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A Theoretical  Study of the  Atmospheric  Pulsed H2 + F2 
Chemical  Laser  Including  Rotational 

Nonequilibrium  Effects 
ZEEV B. ALFASSI AND MICHAEL  BAER 

Abstract-An  atmospheric pulsed F2/H2/He chemical laser is  studied 
numerically by a  model  which  incorporates  rotational  nonequilibrium 
effects. The  results are  compared  with  experimental  results of Chen 
et ai. The  fit between the  experimental  and  theoretical  results was 
found to be  reasonably  good. The  results were  also  compared  with 
those  obtained  from  a  model  with an equilibrated  rotational  distribu- 
tion. It is found4hat inclusion of a  rotational  nonequilibrated  distribu- 
tion which  decreases the  output energy by 25 percent  has  a  certain 
effect on  the  output energy  distribution  among  the  various  vibrational 
states  but is of  little  importance  for  the lasing duration. 

R 
I .  INTRODUCTION 

ECENTLY  we presented a model [ 1 ] by  which the  time 
evolution  of a pulsed chemical laser can be followed and 

the laser output intensity  and pulse duration can be  obtained. 
The main difference between this model and  others discussed 
in  the literature [2] is in the handling of the  rotational dis- 
tribution.  In  most  studies  of chemical lasers, the  rotational 
states were  assumed to be distributed  according to the Boltz- 
mann  function  throughout  the lasing period.  In a few other 
studies,  this  assumption was abandoned  and  rotational  non- 
equilibrium  effects were incorporated  by associating a rate 
constant  with  each  vib-rotational  transition [ 3 ] .  The  model- 
ing performed in the second way  is more reliable but  the 
computations involved  easily become very time  consuming, 
especially for a multilevel system like the H2/F2 system  or 
for high pressure systems. 

Our  model, previously applied to  the C12/HI system [ l ]  can 
be  considered as an  intermediate case. In its numerical  aspects, 
it is  closer to  the first  type  of  model because not every vib- 
rotational  state is treated  separately, but  from a physical 
point  of view it  is closer to the second type because it incor- 
porates  rotational  nonequilibrium  effects. This feature is 
obtained  by representing the overall rotational  distribution 
for each vibrational state as a linear combination  of  three 
given functions  with  time  dependent coefficients. The vari- 
ation  with  time  of  these  coefficients  during  the lasing period 
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is  obtained  from  rate  equations which are  smoothly  incor- 
porated in the ordinary  frame of  the kinetic  master  equations. 
In  the present  work, we apply this model,  with  some  minor 
changes, to  the pulsed Hz /F2 chemical laser. 

One of the  most detailed and careful studies  of a high 
pressure H2/F2 laser  is the  one by Chen et al. [4].  It is 
characterized  by two  most  important  features: 

1) A detailed description  of all the  input needed  for per- 
forming a meaningful  simulation. 

2) A wealth  of  experimental results which subjects the 
modeling to a severe test of reliability. 

Their cavity was of 0.5 m active volume length  and  0.09 1 
volume,  applying a 600 J flash lamp  with full width  at half 
maximum (FWHM) of about 1 p s ,  and  output coupling factor 
of 0.90 2 0.05. The main study was done on  the  mixture 
Hz /F2 /He = 4/4/92  and  total pressure 1.1 atm. Their results 
include also the  temporal behavior of the  photolysis flash 
lamp  and  the temporal  history  of the overall H2/F2 reaction, 
two necessary and  most valuable pieces of  information  for 
performing a relevant modeling study. 

11. THE MODEL 
A detailed  description  of the  model  with emphasis on  the 

differences compared  with  more  common models  was  given 
previously [ 1 1. In  what follows we describe only  the handling 
of the  rotational  distribution  for a given vibrational state. 
Therefore the  index u which designates the particular vibra- 
tional  state will be  omitted. 

The  rotational  distribution N ( J ,  t)  at a given time t is  given 
by 

N ( J ,  t, = NG  ( t ) fG  ( J )  NM (t)  fM ( J )  + NE ( t ) f B  ( J )  (l) 

where fG ( J ) ,   f M ( J ) ,  and f s ( J )  are  three given normalized 
distributions  independent of time' 

cfi(J) = 1; i = G, M ,  B (2) 
J 

and NG(t) ,  NM(t) ,  and NB(t )  are  three  time-dependent  co- 
efficients fulfilling the requirement 

N(t)  = N G  (t) f N M ( t )  + N B ( t )  ( 3 )  

' f E ( J ) ,  as  will be discussed later, is implicitly  time  dependent 
through  its  dependence on the  temperature which  varies with  time. 
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TABLE I 
LIST OF PARAMETERS USED IN THE CALCULATIONS FOR THE 
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aRotational  constant. 
bHalf  width of  the  initial  rotational  distribution. 
‘?he transition probability from  the  initial (Gauss) rotational distri- 

dThe  transition  probability  from  the  intermediate  rotational distri- 
bution to the Boltzmann  distribution. 

bution  to the Boltzmann  distribution. 

where N(t)  is the  total  number of  molecules in the vibrational 
state  under  consideration.  In other words 

N(t)  = C N ( J ,  t). (4) 
J 

The  function f G ( J )  describes the  rotational  distribution  due 
to  the chemical  reaction  only.  Polanyi  and Woodall [5] sug- 
gested that  the initial distribution  can  be  represented in terms 
of the Gauss (normal)  distribution 

f~ (J) = CG ( 2 J t  1) eXp ( -B2 [J (J  t 1) 

- JG (TIG t I)] ‘/2&} (5 ) -  

where B is the  rotational  constant, JG is the J value which 
corresponds to  the  most  populated  rotational level, UG is  half 
the  width  of  the  distribution  and CG is a  normalization  factor. 
Since in the  present study  the  two reactions 

F t H 2  +HF(V)+H 

H + Fz _f HF(u‘) t F (6) 

lead to inverted  populations,  the values of UG and JG were 
estimated so as to account  for  the  two initial distributions 
which do  not always  overlap.  The values of B,  uG, and JG 
are listed in Table I. 

The  function f B  (J) is the final distribution  (at t + -) and 
is taken to be  the  Boltzmann  distribution  defined in terms 
of  the  rotational  temperature TR 

~ B ( J )  = CB (2J t 1) exp [-BJ(J t l ) /kTR]  (7) 

where k is the Boltzmann  constant  and CB is a  normalization 
factor.  In  what  follows, we  assume TR to  be  identical to the 
translational temperature T which is assumed to vary with 
time. 

To  account  for  relaxation processes due to collision or 

lasing processes, a  third f M ( J )  distribution is added.  It is 
assumed that  any molecule that relaxes from  a  certain level 
U’ to  the level u belongs to this distribution  (and  then  it will 
relax eventually  due to R-T processes to  the Boltzmann dis- 
tribution in the  same level u).  In  other  words,  the fM dis- 
tribution is the sink for all the molecules that  enter u except 
those  which are formed in chemical  reactions. 

The  shape of  this  distribution  function was chosen to be  a 
Boltzmann type  function  just  because  the  latter is described 
by only  one  parameter  (excluding the normalization  factor). 
Thus 

f M ( J )  = c&7(2J t 1) eXp [ - 2 J ( J +   1 ) / ( 2 J ~  t ( 8 )  

where JM is the J value for  which f M ( J )  is maximum. In 
contrast to the  previously  defined  parameters, the JM’s are 
not  known  and  had  to be  determined  by  “trial  and  error” to 
yield the best  fit  with  the  experimental results (see Table I) 
as will  be described  later. 

The a priori conditions  imposed  on  the JM (u)’s are 

1) JB (u)  < JM < JG for l G  ( u )  > JB (u)  
or 

JG < JM < JB (u> for JB > JG (9) 
2)  JM(u) > JM(u’) for u < u‘. (1 0) 

Here, JB is the  most  populated  rotational  state  at  a given 
temperature assuming a  Boltzmann  distribution  and  these 
were employed at time t = 0. 

In  modeling the C12 t HI system [ 11 , due to  the large dif- 
ference  between JB and J G ,  no direct coupling  between the 
G and B distributions was assumed and only  the M distribu- 
tion was explicitly coupled  with  the B distribution.  The JG 
in the  Fz t Hz  system are much smaller  and  consequently 
a direct relaxation  process G + B can be  assumed. As a  result, 
there is no need  for the rate constant kGM and the  three dis- 
tributions G, M ,  and B are coupled  with  each other  through 
the  two  rate  constants kBG and kBM (for each level). 

The  way the set of rate constants kBM(U) is determined 
was described in detail previously [ 11. Here we only  mention 
the main points. 

Defining kjl as the  rate  constant  for  a  transition  from J 
to J ’ ,  we assume,  according to Ding and  Polanyi [6], that 
the k!! (J > J ’ )  take  the form 

kJJ* = Zgc(2J’ t 1) exp [ - ~ ( E J  - EJ~)] (1 1) 

where Zg is the gas kinetic collision frequency, EJ is the 
rotational  energy in the J th  level 

EJ = BJ(J  t 1) (1 2)  

and C and /3 are two  adjustable  parameters  independent  of 
u. In  the previous  publication,  we  described  how,  once  this 
information is given, kBM or PBM defined as 

pBM = kBM/zg (13) 

are derived. It was found  that  for  each vibrational state  the 
relation between PBM and JM is 

PBM = Cae-aJM (14) 
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where a and cv are constants  that  depend on /3 and  other 
parameters related to the vibrational state.  The value of 
/3 was taken to be 0.008 cm-'  (Keren et aE. [3]) and C was 
determined,  together  with  the JM(u)'s, by trial and error to 
give the  best  fit to  the  experimental results for  the  standard 
mixture.  Once  these values  were determined,  they were 
used  throughout this study.  A sensitivity study  of  these 
parameters is  given later. 

The values of kBG or P B ~  (=kBG/Zg) were  derived in a 
similar way using the same  values of C and /3. The values of 
PBM and PBG are given in Table I. 

111. RATE CONSTANTS 
A. Formation o f  Atoms by Flash Photolysis 

Chen et  al. [4] measured  the total  number  of fluorine atoms 
produced  by the photolysis  and found  the ratio F/Fz  to be 
( 8  f 1) X which  corresponds to dissociation of  (0.40 k 
0.05) percent  of the fluorine molecules.  The dissociation rate 
of Fz is  given by 

-- dNF2 = K f ( t ) N F 2  
dt 

where f ( t )  is the profile of  the flash light pulse as taken  from 
Chen et  al. [4] (assuming the  peak value to be l), and K is 
calculated to give the desired  fraction D of  dissociated F2 
molecules 

This procedure leads to the value K = 2400 s - l .  

B. Pumping Reactions F + Hz + HF(u) + H, H + 
F2 + HF(u) + F 

The rate constants  for  the  pumping  reactions in the Hz t 
Fz system were studied  by several groups [7]. The values 
used  by us for  the reaction  F t Hz to give the various HF(u) 
were those  recommended  by  Cohen  and  Bott [SI, while the 
rate constants  for  the H t Fz reaction  were  taken  from the 
same source, but were  increased  by 10 percent.  The  reason 
for  increasing  the  rate  constants was to overcome the dis- 
crepancy  between the  experimental results of Chen et  al. [4] 
and  our  simulation results for  the  fraction  of F2 molecules 
consumed.  For  example,  after 5 ps  they  found  that 32 percent 
of the original fluorine molecules were consumed,  whereas 
our  calculation yields only 18 percent. An increase  of 10 
percent in the above rate constants  and  an  increase in the 
dissociated  fraction  of Fz molecules  due to the flash to 0.48 
percent  (instead  of  0.40  percent) leads to good  agreement 
between the  experimental results and  the results of the simu- 
lation as can  be  seen in Fig. 1. (This  change yields for K the 
value 2880 s - l . )  These  changes are almost  within the  quoted 
experimental  errors  of  the  rate  constants.' 

'Chen et al. [4] presented  results of two  experiments. Since  fitting 
to one  set requires  only  minor changes in  these  constants  whereas 
fitting to  the  other requires  much larger changes,  we  considered only 
the first  set. 

Tlme (psec) 

Fig. 1. The  fraction of fluorine  consumed as a function of time. The 
curve  is a calculated one  and  the circles represent  experimental  re- 
sults of Chen ef al. [4]. 

C. Deactivation by Chemical Reaction 
HF  at high vibrational states ( u  > 4) can  be  deactivated  by 

a  chemical  reaction  with  hydrogen  atoms  (the reverse reaction 
of  the  pumping) 

HF(u) + H + Hz ( u ' )  t F. 

The rate constants used are those  recommended by Cohen 
and  Bott  [8]. 

D. V-R, TRelaxation Reactions 
Most of  the  deactivation rate constants of HF(1) are known 

to a  reasonable  accuracy, whereas those  for HF(u)  where 
u > 1 are hardly  known.  Various  approaches to this problem 
have appeared in the  literature.  The  most  common  approach 
is  based on  the  harmonic oscillator (HO) model  which yields 
the relation 

k ,  = ukl (1 7) 

where k,  is the  deactivation rate constant of HF(u).  This 
model leads to a rather large discrepancy  between  the cal- 
culated arid experimental results as was shown  by  Chester 
[9]  and  by  Cohen  and  Bott [ lo].  In order to obtain  better 
agreement  with  the  experimental results, higher  deactivation 
rate constants  of  the  upper levels are  required [9],  [lo] and 
therefore  in  some  modeling,  a u' dependence  instead  of  the u 
dependence was used.  Chester [9] showed that u2 dependence 
leads to a lesser discrepancy  with  the  experimental results but 
that higher  powers would  probably  improve  the  agreement 
further.  The reason for using un ; n > 1 dependence is to 
account  for  the  anharmonicity  of  the vibrational levels.  Since 
the SSH theory [ 111  also takes the anharmonicity into  ac- 
count, we decided to use it for all V-T as  well  as V-V deactiva- 
tion processes. 

According to the SSH theory,  the  ratio  between k ,  and k l  
( k l  is  always taken  from  the  experiment) is  given by  the 
equation 
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TABLE I1 
THE VALUES OF k , / b  FOR THE VARIOUS DEACTIVATORS 

V iiF F ti He I1 
F2 2 _--___-__ 

1 1 1 1 1 1 1 

2 5 . 4  6.1 3.0 5 . 3  2 .6  3 .5  

3 22 29 6 . 9  22 5 . 1  9.7 

4 a 3  120 14 81 3.1 24 

5 281) 470 27 270 1 5  5 3  

6 2 80 1aoo 50   a80   24   120  

u, = 3 ( k T )  (AE)'I3 - AE12kT. 
2n4p 

p is the  reduced mass of  the  two colliding molecules, 01 is a 
range parameter of the  interaction  potential assumed to be 
5 A-' (Hertzfeld  and Litovitz [ 111 ), AE is the  energy trans- 
ferred  from  a vibrational to a translational mode,  and h and 
k are Planck's  and  Boltzmann's  constants.  The values of 
k,lkl (u  = 2 * * * 6) for  the  various  deactivators are  given in 
Table 11. Equations (1 8) and  (19)  were used only for cal- 
culating the rate constants  at 300 K. The  temperature  depen- 
dence  of all k'u's are  assumed to be the  same as that  of k l  . 
In  the cases where the  temperature  dependence  of k l  is not 
known, we  assume the  probability  per collision to be inde- 
pendent  of  temperature  and  the  rate  constant is  varied  as the 
number of collisions,. i.e., as T'" (in our  system  of units). 
Thus  the  temperature  dependence is  given by  the  equation 

kT = k300 (T/300)"2.  (20) 

Deactivation by H atoms: The  rate  constant  at 300 K was 
taken  from  the review by  Cohen  and Bott  [8],  i.e., k = 1 X 
lo-'' cm3 * molecule-' * s-' and  the  temperature  dependence 
was determined  from  (20) so that 

kT = 5.77 X 1 0 - l ~  T'/' cm3 . molecule-' . s-'. (21) 

Deactivation by F atoms: This rate constant  at 300 K was 
found  by Quigley and Wolga [ 121 to be  2.82 X lo-' cm3 * 

molecule-' . s-' . The  temperature  dependence was taken 
from Shin's calculation [13], which can  be shown to give 

kT = 5.99 X 1 0 - l ~  1 0 ~ 1 ~ ~ ~  cm3 * molecule-' s-' f (22) 

Deactivation by He: Hinchen 1141 measured  this rate con- 
stant  at  295 K and  found  an  upper limit of  1.82 X IO-'' * 

cm3 * molecule-' - s-' . Bott  and Cohen  [15]  measured  this 
rate  constant  at  much  higher  temperatures  and  extrapolation 
to  300 K yields 1.02 X We assumed k = 5 X 
cm3 * molecule-' * s-' at  300 K, and  the  temperature  depen- 
dence  of  (20)  which gives 

kT = ~ ' 1 '  2.89 X 1 0 - l ~  cm3 . molecule-' s-'. (23) 

Deactivation by Fz: The  rate  constant  at  300 K was taken 
from  Fried et al. [16]  to be  3.1  1 X lo-'' cm3  molecule-' * 

s-' and  the  temperature  dependence as  given by  (20) so that 

kT = T'/' 1.80 X cm3  molecule-' s-' . (24) 

Deactivation by Hz:  The  rate  constant  and  its  temperature 
dependence were taken  from  Cohen  and  Bott [8] to  be 

kT = 2.65 X ~ o - ' O  T'"' cm3  molecule-l s-' * (25) 

Deactivation by HF: The rate constant  for  deactivation  of 
HF(1)  by HF was measured by several groups. Osgood et al. 
[ 171 obtained  1.6 X lo-'' , Stephens  and  Cool [ 181 obtained 
1.8 X lo-'' , Hinchen [ 191 found  it to  be  1.8 X lo-", while 
Bott  [20]  found  1.9 X lo-'' and Airey and  Fried  [21]  mea- 
sured  2.9 X lo-' ' cm3 * molecule-' * s-' . We used the value 
of  1.66 X lo-" cm3 - molecule-' * s-' recommended by  Bott 
and  Cohen [8] together  with  Hinchen's  temperature  depen- 
dence, i.e., 

kT = 1.036 T 1018-26/T*13 cm3  molecule-' s-'. 

(26) 

C. V-V Dansfer Reaction 
The rate constant  of  the  reaction 

2HF(1) k ( l '  HF(0) t HF(2)  (27) 

was studied at various laboratories. However the analysis 
of  the experimental results depends on  the V-R, T rates, i.e., 

HF( 1) +- HF(0) 2HF(O) 

HF(2) t HF(0)  HF(1) t HF(0). (28) 

According to Cohen  and Bott  [22], if kz  is  given by  the 
equation kz  = 2nkl ,  then  the recommended values for  k(1, 1) 
are 

3.2 lo-' ' cm3  molecule-' * s-' , for n = 1 (HO) 

1.6 lo-'' cm3 * molecule-' - s-' , for n > 2. { k(1,  1) = 

(29) 
The rate constants  for all the  other  exothermic V-Vreactions 
were  calculated using the SSH theory, namely for u 2 u' 

HF(~)  t HF(~ ' )  H F ( ~  - 1) t HF(~ '  t 1). (3 0) 
The rate constants  obey  the  equation 

where 

and 
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The  endothermic rate constants  were  calculated using micro- 
scopic reversibility. All the V-V rate  constants  were  assumed 
to vary  as (T - ' )  [8]. I5 40' 

IV. COMPARISON BETWEEN THEORY AND 

EXPERIMENT - 
N 

The  standard  system  according  to  Chen et al. [4] is the - 

1) Molar ratio H2/F2/He = 4/4/92, 
2)  Total  pressure P = 835  torr, 
3) Output coupling LC = 90 percent, 
4) Reflectivity R = 0.9, 
5) Optical  length I = 50 cm, 
6 )  Active  volume V = 0.09 1. 

system  with the following features: - 
x 
2 - 
L 

+ 
3 n 

0 
+ 
3 

05x10'- 

In  what  follows we refer to this  system as the  Standard  Ex- 
perimental  System (SES). 

the following specifications. 

1 I I 1 :  

The  Standard  Theoretical  System (STS)  is the system  with 

1) All V-V and V-T rate constants are based on experi- 
Fig. 2. The  temporal behavior of the lasing output  flux  for  the STS 

(-----)and the STBS (-),together with [4] results (-e-). 

0 I 2 3 4 5 6 
Time (p s e d  

mental values for  the lowest  transitions  and  then  calculated 
using the SSH theory.  The  temperature dependence  of all 5 x 1 0 ~  

the higher rate  constants is taken to  be  the same  as those  of 
the lowest  measured  ones. 

2)  Einstein's coefficients for  spontaneous  emission  were 
taken  from  Heberlin  and  Emanuel  [23]. As for  the  linewidth, N5 
it was  assumed to be the sum of  the Doppler  linewidth [24] 2 3x105 

and  the pressure  broadening  linewidth Au, [25]  where both 
are assumed to vary with  temperature.  The  proportionality r. 

coefficient of Au, and T was chosen in such  a way that  for 2"'05 

T = 300 K and  for  the  molar  ratio F2/H2/He = 4/4/92, Av, 5 
is equal to 0.02 cm-' [4]. I 105 

3) The value  of 0 is 0.0085 cm-' and  the value of C =  
0.008. 

4)  The values of JM(u),  u = 0, 1, 2,  3, were determined,  to- 
gether  with  the value of C, in such  a  way that  the lasing 

to those in the SES. for  the various vibrational  transitions. 

4 ~ 1 0 ~  
- 

0 I 2 3 4 5 6 

output  from each vibrational state will be as close as  possible Fig. 3. The  temporal behavior of the lasing output  flux for the STS 
Time (psec)  

The SES results are detailed enough so that  the values of 
the JM's of  the  four  lowest vibrational levels  can be  fixed 
approximately.  The JM's of  the  other vibrational levels  have 
hardly  any effect on  the final result.  The  STS set of JM's is 
listed in Table I. A sensitivity study of these  parameters is 
given later. 

retical Boltzmann  System (STBS). This  modeling is  very 
similar to  the  common  type  [2] where the  rotational  states 
are assumed to  be in equilibrium  throughout  the lasing period. 0 

But  here again the V-V and V-T rate constants are obtained 
from  the SSH theory  and  therefore differ from  those  used in 0 02 
previous studies. Since in the STS the equilibrium of  the 
rotational  states is avoided, we shall be  able to  study  non- 
equilibrium  effects on  the laser operation. 0. I 

A. Comparison Between SES, STS, and STBS 

05 

04 

In  addition to  the STS we introduce  the  Standard  Theo- x P 

- 0 3  
c 
a, 

a + 

L 
0 

c 

$? 
L L  

The  temporal  behavior  of  the  total laser output  for  the 0 

STS and STBS  is compared in Fig. 2. Except  for the sharp 
1 2 3 4 5 6  

Vlbrotlonal enerqy level 

'pikes that appear in the STBS  curve^ the two shapes are Fig. 4. Comparison  of  experimental  and  calculated, by STS and STBS, 
similar. The  distribution  of  the  emitted  intensity  among distributions of laser energy  as  a function of vibrational levels. 
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Numbers  stand  for  the  final  rotational  state (P branch).  Underlines  indicate the  strength of the  transition observed on the  band. 

the various vibrational transitions  for  the  STS as a  function 
of  time is  given in Fig. 3. 

The SES, STS,  and STBS relative vibrational lasing output 
is shown in Fig. 4. The fit between  STS  and SES is quite 
good  except  for  the 3 -+ 2 transition  which is somewhat 
overestimated in  the STS.  On the  other  hand,  the STBS 
distribution differs from  both SES and  STS  indicating that 
equilibrium in the  rotational  distribution in SES during the 
lasing period was not reached. 

The  three  systems are compared in Table 111. In  addition 
to the vibrational lasing distribution,  we also included the 
total energy  and the pulse duration. Again it can be seen 
that  the STS results fit the SES results very  well whereas 
,the STBS results differ from  both; in particular the  total 
output energy is 25 percent  too high. (The pulse duration 
was taken as the full width  at 10 percent  of  the  maximum 
laser output  intensity, see  Fig. 2.), 

The  main  rotational  transitions are also listed in Table 111. 
It  can be seen that  the overall fit between the  experimental 
and  the  theoretical  systems is quite  good.  However,  one 
discrepancy  should  be noted. Chen et al. found P4(2) to  be 
the strongest  transition.  Efforts  were  made  to  obtain  this 
transition.  In  the  STS  it exists but  it ranks  seventh in this 
particular band. Chen et al. also found  quite  a  strong  emission 
of PI5(2) ,  which  does not appear in the STS.  In this context 
it should be mentioned  that  STS, like STBS, hardly  shows 
temporal  overlap  of  adjacent J lines in a given band.  This 
point was already discussed in [ 11. 

The  temporal relative vibrational populations as obtained 
from  the  STS are presented in Fig. 5. Two  main features 
are observed. 

1) The effect of the lasing on  the  vibrational  population. 
In  some  of the curves only  one  point  of  discontinuity is 
observed as, for  instance, in the case of u = 0 and in some 
curves two  points  are  found, as for u = 1 , 2 and 3.  The  sudden 
increase  of u = 0 is due  to  the  threshold reached at u = 1, the 
sudden  increase of u = 1 is due to  the threshold  reached  at 
u = 2 ,  and  its  sudden  decrease 0.1 ps later is due to  the  thresh- 

> I  

2 .  4 6 
Time ( p s e c )  

Fig. 5 .  The evolution  with  time  of  the  relative  vibrational  population 
for  the STS. 

old  reached in its  own level. The  sudden  drop  of u = 2 at 
t = 0.3 ps is due to  the threshold  reached  there  and  the  change 
in  the rate of  decrease at 0.5 ps is due  to  the  threshold reached 
at v = 3 .  

2)  The effect of  the reaction  H t Fz + HF t F is  seen very 
clearly in  the curves of u = 4, 5.  Their relative populations 
increase at  a  moderate  rate  mainly  due to  the smaller rate 
constants  of this reaction. 

B. Comparison of STS and SES for Other Molar Ratios 

The  total  outputs  and pulse  durations  for  the  STS  and  SES 
for  different  molar ratios are  presented in Figs. 6  and 7. The 
results for  a fixed  concentration  of  Hz are shown in Figs. 
6(a)  and 7(a), while  those for  a fixed  concentration  of Fz are 
seen in Figs. 6(b)  and 7(b). The  fit  between  theory  and 
experiment as shown in Fig. 6(b) is  very good3  and the dis- 

30ne experimental  result  which  refers to the molar  ratio H2/F2/He = 
4/8/88 was omitted because it falls entirely  outside  the range of all 
other  experimental results (see [4, Fig. 41). 
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Fig. 6 .  (a) The  dependence of the  output energy on  the mole  fraction 
of F2. Each curve stands  for  a  different  mole  fraction  of H2. (-) 
H2 = 0.08; (-----) Hz = 0.04; (-.-) H2 = 0.02. (b)  The  dependence 
of  the  output energy on  the mole  fraction of Hz. Each  curve is for 
a  different  mole  fraction  of F2. (-) F2 = 0.08, (-----) F2 = 0.04, 
(-.-) F2 = 0.02. The curves are the calculated STS results  and the 
squares, circles and triangles  are the  experimental  results ([Fz ] / 
[ H z ] )  of  Chen et al. [4]. 

crepancy is at  most 20 percent. It is  important to  mention 
that  none of the parameters  of the model were  changed 
while moving from  one  molar  ratio to another. 

From Fig. 6 the  output energy is seen to be  strongly  de- 
pendent on  [F2  ], whereas a much weaker  dependence is en- 
countered  for [H2 ]. In both cases saturation  can  be  reached, 
but while saturation as a function  of [Hz] is already  attained 
for [Hz ] = [F,],  the saturation as a function  of [F2] is 
obtained  only  when [F, ] >> [H2]. One  should  expect a 
stronger  dependence  of  the  output energy on [F2] than on 
[H,], since both the  number  of F atoms  formed  by  the 
flash and  the rate  determining  step (2) of  the chain processes 

1) F+Hz-HF+H 
2) H + F 2 - H F + F  

are proportional to  the concentration  of F2. 
The pulse lengths T as a function  of  both  [H2]  and [F2] 

are  shown in Fig. 7. Chen et al. [4] reported  only  two  ex- 
perimental results for T which are also  given in Fig. 7(b). 
The discrepancy is at  most 10 percent. Here  again  we notice 
the strong  dependence on [F2] and a much weaker one on 
[Hz]. The  plateau region is reached faster as a function  of 
[H2 1, but  not as fast as in case of the energy. 

Before ending  this discussion, we would like to refer to 
another finding of Chen et al. One  of  their  most emphasized 
experimental results is the high energy of 80 J/1 . atm  they 
obtained  for  the  mixture lO/lO/SO. Our result for  the same 
concentrations is 88 J/1 . atm which  is about 10 percent 
higher than  the  experimental value. 

8/12 

I I 1 

004 008 012 016 

Pel 
Fig. 7. (a)  The pulse duration as a  function  of  the  mole  fraction  of 

F2. Each curve stands  for a  different Hz mole fraction. (-) 
Hz = 0.08; (-----) Hz = 0.04; (-*-) Hz = 0.02. (b)  The pulse dura- 
tion as a  function  of  the  mole  fraction  of Hz. Each curve stands  for 
a  different F2 mole  fraction. (-) F2 = 0.08, (-----) F2 = 0.04, 
(-.-) F2 = 0.02. The curves  are those  calculated by  the STS model 
and  the  points are  experimental  results, [F2 J /[Hz 1, of Chen et al. 
[41. 

V. PARAMETRIC STUDY OF THE THEORETICAL 
MODELS 

This section is divided into  two parts.  First we  discuss the 
sensitivity of the numerical results to  the variation of the 
parameters which are related to  the STS, namely the value 
of C and  the values of JM(u) .  In the second  part the  effects 
of different choices of  the V-V and V-T rate  constants are 
examined. 

A.  Rotational  Nonequilibuium Effects 

I )  Sensitivity Study of C: The value of C has a direct  in- 
fluence on how far the temporal  rotational  distribution is 
from being in equilibrium. In general, larger C values lead 
to faster R-T processes and a rotational  distribution  which 
is  closer to equilibrium. The  total energies, pulse lengths, 
and vibrational outputs as a function  of C, as  well  as the 
SES and  the STBS results are given in Table IV. The values 
of C differ from  each other  by a half or a full  order  of mag- 
nitude  and  it is  seen that as C increases the STS results ap- 
proach  those  of  the STBS such that for C = 0.4 the differences 
are negligibly  small. A decrease in the value  of C is usually 
accompanied  by a decrease in energy and a shortening  of the 
pulse duration.  The C values  also affect  the vibrational energy 
distribution  although no clear trend is noticed,  except  for 
the fact that  the 6 + 5 transition is consistently  enhanced. 

2)  Sensitivity Study of JM(u): The results for eight differ- 
ent sets of JM (all calculations were performed  for C = 0.008) 
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TABLE IV 
NONEQIJILIBRIUM EFFECTS-SENSITIVITY STUDY WITH RESPECT TO THE PREEXPONENTIAL FORM 

Vibrational  Distribution ( X )  

System 

0.01 0.02 0.06 0.17 0.44 0 - 3 0  5.2 4 . 8  - STBS 

6 + 5 5 * 4 4 * 3 3 * 2 2 -* 1 1 -* 0 Energy (J) 7 bsec.)  d 

~~ 

0.4 0.01 O.QG j 0 .02  0.16 0.45 0 . 3 1  5.2  4.8 

0.08 C.01 0.05 1 0.02 0.14 0.46 5. i 0.32 4.8 

SES 1 - 1 4.0i0.5 13.6tO.4 I 0.36 I 0.52 I 0.061 0.04 I 0.01 I 0.011 

TABLE V 
NONEQUILIBRIUM EFFECTS-SENSITIVITY STUDY WITH RESPECT TO THE SET OF&% 

~~ 

Vibrational  Distribution (x) 
c 

Sat 6 .* 5 5 -+ 4 4 -+ 3 3 * 2 2 * 1 l,+ 0 Energy(J) T (usec) JM 

A 0.01 0.01 0.03 0.10 0.49 0.36 4.1 4.6 6,5,5,3,3,3,3~3,1 

8 

0.02 0.02 0.03 0 . 1 1  0.39 0.44 3.5 4.8 6,5,4,3,2,2,2,2,1 D 

0.01 0.01 0.02 0.09 0.39 0.49 5.0 5.4 5 , 5 , 5 , 3 , 3 , 3 , 3 , 3 , 1  c 
Q.01 , 0.01 0.09 1 0 . 0 3  0.50 0.37 4.0  4.6 6 , 5 , 5 . 5 , 3 , 3 , 3 , 3 , 1  

P 0.91 0;Ol 0 . 0 3  0.10 0.59 0.26 4.2 4.9 6 , 4 , 4 , j , 3 , 3 , 3 , 3 , 1  
I 

F 

0.01 0.01 0.05 0.19 0.44 0.29 5,s 4.8 3 , 3 , 3 , 3 , 3 , 3 , 3 , 3 , 1  

0 . 0 1  0.01 0.05 0.11 0 . 4 5  0;40 5.7 4.9 4 , 4 , 4 , ? , 3 , 3 , 3 , 3 , i  p- 3,6,5,6,6,6,6,6,1 - 0.03 0.18 o.qa 0.39 10.0 5.c  

S E S  0.005 0 . 0 1  0.04 0.065  0.52 0.36 3.6aO.4 4i0.5 
I 

are shown in Table V. The sets, except set H ,  were chosen 
according to the rules formulated in Section 11. We decided 
that set A yields results which  best fit the  experimental results 
although  the results of set B are as good as those  of set A .  It 
can  be  seen that  the final results are sometimes  rather sensitive 
to the  choice  of JM(u). This is in particularly the case for 
JM(u);  u = 0, 1 ,  2 which, to a certain extent governs the lasing 
intensity  of  the  two  main  bands, i.e., 2 + 1 ,  1 + 0. The sets 
A and C differ in  their JM(u = 0) value, for A ,  J M ( u =  0) = 6 
and for C, JM(U = 0) = 5 .  This  change is followed  by an en- 
hancement  of the 1 + 0 transition  which also yields a larger 
total  output energy.  The  change in the JM value shifts the 
rotational  population in u = 0 towards  lower J values. Con- 
sequently,  the  lower  rotational  states  become  more  populated 
and  the  higher  ones less populated.  Since  the  main lasing 
takes place from  high  rotational  states (7 < J <  13) ,  this 
change increases the inversion  between  the high rotational 
states  of u = 1 and u = 0, thus  yielding  a larger output energy 
in this band. As all other bands are unaffected,  this  change 
is enough to increase  the total  output energy as well. 

A different picture is obtained  from set D. Here A and D 
differ in  their J M ( u  = 2) values, i.e., for A ,  J M ( u  = 2) = 5 and 

€or D, J M ( u  = 2) = 4. Again, shifting J M ( u  = 2) from 5 to 4 
enhances  the  population  of  the  lower  rotational  states  and 
diminishes that of the upper  ones. As before,  the  main lasing 
takes place from  high  rotational  states,  however  this  time the 
population  of  the  upper  rotational lasing states was diminished 
and  consequently  the  inversion  between u = 2 and u = 1 was 
decreased resulting in a  smaller output energy.  Since  the 
2 + 1 band is the strongest  band, an appreciable loss in this 
band results in  an  overall  smaller energy. 

A  somewhat  different  situation is encountered in case of 
set E. Shifting the  population  of u = 1 to iower  rotational 
states decreases the  inversion in the high J region between 
u = 1 and u = 0 but increases the  inversion  for  the 2 + 1 
transition.  The  outcome is a  reduction in the relative con- 
tribution of the 1 + 0 band  and  an  enhancement  of the 2 + 1 
band but  the  total  output energy is left  unchanged. 

In set F ,  again like in set C, the JM(U = 0) is equal to JM(u = 
1) and  consequently  the 1 + 0 band is enhanced  whereas all 
other transitions are hardly  affected so that an increase in 
the  total  output energy is obtained. 

In set G the partial contribution  of  the 3 + 2 band is en- 
hanced  by shifting the  populations  of all the lower vibrational 
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TABLE VI 
THE EFFECT OF VARIOUS  CHOICES OF V-T AND V-V AUTORELAXATION RATE CONSTANTS ON FINAL RESULTS-A  COMPARISON 

BETWEEN STS. STBS.  SES 

I !  Vibrational Distribution (%) 

System Type of V-V Type of V-T I T (psec) 1 -+ 0 I 2 -t 11 3 -+ 2 1 4  + 3 15 + 4 16 -+ 5 Energy (J) 

SSH 

cons tan t 
0.01 0.01 0.03 0.12 0.53 0.30 3.8 4.7 SSH Exothermic 

0.01 0.01 0.03 0.10 0.49 0.36 4 .1  4.6 SSH 

I I I I 1 I I 

SSIi HO 6 .o 

HO 6 .O I- Exthormic 
constant 

SES 4i-0.5 

ss9 S SH 4.8 

Exothermic SSH 4.9 

6.7  

6.4 0 0 8 .  0.20 0.16 0.22 0.23 0.11 

3.620.4 0.36 0.52 0.07 0.04 0.01 0.01 

5 . 2  0.30 0.44 0.17 0.06 0.02 0.01 I 

STBS constant 

Endothermic 
constant 

0.01 0.03 0009 0.25 0.54 0 3 9  3.9 5.0 SSH 

SSH OQ6 0.14 0.17 0-25 029 On8 9 . 4  6.0 HO ---------- 
Exthormic 9.7 6 . 1  HO 

On7 I I 
028 0.16 0.18 0.25 

I constant I i I I I I I O.O7 i 
states to lower rotational  states, This change hardly  affects 
the  other bands  and  therefore  the total energy is increased. 

The  set H ,  as mentioned before has a different overall 
structure (see Table V).  It is noticed  that  the lower the 
vibrational state,  the  more  populated are the lower rotational 
states. This kind  of  structure is not expected  in a system 
where the main  lasing  is a P type lasing,  namely (u ,  J )  -+ 

(u - 1, J + l ) ,  and  where  the collisional deactivation processes 
of the  type ( u ,  J )  + ( u  - 1 ,  J ' )  with J' > J are expected to 
be preferred over J ' <  J due to the smaller energy gap in- 
volved in  the transition.  From the discussion in the previous 
paragraphs it is quite clear that such a structure ensures a 
large output energy due to improved inversion conditions. 
However, this  structure also results in a larger pulse duration. 

B. Vibrational  Deactivation Processes 
In  this  section we consider only  the  self-deactivation  pro- 

cesses 

HF(u)+ HF 2 HF(u- 1 )+HF 
k 

(34) 

HF(U) + HF(V') + HF(U - 1) + HF(U' + I) .  ( 3  5) 
k ( u  u ' )  

In  our  study we  assumed the validity of the SSH theory  for 
all the rate  constants, V-T as  well  as V-V. According to this 
theory  the  ratio  between k2 and k l  is  close to  5 which means 
that n in  the  equation 

ku = unkl 

is greater than 2.2. Therefore whenever the SSH theory is 
used for V-T rates the value of 1.6 X lo-'' cm3 . mole-' . 
s-l is  assumed for k( 1 ,  1) and  when the HO relation is  assumed 

the value  of 3.2 X lo-' ' cm3 . mole-' . s-' is taken.  Cohen 
and  Bott [8] recommended that all the  exothermic k(u, u ' )  
be taken  equal to k(1, 1). We checked  this suggestion as well 
as the possibility of making all the  endothermic k(u, u ' )  con- 
stant which are  then assumed to be equal to k(2,O). 

The results for  the various possibilities of V-T and V-V 
rates are  compared  in  Table VI. The  comparison is made  for 
the STS and  the STBS models where results of  five arrange- 
ments are presented  for  each  model. Based on this  comparison, 
the following statements can be made. 

1) The results of the STS  and  the STBS do  not differ much, 
regardless  of which  set  of V-V and V-T rate  constants are 
taken (in general the lasing period is the same but  the STBS 
output energies are 25-50 percent larger). 

2) As far as V-T rate  constants  are  concerned,  the HO 
model always yields larger output energies, longer pulse 
durations  and relatively evenly distributed vibrational energies. 
In all  cases when the SSH model is applied the  output energy 
is smaller, the pulse duration is shorter,  and  the vibrational 
energy distribution is strongly  peaked at  the 2 -+ 1 band. 

3 )  Concerning the V-V rates,  the SSH and  constant  exo- 
thermic  rate  constants lead to reasonably close results. The 
results obtained  with  constant  endothermic rate constants 
differ somewhat  from  those in  the previous cases except  for 
the lasing period. In general the  output energy is smaller and 
the 2 -+ 1 band is enhanced. 

VI. SUMMARY 
In this work, a previously suggested model which incor- 

porates  rotational  nonequilibrium  effects was applied to  the 
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atmospheric Fz/H2/He system.  The results were compared 
with  experimental results of  Chen et aE. [4]. The  main  con- 
clusions are as follows. 

1) Most of the  experimental findings, namely output  inten- 
sities and lasing durations  and their dependence on the  molar 
ratios, were reproduced  reasonably well.  Even vib-rotational 
distributions  which  caused  some difficulties in previous  theo- 
retical studies were found  to  fit  the  experimental  data very 
nicely. 

2) It is found  that  the  inclusion  of  rotational  nonequilib- 
rium  effects  improves  the fit between  the  theoretical  and 
experimental results. Whereas the  model  with the equilibrated 
rotational  distribution yields output energies  which are some- 
what too high and an inadequate vibrational distribution, 
the present  model  where  rotational distributions are not 
necessarily in equilibrium yields results which essentially 
overlap  with the  experimental  ones. 

3) It is known that the  autorelaxation V-T and V-V rate 
constants  play  a  dominating role in this  system. We found 
that  the measured rates for  the  lowest vibrational states  and 
the  extrapolated rates obtained  by  the SSH theory  for  higher 
vibrational  states  form  a set of rate constants  which is most 
adequate  for  this  system. 

4) Although  nonequilibrium  effects were included in the 
modeling,  the  computer  time  needed for performing  the cal- 
culations is reasonably  short.  In  each  run we included 140- 
160  equations  and  the  central processing  unit (CPU) time 
on an IBM 370/165  computer was in most cases about  5  min. 
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