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ABSTRACT

Under t h i s  c o n t r a c t ,  the fo l l ow ing  g o a l s  were s e t ,

1. Development and c o n s t r u c t io n  of  nn experimental  system for the

study of  the k i n e t i c s  of  excimers,  and demonstrate the v a l i d i t y  

of the low-pressure approach to such s t u d i e s .  The apparatus  

was to c o n s i s t  of  the fo l lowing:

a) Cl uster-moleoular-beain source1, of van der Waals dimers and 

high er ol igomers;

b) Modutatrd-beam mass spectrometer;

c)  l.ow-enorgy e l e c t r o n  beam Tor the production of excimers;

d) Vacuum-ultraviolet to V i s i b l e  d e t e c t i o n  and photon-counting

system to monitor exc. liner emission;

v ) F l a s h - e x c i t e d  tunable la s er  for s t u d i e s  of  resonant, s e l f -  

a b s o r p t I o n s ,

2, Form Ar^ In i t s  van dor Waals ground s t a t e .

Produce At̂  by e l e c t r o n  bombardment of Ar^.

•k
A. Perform f l u o r e s c e n c e  and photon absorption s t u d i e s  of A ^  .

At the end of  the c o n tr a c t  peri od,  go a ls  1 and 2 have been met; e x p e r i ­

ments 3 and A have been designed.
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Among the p o t e n t i a l  l a s l n g  m a t e r i a l s  for l n s e r - f u s i o n  re sea rch  are the 

rare gas exeimors and other boiind-unbounc! e r n i t e r s . ^ ^  Although con­

s i d e r a b l e  Information on those m.-jtcrlnls is  becoming a v a i l a b l e ,  the  

absence of  fundamental data prevents  us from applying t h i s  information  

to new systems.  In our work, we have developed a promising new technique  

Tor bas ic  research on both known and new exc liner systems.  Tn a d d it io n ,  

the apparatus b u i l t  to demonstrate our technique i s  capable of a p p l ic a ­

t io n  to a ni'inber of fundamental problem,'’, bevond the f i e l d  of l a s e r  

fus I on.

A system was designed and b u i l t  i n which, excimers can be formed from 

t h e i r  van tier Waals ground s t a t e s .  how temperatures ( t y p i c a l l y  5K) 

obtained I n a free.--.jet expansion have been used to produce h ig h ,  steady-  

s t a t e  concent rat lotus of van der War,Is dimers and other o l igom ers .

These, in turn, can bo e x c i t e d  by low-energy, resonant e l e c t r o n  bombard­

ment to y i e l d  exc liners and oxc I p l e x e s , The mechanism, i l l u s t r a t e d  In 

Figure 1 , is  as fo l lows:

A i  I? -> All ( f r e e  expansion)

- 2  4=
AH + e Ali1 + e (F-beart, e x c i t a t i o n )

AB̂  + M — ► All + M ( d e - e x c i t a t i o n )

The. e x c i t e d  s l a t e s  of  the dimers, oxl. les,  and h a l i d e s  of  i n e r t  gases  are

caml I da t e;> lor study. ^  For any l a s e r  system, I t  Is  n eces s ary  to study

f 3|
both primary and secondary p h o t o - p r o c e s se s ; we can do both.  With our

technique,  we cnu probe the r e l a t i v e  rates  of e l e c t r o n  pumping of  

exc 11 ed -si al e in.iullolds and, u 11 imal.o ! y , the p r e f e r e n t i a l l y  pumped

T: INTRODUCTION
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vibronic states within each manifold; we can also consider reactive

quenching of emission, as well as collision- and noncollision-lnduced

intersystein crossing. Collision-induced crossing is especially

interesting to us; it is important not only for systems like the inert-

gas oxides, but also for applications of RRKM theory to systems which

r 41
exnibit such crossing, e.g.

Although the work o r i g i n a l l y  focussed only on the k i n e t i c s  of excimer  

formation and on r e a c t i v e  and r a d i a t i v e  l i f e t i m e s ,  the scope of  our 

p i o j e c t  wns expanded to ir Uide another source of excimer dep le ti on :  

near-resonant s e l f  absorpt ion  of L.s ing  emiss ion.  I f  t h i s  process  i s  

e f f i c i e n t ,  e s p e c i a l l y  at high p ressur es ,  i t  could lead to a s er io u s  

lo s s  of  photons v ia  the production of  more highly  ex c i te d  (perhaps 

Rydberg) s t a l e s .  Tho experimental system can a l s o  be used to measure; 

appearance p o t e n t i a l s  of van der Waals molecules and p h oto lo n iz n t io n  

cr o s s  s e c t i o n s  of exc Liners.
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II: THE LOW-PRESSURE APPROACH

At the high pressur es  g e n e r a l l y  employed, fundamental p r o c e s s e s  In 

l a s i n g  m a t e r i a ls  are d i f f i c u l t  to  study; rapid c o l l i s i o n a l  quenching 

co mplica tes  the study of  e x c i t a t i o n ,  d e - e x c i t a t i o n ,  and r a d i a t i v e  

k i n e t i c s .  Consequently, Instead of  using high pres s ur es ,  we have e l e c t e d  

to use the low temperatures obtained in a f r e e - j e t  expansion for  the  

production of high, s t e a d y - s t a t e  c o n cen tra t io ns  of van der Waals dimers 

and ol ig omers .  These molecules  are then e x c i t e d  by low-energy, resonant  

e l e c t r o n  bombardment, to produce exclmers or e x c i p l e x e s ,  probably in 

v IbroLat i onal 1 y e x c i te d  s t a t e s .  The formation mechanism i s

A + B AB (In f r c e - j e t  expansion)

A IS + e  ̂ AB^ + e  ̂ (e  ̂ beam e x c i t a t i o n )

In these r e a c t i o n s ,  A might be an Inert-gas atom whi le  li could be 

another Inert-gas atom, an oxygen atom, or a halogen atom. The procedure 

Is based on 1 lie fact (hat  dimers and ol igomers form In the f i r s t  s teps  

of condensation in a j e t  ex p an sion ;  ̂  ̂ i t  assumes that  e x c i t a t i o n  by 

e l e c t r o n  bombardment Is a Franck-Condon proce ss ,

Once formed, an oxc.Lmer can s u f f e r  a number of  f a t e s ,  as represented by 

the fo l l o w ing  paths for excimer dep le t ion:

4 '3
All' + M -  ̂ A -I- B -I- M (rcvicMve i|uonch lug)

A /,
AB1 > A + B hv ( .radiative d i s s o c i a t i o n )

AB1 + M AB* -I- M (col  1 Hi 1 mini de-oxcI tat  I on to tlio 
v l b r o t a t l o n a l l y  unexcited excimer AB*)

Ah'! a + M -  I'v

l i M  I. A l J  A U r t i Vh\> i- AH > AB** ( resonant so l f- n b so r p tI  on)



In ad d it io n ,  tho v i b r o t a t i o n a l l y  unexci ted  AB* can i t s e l f  undergo r e a c t i v e  

quenching, r a d i a t i v e  d i s s o c i a t i o n ,  and resonant s e l f - a b s o r p t i o n .  The 

t o t a l  mechanism (embodied in the above equations)  i s  shown s c h e m a t i c a l l y  

in Figure 1.

The use of resonant,  low-energy e l e c t r o n  pumping i s  not r e s t r i c t e d  to  

s p e c i e s  produced in n j e t  expansion, Consequently , our experimental  

system could a l s o  be vised to study e x c i t e d  s t a t e s  of  s t a b l e  s p e c i e s ,  

for example; C0>,(, CO,^* and CS>V.

The experiments proposed were d i f f i c u l t ,  but worth the attempt. Indeed,  

i f  i t  wore not for a bizar re  s e t  of problems wI Mi personnel (See s e c t i o n  

VI IT), oven more data would have been obtained.  As it  i s ,  experiments  

con t in ue,  even though t h i s  c o n tr a c t  has expired.

4
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II.A: THE UNDEREXPANDED FREE JET

A t r a n s i t i o n  from s ubs on ic  to supersonic  f low can occur without shock

r 61
waves in a n o zzle  which has a th roat.  For s u f f i c i e n t l y  gr ea t  pre ssur e

r a t i o s  acro ss  a n o z z l e ,  the f low at the th r o a t  goes transonic;  when t h i s  

occurs,  the p res su r es  downstream from the th roat  become Independent of  

the ambient, expansion-chamber pressur e,  p , I f  the n o z z l e  e x i t  p ressur e,
(X

p , i s  equal to p^, then the nozzle  flow i s  s a id  to be i d e a l ,  otherwise  

i t  i s  n on -id eal.

Two c l a s s e s  of non -id eal,  supersonic  n o z z l e  f low can be d i s t i n g u i s h e d ,  

depending upon whether Pa <P 5 th e i r  s i g n i f i c a n c e  for j e t  formation lias 

been rev I owed, ^ ^  If  P.l>PQ» a shock patter n forms In the n oz z l e .  The 

lower the ambient p r e s s u r e ,  the further downstream from the throat  w i l l  

be the p o s i t i o n  of t h i s  shock. For s u f f i c i e n t l y  low p , the shock pa tter n
cl

Is p o s i t i o n e d  at  the n o z z l e  e x i t .  I f  p i s  fu rth er lowered, but i scl

gre ate r  than p , the adjustment of the f lo wing gas to the c.xit: chamber 

pressure takes  p lace  e x t e r n a l  to  the n o z z l e ,  The shock p a t t e r n  takes  

the form of  a plume which has i t s  base at  the n o zzle  e x i t  and i s  terminated  

by another shock c a l l e d  the Mach d is k .  (See Figure 2 . )

Tf P ^ P g *  the adjustment to ambient pressure  must a^ain  take p lace

external  to the n o z z l e ,  i . e .  in the free  J e t .  'J’liLs c l a s s ,  the under-

expanded J e t ,  Is Important for t h i s  r esea r ch .  Maximum mass f low, m ,
— ------ J—  max

obtains  when the I low Is f s e n t r o p lc  with a s o n ic  v e l o c i t y  at the throat:
[71
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c a p a c i ty  r a t i o  in the s t a g n a t i o n  s t a t e  ( r e s e r v o i r  c o n d i t i o n s ) ^  Jff i s  the

molecular weight of  the g a s fand A i s  the n o zzle  area (at  the t h r o a t ) .

The s t r u c t u r e  of  the underexpanded f r e e  j e t  has been the s u b j e c t  of  con- 

f 7 81
s l d e r a b l e  study. ’ The shape o r: t h i s  j e t  has been w e l l  ch a r a c te r iz e d  

by Bier and Schmidt, ^  C r i s t ,  and o t h e r s .  A l l  p r i n c i p a l  r a d i i  ard 

diameters which c h a r a c t e r i z e  the j e t  geometry have been found to s c a l e  

l i n e a r l y  with n o z z l e  diameter,  D. For n o zzle  pre ssur e r a t i o s ,  (p /p ) ,
O c).

from 10 to 3 0 0 , 0 0 0  (where p i s  the s t a g n a t i o n  pr e s s ur e )  and for  

s t a g n a t i o n  temperatures to A200 K,

x = 0 . 6 7  D (p /p ) L/2.
in o a

(See Figure 2 . )  Stre am lines  in the j o t  r a d i a t e  from a v i r t u a l  point  

sourc e loca ted  a d i s t a n c e  x downstream from the n o z z l e  e x i t . T h i so

d i s t a n c e  c o r r e l a t e s  with the number, f ,  o f  a c t i v e  degr ee s  of freedom in

the gas.

x = D [ 0 . 2 0  f - 0.561  
3

For x>4l), the f low Mach number along the j e t  c e n t e r l i n e  can be estimated:

M h H  f s a . ' i 1,-1 .
Y I I) J

i n t e r e s t  in the use of  n o zzle  ex pansions  a$ h Igh-in t e n s i t y  sources of

f 12  131
molecular beams began with the work of  Kantrowltz and Gray, They

2
pred ic te d  an I n t e n s i t y  gain (over oven beams) by a f a c t o r  of ( 1 / 2 ) yM'; 

the Mach number i s  c a l c u l a t e d  at  the p o s i t i o n  of  a skimmer,, (The o b j e c t i v e  

Is to sample only the Jet  c o r e ) .  The pre d ic te d  gain has never been f u l l y  

r e a l i z e d ;  d e v i a t i o n s  from t h i s  l i m i t  Increase with p . O r i g i n a l l y ,  It 

was beli eved  that  observed d e v i a t i o n s  were due to d finer Iza t io n   ̂ ^   ̂ ; a 

mere l i k e l y  eaune Is neat u er Inf/ ol the beam by background mo I ecu t o s . ^

In this equation, p^, T q> and y are the density, temperature, and heat
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Measurement of the v e l o c i t y  d i s t r i b u t i o n  in f ree  j e t s  revealed the e x i s t ­

ence of  a maximum or terminal flow Mnch number, «M . Anderson and Fenn

l a t e r  showed t h i s  l i m it  depends upon the n o z z l e :Knudsen number, K, as 

f o l l o w s 1 1 7 ^:

-0. 4
M » 1.17 K .

This r e l a t i o n  g iv e s  the con dit ion for which the c o l l i s i o n  rate in the 

gas becomes too low to sust a in  the continuum expansion; the v e l o c i t y  

d i s t r i b u t i o n  and t r a n s l a t i o n a l  temperature " f r e e z e s " .

To the extent  that  the froe-Jet  expansion approximates a potnt-sourcc

r i <> » l
flow, the expansion problem has been solved t h e o r e t i c a l l y .  The

s t r e s s  tensor Is assumed to have a n is o t r o p ic  pressure components: p^^

in the d i r e c t i o n  of  the j e t  a x i s ,  and p^ in the d i r e c t i o n  transve rs e to 

t h i s  a x i s .  Tills, in turn, introduces two t r a n s l a t i o n a l  temperatures,

T^j and Tj, which are only equal, at eqt ' l i b r l i  It  i s  found that  Tjj 

gradually f r e e z e s  In a s p h e r i c a l ,  p oint-s ource expansion, but does 

not fre eze .  'I he; terminal. Mach number for a hard-sphere (monatomlc) gas

I pri'dlcted to be proportional  to K The f r e e z in g  of T ^  and the

non-f ruez I up, of T^ hav€ been expe.r lmentally  conf i.rmed. ^   ̂ For

s phe rica l  expansions of polyatomic gases,  the Internal  temperature 

f r e e z e s  rapidly while; both T ^  and T are s t i l l  decreasing; further  

along In the expansion, T̂  j f r e e z e s ,  but 'l^ never f r e e z e s .

A l t h o u g h  I h e  a x i a l  t e m p e r a t u r e  f r e e z e s ,  t h e  d e n s i t y  In t h e  j e t  m o n o t o n l -  

e a l l y  e l e c t - e a s e s  a s  a f u n c t i o n  o f  d i s t a n c e  x f r ont  t h e  n o z z l e  e x i t .  Tf  x

I s  much g r e a t e r  t h a n  t h e  n oz z l e *  d i a m e t e r  ] ) ,  l iit ' ti  t h e  d e n s i t y  In t h e  j e t

I :i we I I approx [in,11 imI hv
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-L.
f 2 y-1 ( % I

p - o.oia^l j~] p0 ;

here,  p q Jh the r e s e r v o i r  or s t a g n a t i o n  d e n s i t y .

One a d d i t i o n a l  property of  the underexpanded f ree  j e t  i s  i t s  s t a r t - u p

[25]
t ime, t .  A lower l i m i t  tor t h i s  q u a n t i t y  may be esti m ate d:

i/2 5 ( y- 1 )

( ¥ ' !  in ]
t * f >0 2

c 1)
C! I)

In t h i s  e x p r e s s i o n ,  x^  Is the d i s t a n c e  from the n o z z l e  throat  to  the  

p o s i t i o n  of  the g r e a t e s t  diameter of the b ar re l  shock, 1)^, {Figure 2) ;

Is the s t a g n a t i o n - s t a t e  sound speed. Values of DR/ Xi5 ftre a v a i l a b l e

, r H 9 . 2 0 ]lor a number of  p.ases.
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II.B: DIMER AND OLIGOMER FORMATION

Gases which were o r i g i n a l l y  h ig h ly  unsaturated can become h i g h l y  super­

satur a ted  i n  a f r e e - j e t  expansion. Although s u p e r s a t u r a t i o n  can be 

reached In the subsonic po rt ion  o f  a n o z z l e  expansion, con densation

| 2(y I
a c t u a l l y  begins In the supe rsonic  re gion.  Condensation proceeds by

way of  the formation of  dimers and h igher  c l u s t e r s  In homogeneous nuclea-

t i o n  r e a c t i o n s ;  th es e  con densation n u c l e i  are carried  along in the f low.

Milne and Greet,e found that  Argon c l u s t e r s  up to  lagged the argon

[27 1
j e t  v e l o c i t y  by no more than LO p e r c e n t .  The t lieorv of  n o zzle  f low

in which the gas and con densation n u c l e i  move wi'h  the same speed has

, , . [28]  been reviewed.

Bier and Hagena rep orted th at  for d i f f e r e n t - s i z e d  n o z z l e s ,  s i m i l a r  con-

[ 2 9 ]
d en s a t lo n  occurs  at about the same n o z z l e  Knudsen number. This  i s

c o n s i s t e n t  with the f i n d i n g  th;’t dimer c o n c e n tr a t i o n  i s  a f u n c t io n  of

both o r i f i c e  diameter and s t a g n a t i o n  p r e s s u r e .  At f ix e d  source

p r e s s u r e s ,  Milne and Greene found that  the con cen trat ion  o f  Ar^ increa sed

[ 311
e x p o n e n t i a l l y  with o r i f i c e  diameter ; in  t h e i r  s t u d i e s ,  c o n c e n t r a t i o n s  

of o l igom er s  in , 0^  and NO were found t c  be s e v e r a l  orders of  magnitude 

lower than that  of  tho dimer A ^ .  In g e n e r a l ,  the molecular dimer

c o n c e n t r a t i o n s  w i l l  be cxpectcd to  bo lower than i n e r t - g a s  dimer con-

P 21 f 3 3 1
c e n t r n t i o n s  because of m e t a - s t a b i l i t y .  Tables  of i n e r t * g a s ' d i m e r

[ 34 ]
and ol ig omer eq u il i b r iu m  c o n c e n t r a t i o n s  are a v a i l a b l e .  Sec Figure 3.

Observed c o n c e n t r a t i o n s  may, however, be d i c t a t e d  by k i n e t i c  rather than

by e q u i l i b r iu m  f a c t o r s ;  'or example, the dimer of  water has been observed

f 3 r>lat  l e v e l s  as  high as 5 0 7. o f  the parent molecule.  ' Increased ol igomer

f 3 (SI
concfnl r,iI Iotin have al uo  been produced with gas mixtures,
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As in d ic a te d  above,  dimers and ol igomers  itv out. s t u d i e s  have been formed 

in  a f r e c - j e t  expansion,  A major experimental  ta s k  has been the dev el op ­

ment of the n o z zle-so u rc e  c l u s t e r  beam. Design equations and c r i t e r i a  

were ob tain ed ,  both from the l i t e r a t u r e  and o r i g i n a l  d e r i v a t i o n s ;  th es e  

are presented in Tables  I and I I .  We soon recognized that  j e t  geometry  

i s  v i r t u a l l y  independent of  the c o n d i t i o n s  in the s ta g n a t io n  chamber,

[ 3 7 ]
but i s  determined p r i n c i p a l l y  by system pumping speeds.  This led

to the des ign of  a pulsed beam system. Although t h i s  added the

mechanical d e s ig n  of  a pulsed n o z z l e  to our problems, i t  a l s o  gave us an

important new c o n t r o l  parameter; v a r i a t i o n  of  s ta g na t i o n  chamber

co n d i t i o n s  has been given a r e a l  fu nct ion in the c o n t r o l  o f  c l u s t e r

s i z e .  An important side-reruil.t of  pulsed oper ati on  i s  that  s t a g n a t i o n

p res s ur es  of  two atmospheres can be used to g iv e  j e t  performance comparable

f 371
to  that normally obtained at 1 0 0  atmospheres.

Tn ad d it io n  to  v a r i a t i o n  of  n o z z l e  duty c y c l e ,  the con cen trat ion  of  'A.

s e l e c t e d  ol igomer can be optimized through c o n t r o l  of the f o l l o w i n g

[391
experimental parameters ( see Figures 4 ) :

Skimmer-to-nozzle d i s t a n c e  (L ) ,
o

O r i f i c e  diameter (D),

Stagnation  pres su r e  (Pn )>

Stagnation temperature (T ) .

Although nozz le  shape i s  an important factor  in c o n ven ti on al  nozzle-bcam 

d e s ig n ,  I. L Js unimportant for dlmor s t u d i e s .  A study of  c l u s t e r  i n t e n s i t y  

for various nozzle; shopes revealed J ia t  reported I n t e n s i t y  i n c r e a s e s  were 

(Ihp In the I onnal Ion of  beams with larger average c l u s t e r  s i z e ;  the

II.C: DESIGN OF THE DIMER REAM



14

intensity of dimers, trimers and other lower-oligomers does not change 

with nozzle size. This led to the use of a sonic nozzle in our studies.



TABLE I :  CLUSTER REAM EQUATIONS

Property Relation

1. Nozzle Knudscn No. K - 0

2. Skimmer Knudsen No. skimmer ~

3. Mach Disk Knudsen No. K  ̂ - >  
M0 " °HD

4. Nozzle Maximum Mass 
I'low Rate

_t±L_  ̂ t/2
dm f ' 2 1 ?-'{~d itD2 r yRT0 \
dt “ i y~n~3 p0 r  1  M ’ J

5. Centerline Jet Density fo.o678‘)v"1 f o l 2
p “ i  jr -m  i~x:) po

6. Location of Mach Disk
p 1 '2. 

XMD = 0.67 D ( ^ }

7. Location of Virtual 
Source Point

Xp = D {0.20 f - 0,[>6}

8. Mach Number of Flow H. - ^  { ^ V 1

9. Terminal Mach No. I4ar = l . i 7 K ~°‘/!

10. Location of Onset of 
Background I’cik!Iration

X,. « o.r, -P-

! 1 ih.’l. Lxpans i on Ohainlier 
Background Pressure

J , , y «

12. Jc 1. S I,.) rl.-ll|>--1 i tin:
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Property Relat ion

13. Je L Decay-Time
X , .. ski  miner 

f a l l  “ "c'v

Mm'\Tr>u'*Ti Plow Ar^lf

Prandtl-Mayer expansion

1/2
* „ i  f r Li )u z  . i

2 l y - 1  / 2

Symbols Used In Table I :

p - Density 

Y = Heat capac i ty  r 

A - Heart free path 

c = Speed of So'.'mcI

Subscri  p t s :

o denotes stagnat 

•I- denotes je t -cha  

BS denoi-jS proport

D = Diameter S = Pumping Speed

at io  m = Mass T -• Kelvin Temperature

M = Molar Mass X = Distance From Nozzle
r:xi tp = pressure

f = Thermo degrees of 

Freedom

ion chamber

mber background

ies of j e t  barre l  shock
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TABLE I I :  DESIGN CRITERIA

for j e t  formation:

K $ 0.3

For ncyl ig ib la  skimmer In te r fe rence :  

skimmer

^skimmer

1 < K , .skimmer

For n eg l ig ib le  e f f e c t  on Jot p ropert ies :

^ s k im m e r  ^  Z  ^MD

For s i m i l a r  c lu s t e r  i n te n s i t y  and s i ze  d i s t r i b u t io n ,  two sca l ing  

laws have been suggested in the l i t e r a t u r e : '

> 5C 1s OK.

< 1 ■ ' i s OK.

<• 50 is N0K.

p D1/2 T -2.375 | a constant

pQ D t ^-2.50 ^  « constant



ol
i

r i g u r e 4  : Experimental Apparatus

Orifice 0; Skir^zer S; Collimator C; Vac^tm Pumps V^, ^2y ^ 3’ 3eat. Chopper 31; 
Excitation Electron Bear: E^; Analytical Electron Beazi E2; Electron Multiplier 
EM. Distances Lq, L-j , L£ are variable
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R P  AHflLj?£<v

rigurt S  : Experimental Apparatus

Or; f : :■=■ C;  S . i “ 5r S ;  C o l l i  ins to r  C ;  Vgcuurr, Pur^s 7 , ,  V , , V - ,  V . ; Sear. Chorssr  EC;
l C. C> ‘t 3

Ex" :  ■ = *'!O' E lec t ron  B-e-" or E-j; A n a l y t i c a l  E l e c t o r-1 Kean - 2 > ciectro.-; ,-;u: tipi; er z>-
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Molcculnr beam composition has boon monitored with roodulated-beam mass 

spectrometry. The system includes a laboratory-built mechanical chopper, 

a lock-in amplifier, and either a time-of-flight (TOF) or quadrupole 

mass spectrometer. Once the pulsed nozzle source was incorporated, the 

mechanical chopper was removed; detection now is synchronized with nozzle 

opening. With pulsed dimer formation, we eliminate contributions to the 

hr2 signal from the background recombination process:

Ar+ + Ar + M -► A ^ + + M

Single pulses of A ^  were first measured with a storage oscilloscope, 

and later with a Biomat Ion transient recorder. Argon dimer was monitored 

as a function of the following experimenta”; parameters: nozzle diameter,

stagnation temperature, stagnation pressure, and nozzle-to-skimmer 

distance. Results are reported in Figures 6 through 9.

For nozzle diameters IK0.5 mm, argon dimer formation obeyed one of the 

Laws of Corresponding Jets (See Table II).

p DT = constant,
o

Probably because of inadequate pumping speed, data for D5.0.5 mm did not: 

obey a Law of Correspond ing Jets> It was also found that Ar^ formation 

klnelIch was t li I rd-onl i>r In argon stagnation pressure. Attainment of 

!:h Ird-nrder klnetlcH hml been selected ms a key diagnostic of proper 

nozz 1 e performance.

II.D: CALIBRATION EXPERIMENTS
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Since the success of our program hinged on the validity of earlier

estimates of argon dimer concentrations In the free expansion,  ̂ we

recalculated the mole fraction per unit number density as a function of

I tie translational, temperature T^ In the beam. Calculations for both

homomiclear anil hrteronuc 1 ear inert-gas diatoml.cs were performed with

(All
the method of Strogryn and HirscI felder; metastable contributions 

to the mole fraction were included under an assumed Lennard-Jones Inter­

action. The conservative experimental parameters used are listed in 

T.nbh, T H . 1''21

IT.E: CALCULATED DTMER CONCENTRATIONS

As a guide, we note that, although T  ̂will freeze out at about 1.0K in

our system, T^ w111 go to lower temperatures. The results, given in

Figures 10 through 12, confirmed our original rough estimates and

indicated that hoinonuclear and heteronuclear dimers (and so excimers)

(A 3 1
nt Xe, Kr, and Ar should be most easily studied.



^0

TABLE Iff: LENNARD-OONCS PARAMETERS^42^

Based on conservative choices of 
i.'xperimental va lues .

1)1 ICR cr [ l C f y cm] 6 [ 10" 1  ̂ erg] REFERENCES

llc-He 2.65 23.5 J ,  Fa r ra r  e t .  a l .
J .  Chem. Phys. 56, 5801 (1972)

No-He 23 2.64 D. Konowalow e t .  a l .
J .  Chem. Phys. 57, 4375 (1972)

R. Van Hoijningen et .  a l .
Physica (Ul'R) 37, 1 (1968)

Ar-lte 34 2.93 D. Konowalow e t .  a l .
J .  Chom. Phys. 87, 4375 (1972)

R. Van l le i jn inqen e t .  a l .  
Physico ( UTR) 38, 1 (1968)

Kr-lle 33 3.13 R. Van l lei jninqon e t .  a'i , 
Piiysica ( UlR) 38, 1 (1968)

Xo-He 50 3. 32 R. Van llci jningnn e t .  a l , 
Physica (UlR) 38, 1 (1968)

llo-Ne 63 2.73 P . S i s k n e t . a 1.
J .  diem. Phys. 55 , 5762 ( 1971 )

R. Van Heijninncn c t .  a l . 
Pi iysica ( l i lR) 38, 1 (1960)

Ar-Ne 3.0H MO J .  Kostin  e l ,  a l .
0. Chom. Phys. 53, 3773 ( 1970)

.1. Parson ot .  a l .
J .  Uiom. Phys. 53,  2123 (1970)



Table 3ET (Continued)

DIMER j o UO 8 cm] -12
E [10 erg) REFERENCES

R. Van Heijningen e t .  a l . 
Physica (UTR) 38, 1 (1968)

Kr-Ne 3.16 80 J .  Parson e t .  a l ,
0. Chem. Phys. 53, 2123 (1970)

J ,  Kestin ot ,  a l .
J .  Chem. Phys. 56, 4086 (1972)

Xe-Ne 79 3.44

R. Van Hei jnincjen e t .  a l .
Physica (UTR) 38, 1 (1968)

J .  Parson e t .  a l .
J .  Chem. Phys. 53_, 2123 (1970)

Ar-Ar 195 3.32 J .  Parson et .  a l .
J .  Chem. Phys, 56, 151 1 (1972)

Kr-Ai 214 3.41

J .  Kestin e t .  a l .
J .  Chem. Phys. 53, 3773 (1970)

J .  Parson, et. . a l .
J .  Chem. Phys. 53, 3755 (1970)

Xe-Ar 236 3,60

R. Van Hei jningen e t .  a l .
Physica (UTR) 38, 1 (1968)

J .  Parson e t .  a l .
J .  Chem. Phys. 53, 3755 (1970)

Kr-Kr 270 3.48 D. Konowalow e t .  a l .
J .  Chem. Phys. 57,  4375 (1972)

Xe-Kr 223 3.82 R. Von Hoijninqen ot.  a l . 
Physica (UlR) 38, 1 (1968)

Xu-Xu 3.8b

J . Kostin e t .  a l .
J .  CIhmii, Pliys, f>6, 41 19 ( 1972 ) .  

0, Davis 
8.  Davis
8 . J .  Cliem. Phys. 57, 5098 (1972) ,

l lased on (i I i l .cra l u r e  s ea rc h r o p o r l e d  by Y. Kim and R. f iordon, J .  Chem. 

I 'hys,  M , I ( I ' . I / ' I ) .
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For purposes of design, procurement, and construction, our experimental 

system was divided into 25 interrelated subsystems, A through Y (See 

Figure 13). The following subsystems have been completed:

A through D,

G through P,

R and S, and 

U through Y.

The dissociation oven and related power supplies, K and F, were dropped 

from the project^ when we were directed to discontinue work on lnert-gas 

halides and oxides. Electron~gun controls, Q, are actually in use; only 

the pulse circuitry (for future excimer-lifetime measurements) remains 

to be assembled. The gas recovery system, T, will be assembled when 

*/ork on Xenon systems begins.

Functionally, our experimental system Is composed of the following major 

units:

1. The Cluster-Molecular Beam source of van der Waals dimers;

2. The Mass-Spectrometer Monitor of molecular beam composition;

3. The. Low-energy Electron-Beam Source of excimers;

A . The F.xcimer Monitoring System (vacuum-UV to visible detection 

and photon counting);

5. A Tunable Laser for absorption measurements.

The cluster-molecular beam Is shown In Figures 14 and 13; its performance 

lias Ih m’h d I HOiHi-H’d In sect Lon 1.1. of this report.

III: THE STATUS OF THE APPARATUS

The status of our research is mirrored in the status of our apparatus.
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III .A: MASS SPECTROMETERS

Two options are available for the measurement of molecular beam composi­

tion: time-of-flight or quadrupole mass spectrometry.

A Bendix Model 12 TOF mass spectrometer was obtained under a Loan Contract 

from USEPA, Cincinnati, but has been dedicated to this project via an 

Excess Property Transfer. This instrument, originally designed by the 

principal investigator In 1960, is now a fully functioning mass 

spectrometer. It lias a sensitivity of 0.1 amp per torr and a unit mass 

resolution of 300 d/e ..

Our quadrupole option was, at first, based on a Vartan RGA of uncertain

vintage and model number, obtained on loan from NASA, Langley Research

Center. When operational, it was shown to detect partial pressures to 

-11
5 x 10 torr wit It a unit resolution of 50 d/c in the mass range from

10 to 230 d/e . Circuitry to expand the mass range to 600 d/e was built 

but never incorporated; once the Instrument's performance was known, it 

was obvious that the mass-range expansion would deteriorate the resolu­

tion to less than 35 d/e .

To optimize dimer production In the molecular beam, we have to manipulate

the cluster size distribution. This, in turn, requires unit resolution

134
of 600; the tetramer ^G/(* f°r example, has a mass of 536 d. A used 

AET. Model 250 quadrupole mass spectrometer was obtained; both the 

quadrupole head and its electronics were modified. Tn its present con­

figuration, tills instrument has a base-line resolution of 600 d/e~.

Despite  the seemingly lar ge  number of  p u b l i c a t i o n s  In t i l l s  area,  mass

I i nmci. ry nl c l i i s l e r  bemiu) Is In Lis Infancy. The p r i n c i p l e  problem
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is the lack of established criteria for clunter-size distributions. In 

addition, ionization energetics show a n o m a l i e s . ^ T h e  use of combined 

(retarding-potential) energy and mass analyses in alternate cycles should 

provide a new standard for size-distribution measurements. A retarding- 

potential analyzer lias been developed for use with our TOP spectrometer; 

It mounts in line with the molecular beam, but is downstream of the 

mass-spectrometer electron beam. (See Figure 5.) This approach to 

cluster-beam spectrometry should prove especially useful in our studies 

of heteronuclcar cxcimcrs.
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Hl.B: EXCITATION ELECTRON CUN

During development of an acceptable electron gun for our exclmer studies, 

continual difficulties arose. The incompatible criteria of high beam 

current and low energy bandpass required a working compromise. In 

retrospect, wo spent too much time seeking flits compromise.

The first gun, shown in Figure 16, used ribbon filaments and cathode-- 

lay-tube optics; it satisfied neither of the above-mentioned criteria. 

Successive designs employed directly Seated wires or indirectly-heated 

cathodes with an evolving set of electron optics. For narrow bandpass,

beam currents were still restricted to less than 100 pa.

Figure 17 Illustrates the newly completed "final" version. Using a 

tungsten spiral filament with desceptively simple electron optics, this 

gun has produced beam currents of over 300 ua at electron energies of 

50 ev, The electron beam I:; electrostatically focussed with optics 

designed by field graphing. All. gun elements, including the electron 

trap, nr.: mounte'1 to a stngl.e-pi.ece, stainless steel frame. Electrical 

insulation Is provided by the material "Vespl.1", an experimental polymer 

developed by Dupont, which is easily machined and Is stable at the high 

temperatures surrounding the filament.

Grids nave been included which, with RPD a n a l y s i s , s h o u l d  allow an

excitation energy resolution of j0.02 ev.
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III.C: PHOTON DETECTION

The photon-detection system, required to monitor excimer emission, con­

sists of the following major components: a Minuteman Labs Model 302-VM

scanning Vacuum-UV/Visible monochromator; a Model 1109 photon counter and 

a Model 1121 ampl1fier-discriminator from Princeton Applied Research; an 

KMI-9635QK photomultiplier; a Products For Research TE-104 pm chamber; 

and a Galileo CEM 4000 electron multiplier. Since this type of system 

was new to the principal Investigator, its design was given top priority; 

moreover, the components had the longest lead times of the commercial 

equipment required.

A Chromatlx Model CMX-4 flash-excited, tunable dye laser was obtained 

for excimer-absorptIon studies. With spectroscopic detection and laser 

excitation, the excimer formation chamber is the site of the confluence 

of three beams: the molecular, excitation-electron, and laser beams.

In addition, the photon-dctectlon system must focus on the volume of 

Intersection these three beams.
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According to the proposed mechanism (See Figure 1), excimers and exci-

plexes will be formed by electron bombardment of van der Waals complexes.

Since resonant-electron pumping Is a Frnnck-f' >rocess, vibrotational

states must exist near the dissociation limit of AB^, i.e. at the inter-

nuclear configuration of the van der Waals complex. This requirement

will surely be satisfied. For example, Li and Stwalley found such states

[451
in the spectrum of Mg^ at internuclear separations of 10 angstroms

(where the difference between the electronic energy and dissociation

>v m
limit is about 0.05 ev). The potential well for Xe2 is about 1.0 ev.

+
The formation rate for A B 1 is given by

JfAB^J , fATl1 m “ k [ABJ N , 
d t 1 ' e ’

where N is the number of electrons in the volume of intersection of the 
e

[471
dimer and electron beams. With an electron-excitation cross section of

■“J B 2  * " 1 0 3
2 x 10 cm , rate constant k takes a valje of 3.6 x 10 cm /electron/

A 9
second. For Xe£ , we should form more than 10 excimers per second.

4
Tf we assume a radiative lifetime of 20 ns for Air and a reasonable value 

for the de-exc I. tat J on cross section,^ then less than one percent of 

our excimers will be vfbrotationally excited. However, our objective is, 

in part, to discover bound-free systems with radiative lifetimes longer 

than 20 j i b .

The experimental program, as first proposed, Involved four basic classes 

of measurement: spectra, excitation cross sections, reactive cross

sect Ions, and lifetimes, As our work progressed * two additional measure­

ment rapnb I 1 11 I i > h were bull I: Into our apparatus: photo I oni za 11 on and

resonant self absorption.

IV: FORMATION OF EXCTMERS
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IV.A: VISIBLE TO VACUUM-ULTRAVIOLET SPECTRA

Sines  emiss ion  spec tra  should help in  the c h a r a c t e r i z a t i o n  of p o t e n t i a l

new l a s e r  m a t e r i a l s ,  we plan to monitor the v i s i b l e  to  vacuum-

u l t r a v i o l e t  re gio ns  of the spectrum for each s p e c i e s  studi ed.  Low-

12 491
pressure s t u d i e s  should y i e l d  w e l l - r e s o l v e d  s p e c t r a ,  ’ but photon-  

counting w i l l  be employed when required.

IV.B: ELECTRON EXCITATION CROSS SECTIONS

The c r o s s - s e c t i o n s  for electron-beam formation of excimers and e x c i -

p le xe s  can be deduced from s t e a d y - s t a t e  emiss ion  i n t e n s i t i e s ,  provided

that the e x c i t a t i o n  chamber i s  at very low background pres sur es .

2 +
AB + e ABt + e

+ 4ABt ---► A + B + hv

A
At s t e a d y - s t a t e ,  the emission of  AB1 i s  p rop or tio nal  to the r a t e  of  

r ea c t io n  ( 2 ); i f  the electron-beam current i s  d i r e c t l y  monitored, whi le  

the AB dimer co ncentrat ion  i s  measured with the mass spectrometer,  then 

the rate constant  (and so the c r o s s - s e c t i o n )  for ( 2 ) can be found as a 

function the e l e c t r o n  energy. Absolute c r o s s - s e c t i o n s  may have lar ge  

u n c e r t a i n t i e s ,  but r e l a t i v e  cro s s  s e c t i o n s  w i l l  be more a ccu ra te ly  

determined; i t  may be nec es sary  to e x tr a p o la te  measured c r o s s - s e c t i o n s  

to t h e i r  valu es  at zero background pressure.

IV.C: REACTIVE CROSS SECTIONS

Once the c r o s s - s e c t i o n s  for excimer formation have been determined,  

t o t a l  c r o s s - s e c t i o n s  for quenching r e a c t io n s  ( c o l l i s i o n a l  d e - e x c i t a t i o n  

and d i s s o c i a t i o n )  can be determined. By the simple procedure of  varying  

background gas pressure and composit ion under the c o n d it io n s  of  steady-  

f'.lnl'e exc liner formation, data loading to r e a c t i v e  cross  s e c t i o n s  can he 

obtained.  Again, It Is r e l a t i v e  c r o s s - s e c t i o n s  which can be most 

accurate 1 y del:orm i ned ,
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Since some of the new excimer or exciplex systems under study will have 

lifetimes on the order of collision tlm^s, a first probe of lifetime is 

provided by the dependence of emission spectra on variations in back­

ground pressure. However, actual lifetime measurements will involve 

relaxation studies with pulsed electron-beam excitation and time-delayed 

photon counting.

Using recently available electron-bombardment-semiconductor devices, 

we have generated very fast-risetime, high-energy pulses for the measure­

ment of lifetimes shorter them 3 With this ability to measure

lifetimes to 2 ns, we can now probe kinetic complexities; for example,

the existence of two different lifetimes (5 and 40 ns, respectively) for

[ 521
singlet and triplet rare-gas excimer manifolds can be directly 

confirmed. Thu lifetime measurements are the most difficult experiments 

planned in this research.

IV.E: RESONANT SELF-ABSORPTION

In high-pressure lasers, resonant self-absorption of .lasing emission 

could lead to a serious depletion of excimer (through the formation of 

more-highly-excited states). To study these processes, the following 

experiment, employing a tuned laser, was proposed. Upward-bound optical 

transitions Induced by a laser (tuned near the excimer's lasing frequency) 

would be monitored via emissions from the moro~highly-exclted states.

As noted in the fo l lowin g s e c t i o h ,  t h i s  experiment i s  f e a s i b l e  only  

because resonnnt-nbsorption c r o s s - s e c t i o n s  for v i s i b l e  l l ^ l i t  are extremely  

large* Mi'/imireincnt ;i w i l l  hi' comp! lent oil If the potent: I n1 energy minima

I V . D : LIFETIMES



for both excimer and van der W a a l 9  dimer occur at the name i n t e r n u c l e a r  

separation. But even this unusual case could be revealed in laser 

fexcitation studies of the ground-state dimer,

IV.F: UPWARD-BOUND TRANSITIONS

Upward optical transitions (process 6 in Figure 1) can be studied via 

the emission from the more-hlghly-excited states formed; this is a 

consequence of the extremely large cross-sections for resonant absorp­

tion of visible light.

If ? is the radiative lifetime of the excimers formed by electron-beam

A
excitation, then the number of excimers, N , present after a time t is

d N ^ J  1 t M
"  d t  I  1 - e x p  ( -  -;•) J  T  ,

A 9
where dNT/dt is the steady-state excimer production rate, 10 excimers/

sec. If t  is 20 ns, then

- 20 | 1-exp(- -)} •

Let P be the number of photons required to excite every excimer by 

resonant absorption; then

p . n! a

0 ’
r e s

2
where A is the area of the molecular beam (~0.01 cm ),and a is the‘ r e s

cross-section for resonant absorption. The latter quantity is pro­

portional to the square of the wavelength for tho transition; for n 

Breit-Wfgner lineshnpe:

a «* 0. 477 A 2
res o

F o r  A  “ !)()()<> a n L M i  i r o n i H  , 
o ’



47

This corresponds to a laser power of 64 mw; the Chromatix Model CMX-4, 

the laser available for this research, is capable of 3 kw peak power at 

90 mw average power when operating at 30 pulses per second.

TV.G: PHOTOIONIZATION OF EXCITED STATES

Another important, hot difficult, class of experiment is possible 

because n mass spectrometer Is being used to monitor molecular beam 

composition. See Figure 19.

With its electron beam off, the mass spectrometer acts as a passive

"t*
ion detector; consequently, dimer ions, AB^ produced by photoionization 

*
of AB can be detected. Structure in the photoionization efficiency

*4*
curve for AB which is induced by the excitation electron beam, can 

immediately be interpreted in terms of the photoionization of the 

excited states of the dimer, While photon counting of excimer 

fluorescence indicates the steady-state excimer population, ion counting 

measures the steady-state photo-ion current. By monitoring laser 

intensity, we can then determine photoionization cross sections.
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V: MERCURY & MERCURY-INERT GAS SYSTEMS

There has been some interest in metal vapor excimer systems as candidates 

[ 53 ]
for lasers. As an example, the lowest electronic levels in Group IIB

elements are metastable with lifetimes from 0.1 to 1.0 microsecond.

The ground-state mercury dimer can be produced in the free expansion. 

There are, however, problems unique to metal-vapor work which must be 

solved: in particular the main!:ainenee of high purity, and the generation

of high vapor pressures. In this work, an inert-gas sweep-out technique 

was planned for the formation of mercury-inert gas dimers in the free- 

jet expansion; would also be formed. Our study did not go beyond 

the planning stage, although a heated sweep-out source was designed.
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VI: CALCULATIONS OF POTENTIAL ENERGY CURVES

With the study of the fluorescence find product energy distribution of
u le-i

Hg12* c^e use van der Waals^as photochemical prototypes has now been

[54]
recognized; this species, however, is relatively long-lived

_7
(10 sec) and, at the pressures used, reactive quenching has dominated 

observed kinetics. A key goal of the low-pressure approach has been the 

separation of quenching kinetics from formation and rndiative-dissocia- 

tlon kinetics; in particular, we htive been interested in cxcimers and 

exciplexes of heteronuclear van der Waals clusters - about which little 

is known regarding stability^ or formation and ionization kinetics.

It had been hoped to develop an in-house theoretical expertise on such 

systems and to compute ground-state potential energy curves for hetero­

nuclear (as well as homonuclear) inert gas diatomic molecules and ions.

Some preliminary calculations were included in earlier progress reports; 

they deserve little further comment, since the theoretical calculations 

never ro.al.ly got off the ground. The principal investigator is con­

sidering the initiation of such calculations himself, they would be 

useful in setting limits on the concentrations of species which either 

can be formed In the jet expansion or can be detected mass spectro- 

metrlea 11y.
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