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~~are likely to be most reliable. The laser schlieren technique yielded new
dissociation rate constants between 2100 and 3000°K, These data were found
to be consistent with the “reliable” “emission” and “absorption” data, as well
as with the earlier flash photolysis data.

In order to interpret the experimental results and to study the dynamics of
the reaction, the dissociation of Er2 in Ar was studied by 3—D classical
trajectory calculations at 1500, 2500, 3500, and 6000°K, In agreement with
earlier trajectory studies, it was found that Br2 molecules react only if
their total energy is within a few kT of dissociation limit and that metastablt
molecules, with total energy above the dissociation limit, are particularly
reactive, The average energy,• ~AE> , and the average angular momentum, <a> ,
transferred in dissociative and non—dissociative collisions were calculated
as a function of total energy of Br 2 molecule.,~~ enerally, l<~E>l (non—dissoc ,
and ~<AZ~ (non-dissoc~ ) were found to be considerably sma ller than the same
quantities for dissociative collisions. For energetic metastable molecules,
dissociation could be accomplished by a decrease of internal energy and
angular momentum of the molecule through collision , Thus, collisionally
induced rotational dc—excitation provides an additional mechanism for
dissociation of dia tomic molecules . The non-equilibrium effects in
dissociation have been evaluated at 3500 and 6000°K by the method of multiple
collisions. The calculated steady state dissociation rate constants between
1500 to 6000°K are in good agreement with the available experimental data.

Finally, the validity of the rate quotient law , i.e,.kforward/k reverse Kegs
was demonstrated by trajectory calculation technique.
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RECOMBINAT ION OF BROMINE ATOMS BETWEEN 300 AND
~()®°K , THE ORY AND EXPERIMENT*

H. K. BOYD
Departmen t of Chemistry, Universlty of Guetph , Gnetp h, Ontario , Canada

GEORGE BURNS, D. T. CHANG, R. G. MACDONALD AND W. H. WON(~
Departmen t of Chemistry, University of Toronto , Toronto M52 1A 1, Ontario , Canada

• The dissociation of Br, in Ar was studied in the same shock tube using three different time de-
pendent observables which were needed to measure the rate of the reaction: (1) Br2 molecular
absorption , (2) Br atom two-body emission and (3) density gradient change, detected by laser
schlieren technique. It was found that the fi rst observable wa,s most useful in determination
of dissociation rate constants between about 1500 and 1800’K and the second observable
between about 1200 and 1700°K. Use of these two observables yielded rate constant s which
were in agreement with those earlier experimental data, which are likely to be most reliable.
The laser schlieren technique yielded new dissociation rate constants between 2100 and 3000°K.
These data were found to be consistent with the “reliable” “emission” and “absorption ” data ,
as well as with the earlier flash photolysis data.

In order to interpret the experimental results and to study the dynamics of the reaction , the
dissociation of Br, in Ar was studied by 3-D classical trajectory calculations at 1500, 2500,
3500, and 6000°X. In agreement with earlier trajectory studies, it was found that Br, molecules
react only if their total energy is within a few kT of dissociation limit and that metas t able
molecules, with total energy above the dissociation limit- , are particularly reactive. The average
energy, (AE) ,  and the average angular momentum, (M), transferred in dissociative and lion-
dissociative collisions were calculated as a function of total energy of Br, molecule. Generally,
I (a E) J (non-d issoc.) and (ai)i (non-dissoc.) were found to be considerabl y smaller than the
same quantities for dissociative collisions. For energetic metastable molecules, dissociation
could be accomplished by a decrease of internal energy and angular momentum of the molecule
through collision . Thus, collisionally induced rotational de-excitation provides an additional
mechanism for dissociation of diatomic molecules. The non-eqtuhil)riuni effects in dissociation
have been evaluated at 3500 and 6000°K by the method of multiple coll isions. The calculated
steady state dissociation rate constants between 1500 and 6000°K are in good agreement with
the available experitnental data.

Finally, the validity of the rate quotien t law, i.e. kfo rw ~rd/ kreven,e K r,, was demonstrated
by trajec tory calculation technique.

1. Introduction and that they have pronounced negative tern-
Various earlier investigators have demonstrated perature coefficients. Furtherm ore, for chlorine ,

that the absolute magnitude of atomic recom- bromine and iodine , Ice, deduced from shock
bination rate constants, k,, are unusually high , wave dissociation studies , were often found to be

R esearch sponsored , in part , by the Air Force Office of Scientific Research , Air Force Systems
Command , USAF, under grant No. AFOSR—71—2016. The United States Government is entitled to
reproduce and distribute reprints for Government purposes, notwith standing any copyright notation
hereon .
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Fin. 1. Experimental shock wave profiles , generated on a computer using rate constants available in the
literatu re. lo is the photomulti ptier signal before Br2 is introduced in the shock tube. The initial temperature
was 1264~K.

higher than k,, measured by (oth er techniques , +Ar 2 13r+Ar reaction are l)art icu larl y lIr e—
slO b :1-s flash photolysis which is u seful in re— tiounced in the neig h bourhood ~~ 1200°K.
(‘oIIll ) ination rate measurements. These latter In ,,itl er t o  better under stand the nature of the
findings mip lv that the rate quotient law , discrepancies , .~~~ have generated ot i the computer
/v ( f o rw ar d  /~(rever se~ K(eq), is violated for the shock wave profile s at 1’264°K , using the
the sjieeial  case of recombination—dissociation e~per iHl eIlt al conditions given in Table III ,
reactions. Such experimental data are particularl y experiment ~ 8, ref. 7. l)etails of such con i—
:ii ,undaiit ~~ - for the case of bromine reacting putatio ns were (liscussed previousl y.’- 2 The
ili UI ’ eXCt ’ss of alt inert gas . experiniental observable chosen in these corn—

• The purpose of the l) r ~’se1It inv(’stigation was putat io li s was the optical absorption , I ,. afl(l i ts

t I  s t t )  I the diss, ,, iatu ii of bromine in argon ill tun e dependence during the reaction . (Optical
order to absorption was t h e  coIl ,m(,nly used observable

S ifl li t any experint etits.) 3 7
(1) (Xte tl ( l  l,sso, i at , , , n  rate Iilea~ureInent s In Fig. 1 , the curve set I , ~l’p~~ line , represelits

over a wIlier 1cm perature ra tige Using shock t h e  ideal 1 ase Ii t ie , i.e. 110 reaction. Tile in id ( lle
\V : i V ( ~~. curve i5 calculated Using the rate constalit

2 ilitt ’rpr ( ’t till ’ experimental findings ~ ‘ ob tai lled front flash, i~hto tolvsis eXi) eriI i leI t ts t°

terms of classical trajectory , :tlc il :tti , 115 and ala I ideal sh ock wave equations. The lower
(3) uncover possible cause s for t i l e  above curve , set I , is derived on the sante :iss,iiii 1 t iOilS ,

I isc rel all ies. eXcel It thü t  tlit ’ rate ( ( I I  stal l rei orted I v
\ \ar sh av is used. Ctm ses would have yielded
t h e  Illi lll le curve , except that they were ol ,taiite , l

2. Shock Wave Study of Br2 Dissociation by including t i t ’  lsnuidary layer effects. 2 ( a l-
Rate in Ar eu lation s described I y 01 It ’l l t r ian g les are the

sa lt it as those described I ~v i i  —se s , excep t t hut
‘l ’ilI ’ l isetepancie s aiming various shock shock attenuation of one Ilerceilt 11cr meter is

wave ’ - 1 it al f la sh i lin t , ,lvsj s m da ta for It r~ asst ini cl I . The l:tt te i two sets of dat a indicate

~~~~~~~~~~~~ -~~~~ a - ,j~~kg... ~~~~~~~~~~~~~ _~~ -
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that  t h e  h i — ’r vi a i i v  l ,t ’tw Is ’i , th e I I I I l , l l e  : t , , t I  t in ’  ‘I l i l ’ .~ i I I  N th e q l l : n I l : i f  ii’ f I il i l t Io tc  if lit atom

t h e  lower ( t l I ~ ’ eS (’ , I l , I i ( l t  I I ’  : I t t  I i h i l I t l ’ l to I i I i l i i I h i I l \  ( ‘ I  ) l i ) ( ’ t t t  t : , t  i t t i i  ‘l ’Iu ’rv f , I I ’ , I lie ii ’  ~I u ’I , : t I , II ’
laVI ’r I’f T I ’ ) ’t  : l l i l l  t i ’  t i l l ’  s I l l I l k : I t t e l i , I a t i , l i . r (’gl nl l  f i r  l a t e  l l l I ’ : t ~ l l l I ’ I i i l ’ t i t —  t l s i i l g  t o —l i l y

(‘ i rv e  set I I  on l” ig. I ~ t h e  5:I!l~~’ :~~ ( h it ’ I 1 1 1 i 1 1 h 1 4 ’  ( ‘ l i l i — s l i l l i  t i ’ i ’ h i l i i , i t i i ’  : l l h i I ’ i i r _  I I ,  I l l ’  I , I ’ t O i i I i  i l l ) ~
a mI d h oc, curv e ’. , — l ’ t  I , 4’XceI ~t t h a t  ( L I ’ sh l ( l t  p r l ix , I l i : i ( c l y  h 2U(( : i i i i l  I t H t ’K .

• h i N t ’  I I I  ( 1 ,  h f ~) N :Is~4I I i i t ’ l l .  ( ‘ , I rvI ’  set I I I  — l I c e  ~ I t h i i i i , g h i  t i l e  t l ’ h l i l f l ’ l ’ : i l I I l ( ’  1 : l ligc ft , ,  i , ’h i a l i h ’
stkIt l ( ’  a’. ch I r ve  ‘. 11 I I , 4 .Xt’( ’I i t  t h a t  ( t i c  t i l l i l ’  ‘.l iI l  I l ie :t s I l i ( ’ h I I l ’ i i t — , l> , , th  hl ~ ‘‘ :ih— , i 1 t , , i :t ul
IS tWic ( ’ :is f , — t  i i i  ‘ I t  I I .  I l l  ~,nIt ’m’ I i i  l i i t ’ s I ’t i t  ‘ ‘ t ’ l l i i — — i l i  t ( ’ ( ’ h i i i i l l l l ( ’ ’. , i i i ig l i t  h av e  b I l l
the I’(’s t l I t S  i t i t  t in ’  5:111w grap h , l i v e —  I I  i i i  I l l i l l e l i t e l I  by (N I’ ( I f  i i  l u l l  i v  i l  :q l i i : i i : i t  I I — , I
Wer e arbi t rar i l y t l i—p hact ’tl f r o l i l  t h u  il ig i l i  ~v h i i i ’h i  largt ’I shcoi k t t ihs ’ , :11, 11 I V  v a r v t l i g  i i h — I h i h i i l ’ l i t

actua l ly is t i i t ’  I ( l i g i i l  ( i f  t ’ I i lV ( ’  set I .  r a t io  :i i i , I  Br . i i i  l i t  r u t , it  i i i ~~ 4 ’ i l  , I i f l i i i i h t
A coIlipari slill of t h e  two  i ir V i ’ — , sI t  I I , F ig. I , i h i  ( I n ’  I :i’.t to  ( ( I t a l i c  rl ’h: ,I  tIe r : t  , ‘ —  1, 1 I i — —  l i t  i l l

su ggests that  it ‘ . h l ( i i l l t I  hia ’,t ’ hit ’t ’t , 1i i l sS i h ) l I ’  ( I I  hi ( ’lI ,w I 20(( °K :i i i i h  : l l,ovI ’  ii  i t  2 ( I ( ( I ( °K.
dt’tet ’t :i t ’b ai igt ’ i l ,  l a t e  h v ’ .t f:o ’tor ( I f  t h in s ’ . I t  I’. 11th  i( r t : lnt  I i ,  l i 14 ( ’  t h a t  ( l i t ’  ‘‘ l’elial h’ ’
Whi i ( ’i l  is t i l t ’ Ihi Si ’ l’( ’h t a l l (’ V ii(’twl,’( ’ii shi l l l ’k  W8VU shock Wa v e t I N — l i  i

•
~ : i t i i l ‘‘ :i l ts t ,r I I i l l ,  I I I I ’a ~ —

and flash phiot olvsis iO (1:1(8 , “~ 
c, ,aIl ~ if t u e  h i l i g  th reml , e l i t . . :11 . 1’ I h i  :1 g ( ( ( I I I  : i g r l ’ ( ’h i l ( ’ I i t  wit  Ii f l u— li

t in i e  records wl’rt’ to ht ’ exal lh i lc e l l .  I l i l \Vt ’V ( ’l , it l lh io t o lVsis  data.7 °  I i ,  1,111 cr I I I  t ’i i i f i r , t i  t l i i —i ’
t ’aii be also sel l (roll ,  i’ig. I t h at  ‘.loh s ’— f r i l i t h  coh i i ’ l h l s i u l i s , we l iavd ’ I I I  l’:it( ’d both l i i i ’  ‘ I - J O N —

wh ich , the rate i , n — t : i i t ’ .  11:1,1 to he calculated H i sn ,, ’’ : i ta l  t In ’ ‘‘ahlSl) l’ Iit iIlIi l i l ’ 1 i — l i i ) ’ i l i ) I~~l

t h e  cxi t ’ i i i i i e h , t ’ .  were 5111:111. TIn ’ 11:151’ l,tn ’ i ll  hi ( ’lnw lS (K ( °K , l i s I l ig  t h e  s h h l ( ( k ( l i lH ’ , u i — r u  O i l

st l i ’ h i  eX l ie I ’ i l l i e i l t s  could h it ’ hl—llt ’ f i lwlI  bei’attse l i l ( ,v i l ) lhsI y . i .t~ a l t  il’i l ci t l ’ i I  , I I n ’  rh — l i l t — , i t , t

of possible i l l i l ie rf e( ’ t i  ins ill f low b I ’h ,I t i , l  h it ’ Shio( ’k sho\Vll h,t ’t’t ’ . , gri l’ I w i t h  work i f  ~ O’~ it i i —  I l l —

f ron t . The l ’xi ’ .t l ’ , l ’  0) lal id lllil sh ot m Ist vt —I gal i N.

shhiI ( ilIl ilitrollllce f urther ulii’ l ’r tai iitv i i i  la t e  I l,ih’ r t h i i ’ ’.c’ l ’, r ( ’ l l h i i ’ . t  I l l — , I t  ( ‘ l ’ I J I I I

7iit’iisIii’ l ’ l l i I ’ t l ts .  Fi , r  t h i l ’ sI’ O h s  I i — , the ‘‘ abs orj i — J u ro p l ia t c t o  ext end I In ’ t e ,I , h t ’ rat ur i ’  l i l t ) ’
t f l l l ,  sl ii , k wave data :i l ) ls ’a i’ t i  lit ’ relativel y U t i —  c l l i j ihov i l l g  t i lt’ satIn ’ shio (’k t , i h s ’ ’ h u t  l i — l o g  a

reliable a r i l u l h I l l  l200°K. Stu b , ai ’gi i l i le i it $  a te  h u t  li(’~~’ I ;i’.i’r s( ’hll ier ( ’l i ° (l t ’t( ’l ’t h i l l i  t t ’ i ’ l i i l i l l i i l ’ . I t  W.1

valid if slopes ti f the : i h i s o r l i t i o h i  1)011111’s are fl It t b at  ‘ . i i i ’ l i  at ,  l h l h u i ’ (u8(’ l i  , ‘ ( i I i I I i  i5’t ((5 il~’hri t ’
1ipb ih’e ) ’ i : l hhh e :11,11 c h I l i  I ll’ hiieas~i l e I I  , , h i a i l u h l l g ) l ) l tlsl y . ( ho ’ t l i ’ .~ oi i : i t  ii  i I i — h ( ’ l o I l i l l i t i a t  a Ii  u l i ’  ‘i u i i — t  i i i

The I : i t t e r  s i t U : I t i l hl :irL—cs i t t  h i i gh i t ’r t i ’ n i I s ’ J i i —  ( V I I’ a ~v n h i ’  t e h l i h u I ’ r a t ) i J I ’  F h i i i lti ’ . 811) 1 W i t i i l i l  t t i ak t ’  a
tuir t ’ s  I l~ 4 K ( t I l  lSl (t ( °K), a t i t l  it i — i l l  th is h ’ : l iigt ’ th at (‘ i i l i j c i l ’ l ’ . l u i l  between —h i , ick wav e i , u l  fh ~, —l ~
th i t ’ i h i t I ’  i i  l l . t : i J l t  ‘., n h i t : i , t i e i l  i t l  t h i . i i r j i t i ) ) n  !i l iot ihvs i — i l : i t  a 111015’ l n t ’ : u i l u i i g l  i i ! .

sPei’tr05c0li~ ’ eX h i e l ’ i I l I e t I t s 1 ’  a t e  i l l  a ( u i !  i g r i ’ ’ — I i i  I : i—c r  sch i l i t ’reti  t e i ’ h i i l l l I h l I ’ , t in ’  t i s t — — h i u r k
I t l e t i t  w ith ,  t ’ :t , ’hi oI l ier  and rI’ cons i ’ .t t ’l i t  ~vi th i  i It ’n ~i I V gr : l I li ( ’ l, t  ‘atlso l l iv t h u ’  u N ’, ‘‘Ia ! i ’ l l

flas h Iul ,ot o lvsi ’.  data. ’° fol lowed l~ ’ i t n ’ : i— i l r , l ug ( l i t ’  ill ’ lh ’ i ’t ii  i i  of :i I : i—t ’ r
I f  tbit ’ llh ) st ’rvahle , ~is(5I f or d l ’ t er l i l i t l : l t i ) i t l  of I l a t h  h i —  a t l i i m i ’ I  i ffi of t i l i i ( ’ . I t  i i i ’ I i i  h, l i l t

l’:tt t’ t ’ t u h i ’ t i l m t ”  im i  shan k ~V a \ I ’ , I’ . t i l l ’  I ~V l ) — h i ) ) d y  ii I: i ’ .i ’r , l ’h i l i t ’ I t ’ I i  t ’ X h ) ( ’ I i t t l l ’ l  i t , 1 l i i ’  ‘luii’ k t UI it’ ,

( l i eu  tI n ’ I a — i ’  h i , n ’ , wh li ’h i 1 0 1 1 4 ’ — ll ( ’sel’ihlt ’il i sv  a u i —h ~~, ’ w: i— fit te ul w i t h  a
spo lil ls  to zero l’ l l i iss iol i , is h r a i ’ t h c a h l y  u i— d c — —  l , , l ’k ( ’h - 1uI:h te d sO d  h l ~l5 ’ 0111 ’ l , i ( ’ t l ’ r  long a n u l  t l ,ru ’e
211111 I— l i l l a l l h h u i g i l u l u s l v  ib ’fiu ied i i ,  t ’ x I u t ’ r , l l i e i i t s . in, ’ln ’s I l ) ., h u l l  a t a h ’) ’  l b — N I ’  (~~~

\‘ 1: — c r  W h i

F’I i r t h ie r l t , or c , ili l i i i —  (‘851’ , t Ilt’ s l u n k  f ront  i—I ’ l l  t i  uhn’:islil’ t ’  t I l l ’  al t ’ . T i ll ’  l x i i’, a n i ta1

~nlsiti1 l I— easily ult ’tet’ Ilh il , : (bll ( ’ , ‘l ’h ier t ’f ’ ,l re , ( lie ‘ I t  — i  n a —  ‘ . iuuu h at ’  to I h i : u t  ‘ i t  l l , t ’  i S V  ‘ ‘ I I —  a i r k—
U I i J ’ l ’ T t a i t i t y  i i i  tI n’ r : i t e  is largely ,Ie t er l lul i l _’d i’r ’.’’ ‘ and ~r iI l  h o t  hi ’ u h c—i r , h i c u h  1, 111 ’ . In oh i l l ’ ,  to

l iv til t ’ noise ill t h e  signal itself , 1ul’ oVll led , ( i i  U b t : I I l i  ‘: i l t ’  ‘ l i N t  l l i t  at h l i g h i l ’ ’.t t ) ’ l , i i c i h m t  l i i i ’ — , 1

i o u — I ’ , tha t  ( l i t ’  r a te  is not too ~h u , n or l i i i ’  t a — t .  i l i l i t f i ’  (3.7’ I soluti on u I  l lI ~ i i i  t i  i v : —  Ni’’!  ‘I ’ ! ’’
h um ’ these I c h i s o l l — , t i l l ’  t wi — luoi lv ‘n iN t i l t I  t et’l , — I’ : it t’ O u l i s t h I J I t  — lhl ’dlo’I ’d 01111  ( l ie  l’:iW i l:it: t I I  :1

niq o’’ shio t lh i  provide : I) ’c i lr : r t t ’  i :t t t ’  ‘ i  , i i — t : i i i t  t ’o n v e i i t , o i iah i i : i i u i i u ’ i  ~~ ‘a ’ “ I l l  iwn i i  I i g .  2 .
:it IOI V I’ t t e l t ipl ’ra turcs . l i i  order I i ,  i l l ’t l ’ u ’ I I i I t i l ’  I t  ‘ i i  hu t ’ - ( ‘( ‘ I i  t h i : i l  t i l l ’  t ’ ) I I t l h u i l J a t i , ) t i  if “O’I N

the :u l v : i i i t : i g t ’ — i h l l i h  l l t f l l t i l t l i i l i s  ot t i m ’ —  ‘‘ l ’ t I l i ’ ” i ’ i l i  l I h l l ’ ’’ l ’ l I i I — — i u i i i  u l:cta ’ hi t ’ twi ’ t ’ t ,  I2ItI (  : i i u l  l7OO °l~ ,
t l ’ i ’ h l i i i i i i ) ’ , %Vl’ I i :lye t t u ’ i i , ’ i a t i ’ ih  1111 t in ’ i ’ o l l h j i l i t ( ’ t ’ , ‘‘ i’l ’h i : i b uh’ ’’:hI i s i ( t ’ I i t i O i I  I l h i t h l  h~ ’I i% ’ I ’( ’ I i  lMt )
prti f ili’ ‘uiii hir to t h at ~h i 4 i W l i  o I l  l” ig. I l ’xu ’ ( ’ I J t  t~~u l l st t ( 0K ao l i l t ’ ~u’ I : , — i a  — m I l I i I ’ l i ’ l m  i l : i I : i  hit ’twt ’cii
th at  wt’ wI re ~isi,ig t hit ’ twiu — Iii ,tly ‘ l u i — — l , i i i  is 2 1 ( H )  i l l s 1  I IHH ( °K n i l —  a — i i i u , u , t l i  lila’ w I t h ,
i h l i  o l l s l ’ r v a h i h ) ’ . 11 , c —l’  iri hih i ” . - i g gc-t t h , : i t  t i n ’  ‘u J l — J — t i ’ i m t  w i th  i ’ i l  l i i i ( l a— li  , h i u i t uI ~ - I ’  ‘ h Z i t h i . 1

~
two—ho t ly t ’ u , i ” — l u u l u  t t ’ u ’ l i i i i u ii ’ a- l i h ) ’ l ’ i h  r el, :illle I t  l ’ : l t i  i t — i ,  I ,t ’ ~s’t’u i  t u g .  2 )  t h a t  t i l l ’  ~i i ’ u h i

:tt I ’ u ~~ i ’ —t t ) ’ I l l s ’ r h i t l i , I ’ ’. , I’ , i t  u h u i i i t  i ’20()°K , a — m i t —  —uiggu ’ —t t h a t , i t  s l i u i i ’k  ~~ ; i \ i ’  t , ’ i i i ) t h i t i u i ~~~.

j u i u i v i i lt ’u l tha t  s l i u i t  l I l a - I ’  Is h o t  ( u s  large. h owever , ( 1w i i ’g: , t vc t c i J l I O ’ i h i t I i  i i ’  i -u u u t i m u~~t i i i  t i ’

It j ia u vt ’uI to be ih i fh i ’u l t  to defil il ’ l i l ieqllhV )i(’i l l lV 2 h i r  +— ,\ i .  ‘l t - + t i  l I ’ : , u t t i ) t ,  I —  I i c : i i t \  u t m i t \
( 1 ,4 ’ i l i i tial r a t i ’ ’. a t l i l g h i ) ’ — I t I ’ l l i h a ’ r : l t l i r c s , l i t ’t ’ao—t ’ ~v h i m ’ hi a- ‘l l i : i l h I ’r  t h a u u i  tb~ t i~ ’~si t u ’ ’ I by ‘R \  l i i i ’

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~



734 l’~LI’~~1l’ N’I’AltY lt1 ’A ( “I’IONS

T °K
300 600 900 15Q0 2500 3500 6000

9 . 4 — ± i~ 
I I

• LASER SCHLIEREN —THIS WORK 
- 20

- 0 0 TRAJECTORY CALCULATIONS —THIS WORK

:T 
~ 

PH~~~~~~~~~~~ D~~~~~~~~~~~~~~~t~~~0~~~

LB : •
•

W - W A R S H A Y  (197 1 ) (R. f . 7)  1’
- B — B R I T T O N ( 1 96 0 ) ( R . f . 5 )  BKP — l O s

PH-PALMER 4’ HORNIG (1957)  ( R . f .3 )
BKP-BRIENZA , KRUGH 4’ PALMER (1973) (Ret. 12)

7.8 — LB — LAWR ENCE + BURNS (1967 ) hè)( Ref .18 )
IB-IP 4’ BURNS (FLASH-PHOTOLYSIS)(1971)(Ret . 10)

— I I
2.6 2.8 3.0 3.2 3.4 3.6 3.8

LOG T °K
Fin .  2. A comparison of calculated and experimental rt’combiliatioli rate coi ,sta~it.s for Br2 -f-Ar =2Br +Ar

reaction. I tef. Ia presents some additio na l twen ty  rate c m u , m s t a u u t  s, obtained by two—bod y emissiohi tecl iu iiquie
below I 700°K . whic h are in agreement with LII data. Opeui I ri :ti ,g les—trajec tory ca lcullatio li s of re( ’oml)ma—
t im, rate i ’ o uis t a im t s  ( Ref. 20),

i i i  V15t iga t l urs ,3 ’5 who suggested th at t lie nega— — a fu t i c t i l  01 of t ut al II ,terna l , i.e. vii ir at it u l
ive tern~ lerat ti re coefficieh it is of t h a’ u (t I ler uf I i lt is rI da t i i i !  al , ei,erg v a . I I  ere a is averageil
hir ec ~ lIver t lie relati ve t no slat t i u l , : i l  en ergy at te t th l  wr it—

ore T, atid ~ i~ t lie I a irhilal iz et l (list ru ‘lit a u ll
f~u i t t  i n  i of t h e  reagel it , i .e . Br2, ii iteriial Cl iergv

3. Dynamics of Dissociation Using r
Classical Trajectory Method I 4t ( ii)du= I

JR

3—I ) i ’la ssir:tl t ra jec tory  study of Iii’ a toi l i  c— I i i  the eq. (1) tb ~e integration is 1uer fornied
co t h ,h l i , a t iol i  in argoti have already provided ovei ’ t h e  eliti l’e iu i t e r u i a l  energy space II , c l i i —

useful i h h f O I ’ i l h : l t i l i l i  ou , ( l i i ’  i l V I U i i , i m l ’ S  :~ al rat e hul i t ib l e  w i t h  a class ically hJollI i i l  l i l t  ul i ’ i ’ i lt’ .
i ’ i u h m s t a l , t s  of th l e r eac ti itu .0~~’ ‘l’he sa u ,n ’ h J t ’ i l i c i —  It  is ku iou v n front eal’bier st t i i h i e ~~

7 t h a t  t In’
iles .~~ 2” coup led wit hi stratified :,iid ini l lortai lce reag(’Ict t u i (  ilei ’,tle ’m are rca m t  ivc i i i  I if  II cx i ‘cc l —

s :,l ,i i i h i i i g  t edb li i i , 1ues2’ .29 which ihli l (r oVC t i m e  a l’ert :iil, tlhlhh i lilUIll vahttt ’ . l h ,ert ’f)) I’ e , the  i’’  -

— t : i t i s t  Iu’ , of h ah ) ’ula tio ns , : u l i ’  i a - cub h ere t u ’  — t i t u h y ( I )  ~i t : iv  ix’ rewritten as
t I l e  l lynani i c s  of hit ’~ I i I s — u i m : , t , i i i i  ill At’ ,

In general , t h e  i ia - ’ . i  i ’ ial  I i  t ’atA’ ,‘oefficieti t
:t t all  t H I n ’  I ( ‘ h Om mc w r i t t en  as /“d tski’ 7r~ ) —  

j~~ ( l t ) . ~ ( i i )  u i  2)
I)

A’,,=~~ k7 ’ ~~M ) l hJ ~~~l I i )~~~( u i ) l / I i  1) where (h i t ’  subscr ipt  1) u i l u i l : m t l ’ - t h : i t  t h , e~ i u t u ’ -
I? g r a t i u l l ,  is  t ’Xe l ’i i t ( ’I I  u ,x ’ cr 11 w c i u t i n ’  re:, ’ ! i~ I ’

l ’ i u u ’ r g\ range . l i i  order I ’ i  u ’ l l l ) ’ ihlih t ( ’  t in ’ rat e
wher e .~~u ) i~ t hu r ehu’ ( u i , ,  m ’ u i , s s — s c i ’ t j i , i , , wh , it ’hl i ’o ef i iu ’ ieh it  h m v ‘~ u u u i u l i i i g  u , : i l v  f rom t h c & ’  r a i l  1 4 ) ’  

.. ---- ~~~~-
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Fia. 3. Dissociation cross-section of Br 2 in Ar , ‘Sd , as a function of Br 2 intern al energy. I)ashed lilies with

triangles, 1500°K; solid line with circles, 2500°K; dashed line with squares, 3500°K; solid line with diamonds,
6000°K.

energy range, the eq. (2) may be rep laced by (S~ is the avc,’agc dissociation cross-se(’tioi,
withiin the entire reactive energy region.

/ \ III t he suhsequet,t three sections, the dynamical
ka (8kT/ w~

d 1I2 .I ~ ~ (u) S ( u)  dv ~ (u)  dv)  properties i f  th ie HII S , eq. (3), are investi gated
1) 1) by trajectory method . In Section 7 , the d i ssuii’i: i—

tioti rate u ’ i , J i s ta t i t s , calculated front the eq. (3),

J 
are cornp :ireib wi th ,  the experin iental re su lts ,

0(u)  du The int era ct iuuu , h ) (ute ll t ial  for t h i c  system
Ar — Br—Br is identical to th at used earlier. 20 Th e
well depth and inter—nuclear sei Ihi r atio l i de—

r scribing t h e  Ar — Br in teraction ,20 i.e . ~~~~~~~ ~tnd
= (i ’ ) .  K~’ ~

• J 0(u) du (3) 0.~~Ar Br , were taket , to h u e 0.5 Keal mole and
:3,32 ,I,, respectivel y. Five strata , I kT each ,
betw een — 3  k’l’ und + 2 kT around the , b i ss uui ’ ia —

where (v) is the average relative veh uci t y  : tu , , b  t i i i t i  l i l i i i t , were useul .

- - -~ ——--~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ .. -.
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u/RT u/RT
Fic,. 4. Contribution to k~eq as a function of internal eliergy of the reagent molecitle. Note that in 1 a( the

histogram labelled CR , enlarged by a fac tor of 5, correspoiids to the collisional release mechanism.

4. Effect of Br2 Internal Energy on Dissociation T h e  contribution to h.de5, the equilibrium rate
coefficient23 (one wa y f lux) ,  f rom various ,ntertial

The dissociation ct’ oss—sectji u i l s  of Br9 iii At’ , Sd, eliet ’gv s t r a thi  at diffe i’ e ii t ten ij ierat  ures is sh,o~vn
are shiown it , Fig. 3 at u h ifferei ,t  interi,al etiergy in l”ig. 4 . The ~ deil i nay in ’ i lefi ne i l by ~~ :
strat~i and at four d,tTerent tetnperatures. The using the assumption that the integral J~( ii)  ~I i t
curves simon’ that only the molecules close to can he (‘alculatei I from t i c  I lo lt z lt  ian  ii  i~t i i
t In ’ dis sou :iat ioli  hii ,iit hiave an abupt ’eciahIe his— ti,,n l’ui it ’tion ~u nb  t h at (

~ ~ ~,~~ 1 , A t I’ h i u ’ l i
sociatio th cros s—section. Th is flnd i, ig is in agree— ten, pei’atu he , tl uc reagent tt ,olecules \s’it Ii mit  t n  al
ment with previous study , i7 wh ich an li cates ei,ergv hess t h an 3k’l’ below the 1 i~~ u ’ i h i t  ‘ i i  lu n i t
that nascent molecules , fornied in i’eu’omhi n it— (lid I iot coi it i’ihute to t lie r : i t ’ . I ( a t  her , t he bulk
tioli, j ios:ess energies close to (liss Oc lati ohl . of h i s si n ’j h i t  j u n  involved on ube cuk’s ~v it b in  ± I k’l’
There is a large un i ’ i ’c h isc  of i ’r uiss —s r ’, ’ t lo iu , his 11w of t h e  d iss ia ’i :it iui t , l i h i n t .  I h ~ l’(’sil ht j m i ~t ul i t ’ — Use
in ternal  ener gy of 13r2 i i i c i ’ t’ht scs f roni  hound of c i .  ( 2 ) ,  i’a th iet ’  thai ’  u ’t l l i h , t i l u i l  I ) ,  i i i  i~ t i i

(a <0) to ilietastahj le 17 (u> 0) eiiergv reg ion. i’l l  at ii a Is , It also i a  Ii h it ’ si’cui fr i u n  h - ’ig. 4 t h u  u t  t i n ’
The effect is especial1~’ prow uiiced at II ig hi te i t i— it  let a—! h i l i e  Itt ’9 tn o lci ’t , les are ju st h 1 5  i i i ’  irt ii it
peratul’e . TI,is ’iu ’ i’  ui’s hiecan sc b etas table mole— its t h e  bio ~ni th  Bet muole i ’uk’s in f lu ’ ihi s siui ’ i~it i u u n
cules h ave a h igh er spatial extetision , m d  because ‘i’ ni ’csses , ‘l’huet ’efoi ’t’ , ( In c  l i i a v  c i u t i i ’ l t i i l c  f r t i tn  t b ’
tbtey dissociate via the rot at ui , l i a l  i ) c— exc i ta t iuu i m pt ’itici 1de ut i letaileil hh i i h i l i t ’u i g ,  u ni t  f l i t ’  u i : a - u ’ u ’ u i t
flie ( ’hlaliisfll , to be i l i s i ’us s c ib  i i i  sect io ’ i. i,rou bur ’ts i i i  t ’e co ni hui i h i t i u i t i  I u l ’ e I h i I I l , u l i h i i l t  Y l io h u U—

— — -- .~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~- —-- -~~~~ - -~-~~~
-
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Fin. 5. Average energy transfer vs. reagent internal energy. Dissociative collisions are described by filled

symbols: heavy solid line with diamonds , 6000°K ; heavy dashes with squares , :t~oo°K: fine solid lin e wit -hi
circLes, 2500°K; fine dashes with triangles, 1500°K. Non-dissociative collisions are described by the corre-
sponding unfilled symbols, wi th no lines connectit ig them.

late t h e  high llv energetic st att ’~, of wh ich a sub— antI bromine atoms. Th e  comp lete coll isio iia l
s t a iu t i a l  ft ’actiot i are t h e  inetastable s t h i t t ’ s , This di s st i u’ i : i t iu  i l l  ((‘(‘1)) mechhini sni , defined liv
eu i t , ’  Ii is,, u i I I u i  , i , s i  ste a I wi th the i ’cslh It  — of l i re— Ar+ 11r2.—*A r+ 2131’, I redominates at all t enii ue r a —
vl u uua -  recomhit iatiot , st i I t I ies . i7_ i9 , 2~~ 2t At tin ’ si,tnt’ tures .
t ime , this conclusio ll ‘‘ l ist  doubt i l l  i t i n  ise t ra—
je ctory (‘alcil h at a u l i s  wh i it ’ll are busts I ot , t l i t ’
l h i4 suhh ip t i ( u t i  t ha t  ubeat ’t i v h it iol i  of t t iet a sta h , i t ’  5. Energy and Angular Momentum Transfers
molecules (leter mn ine s t h e  rate tif reu’omh)inat iol, . in Collision s

Iti the pre sent u’a l cu la t i u uh is , the t a u h l i s i o i a i l
rt ’lt ’:i.t ’ (CR) tnet ’hiat usni of u l i — — t u , ’ j : i t i t u n , ilefl lit ’d Thu average i i  ul ’ i’ gy ,  t r l uii sfel’h ’cu l ~er c ’ iu l l j s i tu i , ,
by .‘tr+ 13r 2—sA rh t r + It r , cu tnt  ri hu hi tes tu t tuv er al l  1 ~ , i — “I m ‘Vim H i I’ ~~ , ‘) h i ~~~hi f lu  it ’t  il ‘hi u , t  Br 2
t h isso(’iat iohi (ill lv at 15000 K. Th e  ahuse ii ce t uf the j I t t  erm a I energy . Ii ,  a tea i t  i y e d ill  isa ‘t , w i t  Ii a
C U Ihi echi an isni at a Ii ig her te t, iperut ure is (‘er— bottnd tliu u le( ’ul e . ,X E ‘ I l u ’ : u  u t  ly C , Is S u~~l! I Vt ’ ,

tai n lv due t u t the weak at t r:t(’t I’ a, hietweet, argt i~ i Fu rl lien to ire , (
~ I ’ ( r cai’t I ye I is igi m lb u’a ut  lv

~~~~ L 1 T~~~~~~ ~:~~~~~-
-
, ~~~~~ EE±’ ,~~~~~ ~~~~~~~~~~~~~~~~~ —- -- ---~~~ —-——-- -~
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Fia. 6. Aver age ai igu i lar h , iomen t i tm t-r ai,sfer vs . reagent internal energy. For t iotatio iis , see (‘apt ioil s, Fig , 5,

larger tI ian the mu i i , i r u m h u u  at no ul i it of energy rotational angular  momentum of t h e  ii ut ial
i leu’ t ’ — — : m r v  f i t  excite th ie  ni t i l ecu t le  ,iu ~t t ip ti t h e  diatom , w~ is the approliriate weight of the jib ,

l i t  i i i  I il l i it . 11 ’ ,\V u ’Vei’ , ii t lie d j at oin ic trajectory, amid ~~~~ is a dt ’lt ii f unc t i on , i~’hi i d ,  is
iui o lci ’, ili ’ i’ in ii h i g h l y  i u i t ’ ! : u — ! a ( u l i ’  — t h i t i ’ , (~~E u n i f y  if f- lie trajectory i s i h i — — u u c i a t i v e  antI zel’o

ri ‘1i m’ t  i vi ’l ~— i ( ‘g lut i vt’, I I u ’i’ l i ’ —u ’ xc It at a in t i f the if at I ~
. -wise, The average angulat’ inomei tutu

vibrat ional In tl hu n ,  h t l ’  ‘it ’ i’ : u i u i I u  u t  i h u — — uu ’ t ~ite a ti ’ : i ius ft ’r it i lion—dis SOciative (‘ollisions is ana lo—
m ’ l a — — su ’ l , l l v  — t a i l’’ I f l , u l u ’ i ’ i l I i ’ , the i l — s m  , , ‘ iat io i l  gouslv defined ; i c ,
, i i v o l v i ’ s I i ’ — —  of r u t : , !  i t i h i h u h  t’nt ’rgv , wh i i i ’ h i  leads t~ - —  i ‘ -
the howt ’ri tig of t lie a i l l ,  i i i  il I t arri er. (,

~ )~~~
= 

~~~ ( l ~ — 1 , ) w u ~ ‘ ~~w, a
hi i ur , l er l i t  — ! u i i l ~ ! u i i t i , i ’ ~ t h u  :t ui gula r  m ’’— -

mentutm i t r I l l  isfer ~ll  ‘ i s -  ~L’I zi ‘ii It r n uu (t ub ’— , whiert ’ 1/ i s  t lie rot at itunah ahigular momentum

we i ht ’fi in tl I hue average aiugut la  I’ 
— 

t h u  it i(9i ut t h u  ~uf t lie u hia tt m u  itfter a nomi—dissociative u t  II  i sh i u i  I

t r : , i , s f , ’r r t ’ , t  i i ,  u l j — s , , i - u :i t  vi ’ ,‘ , u l l j — i u u m u —  : ,s  
I h iu s  defi ned , K~/ is h i u t s i u i \ ’e if t h ere a - a~u i i i —

i’rt ’ase of angu ilar inonuent 11111 .
Thi u ’ values ui f  ~~l ‘ t u u r  i h i s s u i i ’ i a t i v u ’  hiS well is

~~~~ ~~~~)‘~~ ‘ ‘~ 
~~~“‘~ i i i i m -uh is s ,  s u i t  y e i ’oll is i oii - were plotted against

t h e  I 512 n t e rh ia h  ci i ergv (Fig. i i ) .  1” ’ mr t h e  bound
in ss’Il icl i 1,’ a— t h e  orbital ~tn gu I~i r nionientuln ~t it u ’~ ~~I ~ W as I i  sit uv e , in ,  I i,~,t u ig rotational
of t i  it’ 1 iss m u n i t  u ’ I pair  after collisi oi i , / , a- the exci ta t ion  during t It e 1 Issu 1’ i i i  l i i i  m . Vu ir met list able

~~~~~~~~~~ - - -, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - ‘- -. - - - — . -- - -. - ---- ,,~~~~~
-- - , .. - _ _ _ _ _
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NUMBER OF COLLISIONS
Fu r.. 7. (a) Evolultion of (u ’)  the average ii it erm ,al emiergv in the reactive emier gy ramige. ( I i i  l’ vo l i i l i o i m

of the i’ea u’ t iv ity ,  as measured by (8 ) ,  the dissociative cross—section in the reactive emiergy ramige. Ft ir 6000°K ,
the ab isri ssit is contracted hy a factor of two .

specie s , (~ 1 ~,, is negative , indicating the ht uwi ’ i’ — st : u i i t  at .teadv sta te , i .e.  kd tt , to kd eq amid e amu be
u ng if angular uuuomen tuun ihii ri iig uh issoci~,t ive expressed us

l i — u i  um u s , This finding u ’orroh s un ite s t l te ~~~ E)  r / rplots (Fig. 5), alid again ind i chite — th at rot~tti oiial 1= k~°’~k,,0~’ J ~~
t8(ti)  do / / ~ 8Q (u )  dii

dc—e x cith i t ion contrib ,utes to t h e  thl s soci tutiohl 1) . 1)

of inetastable tnolecules . Cohl i s i uu iu s  of mi ut ’ t ~ista h il e . (~~‘,s - ( seq ) (4)
molecules with internal energy below +2kT , 

~fw u i  factor s m’ontr ihiut e t u u  the i l u u h i - i ’ i j U i l i h i r i u h l ivielu l imegat I t ’e ~~/ i~ but t t i s i t  ive (~ L ) I it u :hu lisc 
effec t .  Iiu t h e  f i r st  p lace , t i ’  e re~,ct ye eii ergv ram geat t his energy , tI ie excitat ion of vibrat Ional  1— depleted by reactive coIl i s iu ml TI ii tact om’ Ismotion outweighs , on the average , tIn ’ ml e—e x — ml e t e r m i m i e u l  hi ’ the i’ h it lo ( if the in tegra ls  u m f  t h u ecitatiot , of t lut ’ rotational IOu ut ton .

,, 
1’ igure I i  sub— ihst ribut ii i , fu  h ict iu ,  u s [eq . ( 4) ] .  Fmi I I I  i e r t iu u  ire ,sta m it i : it cs an earlier 

, 
co n dl t hs l i u lm — 4 t h a  t i ’ibr a— t h e  ri ’ :mc t iv itv in t lie rca, ’ t i vi ’ zu II it ’ i~ a lsu u he—t -ional—rot at iona l coup ltng IS strong if molecule s , t’ r c ’:t— t ’, I :  ti is f~m u’ t i  ur i — det c i i i  i i i  t u b  1 ty t h u t ’  r~i t t m ofwith ,  eiiergv close to tht e dissociation I i hl , ht , average ‘ri us~— si ’u ’t ioh is .collide with ,  a third body. 

- , , ,  Our m~ t l i i u i l  of c~i l t ’u l i i t i , imi  i if f  f :u ’t ors is l w - t u bFor n uui u- , I i s suuu ’ma t i ve  u ’nI l is io t i ~, Fig. 6 ii idlcates tim , m , i mi l t i p le u ’ ob l i s i , i i u  ap h i r (u i i i ’h i ,~
4 wl t ic ht  ui  ive tl  b u tthat  reagetit m olecules in h ighl y excited states hut ’  si, u ’u ’c— sf oh I mu t h u  r li er traje t ’t u ur  v — t u u l  i i ’ — i i i  h e —

also exp erte iuce ru ut a t ion al  de— exci t a t io h i .  I” ii r t h te r— c ( itnbd n l( t ion , a - _ 2u u .29 TIme t i n e i ’ v i u l u t i i t i u  of t i m enatre , um ut ’ l:a-t ic c t u l l i s t uu i , s  yield but a vcr sm.mhI luopubatio lu i i i  t lie re~ict lye z , i m l e ( ‘a l t  be C X l i i  t’ -- t ’ u l(~~L u ,~ and K~XI) , , 5 at hi l l  i i/ R T value s whale
the c u t r r t I s ( u u u l l i h t i : g  (~ E l~~ and ( .XI ia  art ’ colt— -

siderah lv larger (Figs , 5 and 6). a,’u 0~~~ — J ~i ,J d od + ‘J ~i4-.d

it , wit ich Jd is t h e  ii issu ,i ’,at jot, flux , a u ’  I6. Non—Equihbnum Effect in Dissociation and J ,.,~.d are fluxes re~)r eseiiting de-exi ’iu , ,ti oh ,
The not s—equilibr ium effects ,24 -2

~~3’ discussed and exci tat ioi i  t uf  Ihiole cules froni au iu l  i i , tu ,  thi e
pre vi(uu sl y,23 - 24 -2’ 3’ occur because reactitug svs— react ive  eri ei’gv range . Iii time iu bmuv e t’~~ )h’CSs i i u i i ,
ten,s , under a ste hi u lv state condition , cannot be f lux due to reco tnbinati on of a ton i— is hi eghe i ’ted .
uniquely defined by a Bo ltz nuam , (h istr ibution at Iti , the lur cs ’u it u ’~,I cu lat io i , , we gehlcu’ ii t i ’ u l  l i i i

temperature T. The non — equi l ibriuni effects tna\’ equi libriu iii emisenuble of cl i atnhn ic molecules at
be characterized 24 by the ratio of the rate con- temperature T wht hu internal energy within  the 
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i’ t’ : t u ’t i ’ ,’e z n .  \\‘e t b , t ’ h u su i h i j t ’ i ’ t e t l  t h i t ’  i t i l t i h i l  ) , e l h i u —  I m IO t .  ‘fl it’ m ’i i i ’ ’t ’ : u b m i t ’ e is  — u u i , a ’ a i m : u m  h l i t i i i ’
cti set t i h i l i ’  h i ,  — i i i ’ u ’ u ’— — I v t ’  t ’ o l h l — i u i h t s  w i t h  i h i ch’ t  g : m— l i m i t  u u u u t ’ t ’ t b  h u t  h i i gb , c m ’  t e l , i h i e m ’ h l t t i r e s , ‘l ’bt c ivt’t ’ h ig i ’
a t t i t t i ’  h i t  t In ’ h i i i i ( ’  t ( ’ t h i b i t ’ i ’ at l i i i ,’ ‘I’, ,‘t hi  i i ’ i , l t  u I  sIt i i ui Iii , ’ sui ’l i h i  I l i i i  v , ‘ l u h  ..~ It ’ ’ i i ’ !  - 40 k u ’ h , l
c o lh i— i i  u i u ~ , it I’u ’ : t m ’ t i o u i  tuf  t h e  e iu s t ’t i i h i l e  i b i s — i  u u ’ m : m t u ’ m  I , t i i o le.
a u il b I t t ’  I t — b  i ih , , l e l ’wcu it  i t t e la— t  I ’  i ’h i eh ’gy I h ’ h , l i sfeh’ , I m i  t t t ’ i l t ’t ’  t i t  i ’ i i t l i h i i i t ’P  t I n ’  I i’ i ’ — i ’ l , t  u - : i l u ’ u i l : i t i u t t i ’ u
\\ e h i — s l u i l t ’ u l  t h at t h e  t i ’ : i i u — t t ’ t ’ — ot t h i t i h c , ’nh t ’ — in w i t h ,  f l i t ’  i’ t ’— i i l t ~ o l t t h i i u t t ’ d  l i v l I i ~ h m b , t u t t i l v — m s 1°
alii h i t u t  tu f  t h e  ‘chi t ly e  t’eg i t u t i  m ’ t ’ s u i h t  i m i g  fl ’ i u l h ,  a h i t h  sb i t im ’k wave t i ’ u ’ h i i w b ut ’ — , 1 2 o  7 12 w i  ( ‘oh , ver l ’’iI
imu e b h ts t lu ’  , ‘ , u lh is iohi — ale  i t le mi t i t ’ a l , u , u ’ , J,u ,,, b i t’  m l u — — i  t u ’ t h t t  i t t i l  t’ i i t t ’  t ’ u i t i ” t h i i l t  u i t o  m i i i
.1,,,, ..u . ‘l ’b ,ts ~i ss t i t t i I m t iu in  m i m m i u b i u ’’-. t h u h i t  t l h e  ( I e I t l t ’t i t i l i  t i o t i  late m ’ t i h t s t h o m t s  u h s t h t g  ~i I i b i r t t I i I ’ i h i t i ’  t ’t 1ii i li l ~i ’ii ’ ’ ’i

u I  t h e  rehlc tt ’.’e Zut hi t’ m— ‘t ilelv cum i s i ’ u I  ii)’ t h i s s i i u ’ l h i —  c o t i s t h i h i t s  I l- ’t g .  2 ) .  Su itm ’ e t h i t ’  t , u in— t ’ qu ih i h  r n i t i i
t i t u m i . him ,lt u ’hia iu gi ’ s ttf tIn ’ i ’u ici’ g ~’ i b i — t r , h n i t i t , t ,  (‘0 l i i i ’  I iOI i f h m u ’ t  ut ’ — iv ei’e t ’ h i h t ’ i i lh , t ( ’ i h  u u l i l v  h i t  35111 )
w i t h i i h i  t h , t ’  l’ehtt ’tive zo m , e are t h e  i t — n I t  u uf inel l ,st ic and Ij( fl)0°I’~ , it ~~ i5 t I i ’ i ’ (’ s~~~~ i ’y t t u  i ’ t  i l t i h l t c

t ’oll u~ ,it ,s as well h i 5  , h m ’ — sii c ia t i t m ,  . . t t  a st i ’ a u l v  f a c tm i r s at 150)) alit 1 2500°K by ‘at i’ h i l u m i l h i l  it in
s t h i t e , th , t ’  eiiergv m h i s t r i h u u t i u u i ,  t uf  t h te  t ’t i sehn hu l t ’ , h~ ’t weeti 3500°K alt ’1 Iu iwer t ( ’ lui h i er : i t  U i ’  i l~I t a 7 ”

~iIi t b its reactivit y , are i t i v a r ia h i t  w i t h ,  h ’i ’ s( i e ct  t i t  ~ ii ch i ex th’ h i h i u i l h t t i t t m i  I u h’ oi’ed t u i  l~ ’ t i t i i t m l i h u l g u i u s .
t inie  aii m ! nuh lih er of t ’o lhish ohis , Thi et ’efor e , tIn ’ It fo l lt iw s fh’ o i i i  l’ig. 2 iii:,! bI te  t ’ i l u i l i h m i i h i t h i  he—
hmv t ’ i ’ zmgi ’  i n te rna l  eliergv , ii u t h e  h ’ ehm i ’ t i ve  Z , i i ie , ct t t n h u i m i a t i t i i i  rate u ’ u t t ’ t l i t ’ i i ’ n t  s yield a I ’’ i—i t  ye
(ui ’ ‘ , ant ! t h e hiver iige u his sou’m at io n i ’ i ’ i i s’.—s t ’u ’b  a n , t e i l i l , ch ’ h , t i hh ’e t le~,t ’n demu’ e , .-t f teu ’ t i ou i—t ’ t ; u i h i h i r imu i i

“u , of thu ’ c h i s e t h i l t l e  were , ‘h ioseh i his t Ime two effei’ts Welt ’  ih id lu ihe th  in u ’h i l cu l at  i t i i m ~~. t h u  h’ t’ t’ t i h i h —
I th , r ah l i&’ t (’ rs in m li i uhu t t u h ’ i t i g  the  e s t h i h i h i s b i t h i e h i t  of h i i i a t i t t i i  rate m ’ i l m i s t h u i l t  u t l u t a i n e d  i mi  I lit ’ I mm’ es t ’nt
the ste~t ulv stat u’ . cali ’ulat it u u i s  wt’h’e f m i mi t i  to be m ’o i i— a -b I ’ m it w i l l ,

Usi mig t h is iiu ,del , we i’:ili’mihated t h e hi o hi— fluisbi ph i otolvsis tha t
eqt i i l ib r iun i  effec ts i i i  i h i s smt , ’ i a t i o m i  ~tt .1 >110 i th id  H~i u’ i’  t h e  cah ’u lhit  uu m I s  u I  n o t i — e u 1 t j i h i l , r i m h h n
6hJ00°K. At eau ’b i t cmi i i  ierat mire ah i eight h iutit i  red correct it i hi fat ’t ,trs Were il ,  ih ie u i  lv at t w tu  t e i m I a nt—
tr~iject ot’v sh i hu h i l e  per , ‘i u l l i s i , m n was u seth , h u t  tmi t ’e s , it is ( !ifln ’ult tmi estiii ,ate t h e  l u i ’e t ’ a - i t ih i  Of t h e
stratif ied ati d i n i h i i m r t h u m u ’ e  5aIli~iI i ng Was n u t  t ’hi lc ihlht te t l  t’ h t t e  c ’O h i s t h i h i t s , I t  is  l t r oh i h ,h i i i ’ . hi miw e v e t’ ,
at te thI lmte d , Th e  av ci’ :tg i’ i i t termial  elieh’gv ithid the th at fli t ’  late cO i l ’u t h t  I t t .  ai’e re 1irodu cibul e , i t h i ~a\ -cu’ :ige ,h iss i i u ’ m at io r t  i’t’ui ss—se c t i u u m i  u , t h e  reactive ph’ t t x i h h m h u te l y Wit, h u h i  a fa ctm i t’  of two ,  I” i tr  t l i m s
emierg \ ’ r hi tige were studied as a fthhi c t io h m ‘ 1  the reas i i , , t h e  m ite u ’, a st 1, 111 ~~, u k  hi ih,ed ii  i ab l ’’ re li—
m iu~n I tcr of collis ii u l is , It ir ovetb diflicult to u l e ter— able ’’ sI t ’mc k wave exj  ierim h i d i t s , are a Iso m i
m ine uhi a hn hi gui,us hv hit wh ic h p o ih i t  the steai lv te h it  with, (‘alculateth ‘I ks u r i h i t i u t l i  at ,, 1 ret ’otn—
state is e sta luh i~lmc ’d , 1( an , lium , i fit ,ctu ati oits  welt ’ binat ion (bath , ,

ui ’ u i i i u t m n i c’etb , I t ar t i , ’Ulam’I Y in (,S) vs. imunihet’  tif Finall y , it f l h h i v  be poiitt ed , , ut t  t h at thme i gh’ee—
coil u — ui  un s  I ibu ut  s , ‘I ’h,ei’efore , t Itt’ en seihi hilt ’ cvi t In — n iemmt  hetweeu i ti’~ij e ct i t rv  , ‘hil ( ’iila t j i l l  Is i t i  l’e t ’ O t h h —

t iohi  WIts s tudietl  U I ) to t Weui t —h ih n e (‘Ollisions bih u at io hi  ( I t u ln a ih i  ( u tehu ti n, itgles) with ,  t h e  t h ’ h t —
at T 3500°K atud 1II) to l u , r t v — s i x  collisions itt jeet or v ca Icuh ~tt i i  a us i u i  thie dissu uc ih ,t  iou t  ( I h i ln a ih i
6{)00°h it was possible to o h t h t i h i  r ehit ivel  (oiten squiii’es), deni t , i i sti ’ates well t h e  va l id i t y
smoothl y averaged curves ( I”ig. 7) . l’bue mau i — of t h e  rate ( I um , t i i ’hi t  law [k ( f t i rw ~,h’d I . ‘ h - I i ’evi ’r— i ’ —

equilibriun, correctiomu was th e im u t  a i i  it’,! t i s i  I tg K (e, i ) ]  utider t lte  s teh i mh \ ’  s ta te  (‘ma tb  i t i t ih i  (I” i g. 2 1.
equati iui i  (4).

A ckiio,i’lcuiqntents

7. Comparison with Experimental Data \Ve ivoulul l ike  t i  u ’ki iu i ivh e t hgi ’  Ihue sup~m uu r t  tuf uh ie
Air  Force ( )ffit’e i i i  ~u ’ie’m,t  fit’ Research , ut ah the

‘l’b,e t’ a lculat etl  e q m i i l i h i r i u h h h  t l i ~ s ium ’ i : i t t i  u t  ratt’ Nat l u i m i a l  htt ’scarc’bi Couhut ’II u if Cithiadm i ,
( ‘oeffi ciem it s ~‘i ehth an ext’e ll eh ,t  h i h , e h , r  . tm’ r I , t ’ i i j u s
l i h m i t , iv j t l i  a it l ict i ’,’h i t i t i n  ( ‘ l t i ’ rg v  . .~~ E~~iu ’t I , ‘if 4 1 . 5
K c hm l Ihiole , i m s s i u n l h t g  t h i h i t  l i i i ’  I r e — e x p u i m t e t t t  I I  REI”EREN( ’E~
fat ’t ur i t ,  bI t t ’  rate co h ist l imi t  is tt ’ m u m h ut ’ m’ hmt ur t ’  u , u h u ’ —
Iuen~h em i t .  Th Is m u ti t u ib , t ’ r  is  wit h ii u t imhi e hi’hil hli,,lC 1. a) loin , U, K,, lii’ iNs , ( ,, l,, \ wiu t -Nt :v : , ‘I’ , I t .
‘uf t hit ’ ‘ h i s s u u u ’ m h t t i u u i u  t ’ u u i ’ h ’ g v  of It h ’ -2 ( 45 , 5 1~ i ’h tl  h h i i t l e ) .  A N l u  I , I l ’ I ’ h A -, ’ - r , .1, 11 .1, (‘lien,, l’hi y mi . ~:s, :t~ ii - l
That the a c t i v h i t i o h m  emiergy f t u r  k~ ” l ’ : i l u l i h ’ u i x i -  (j! i6 ~~), I, ) LAII l iF ~2,t ’F, , ‘I’. II. A M u l t i lh , ~ s , b~~~
ni~itel ’,’ i’it uitl t t ~ blue u h i s su  u i ’ I : m t i ( u i i  e imt ’ rgv  if bu t ’  l ’hiv iij u ’s ,f l ” h i i m u b s , h ” , h l i l u h t ’ m l i e h i t  I , ij -; , l i l t )  (I  t u G ! ) : ,
b i a tu t m u i i c Im l olec ult ’ , Was a l s u ,  i’e~s r t i ’ i l  by lirea ’ iti ,ls 1i re s i ’m ibi sh at 611, t n t ,  $t l uu dk Tuba ’ 8Vnh I”’~ 1 1th

i u m v t ’ — t i g : i t m u N , ’2 (1967 1 ,
I f t h , i ’  t i t u i — t ’ qu i i l i b u r i t i t iu  corret ’t j u i t i s  art’ mil l , , 1 , ’ , 2 . Boil, , It ,  K., Buowa , 1 . 1) ., h t t ’ i t a s , G , ,  .~ an

t h e  cu u ml i b u t i t ed  ( j hss u m i ’ i h i t i o t i  h’~i t t ’  ( ‘ t i l l , t h t i l t s ’.. b t u u W  I .t u ’I ’I ,s’rr , .1. hI , ’, . I , ( ’  h ,enu , I’hys, ~i’ ,

h t l t  u h u l tm’ec i a hu l t ’  nc ’gat ivt ’  cu rva t u re in l i i i ’  .\ r ,  — ( b o u i s i .
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COMMENTS

I I ’ . I ’’im r . s/ , 1 ‘n-ims ’r. s i/t Local , Cas ir.dr., I woitt ler sect umu ,  is . I t  may sv ’ll hut ’ th at t ha ’ diserc l mi mic

if rate c i i i  u s t i t i  i b~ t i ie a.sur eul  in various sl~ mck tube between sohii e sI ,ti ck wave u l at um and flash 1uhot ol—
a mi I I I h i sh i  l i l a  i t t  ulv. sis ex~ med ii ic ’ut s u r e h ’eab l y true ysis m !atuu i s  thu ,t ’ to t bit ’ im iii hi lit) ’ of it sho ck wit ye
sI, uu/:y — .s9m/u - m a l t ’  ‘ m u m  at  i i i  Is . ( ‘onl,l it be th ua t tIn ’ CXI ( ‘ri I ii(’ h t t ith i st tu u nueasi l I e  true st (‘hit by—st a t e  t’ate

disci’ej t at iu ’v amoi ig t lie ( ‘xl ,eni m,iei ital data of (‘I i - s i l t  m i t  s. I )eta i hem I cahm ’iila tun is ’ de;uuins tr ate

Vh t i ’ j u i i i s  i i u y i ’ s t i g : i t u , i ’ s . alindt ’,l t ,u in vou~’ p1(11ev , is t l i ~it smi t h hi s u l , l , u i s i t i ~un wti i t l th  imideed m’ec’ont ’ile,
due m u  ii us ’:t — ,i rt’ mu u i ’iifs homm e at vai’ious stages of som,ue sh ock wave am ,d fl u sh luh iotolys is data.
the j im i t i a l  i’ h i h u s l l ’ i i t  th at jii’ecedes the estahilisht—
Int uit  (i f f l i t ’  st i ’ : u m ! v — ’ u f h i m u ’ ’~

II EFEII  EN CE
.1 tt/tor s ’ I, ” p t i - I t t  , , i’ ih er to nu easmim ’e m ate ‘i i i —

s t a m i t s  i t ,  f l a sh ,  1i hi iu t ui l y s is  eX h me ni hh i e it t s , flit ’ ( O il ~~ 1, Ii ’ , J , K. K. AX i s lti ’ ltNs , ( 1 , :  .1’ Chenu , P1,3’5., 51,
(.e t i th’ h(t t u u m i  ‘‘I  t b i a t i , n i i c  mu u l i ’u ’ , i l i ’ s  is f~lIowt’,h (tvei’ ‘4’ ’ , (19691
a relat ivel y I t i t i g  t i i ,ue. In t lu , ’s t ’  ex h u c m ’ i huc l t t s , t h e
rate c ’oe fl i u’i t ’m tt  is hi lw: ,v s hi t i m n e — i m i t h u l u e m a h e m i t  m l i i , ’

t ” ’ i I s 9 m u l b , ‘l ’h ,er eft u , , ’ , I i m , ’ i ’ i ’  scents to in ’ m,o u ’easom,
t i i  s i l s j ’ i ’ l ’ i  t h iu i t  i i i  t b m t ’ s(’ ex l t ( ’nibn ehi t s  t l u , ’  s t t ’h i i l ) ’
s t u t  i t ’  i s u i  i - u ’ : u i  ‘h u ” i 1 . (in t lie u u t bier hi :, i u I .  I he i’~ibe I /uu ,; ia- i -  ,~J y’i uuu u , . l’oray I ,t (!u1s lr ies , I im e ., J a p a n .

l i i i  uuf diat ou, ie  n iuul e , ’ ih l l ’ s  i,s u f t . e t i  ( ‘ :o, ~‘( mi t ’xb ieu ’t m ,u uc’ h t mu uu mre  eul t t r i hu ut iO lt  of c t uh li —
, h t ’ t , ’ r u , i u , u e u h  ft’ u m n i  th e  imii tIal .4 1)11’ in shock t it he siium i ui h release if vi , u i  chu auig e 3rul b i tdy frui nu .-tr I t >
t i )  u n  u i m ~’ i m t S ,  ‘h ’h , is  s h u u )  ii’ m m m l i ) ’  lii ’ , he t -e ru n i mie i h  over u m t h i i ’ r sj u ,~( ’ m u’ s , u ir t ’hi amt ge , ‘u ’ai ’tami t f r u u m , ,  Br2 t i m I ?
a r , ’ I : , f  i s  i i i ’ s h m i , i ’ l lu evio th of t im u i t ’  if a few n ,ici ’m i — a, ’, ’, ui’ i l m u i n  b t m  0(11’ u’ : i I ( ’t i lhi t  m i m i , . ’

IIn__.... 
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Authors ’ Rep ly.  The collisional release nuec’ha- l(EFEICI ’ NCI ’ S
utism is n,oru’ inuportant if d issoe iatio lt—recom li!l itia— 1. W o N t I . W. II. A Sh  BURNS , ( 1 :  l’r tu i ’ , Itoy, 8sii’
tion reaCtiol,.s occur itt lower teniperatures arid L~j nd. (In pr~ s) .
involve strortger interactions betwecit the recom- 2. W oat , , W. II . A N D  BURNS , I 1 :  J. (‘hero, Phys .
bluing atom and a third hotly. If the thir (I body 58, 4459 (1973), J. Chem. Phys. 51 , 2974 (1973),

• is an inert ga.s and the teniperature is sUtIieielltly
high , so that the dissociatio n react ion is ap—
preciab le, the colhisiort a l release nue cha uiisr n o 

~~, p. Quinn , ,Shell Researc h i.td., Li’,i~j lan t l .
not important. For the case of j odimie dissociatioht Does your laser sch i lieret t te ch inil u iu t ’  allow l u l l

this point was demonstrated recelttly.’ On the tuu isolate R I , it icu b atio rt period fur bronl in it ’
othe r hand , at roo m temperature the atomic , h h s s u u c l h ( t a u f i  arid if si how duies if roJ iip iire wit h
recombinat iol, appear’ ) to proceed via a collisional the vibrational relaxati on time?
release mecha nism , provided that th Ie third body Authors ’ Rep ly.  \Ve were not able to , !etct’t
is sufficientl y heavy, such as Xe, 2 an incubation time for Br2 i l l  ottr CX I lerirnehits .
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