing GDL4’ that
injection of the secondary gas at the throat of the nozzle  provides  more
efficient mixing. There fo re , it was decided to desi gn a nozzle for  th is
new experiment that would provide for throat injection as well as meet
the r equirements for  oroviding optimum cavity temperature and p r e s s u r e s
as determined from ~.he kinetics. A prelimina ry desi gn of such a nozzle
array was underta~~en.

The following sections present the results  of this desi gn study and
can be used to provide guidance in planning an upgraded experimental
facility in which to demonstrate the D2 /HC 1 EDL.

2. Kinetic Modeling

As was discussed in Sec. I. C. 2 , a comparison of the character is t ic
times for the various vibrational t r ans fer  processes  with the approximate
mixing time and cavity flow time provides a method for  quickly optimizing
the overall fluid dynamics of the device. Various maps for  one atmosph e r e
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plenum p r e s s u r e  and several  HC 1 conc entration were  shown in Fi gs . 1-15 to
1-17. These maps did not consider any diluent in the plenum gas . An
additiona l map for  Ar  diluent is given in Fig. 1-23. Althoug h the bulk of
the measurements with the existing device were  done with lie di lu ent , A r
would be a better choice for the new experiment. A r  would provide  m o r e
stopping power than He for  the hi gh energy electrons of the e-bearn in
the plenum , and , a lso , the A r / D 2 mixture would provide a better  molecular
wei ght match with the HC 1 secondary flow and thereb y reduc e dissi pat ive
effects in the mixing.

Figure 1-23 shows that for  M e > 2 the mixing time is less tha n the
D2 /HC 1 V - V  i .ransfer  t ime and both time are  much shor ter  than the flow
time for a 30 .‘m long cavity. For purposes of a desi gn point we have
chosen to select Me = 2. 5 to produce the required cavity condit ions.  This
requires a nozzle  of area ratio 3. 3.

A series of full vibrationa l kinetic calculations were  p e r f o r m e d
under the following assumptions: (i) The plenum gas is a D2 /Ar  m ixture
of molar ratio 1/2 , P0 1 atm. , and T0 = 300°K. V a r i o u s  D2 v ibra t io nal
temperatures were  assumed covering the range of 1000 - 2000°R . ( i i )  For
each value of D2 T~~, three d i f ferent  amount s of HC 1 a r e  injected at the
throat , and the instantaneous mixing model (Sec. I. C. 3) is used to specif y
the fully mixed conditions at the exit of the nozzle. Th e expan sion area
ratio is cho sen to be 3. 3 to provide a nominal cavity Mach number  of 2. 5.
It is fur ther  assumed that no vibrational kinetic s occur in this  mixing
process . (iii) The fully mixed gas enters  the cavity , the vibrationa l kinetics
occur , an d small signal gains for I-IC1 v , J transition a re  calculated as a
function of flow distanc e throug h the cavity .

An example of such a calculation is shown in Fi g. 1-24 for  an assumed
D2 T~ of l500°K and a fina l HCI mole fraction of 0. 006 (comparable to the
conditions of Fig. 1-2 3). It should be noted that to p r e s e r v e  clar i ty in the
fi gure , not all the vibrational transitions showing gain have been p lotted.
Several point s can be made from Fig. 1-24. First , th e gai n p eaks a few
cm downstream of the throat. This is to be compared with the resu l t s  of
Fig. 1-20 and is due primarily to the much hi ghe r  cavity p r e s s u r e  (45 t o r r )
compared to the previous condition (—. 1.0 t o r r ) .  Second , th e p redic t ed
small signal gains are  hig h , > 1% crn~~~, and lasing should be possible with
reasonable values of optical cavity parameters .

To illustrate the effect  of ID2 vibrational temperature, a typical
transition was selected (v = 3 ~ 2) ,  an d the peak value of gain for  that
transition obtained in each calculation p lotted against the assumed D? T~
for that case; the result  is shown in Fig. 1-25. It can be seen that even for
rather modest values of T~ = 1250 °K, reasonable gains a re  obtained. From
the result s of the discharge modeling as well as the ID2 /CO 2 gain measure-
ment s presented previously, w e have every reason to believ e that values
of D2 T~ f rom 1000 - 2000 °K are  obtainable via practical d ischarge

.4’
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Fig. 1-23 Comparison of Characterist ic rime s for a 0. 7% HCI -

32. 3% ID2 - 67% Ar Mixture with an Assumed Plenum
Pressure of 1 Atmosphere.
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techniques . Therefore , the results  of this kinetic ana ly s is  indicate that
a D2 /HC 1 EDL operated at hi gh density using e-beam sustainer d ischarge
excitation would be feasible.

3. Nozzle Desi gn

One of the possible configurations for  a D2 /HC 1 mixing EDL would
be to expand the D 2 throug h a two-dimensional supersoni c nozzle , while
the HCI is injected at the throat. Taran et a14’ have shown theoretically
and experimentally that this configuration gives excellent results  for  the
N2 /C02 EDL. It is shown that satisfactory mixing can be obtained with
an inc r ease of the freezing efficiency over simple expansion nozzles or
premixed flow.

We have chosen to desi gn a nozzle for  the next D2 /HC 1 EDL device
incorporating throat injection. A complet e turbulent mixing calculation
is beyond the scope of the present program , but we will use an existing
PSI laminar mixing code with appropriate modifications as a desi gn tool
for thi s nozzle. The turbulent t ransport  will be modeled by the edd y
viscosity approximation.

There are  various successful  edd y viscosity models , each developed
for a different flow situation. 36 , 42 , ~~ For planar , f ree  turbulent  mixing
in a coflowing stream , we choose Schetz ’ s44 model in o r der to acco unt for
the va riable-density situation throug h the appropriate definition for  the
mass flow defect (or excess):

0. 0036 0 e ue f  - dy , (I~ 30)

where c is the eddy viscosity, p is the density, u is the velocity, and subscript
e indicates the external condition.

Before we apply this model to our — a s e , it wa s ver f ed again st two
turbulent wake-flow measurements, one oil which is subsonic and the other supe r_
sonic . Turbulence measurements in the wake of a thin flat plate were
performed by Chevray and Kovasznay45 in a low-speed wind tunnel. This
experiment o f f e r s  a c ritical test of the present  model , since it cor responds
to the development of a turbulent boundary layer with zero p r e s s u r e  gradient
when the wall shea r is suddenly removed at the trailing ed ge . The result s of
the model comparison with the data a re  shown in Fig. 1-26 . The decay of

the center line velocity defect

W = 1 - ‘- ( 1-3 1)
U
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is plotted as a function of x / B  where 0 is the momentum th ickness  at the
trailing ed ge. The adequacy of Schet&s edd y viscosity model for  this low
speed case is clearly demonstrated by these resul ts .

Although the two-dimensional turbulent  wake has been extensively
studied at low speed , information for supersonic tu rbu lent  wakes is scarce.
Measurements with cy linders placed normal to a Mach 6 air stream have
been made by McCarthy and Kubota 46 and Behrens .  ~~ In these two experi-
ments , the combination of hi gh Mach number and severe  bod y b luntness
produc ed large gradient s in the flow immediately adjacent to the wake.
Under such circumstances the turbulent wake mean flow becomes indistin-
guishable from that of the inviscid wake. To res tore  the prominence of the
turbulence core , the inviscid gradient s must be reduced . This  can be
accomplished by using a very slender bod y. Demetr iades4

~ has made
some mean-flow measurements in the supersonic wake of a ve ry  slender ,
two-dimensional body in a continuous open-circuit  wind tunnel at Mach 3
with a stagnation pressure  of 730 mm Hg absolute and a sta g nation tempera-
ture  of 38°C. Under these condition s, the role assumed at low speeds b y
the cylinder diameter as a gag ing length of the wake flow is assumed by
the wake drag thickness.  If the bod y d rag coe f f i c i ent , C D, is a ssociat ed
with a lateral dimension h , then the wake drag per unit spa n is:

~ Q U 2
CD h = f  p u ( u  - u ) d y  = constant . (1-32)

The constant quantity C IDh , called the virtua l bod y thickness , can be
obtained f rom this expression if we assume that the lateral velocity distri-
bution is similar. From the experimenta l data , the constant C Dh is fou nd
to be 0. 00909 cm , and this value is used to nondin-iensionalize the axial
distance. As shown in Fig. 1-27 , the rate of decay of the center l ine
velocity defect  is accurately p redict ed bySche t z t s eddy viscosity model
for the turbulent t ransport  in thi s supersonic flow situation.

Having demonstrated by these comparisons with turbulent flow data
that Schetz ’s model is reasonably accurate , we can now app ly it to determine
the appropriate mixing nozzle for  the D 2 /HC 1 EDL. A sketch of the assumed
nozzle configuration is shown in Fig. 1-28. The HCI injection port is located
at the sonic point of the nozzle and provides co-axial injection of HC1 or
HC 1/A r mixtures. In practice , the position of the HC 1 injection relative to
the throat could be varied to provide for  some empirical optimization of the
mixing. The nozzle throat hei ght is assumed to be 1. 0 mm with a nominal
A/A * of 3. 3 to provide for  the required expansion to M e 2. 5.

For this calculation , the lamina r coefficient of viscosity, which can be
readily calculated f rom the molecula r properties49 , was determined , and was
found to be small compared with the edd y viscosity . Thus , our assumption
that shows that turbulent  mixing occurs  appears to be valid.
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We have modeled a case in which the plenum flow contains approxi-
mately equa l mole fractions of D2 and Ar at one atmosphere  p ressure  and
300°K. The seconda ry flow consists of HC 1/Ar = 0. 18/ 0 .82  at 1.02 atmosphe res
and 300°K. The sli ght over p ressure  of secondary flow is required to
maintain a uniform static pressure  at the throat where  both flows merge.
The calculation starts at the throat where the Mach number is unity. The
velocity and density profiles at the nozzle exit plane, x 1. 5 cm , a re  given
in Figs. 1-29 and 1-30 respectively, as a function of the normalized radial
distance,

r = r / r  , ( 1— 33 )e

where the nozzle exit radius , r e = 13. 5 mm. The concentration profi les  for
D2 and Ar are shown in Fig. 1-31 for  various axial di stances. It can be
seen that the gases  a re  reasonably well mixed at x � 10 cm. The mixing
of the HC1 throug hout the flow is shown in Fig. 1-32 , where the profi les for
I-Id , expressed as % of HC1 r elative to D2 only, are  given for several down-
stream stations. Again, it is seen that HC1 is reasonably well mixed fo r
x � 10cm.

The conclusion of this ana lysis is that for  centerline injection of
HC1 at the throat of the nozzle , reasonable mixing will occur  in a distance
of about 10cm for gas conditions and mixture compositions which kinetically
should produce hi gh gains and lasing at compa rable distances.
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Distances Downstream of Nozzle Throat.
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F. CONC LUSION AND SUMMARY

An initial goal of th is  p ro gram was to develope an analytic capabi-lity to model the D2 /HC 1 EDL experiment.  This code development consistedof t h ree  major separate tasks:  (i) a model of the d i scharge  or plenumconditions , (ii) a technique to handle seconda ry injection and subsequentgas mixing, and (iii) a vibrationa l kinetic code to calculate gain on vibra-tional/rotation transi t ions in the cavity. These codes were  developed andsuccessfully oper at ed under th is p r og r a m .

To specif y the d ischarge  conditions , an exi sting Boltzmann trans-port code was modified and used. State-of-the ..art cross  sect ions f o r  electronimpact excitation of H 2 were determined by a careful  review of availabledata and theory,  and by comparison of predicted t ransport  propert ies  ofH2 discharges  with measurement . A cross  section data package for D2was determined pr imari ly by analogy to the data for  H 2. With thesedata packages , the capability exists to calculate the transpo rt proper t ies ,excitation rate constant s , and energy deposition into the various internalmodes for  a wide range of experimental discharge conditions in pure H2and D2 and in mixtures of these gases  with He or Ar .

The result s of a discharge calculation for  conditions comparableto those used in the NRL EDL device indicated that a D2 vibrationa ltemperature of about 1700 °K was expected. No direct experimenta ldetermination of this temperature was possible. However , approximateD2 vibrational temperatures could be inferred f rom D2 /C02 laser gainexperiment s and indicated a rang e of temperatures  from 1100 - 2300°K.it is undoubtedly a coincidenc e that the median of this tempera ture  rangeagrees  with the prediction.

An approximate mixing analysis was developed to provide forinjection of HC1 within the nozzle and the instantaneous mixing of the gas ,with the calculation of new , appropriate flow conditions at the nozzle exitwith the specification of any heat input to the gas due to vibrationa l kinetics.This model seemed appropriate for  the NRL EDL , Since it was estimatedthat the mixing time was probably sho rt compared to the characterist ic
time for V~’V pumping of HCI by D2. Thi s mixing code uses as input theplenum conditions (as specified by the Boltzmann code) and calculates theinput conditions for  the cavity analysis .

A complete set of vibrational energy t r ans fe r  rate constant s for  theD2 /HC 1 molecula r system was developed from a combination of experi-
— 

mental data , theory, and empirical correlation . These rate  con s t .an ts
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were used with an existing anharmonic oscillato r laser  code to calculate
HC 1 vibrational population s and small signa l ga in as the gas flowed down
the cavity. In addition , inf rared  fluorescenc e per molecule and simulated
power extraction are  other available options from such a calculation.

The second majo r goal of thi s research  effo rt was to use the
predicted results of the analytic model to compare with experimental data
and to guide the experimental effor t .  An early calculation per formed for
appropriate device conditions indicated that at the low gas densities expected
in the cavity , the gain was not expected to peak until well beyond the avail-
able , accessible viewing area. This prediction was qualitatively consistent
with the data; infrared f luorescenc e (observed pr imari ly f r o m  th e lower
levels of HC1) inc r eased monotonical l y throughout the observation di stance
of about 23 cm and no lasing could be obtained.

More quantitative comparisons of the result s of the calculat ions
with data were inhibited b y the realization that the flui d d ynami c f lo w in
the N R L  EDL device as it then exi sted was difficult  to cha racterize.  It
was det ermined th at th e cavity  st at ic pr essures  were  much hi gher  than
expected on the basis  of simple inviscid calculations. The reason for  thi s
discrepancy was eventuall y determined to be a combination of steam ejector
and cavity wall boundary layer effects.

Because of these flow problems , a dec i sion was made lat e in th e
progra m to use the remaining resources  to conceptually design a b etter
experiment. As a starting point , it was decided to consider an e-beam
sustainer discharge operating at one atmosphere  plenum p r e s s u r e  as th e
laser excitation source. By operating at a hi gher plenum p re s su re , higher
cavity density is attainable. Althoug h detailed discharge calculations were
not performed for  these high er p r e s s u r e s, it is expected that D2 vibrational
temperatures comparable to the glow discharge result s should be attainable.
A series of cavity kinetic calculations were performed for  a range of
Tv ’s f rom 1000 - 2000 °K. These result s indicate the high gains , i. e.,
>1% cm~~~, can be achieved a few cm downstream of the nozzle.

In addition, a turbulent mixing calculation was performed to assess
axial injection of secondary gas at the nozzle throat. It was determined
that the gases should be reasonably well mixed 10 cm downstream of the
injection position. Obviously, fur ther  iteration can be pe r fo rmed  to
provide the optimum device conditions , where the mixing length and HCI
pumping length a re  comparable.

t
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The conclusions of thi s concept ua l desi gn stud y are that the higher
density operation is desirable and that a demonstration of a D2 /HCI EDL
should be possible. The preliminary operating conditions , nozzle expan-
sion ratio, and inj ection technique are determined. This information can
be used to develop a detailed experimental design.

I
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II. ANA LY TICAL MODELI NG OF A PULSED ELECTRIC
DISCHARGE HCI LASER

A. INTRODUCTION

This section of this repo rt provides a descriptio n of research

per fo rmed  at PSI in support of the N R L  pulsed elec t r ica l  d i s c h a r g e  HC 1
infr a r e d  laser  exper iment .  This latte r p r o g r a m  involved s tud ies  of the
elec t r ica l  exci ta t ion of rnixteres  of HCI/A r wi th  the goal of d e t e r m i n i n g  the
feas ibi l i ty of developing an e f f i c i en t  laser  operating on HCI v i b r at i o n /
rotat ion t r an s i t i o n s .  In this study t he e lec tr ica l  exci ta t ion  was prov ided
by an electron beam sus tained d i scharge  u t i l i z ing  the NRL Maxwell cold
cathode e~ bearri sustainer device which has the capacity of operating at

voltages of 300 kv with beam current densities of —- .10 amps/cm2. The

laser test chambe r in these exper iments  had an act ive l eng th  of 100 cm ,
heig ht and depth of 10 cm, and a mirror/coupling configuration designed
to allow obs e rvat ion of las ing at small s ignal  gains of o rder  i0~~ cm*

The p r i m a r y  goal  of the PSI r e sea rch  e f f o r t  was to develop an
elec t r ic  d i scha rge  kin . tc  model for  HC 1 to be used to provide predic t ions
of sys tem gain and optimum opera t ing  condi t ions .  A de tai led d i s c u s si o n  of

this e lec t ron  k ine t i c  model is p resented  in Sec. 11-B and specif ic  sys tem

gain predict ions and com par ison  wi th  dat’ are discus s ed in Sec . Il -C .
Last ly ,  an anal ys i s  of i n f r a r e d  f l u o r e s c e n ce  measu remen t s , pe r f o r m ed
earl y i n the expe r imenta l pr ogram , is given in Sec. 11-D.

11
p
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B. ELECTRIC DISCHARGE KINETICS

It is well known that when a par t ia l l y ionized gas is sub jec ted to an
electric field the resu l t ing  stead y state e lectron veloci ty d i s t r i b u tion need
not be Maxwel l i an .  Indeed the r e s u l t i n g  velocity ( e n e r g y )  d i s t r i b u t i o n  is
de te rmined  by the competition between the acce l era t ing  e lectr ic  field and
elastic and ine las t i c  coll i s ions  between the e lec t rons  and bath  gas molecules.
The cha r a c te r i s tics of suc h d i sc h ar g es a r e genera l ly de f ined  in terms of the
bulk t ransport  prope r ties for  g iven  values of the Townsend parameter  E/ N ,
where  E is t he appl ied  vol tag e pe r uni t lengt h and N is t h e gas n u m b e r
density.  The two most commonl y used t r anspo r t  proper t ies  a r e  the e lec t ron
d r i f t  veloci ty V D and the c h a r a c t e r i s t i c  e lec t ron  energy € K .  In the case of
a Maxwellian veloci ty this  la t ter  quan t i ty  is the equiva lent  of k Te where k
is Boltzmann ’s constant and Te is the electron temperature.

In orde r to speci f y the exci ta t ion rate cons tants  fo r  speci f ic  e lec t ron!
molecule interact ions occur ing  in the d ischarge , whic h is the goal of the
p re sent ana lysis , t he detailed e lec t ron  velocity d i s t r i b u t i o n  is r equ i red .
Although this dis t r ibu t ion canno t be rea dil y deduced  ex pe r i m ent all y, it  c an
be predicted theoreticall y by solving the Boltzmann t r a n s p o r t  equat ion.
This analytical technique. however, requires specification of the e lec t ron
energy dependent cross sections for all of the important elastic and in-
e lasti c e lec t ron/molecule  processes  whic h occur in the d i s c h a r g e .
Unfor tunate l y, suc h detailed data is not commonly avai lable  for  most  gases .

If the t r anspor t  proper t ies  of a gas a re  known as a func t i on  of the
Townsend parameter,  then unknown cros s sect ions may be deduced by an
inverse process , e. g . ,  ref .  50. In this method , the Bol t zmann t r a n s po rt
equation is solved with a trial set of cross sect ions in order to provide
predicted bulk transport properties as a function of the Towns e nd p a r a m e t e r .
The predic t ions  are  then compared to the data and the t r ia l  cross sec t ions
a re adjus ted in a s ys t em at ic manner  in orde r to imp rove t he a g r e e m e n t  F
between predic t ion and data. This process is repeated i te ra t ive l y un t i l  the
dif f e r ence  between data and predict ions  is within the u n c e r t a i n t y  of the data .
This techni que cannot provide a uni que set of cros s sections , and , th e r e f o r e ,
con s iderable i n si g ht is requi red  in choosing the tr ial  cross  sec t ions . The
s election process can be simplif ied somewha t if the anal y sis is li mit ed to a
range of Townsend pa rame ter where  only one or two ine las t i c  p rocesses  a r e
important .

In the case of HCI , the da ta base is r ela t ivel y sparse .  Onl y a f ew of
the inelast ic  processes  of i n t e r e s t  in HC 1 have been s tudied , and , f u r t h e r m o r e,
the onl y m e a s u r e m e n t  of the bulk t r anspor t  ~ ropert ies  of HCI d i s c h a r g e s  is
the ear ly work of Bailey and Duncanson. 51 , 2 This latter study was performed
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in pure HC1 ove r the E / N  range of 3 - 12 x 10-16 V-cm2, and the observed
values of dr i f t  veloci ty and cha rac t er i s t i c  energy are listed in Table 1 1_ i .
In the present  anal ysis  these data will  be used in conjunc t ion  with the avail-
able cros s section informat ion  to deduce a s e l f-c o n s i s t e n t  set of cross
sections for HCI .

Ther e is on e caveat wh ic h should be ment ioned be fo re  p roceed ing
with this analysis . Al though Bailey and Duncans on ’ s 5’ wo rk is qua l i t a t ive l y
valuable , their measured  t r anspor t  propert ies may not be as accura te  as one
mig ht desire.  In par t icula r , the dr if t  velocities were  de termined throug h
use of a magnet ic  f ield , and t he d i f ference  between electric and magnet ic
drif t  velocity was not appreciate d at that time. Indeed , the actual  d r i f t
velocity can be determined f rom their  raw data onl y i f a number  of r e s t r i c t ive
assumptions are  made. In the one instance where modern  measu remen t s
can be compared with measurements  pe rfo rmed by Baileys ’ g roup ,the
agreement is poor, 13 sugges t ing  tha t the e r ro r  associa ted with Baileys ’
experimental technique is large.  Thus , a modern s tud y of e lec t ron  t rans  -
port  pr operti es in HC1 d isc har ges is necessa ry to develo p a cros s sect ion data
bas e having hig h confidence limits . For the p resen t  ana lysis , the re su l ts of
Bailey and Duncanson will be assumed to be correct ;  however , no e f fo r t will
be made to provide exact ’ agreement between the predicted and measured
transpor t  properties . -

The f i r s t  reported e f for t  directed towards develop ing a set of collision
cross sections for HC1 which was compatible with the available t r anspo r t
data 5’ was the work of Ni ghan and co-workers 54 at UTRC.  Th is anal y sis
was performed using the te chnique of F ros t  and Phelps ~° mentioned earlier ,
and included the collision processes  of momentum t r a n s f e r , ro tational
excitation , vibrational excitation , d i s socia tive att achmen t and elec t ron ic
state excitation. At the time of thi s anal y sis on ly the cross  sec t ion for
dissociative attachment had been measured.56 Guidelines used in es t imat ing
the remaining cross sections included the theoretical stud y of Itikawa and
Takayanagi 5b on r otat ional excitat ion and elas t ic scat te r ing  in HCI , and the
electron-HC I excitation spectrum repo r ted by Compton et al .

The cross sec tion base ded uced by Nig han et al is shown in Fi g. 11-1
which is taken f rom Ref.  54 . The dominant fea ture  of this  fi gure  is the high
cross section , ‘—‘ io~~~ cm 2 , for  v ibrat ional  excitat ion of HCI. It is inte rest-
ing to note that althoug h the onset energy  for  vibrat ional  exci ta t ion of HCI is
0. 36 eV , the predicted onset for this process f rom the U T R C  anal ysis is a t

~~0 4 6  eV .

The availability of recent measurements 58 62 on the v ibra t ional  ex-
citat ion cross  sections for HCI , taken since the time of the UTRC anal y sis ,
has provided motivation for a new dete r mination of the total cross  section
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TABLE l I-i

MEASURED TRANSPOR T PROPERTIES OF HCL DISCHARGES

E/ N ~c~~0 16 
v -c m2 , eV VD x lo 6, cm/ s e c

3 0.084 - 0.093 3.5

4 . 5  0. 145 4 . 4

6 0.162 - 0. 1 72 4 . 5

9 0. 294 - 0. 32 5 . 0

12 0. 54 - 0. 56 6 . 0

Lower values from Ref.  51. The hig her values a re  reported

in Ref. 52 as the results of Ref .  51. The cause of this d i sc repancy

is not clear.
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PRELIMI NARY HCI CROSS SECTIONS
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base for  HCI again by com par ison with  the t r a n s p o r t  data of Bai ley  and
IDuncanson. This redetermination has been performed by a technique
s imila r to tha t of F ros t and Phel ps , but  us ing a computer  code for  the
solution of the Boltzmann transport equation which was originall y developed
by Car le ton  and Meg ill 11 and subsequen t l y modif ied  by Lenande r 2 and by
Yos et al.63 The p r imary  d i f f e r e n c e  between t he two t echn iques  is in the
manner in which rotat ional  excitat ion is evaluated and this is d i scussed  in
A ppendix B .

Of the recent studies of e lec t ron  impact v ib ra t iona l  exci ta t io n of
HCI the most detailed is that of Rohr and Linder . 58 59 Their  p re l imina ry
resul ts 58 fo r exci ta t ion of the f i r s t  v ibra t ional  level of 1-IC !, p r e s e n t e d
onl y for a scatte r ing angle of 120°, exhibited a sharp peak near threshold
followed by a broad secondary peak cente red around 3 eV . Al tho ugh these
data had not y et been accurat ely integra ted  over  all scat ter ing ang les , the
c ross  sec tion energ y dependence did not seem to va ry  si gnificantly with
scattering ang le , and the 120 0 da ta was taken as charac ter i s t ic .  The ang le
integrated cross section of the threshold peak was estimated to be
1.3 x l0~~~ cm 2 ± 50%. In actuality , only the relat ive c r o s s  section was
measured  in this  experiment. Their relat ive c ros s  section at an electron
ener gy of 10 eV was normalized to an absolute measurement  of the tota l
scattering c r oss  section for  HC 1 taken by Brfiche .  64 Th e uncer ta inty in
Br~ic he~ measurement  is not specified.

M ore recently, the d i f f e r en t i a l  c ross  section has been integrated
ove r sca tt e r in g ang le , and i t has been found that the secondary  peak takes
on mo r e of th e appearance of a plateau. Furthermore , the magnitude 

2of the cros s sect ion at the th resho ld  peak was ra i sed  to 2 . 18 x l O 15 cm
The uncer ta in ty  in th is value is st ill not de f ined , being p r imar i l y due to the
uncer t a in ty  in Br~iche~ m easu re m ent . The resu l t ing  cros s sect ion is shown
in Fig. 11-2 .

Ziesel et al.6° have also s tudied  the e l ec t ron  impact  v ibra t ion  exci-
tation of HC1 near threshold.  Thei r  r e su l t s , wh ich  span the e lect ron energy
ran ge of 0. 36 - 0 .50  eV , ex hibi t  a s h a r p  r ise  nea r threshold  which  levels
off approximately 0. 06 eV above onset in agreement with the results of Rohr
and Linder. In the work of Z iese l  t al , the v ib ra t iona l  excita~ion cross
sec tion was measured  re la t ive  to tha t fo r  d i ssoc ia t ive  a t t achment  of HCI .
As point ’~d out by Ziesel  et a l . ,  the th ree  ava i l ab le  measurement s  of this
cros s ~ec t ion 55 ’ 65 , 66 di f f e r  by a f a c t o r  of five , with  that of C h r i s t o p h orou
et al. ~~ being the largest. Thus, the peak cross section near threshold as
deduced f rom Ziesel et al’ s. measurements  can vary be tween 2 . 5 x l 0~~~6 

-

1. 25 x 10-15 cm2 depending upon the choice of the d issocia t ive  a~tachment
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cros s sec tion. F u r t h e r m o r e , as d i s cus sed  in Re f .  60 , an add i t iona l  fa l u r
of two u n c e r t a i n t y  ar ises  throug h t he da t a a nal ys i s .  Thus , the ma gni tude
of the c ross  sect ion for  v ib ra t iona l  exc i t a t ion  of HCI ca nnot be readi l y
deduced f rom these data at the p re sen t  t ime.  The observed  c ross  sec t ion ,
a rb i t ra r ily no rmalized to a peak value of 2 . 18 x 10~~~ cm 2 , is s how n in
Fig.  11-2 and ca~ be see n to be in reasonable agreement with the results
of Rohr  and Linder . ~9 Al thoug h not publ ished , Schul tz 6’ has inde pendent l y
observed a secondary peak at e l ec t ron  energ ies near 3 eV .

The onl y othe r stud y of the v ibra t iona l exc i t a t i on  c ros s  sec t ion  is the
work  of Cen ter and Cheri , 62 whe re the e lec t ron  impact  exc i ta t ion  rate
cons tant for  HCI was determined in d i scha rges  of n~~~t .ure s  of HC 1- C O_ N 2 -
A r .  The c h a r a c t e r i s t i c  energ ies in thes e exper imen t s  var ied  f r o m  0 . 8 -

1.7 eV, and from the measured rate constants, Center and Chen
2
estimate d

that the HCI excitat ion cross sect ion was several  x io~~~ cm . T he data
take n in this expe r iment  exhibited a ce r t a in  amount  of ambiguity and was
re -a nal yzed as par t  of the p resen t  e f fo r t .  This r e - a n a l ys i s  e l im inated  t he
ambi guit ies , and th roug h de ta i l ed  dis char g e p r ed ic t ions , it was shown that
the measured  excitation rate cons tants  were  cons i s t en t  wi th  an HC 1 vibra  -

t iona l cross section having an energy dependence as measured  b~ R oh r  and
Linde r 59 wi th a value near  th resho ld  of approximate ly l 0~~~ cm~~. The
de tails of this analysis  are p resen ted  in A ppendix C.

From the data d i scussed  above , it ma y he conc luded  tha t the ene rgy
dependence of the e lec t ron  impact  v ibra t ional  exci ta t ion c ross  sec t ion  fo r
HC 1 is s ign i f i can t ly dif f e ren t  than tha t deduced in the U T R C  anal y sis , ~~
(althoug h this latter cross sect ion was cons i s ten t  wi th  the measu red  t r a n s  -
port prope rties of HC 1 d i s c h a r g e s) .  However , t he re  is still  a l a rge  degree
of uncer ta in ty  in the absolute  magni tude  of this exci ta t ion  c ross  sec t ion .
A new set of t r ia l  c ross  sect ions , incor pora t ing  these recent  data d i scussed
above was develo ped and used with the previous l y descr ibed  Bol tzmari n
t r a n s p o r t  equa t ion  computer code to provide predicted t r anspo r t  proper t ies
for  HCI . Th ese ca l cula t ions a r e  speci f ic to a t r a n s l a t iona l tem pera tu r e  of
300°K .

The v = 0 - 1 vibrational excitation cross  sec t ion  was t aken  to ha -,e
the ene rgy dependence as prescribed by Rohr and Linder 59 except for rhe
near threshold region where the results of Ziesel  et al . 0O w e r e  emplo)ed.
This was d one because the latte r measu remen t s  were  pe r fo rmed  wi ti ’  finer

Th e si t ua t ion is f u r t her com plica ted by the fac t  that the g rap h i c a l  and
tabular  data presented in Ref.  60 a re  incons i s t en t  by a fac to r  of t w o .
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7,
energy resolution than those of Rohr and Under. There is very little
information available on the v = 0 -.~ 2 vibrational excitation cross section.
Ziesel et al. report tha t onset of this process occurs near threshold,
and tha t the peak cross section is approximately one tenth that of v = 0 -~ 1
excitation. Rohr and Linder report that at an energy of 3 eV the rati o of
v = 0 -, 2 to v = 0 -~ 1 cros s sections is approximately one quarter .  The
cros s section used in the present calculations was chosen to satisf y these
criteria and to have an energy dependence similar to that observed for the
v = 0 .~~ 1 cross section. The momentum transfer  cross section used was
similar to that developed in the tJTRC analysis54 except that the resonance
contribution was shifted to lowe r energies in concert with the vibrational
excitation cross section. Indeed , sharp structure in the differential cross
section for elastic scattering of electrons from HCI has been observed to
occur near 0.36 eV , the threshold for  vibrational excitation. 67 The data
used for the remaining inelastic processes were the dissociative attachment
cros s section of Christophorou et al. ,~~~~ the electronic state excitation
cros s section determined in the UTRC analysis ,54 and the i onization cross
section measured by Compton and Van Voorhis.68 Rotational excitation
was handled by the single level approximation as described in A ppendix B .

The above set of cross sections was adjusted until ‘ reasonable”
agreement was obtained between measured and predicted transpo rt prope r-
ties. For the most part these adjustments were limited to variations in
the magnitude of the vibrational excitation cros s sections and to the shape
and magnitude of the momentum t ransfe r cross section in the resonance
region. The final “best set” of vibrational and momentum transfer  cros s
sections is shown in Fig. 11-3. Note tha t the peak value of the vibrational
excitation cross section is 1.3 x iø~~~ cm2 which is in the midrange of the
available estimates.54’ 58-62 Predicted transport properties for  HCI ,
developed from the cross sections shown in Fig. 11-3 , are compared with
the measurements of Bailey and Duncanson~~’ in Tables 11-2 and 11-3.

• Shown for compa rison are the predictions from Ref . 54. As can be seen
the present calculated results are reasonable, although the predicted values
of € }( and VD are somewhat hig her than the data at the highest value s of
E/ N  considered. Althoug h much better comparison could have been achieved
by further  adjustment of the cross sections , the accuracy of the t ransport
data does not warrant  the effort. Interestingly enoug h, the difference
between the present predictions and those of Ref. 54 are  not large althoug h
the cros s sections used are quite different.

Calculations have also been performed for  mix tures of 10% HCI/90%
Ar and 3.33% HCI/ 96. 67% Ar .  Standard values for the Ar cros s sections
were used , as listed in Ref. 4. The predicted characteristic energies and
drift  velocities for these mixtures are shown in Fig. 11-4 vs E/N HCI .
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TAB LE 11-2

COMPARISON OF PREDICTED AND MEASURED CHARACTERISTIC
ENERGIES IN HCL DISCHARGES

eV

16 2 Present
E /N x 10 + ,V -cm Data , Ref . 51 Prediction,Ref . 54 Analysis

3 0.084-0. 093 0 .09 0. 08

4. 5 0. 145 (0. 16) * 0. 12

6 0. 162-0. 175 (0. 21)  0 . 165

7 ----  0.24 0. 20

9 0.294-0. 32 (0 .36)  0 .33

10 - --  0.43 0.43

12 0.54 - 0. 56 (0 .74) 0 .73

15 - --  1.32 1.31

.4 Interpolated from Predictions Presented in Ref. 54
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TABLE 11-3

COMPAR ISON OF PREDIC TED AND MEASURED DRIFT
VELOCITIES IN HCL DISCHARGES

6V D x 10 , cm/sec

E/N x 10~~~
6j V_ cm2 Data , Ref, 51 Prediction, Ref. 54 Present Ana lysis

3 2 .5 2 .7  2 .5

4.5 4.4 (4 4)* 3.7

6 4.5 (4. 95) 4. 5

7 --- 5.4 5. 1

9 5.0 (6. 0) 5 .7

10 6. 1 5.8

12 .6 . 0  (6 .25)  6. 1

15 - __  6.4 6.4

.4 Interpolated from Predictions Presented in Ref. 54
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The results for pure HCI are also shown for purposes of comparis on.
As can be seen, the presence of Ar  affe cts the transport properties at the
higher values of E/N HC1 where both the drift velocity and characterist ic •

energy decrease with increasing Ar concentration. This phenomenon is
primarily due to momentum transfer  collisions with Ar and is less
pronounced at the lowe r values of E/N (and thus lower values of eK )
because of the deep Rams aue r minimum occuring in the Ar momentum
transfe r cross section at low electron energies.

The most interesting feature of the discharge predictions from the
viewpoint of laser performance, is the manner in which the discharge
energy is distributed among the various inelastic processes occuring
in the gas. The percentage energy allocation into rotational , vibrational
and electronic state excitations as a function of E/N HC1 is shown in
Fig. 11-5 for the cases of pure HC1 and 3. 33% HC 1/96. 67% Ar.  The
predictions for  the 10% HC 1/90% Ar case , not shown, are similar to those
for the 3.33% mixture. As can be seen for E/N HC1 ) 8 x io .~ 6 V-cm2,
appr oximately 80 - 90% of the discharge ene rgy is channeled into vibra-
tional excitation. Further more , the addition of Ar is beneficial in that it
extends the rang e of Townsend parameter over which a high level of vibra-
tiona l excitation may be achieved, wh ile simultaneously decreasing un-
desirable losses to ele ctronic state excitation.

The actual rate constants for electron impact excitation of the f irst
and second vibrational levels of HC1, dissociative attachment and electronic
state excitation are shown vs E/N  in Figs. 11-6 to 8 for the cases of pure
HC1, 10% HC 1/90% Ar and 3. 33% HCI/96.67% Ar , respectively. Note tha t
the vibrational excitation rate constant is of orde r 10-8 cc/sec , and that
at the higher values of E/N , the rate constant for direct excitation to v = 2
is as much as 15% of that for excitation to v = 1. Furthermore, it can be
seen that the rate constant for dis sociative attachment peaks in the same
region as that for vibrational excitation and has a value of ~~~~~~~ cc/ sec.
It should be remembered that the magnitude of the cros s section for this
process is still controversial, and that the largest measured value 55 has
been used in the present ana lysis. Lastly, it can be seen from comparison
of Figs . 11-6 and 11-7 that the presence of Ar severely degrades electronic
s tate excitation without significantly altering the rate constants for vibra-

F tional excitation and dissociative attachment. This is consistent with the
results presented in Fig. 11-5.

L
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C. LASER PERFORMANCE STUDIES

1. Gain Predictions

The results of the previous section have been coupled with a vibra-
tiona l kinetics code in order to provide gain predictions for  generic
exper imental conditions studied in the NRL program. The vibrationa l
kinetics package employed, dis cussed in Section I .C. 1 of thi s report ,
included all vibration-vibration and vibration~ translation reactions of
importance in HCI/Ar mixtures . The calculations were ~erformed unde r
the assumption of a uniform medium having an active ler.gth of 100 cm.
Rotational equilibration with translation was assumed to be instantaneous , 3
so that the ene rgy supplied to the gas by electron im pact rotational excitation
was equi -partitioned between the translational and rotational degrees of

• freedom.

A specific case considered corresponded to a mixture of 10%
HCI/90% Ar  at a pressure of ~ne atmosphere and initial temperature of
300°K . An E/ N  of 1. 2 x 10 _ i  

V-cm2 was selected , a value corresponding
to a predicted high efficiency for vibrational excitation (see Fig. 11-5).
The sustainer current was taken to be 6 amps /cm 2 , a value typical of
those realized expe r imentally. With a predicted drif t  velocity of
5. s x io 6 cm/sec this sustainer current  would correspond to an electron
density of -‘7 x l0 12 /cm3. The two vibrational excitation processes in-
cluded in the calculation were

e + HCI (v) -~~ e + HC1 (v + 1)

a”d • (11-I)
e + HCI (v) —* e + HC1 (v + 2)

• having rate constants of 1.3 x 10
_ 8 

and 1. 3 x l0~~ cm3 /sec , respectively.
The e -beam pulse was taken to have a duration of 3 isec.

The predicted small signal gain histories for this case are shown
in Fig. 11-9 for  the lowest vibrational levels of HCI . As can

1
be seen, the

predictions exhibit small signal gains greater than l O_ 2  cm . The de-
creasing gain shortly after pulse termination is a result of vibrational-
translational deactivation with a commensurate increase in translational
temperature. The total predicted inc rease in translational temperature
over 20 ~.isec was 80°K.

r
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Unfortunate ly, such high gains were not real ized experimentally.
Indeed , as discussed in detail in Ref. 69, althoug h a large range of mixture
ratios , pressures  and E/N ’ s were studied , lasing was never observed to
occur , suggesting that actual small signal gains were < i o~~ cm 1. This
observation led to a review of th.~ assumptions used in the m.3~1eling .
One feature that had not been considered was the possible importance of
atomic species , created in the dis charge , which could vibrationall y de-
activate HC1.

Atomic species are created directl y in the d i scharge  via dissociative
attachment, i. e.,

e + HCI -4 H + Cl~~ . (11-2)

Under optimum operating conditions for vibrational excitation, the discharge
is attachment dominated, and thus process ( I I_ 2 )  leads to the dissociation of
one HC1 molecule for  every secondary electron created. An additional
source of atomic species in the discharge is the reaction

Ar~ 4 HCI Ar H+ + Cl , (11-3)

which has recentl y been reported 7° to have a rate cons t~ nt ~ 1.3 x io~~°
cm3/sec. This reaction acts in competition to the A r + c lus ter ing reaction

+ +Ar + 2 Ar  ~ Ar 2 + Ar ( 11-4)

which has a rate constant7~ of -
~ i0 31 crn° -sec ’. The reaction between

Ar~ and HC1 has not been studied , however , the branc h to form Ar H +
wo uld be close to thermoneutral and is perhaps not favorable . For a 10%
HC 1/90% Ar  mixture at 1 atmos phere reaction (11-3) is favored over
(II_ 4),  and , thus , approximately one chlorine atom is create d for  every -
positive ion. In the instance when A r H + is the dominant ion , it most
probably reacts with CF to reform HC1, i. e.,

ArH + + C1 ~ HC1 + Ar , (11-5)

and no additional free atom would be formed. Unde r conditions where Ar~~
is the dominant ion , it could recombine with Cl to form f ree  Cl. Neithe r

r of these last two reactions have been studied.
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Thus , it would appear that in the attachment dominated discharge ,
at least two atom s will be formed for every ion pair. For the beam

— operating conditions of V = 300 kV and I ~ 6 amps/cm2, the ion pair
production rate is predicted to be 3 x 102 1/cm3 -sec ,and thus for a
3 ~.isec pulse ~ 1.8 x 10 16, atoms will be formed. This is to be compared
with an HCI concentration of 2 . 5 x 10 18/cm 3 for a 10% HCI mixture.
From these two concentrations it can be seen tha t, if the rate cons tant
for vibrationa l deactivation of HC1 by atoms is > 150 times tha t for self
deactivation, the atoms will provide the dominant vibrational loss
mechanism.

72The rate constants for  vibrationa l deactivation of HC1 (v = 1) by H
and Cl 73 have been reported to be 6. 5 and 8.5 x 10- 12 cm3/sec , respec-
tively, at room temperature. Thi s is to be compared to a rate constant of
2 .4 x io- ’~ cm3/ sec for  s elf deactivation of HC1, again at room temperature.
Thus , a concentration of 1.8 x l0~~ H and Cl atoms is sufficient to more
than triple the overall HCI vibrational deactivation rate in a 1 atm mixture
of 10% HC 1/90% Ar .  Gain predictions have been performed for  the identical
conditions of Fig. 11-9 but with three times the HC1 deactivation rate
cons tan t. The results of thi s calculation are shown in Fig. 11-10 , and it
can be seen that the increased deactivation severely degrades the small
signal gain to levels which would be onl y ma rginally observable in the
expe r iment.

Thus it would seem that the presence of discharge created H and Cl
atoms in the gas can inhibit laser action. There are several other possible
sources of atom production which have not been cons idered in the above
analysis . For example , in the case of the primary beam , HC1 can be
directly ionized,and the HC1+ can later recombine dissociatively.
Furthermore, direct dissociation or dis s ociative ionization can occur .
For the secondary electrons , electronic state excitation leading to dissocia-
tion can be impo r tant at higher values of E/N  as demonstrated in the
discharge calculations presented earlier. Lastly, any Ar metastable states
produced in the discharge could be collisionly quenched by HC1 in a dissocia-
tive process. Such processes can only be conjectured at present becaus e
of the limited experimental evidence available.

2 . Sustainer Current  Measurements

If a high concentration of atomic species limits laser performance,
one could envision either ope rating under conditions which minimize their
importance or , alternately, introducing atomi c scavengers into the gas
mixture. Unfortunately, there is anothe r aspect of the experimental
measurements which is not understood at present;  thi s has to do with the

T
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Multip lied b y 3.
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the observed sustainer currents . These currents are not only lowe r than
theoretically predicted but also behave anomolously with vary ing F/N ,
pressure and mixture ratio. As a specific example , in an attachment
dominated discharge the local electron density is specified by the relation-
ship

N =  k N  (11-6)
a A

where ~ is the ion pai r production rate , ka is the atta chment rate constant
and NA IS the number density of the attaching gas . For 10% HCI/90% Ar
at 1 atm with an ~ of 3 x 1021/cm 3 -sec, characteristic of the NRL c-beam
operating conditions , Eq. (11-6) reduces to

N = 1.2 x 103/k . ( 1 1-7 )e a

This electron density corresponds to a sustainer current  defined by

is = e N e VD

= l . 9 x  l0~~~6 VD /k , (11-8)

and, thus , the sustainer current  may be predicted from the t ransport
properties given in Fi gs. 11-4 and 11-6.

As discussed in detail in Ref . 69, the measured sustaine r current
was always lower than tha t predicted from Eq. (11-8). A typical comparison
is shown in Fig. L I - i l  which was excerpted from Ref. 69. Measurements
were extended to other pressures  and mixture ratios with equally diverse
results . For example , if the value of E/N  and the mixture ratio is held
fixed and the pressure  increased, the electron density and j 8 should remain
constant. This is because both ~ and NA scale linearly with pressure .
The experimental observation was that is decreased with increasing
pressure.

At f i r s t  it was felt that this discrepancy between theory and experi-
ment could have been a result of additional attachment processes occuring
in HCI. For example, apparent attachment effects have been observed
near thermal energy in HCI althoug h they are not prope rly understood
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(e.g., , see Ref. 55 and the discussion in Ref. 74j. To examine thi s
possibility, sustaine r current measurements were performed in pure Ar
and N2. A gain unexpected behavior was observed. 69 The pressure
dependence of the measured sustainer current  in N2 is shown in Fig. J1..12
for  several values of E/N . Under the experimental conditions the N2 dig -
charge is expected to be controlled by dissociative reconibination69’ 75
with the dominant ion being N~~. In this latter case it can be shown69 ’ ~~
that at constant E/N the sustainer current  should scale as the square root
of pressure.  Indeed such a pressure dependence has been observed in N2
between 0. 2 - 1 atm in another e -beam sustainer discharge experi nent, 75
althoug h unde r different beam conditions than used in the present study.
As can be seen from Fig. 11-12, a much more complicated pressure
dependence was observed in the NRL experiment.

Thus , the observed behavior of sustainer current  is not understood
at present. Particularly in the case of N2, it is difficult to conceive of a
reasonable kinetic electron los s mechanism which could produce the
observed pressure dependence. Most probably these complications are in
the ion source term , caused perhaps by beam spread and non-uniform
energy deposition. Additional diagnostics , not presently available on the
experimental facility, would be required to examine this pos sibility . The
possible effects of trace impurities in the test gases and medium in-
homogeneity must also be cons idered. 69

3. Energetics

Before closing the discussion on laser performance, there is an
additional , somewhat subtle point which deserves mention. In general , in
the case of c-beam sustained infrared lasers , the amount of energy
deposited into the gas by the electron beam is neg ligible in comparison to
the ene r gy deposited by the sustainer field. This is not the cas e in the
present experiment. A 300 kV electron penetrating an atmosphere of Ar
loses approximately 2 . 8 kV/crn . 76 For an electron beam current  of
6 amps/cm2 thi s corresponds to an energy depos ition rate of 17 k watts/ cm

S In contrast,from Fig. 11-6 it can be seen that in a 10% HC 1/90% Ar mixture H
at one atmosphere a sustainer current of — 7  amps /cm2 is attained with a
sustainer field of 2. 3 kV/crn , corresponding to a sus ta iner  energy input I -

S rate of l6kwat ts /cm3. For thi s case , beam and sustainer energy inputs
are approximately equal. Although the sustainer energy is primari ly con-
verted to vibrational excitation, the beam energy degrades predominantly
to trans lational/rotational heat content. Indeed for  a 3 ~is c-beam pulse an
energy input rate of 16 kW /cm3 is sufficient to rais e the gas temperature S
80°K . The gas heating caused by electron beam energy deposition was not

-‘ included in the gain predictions presented in Section 11. C. 1. The effect of

r
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the increas ed gas temperature would be to decrease the small si gnal gain
predictions below the level, shown in Fig. 11-10.

More importantly, inasmuch as only a small fraction of the beam
power is deposited in the gas , the low sustaine r powers would suggest tha t
at best the HCI EDL would be ve ry inefficient. For example the total
beam energy flux at 300 kV and 6 amps 1cm 2 is 1.8 M watts/cm 2. In
comparison a susta ine r field of 2 . 3 kV/cm applied ove r 10 cm with a
sustainer current  of 7 amps/cm 2 corresponds to a sustainer energy flux
of 0. 16 MW/cm 2 . Even if all  t he  sus tainer energy could be converted to
laser photons , the laser would be less than 10% efficient. The primary
way to improve the maximum efficiency is to increase the sus ta iner current.
If the discharge were truly uniform and attachment dominated, thi s could
be achieved by decreasing the attachment rate eithe r by decreasing the
partial pressure of HCI or by operating at EIN ’s where the attachment rate
constants are predicted to be low. Alternatively, one could increase the
sustainer current by increasing the total gas pressure while keeping the
HC1 partial pressure constant. Unfortunately, as discussed in Section U. C. 2
and in Ref. 69, the sustainer current  lid not behave in the expected manner
when such variations were examined experimentally.
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D. INF RARED RA DIATION STUDI ES

At the beginning of the HCI EDL program attempts were made to
deduce information about the discharge arid vibrat ional kinetics by monitor-
ing the temporal fluorescence histories of the vibrational/rotational bands
of HC1. This study, which was not successful , has been described in Ref . 77
and will only be discussed briefly here.

The f irs t  measurements were ma de in the 3-4~.i wavelength region
utilizing an indium antimonide detector so pos itioned as to observe radiation
emanating from the full 100 cm active length of the device. Initially, funda-
mental band fluores cence meas urements were per formed in discharges of
10% HC 1/90% Ar.  However , the gas was found to be severely optically thick
unde r such conditions , and .he measurements we re not us eful.

The problem of optical thickness in HC 1/A r mixtures was examined
in some detail . It can be shown 78 for an isolated Lorentz broadened
spectral line , that the fraction of total emitted radiation which will escape
through a radiating /absorbing gas of length L is given by

I/I - . F (x) /x , (11-9)optically thin

where

x = s [ H c l ]  LIlT ~ v L = k  I L/2 , ( 11- 10)

S is the integrated line strength in ama 1
-cm

2, [HCI] is the concentration
of HCI in amagats , A V L is the full Lorentz broadened line width at half
height in c m— 1  and kc is the absorption coefficient at line center. The
function F(x) is defined ~ y the relationship

F (x) = xe
_X 

[J0 (ix ) _  iS
1 
(x)] , ( l I — l i )

where the J’s are Bessel fun ctions . This expression s implifies somewhat
for large values of x, where it can be shown 78 that

1/2F(x ) (2 x/ tr ) , (11- 12)

r -
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and thus that

1
~ 

\ 1/2 / ~ 
\ 1/ 2

I/ I  . . I— ) 1 1 ( 11- 13)optically thin \r rxj  \ n-k
1 L /

79Typical values of the R and P branch v = 1 -$ 0 line strengths of
HCI are listed in Table 11-4 along wi th  Argon broadened line widths 8° and
the evaluated centerline absorption coefficient. From Eq. (11-10) and
Table 11-4, it can be seen that for a mixture of 10% HCI/90% Ar at 1 atm
and L = 100 cm the quantity x is quite large , and , thus , the approximate
expression (11-13) may be used. The fractionally transmitted radiation f or
these conditions is — 0 .04 for significantly populated rotational lines.

The full  expres s ion (11-9), has been evaluated as a function of the
quantity [HC1] L for a cente rline absorption coefficient of 89 cm* a
value corresponding to the strongest P branch transitions of HC1. The
results are shown in Fig. 11-13, and it can be seen tha t conditions corres-
ponding to [HCI} L-< i0 1 are required to minimize the effects of self
absorption. In actuality the predictions shown assume tha t the chlorine is
all isotope 35. Actually the isotope 35 to 37 ratio is 3 to 1, and , thus , in S
an optically thick environment radiation from HC137 will be enhanced ove r
that from HC1. 35

Since the experimental faci l i ty  could not be readil y modified to
provide fluorescence measurements ove r a shorter optical path , discharge S
experiments were performed in .01% - 1% HCI/A r mixtures.  The
fluorescence observed in these experiments exhibited a decay rate (upon
termination of the e -beam) orders of magnitude mor e rapid than would be
expected for  HC1 vibrational deactiva t ion. Additional measurements ,
perfo rmed with the emission screened with an HCI gas f i l ter , confirmed
that the observed radiation was a result  of Ar  rather than HC1 fluorescence.

Additiona l nea surements , in both pure Ar and A r/ H CI  mixtures ,
we re performed ove r the 3 - 4 ~i region using a series of narrow band pass
filters in orde r to determine the spectral variation of the radiation. It
was foun d that the radiation was strongly peaked at 3. 6 and 4. 0 .im, wave -
lengths corresponding to the pos ition of previously observed Ar lines.8’
As a last attempt to monitor HC1 fluores cence , a series of measurements
we re pe rformed at wavelengths of 1.5 - 2. 5$.~m in the region of the H CI
f i rs t  overtone. Again , the obs e rved fluorescence did not exhibit behavior
characte risti c of HC1. A large number of Ar  lines have been reported 82
to occur between 1. 5 - 2. 5 ~m, and these are most probably the source
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of the observed radiation. At this point thi s aspect  of the experimental
program was abandoned.

It is of some interest to speculate on the origin of the Argon fluores-
cence. The transitions observed occur between highly excited Ar states
which can be excited directly by the electron beam. However , the
fluorescence decay was found to occur over times as long as 5 - 10 ~isec
after termination of the c-beam. This is the same order time scale as for  -

electron-ion recombination for the experimental conditiczis. The dominant
positive ion in the pure Ar and very dilute HCIJAr mixtures is Ar ~ and
thus the observed fluorescence may have been a result  of the dissociative
recombination reaction

+ *Ar 2 + e .4 Ar  + Ar  (11-14)

which is known 82 to produce electronically excited Ar .  A more detailed
investigation would be required in order to confirm this lat ter  possibility.
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E. SUMMARY AND CONC LUSIONS

In summary, the HC1 EDL modeling described above has produced
several salient but contradictory fa ct s regarding possible system perfor-
n-iance. In pa rticular the HCI/Ar  discharge predictions suggest that some
80 - 90% of the discharge energy may be channeled int o vibrationa l excitation
of the HC1. Unfortunately, however , the sub sequent kinetic analysis has
demonstrated that atomic species produced in the discharge , primarily
by dissociative electron attachment , can severely degrade laser perfor-S 
manc e throug h vibration-translation de-activation of the HC1. Sinc e
dissociative attachment and vibrationa l excitation of HC 1 occur in approx-
irnately the same electron energy range , the production of atomic species
in the discharge cannot be completely eliminated; however , it can be

S minimized. A modern study of the transport properties and attachment
phenomena occuring in HC 1 electron swarms would be very useful in
determining optimum discharge conditions for laser performance . The
use of chemical additives as scavengers  for  atomic species should also

S be considered.

An additional feature peculia r to the atmospheric HC1 EDL is the
projected low efficiency of the device. As discussed in the main t ext , the
unexpected variation of sustainer current  as a function of p ressure  and
mixture ratio precluded any specification of the operational pa rameters
required for optimum conversion of electrical energy to vibration. It is
possible that the sustainer current  observations were device specific.
Simila r studies performed on a small , iow current device , which would
ai’ow both absorption free fluorescence measurement s and local current
density determinations , would be invaluable in specif y ing the t rue  potentia l
of an HC1 EDL. S

4
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APPENDIX A

S 

Electron Impact Rotational Excitation of H 2 /D 2

S Homonuclea r molecules having non-zero nuclear spin may have
both even and odd rotational levels corresponding to either symm etric
or antisymmetric alignment s of nuclear spin respectively, depending on
the ground electronic stat e conf iguration of the molecule. Since transitions

S between symmetric and anti-symmetric ali gnment s a re  strong ly forbidden ,
the total conc entration of odd and of even states remains constant indepen-
dent of temperature and is dependent only upon the alignment degeneracies,
i. e. statistical weights . The state , i. e., odd or even , which has the
higher statistical weight is termed the o rtho modification, while the state
with lower weight is termed the para modification.

In the case of H.,, which has nuclear spin 1/2 , the statistical
weight of odd states is i and that of even states is 1. Thus , at all tempera-
tures 75% of the molecules will be in odd rotational levels and 25% in
even. The situation is reversed in D2, which has nuclear spin 1. For this
latter situation, even states have statistical weight 6 and odd states 3.
Thus 66. 7% of the D2 molecules will be in even rotational levels and 33. 3%
in odd. The resulting predicted rotational populations of the lower levels
of H2 and D2 are  shown vs temperature in Figs . A - l  and A -2 . The

S 
rotational constant s used for these calculations were  taken f rom Herzberg .  S
As can be seen , at low temperatures, — 100° K , only the J = 0 and I state s
have significant populations , although some 18% of the D2 molecules are  in
the J = 2 state. However,hi gher rotational levels beg in to play a more
important role with increasing temperature. Indeed ,by 300°K 4 or 5
rotational levels have populations ) 10%. As can be seen from Fig. A-2 ,

- the temperature variation is pa rticularly pronounced in the case of D2; at
a temperature of 300°K S = 2 is the most populated state and the populations
of 3 = 3 and 4 are within a factor of two of those for 3 = 0 and I.

Based on these significant population variations it might be expected
that the amount of discharge energy absorbed by rotation and also the

- transport properties of H2 /D 2 discharges would vary with temperature,
since each rotational state has a different  onset energy and excitation cross
section. Crompton 2 et al , performed a careful study of the transport

L properties of normal and parahydrogen at 77°K and normal hydrogen at 
S

-119-

—



55-~~~~~~~~~~
—5-5  5—. 

-S--------- S  
--5- ~~~~~~~~~~ - 5 55 ~~5~~~~~~~~~, 5 -~~~~~~~5- 

___ ____ 

- _ _ _

tOO 
_

_S

1X 1) l0~ 
— 

—

— J z 2  
—

o 2
100 200 300 400

TI, K

~~ Fig. A- i  R elat ive Rotational Populations for H 2 as a Function of

r emperature .

- 120-

t5~~

It — ‘~~~~~~~~~‘— ‘ —-‘~~- ---- - --~~~“



S -

100 1 1 
-

J~O

U I

J :2

(X ~
] 10’ — 

—

— 
3:3 —

— 3:4 -

— 
3 :5  —

1o 2
I01’~ 200 300 400

T,°K

• Fig. A-2 Relative Rot ationa l Populations for D2 as a Function of
Temperat ure.

I - 121—

S ’s~~~ A S S s~~~ 55 ~55 55 55 5 5~5S5 5 .S . 5 5 S S S S S S S . . S 5 5 5 ~~ S S~~~ S~~ S 5S



- 5- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~ -- •- -——

300°K. At 77°K parahydrogen is almost completely in the J = 0 state,
whereas normal hydrogen is populated 75% in J = 1. At 300°K , norma l S

hydrogen has rotation populations of 13. 2 , 66. 2 , 11.6 and 8. 7% in J = 0
to 3 respectively. Thus , these three cases bracket a wide range of
rotational population distributions. No significant differences in the
transport properties of these three cases were noted at E/N ’ s corresponding
to characteristic energ ies well above the onset energy for rotational
excitation. In garticular, the observed differences were 4 1% for E/N)

5 x io ’’ V_c!n L . Crompton et al, 2 point out that this observation is a
result of the fact that , well above onset threshold, the rotational excitation 

S

cross sections scale inversely with the threshold energy. Thus the
energy loss per collision to rotational excitation will be independent of
initia l rotational state for sufficiently hi gh electron energies .

This point has been examined in more detail in the present ana lysis .
Chang and Temkin 3 have shown that well above threshold the rotational
excitation cross section a (3 -s 3’) scales a~ the square of the Clebsch-
Gordon coefficient, C (32 J’ :OOO), where 3 and 3’ a re  lower and upper
rotational state; respectively, of the transition. For transitions 3 -s J + 2,
the excitation cross section is proportional to4

a(J~~ J’) C
2 ( J Z J ’ :OOO) = _ _ _ _ _ _ _  

(J + 2 )  !( J  + 2) ! (A - i )  
S

Furthermore the energy loss associated with each transition is

~ + 2 
= (4J + 6)B . (A-2)  S

where B is the rotational constant of the molecule. Combining Eqs . ( A - i )
and ( A-2 ) it can be readily shown that for both H2 and D2 at electron
energies well above threshold

a ( J - ’  J + 2) ~.E 3 3 + 2 - 
(3 + 1) (J + 2) 

(A 3)
a(0 - 2) ~ E0 2 

— 2 (23 + 1) 
-
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S 
Expression (A_ 3) can be readily shown to have the values 1.0 , 1.0 , 1.2 ,
1.43 and 1.67 for J = 0 - 4 respectively.

The conclusion is that , at temperatures where only the J = 0 and 1
populations are significantly populated, the degree of rotational excitation
will be independent of the relative populations of the J = 0 and 1 states for
discharge parameters corresponding to characteristic energ ies well above

.5 threshold. This observation was borne out by detailed discharge predictions
as discussed in the main text. This behavior may not hold true when states
with 3)  2 are significantly populated, as in the case of D2 at T = 300°K. 

S

In this limit ~‘ owever , the effect of collisions of the second kind , 1. e.
3 ~ J - 2 , must also be considered.

At present, one must rely on theory for  the specification of the
rotational excitation cross sections for J ~ 2. For purposes of complete-
ness a set of quasi-analytical cr08 s sections have been developed for  use
in specif ying the rotational excitation of states 3 = 0 - 3 in H2 and J 0 - 4
in D2. These result s are  shown in Figs . A -3  and 4. The solid portions
of the cross sections shown are  as determined from the theoretical
predictions of Lane and Geltman 5 and Henry and Lane. 6 , ~ The dashed
portions represent empirical extrapolations of this theoretical work which
were developed in the present analysis. If it were desired to examine the
effect of rotational temperature on rotational excitation in more detail , S
such cross sections , modified slightly to improve the agreement between
theory and experiment, could be used in conjunction with the Boitzmann S

computer code. Such an effo rt was not warranted under the present
program.

Ir
L

S 
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S APPE NDIX B

S Rotational Excitation of HC1

S For most molecules a large number of rotational leve]s can be
populated at room temperature. Becaus e of this , when modeling rotational
excitation by electrons one must consider the effect of coll is ions of the
seco nd k ind, i.e. electron-molecule collisions in which the rotational

S 
state of the molecule is decreased rathe r than increased. This topic has
been discussed by Hake and Phelps 8 in some detail. For polar molecules

S the cross section for r otational excitation is g ive n by 9

( 3 + 1 )  R y ~ f~~1/z 
+ (~

= ( 2 3 + 1 )  
r 

l n(  11/2 1 /2 1 ) 

( B - i )

\L~ 
- ( € - e ~

) 
j  /

where  3 is the rotationaj. level of the molecule , € is the electron energy ,
Ry is the Rydberg, a r = ~~~ ~

2 a0
2 /3 , ~j  is the electr ic di pole moment  in

units of ea0, a0 is the Bohr radius and is the energy lost by the electron
in the collision, 2 (3 + 1) B , whe re B0 is the rotat ional  constant  for  the
molecule. The cross section for rotational de -excitation may be dete r-
mined from Eq. ( B - i )  by the use of detailed balancing and is g iven by

( 3 +1)  Ry e + ) i / 2~~ € 1/2]\

1, ~~~~ = ( 2 3 + 3 )  ~ In 

~~ [(e + ) l/2  € 1/2] ) 
( B -2 )

where is now energy gained by the electron in the collision.

To properly account for rotational excitation the cross sections
(B - i )  and (B~ 2) sho uld be included for each rotational leve l 3 which is
populated at the rota tional temperature of interest .  In practice this is quite
unwieldy and effective single level approximations have been developed. 8, 10

The resulting effective cros s section is g iven by8

t

*
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1 2 
1/2

= ~1_~~1c 1 + ( e - Z B )  
B 3a01 a 2 L €~- / ~ - (€ - ZB ’ ) 1~’~ 

-

where
S 

B i - iS a 2 = —
~~~~~ a 

~ 
1 - exp(-ZB /kT) I (B-4)

S B L J

• - 1/2
and B is an effective rotational constant equal to (B0kT) . Shka rofsk y
et al 10 have shown that the average  energy  lost in a r otational collision S .

S 
including the effects of rotational de-excitation is

- (t ~E) 2 
B 5

k T e  ‘

t I
where AE is ZJB . With the definition of B given above relationship ( B-5)
reduces to

Ac = 2 B0 (B-6)

Relationships (B-3) - (B-6) were used in the present ana lys i s  in the
manner prescribed by Shkarofsky et al. 10 which is slightly different than
that developed by Hake and Phelps . 8 Both analyses assume that 2B’ -~~~~ kT
and that the character is t ic  energy of the discharge is much hi gher  than the
threshold for rotationa l excitation. In the case of HC 1, which has an
electric dipole moment of 1.08 x lO 18 esu-cm and a rotational constant of
1. 3 x i O 3  eV , the quantity ZB ’ evaluated at 300°K has a value of 1.2 x 10 2
eV , and , thus , the above app roximations a re  only marg inally valid.

Finally, the compute r code used in the analysis  as developed by
Yos and co-workers l1 had assumed that the logarithmic facto r in Eq. (B-3)
could be treated as a constant. The present program was modified to
include the correct  functional form of the c ross  section. It was noted
however , that the discharge predictions per formed at the lowest values
of E/N considered, did not accurately satisf y energy conservation, i. e.
the balance between energy t ransfer red  to electrons f rom the electric
field and energy t ransferred f rom the electrons to the gas molecule s.

-
! It is suspected that this inaccuracy results from numerical difficulties

in integrating the rotational excitation cross  section over the electron velocity

~
p.

4-
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distribution at low value s of € K. Inasmuch as the predictions at low
values of E /N were not of interest for laser app lications this matter
was not pursued fu rther.

S
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APPENDIX C

A Note on Vibrational Excitation of HCL
By Electron Impact4

One of the present authors recent ly co-authored a paper describing
an experimental determination of the rate constant for  electron impact
vibrational excitation (EIVE) of HC1. 12 In this experiment an electron
beam sustained discharge was used to excite gas mixtures of HC 1-CO-N 2-
Ar and the EIVE rate constant of HC 1 relative to that for  CO was dete r-
mined via inf rared  fluorescenc e measurements.  This note descr ibes  a
re-analysis of this experimental data which tends to reduce the uncertainty
in the previously published rate con stants.

It was shown earlier ’2 that , with the E-beam sustainer on , the
time evoluation of vibrationall y excited HC 1 could be approximately
represented by the relationship

[HCl *~ = [HC 1*l s E l  - exp (-t / T) 1 ( C - l )

where [HC 1*1 s. s. is a quantity proportiona l to the EIVE rate constant for
HC1 and ¶ is the time constant for collisional quenching of HC1. * It was
fu rther shown that upon termination of the sustainer pulse , at time t =

S 

the decay of HC1* could be described by the relationship

EHC1 *) IHCl *1~~ - (IHCl *]
t T ~~~ (HCl 1~~) exp t (T

D
_t ) /1i  (C-2)

* Authored by G. E. Caledonia of PSI and R. E. C enter , Mathematical
Sciences Northwest , Inc. , Bellevue , Wash. 98009 and published in
3. Chem. Phys. 64 , 4237 (1976).

9.
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where (HC 1*1 ~ is a residual level of HC1 excitation resulting from the
vibration-vibration exchange reaction with N 2. and , is linearly proport ional
to the EIVE rate constant for N2.

Relative measurements of the fluorescence h is tor ies  of both HC 1
and CO were performed in this experiment for a range of mixture  ratios
and discharge parameter E/N .  It was shown that the EIV E rate constant
for HC1 could be determined relative to that for CO throug h us~ of the

S parameter ¶ (see Eq. 13 of Ref. 12) which could be deduced directly f rom
the HC1 fluorescence measurements. Unfortunately, it was found that the

- 
observed rise time of the HC1 emission was always shor ter  than the decay
time, in some in stances by as much as a factor of two. Althoug h the
measured decay time was more in accord with kinetic estirr ates for  ~~,

both measurements were used to provide upper and lower bound s for  the
rate constant.

It has since been realized that the apparent dif ference in the rise
and decay times of HC1 fluorescence arose from an e r ro r  in the data 

-

analysis . In the evaluation of the risetime it was assumed that IHCl
~ I~ = ¶

S was equal to [HC 1*15 ~~~ 
This was not the case. Indeed for  the range 

D

of pa rameters considered [HC 1*] ,~ varied from 50 to 90 percent  of

* D
[HC 1 I 

~~. ~~.
• The effects of this e r ro r  were  that the reduced f luorescence

data appeared to be quasi-exponential and that the deduced risetime was
always less than the actual va lue of 1. On a proper evaluation of the data
employing a detailed kinetic analy sis , it was found that T r ise was indeed
equa l to T decay~ 

Thus the fluorescence data may be consistently explained
by the lower value of the rate constants shown in Fi g. 3 of Ref.  12.

Furthermore, it has been found that the EIVE rate constant may
also be determined from the data without r e fe rence  to the CO fluorescence.

S It may be shown that the ratio of the EIVE rate constant for  HC 1 relative
to that for  N2 can be determined from the measured ratio of IHC 1* J -

S t — 1 •
*to LHC 1 L (see Eqs. 11 and 14 of Ref.  12). The rate constants deduc ed

in thi s manner were typically 20% hig her than those deduced f rom
comparison with the CO fluorescence measurements.  This additional

S 
comparison provides a good consistency check on the experiment.

The quantity measured in this experiment is the EIVE rate constant
for HC 1 vs. the characteristic energy of the discha rge. This measured rate
constant is thus a function of the specific non-Maxwellian electric energy
distribution peculiar to the experimental rang e of E/N  and mixture ratio.
Indeed the rate constants shown a re  not necessari ly representative of those

— 132—
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for other gas mixtures under discharge conditions corresponding to the
same characteristic energy. Such information can only be dete rmined
from the energy dependent EIVE cross section for HCI which cannot be

S deduced fro m the present data.

There have been two recent measurements13’ 14 of the EIVE cross
section for HC1. In the first of these13 the energy dependence of the cross
section was measured in the energy range of 0 - 10 eV. This was a relativemeas ureme nt and was normalized at an electron energy of 10 eV to anabsolut e mea surement of the total scattering cross section for  HC1 takenby Bruche. 15 The peak cross section observed was 1.3 x 10-15 cm2 ± 50%where the error bars represent the experimental uncertainty but do not
include the uncertainty in Bruche ’s cross  section.

-
S The EIVE cross section for  HC1 was also studied by Ziesel et a114

S in the onset region. These measurements, taken between 0. 36 - 0. 5 eV ,
were consistent with the observations of Rohr and Linder; however, once
again the measurements were  relative, in this instance normalized to the
dissociative attachment cross section for HC1. The peak cross section was
estimated to be in the range of 2 x 10. 16 - 2 x 1O 15 cm 2 depending uponS 

the choice of the dissociative attachment cross section. 14

Thus there  is still a significant uncertainty in the magnitude of the
EIVE cross  section for  HC1. Discharge predictions have been performed
for the experimental conditions of Ref. 12 , using the relative HC1 cross
section determined by Rohr and Linder 13 in order to ascertain what
magnitude cross  section would be consistent with the experim ental rate
constants. It was found that a peak cross  section of 0 .8 x 10-15 cm 2
provided good agreement with the measured rate constants. This value
is within the e r ro r  bars of the other measurements ’3 ’ 14 and thus it
would appea r that the peak cross section for EIVE of HC1 is approximatel y
l x  lO ’~ cm 2.

S There is one last point to be made concerning the results presented
in Ref. 12. In that work it was found that approximately 20% of the observed
HC1 fluorescance arose from transitions higher than v = 1 -s 0 and it was
suggested that this emission resulted f rom direct  electron excitation into
the second or higher vibrational levels. 12 Since that time detailed
anharmonjc oscillator kinetic calculations , including all relevant inter-
mode and intra-mode vibration-vibration reactions for HC1 and N2, 16
have be en pe rfor med for  typical experimental discharge and mixture

S condit ions . These calculations demonstrate that approximately 10% of
the vibrationally excited HC1 could reside in states higher than v = 1 even
if there were no direct electron excitation of these states. This result Sis solely due to vibration-vibration exchange collisions occur r ing  over ther 60M sec duration of the discharge. Thus no information concerning EIVE to
vibrationa l levels greater than v 1 can be deduced from the data . S
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these conditions laser demonstration o.~~ D2 /HC I EDL is predicted to be
feasible.

In the second experiment, HCI/ iner t  gas mixtures are directly S
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cross sections for HCI.by a  critical review of existing data . 1The results
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ment of high gain. Definitive modeling of the atom generation is not possibl
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technical questions concerning an HC1 d ischarge  laser.
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