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C ro ss  sec tio n s fo r co llis io n -in d u ced  d isso c ia tio n  (C I D )  o f  Fe„+ w ith  X e, 2 < « < 1 0 , a re  
p resen ted . E x p e rim e n ts  w ere  p e rfo rm e d  o n  a  n ew ly  c o n s tru c te d  g u id ed  ion  b e a m  m ass 
sp e c tro m e te r, th e  d e s ig n  a n d  cap ab ilitie s  o f  w h ic h  a re  d e sc r ib ed  in  de ta il. T h e  sing le  
m ech a n ism  fo r d is so c ia tio n  o f  iro n  c lu s te r  ions is seq u en tia l lo ss o f  iro n  a to m s  w ith  in c reas in g  
co llis ion  energ ies. T h e re  is n o  ev idence  fo r fission to  m o le c u la r  n e u tra l p ro d u c ts . T h e  c ro ss  
sec tio n  th re sh o ld  e n e rg y  d ep en d en ces  a re  a n a ly z e d  to  give th e  b o n d  d is so c ia tio n  energ ies  
(B D E s ) ,  Z)°{Fe„+_ , - F e ) .  D a ta  an a ly s is  em p lo y s  a n  e m p iric a l m o d e l th a t  in c o rp o ra te s  R R K M  
th e o ry  to  a c c o u n t fo r  ineffic ien t d isso c ia tio n  o n  th e  tim e  sca le  o f  th e  ex p e rim en t. R e su lts  show  
th a t  F e 6+ h a s  th e  s tro n g e s t B D E , Z > °(F e5+ - F e )  =  3 .44  +  0 .18  eV , w h ile  F e 3+ is th e  m o s t 
w eak ly  b o u n d , D ° ( F e 2+ - F e )  =  1.64 +  0 .15  eV . N e u tra l  c lu s te r  B D E s a re  d e riv ed  fro m  ion ic  
b in d in g  ene rg ies  a n d  k n o w n  io n iz a tio n  p o ten tia ls . B ra n c h in g  ra tio s  a n d  o th e r  c ro ss  sec tio n  
fe a tu re s  a re  a lso  d iscu ssed  w ith  re sp ec t to  c lu s te r  size.

I. INTRODUCTION

S m all tra n s it io n  m e ta l c lu s te rs  h av e  a ro u sed  m u c h  in ­
te re s t in  th e  p a s t five to  te n  y ea rs  m a in ly  becau se  th e y  a re  
novel species, b u t a lso  becau se  th e i r  s tu d y  m ay  give in s ig h t 
in to  m a n y  im p o r ta n t p rocesses, s u c h  a s  ca ta ly s is  a n d  c o r ro ­
sion . R e c e n t te ch n o lo g ica l a d v a n c e s  h av e  m a d e  g as-p h ase  
s tu d ie s  o f  th ese  p a rtic le s  a  re a l ity . 1,2 C o m p lic a tin g  so lv en t 
in te ra c tio n s  a re  n o t p re se n t in  su c h  s tu d ies , th e re b y  lay ing  
o p en  e lu c id a tio n  o f  th e  p ro p e r tie s  o f  b a re  m e ta l c lu s te rs . A  
fu r th e r  level o f  se lec tiv ity  c an  b e  ach iev ed  by  s tu d y in g  ion ic  
c lu s te rs , a s  th e se  c lu s te rs  can  b e  se p a ra te d  by  th e i r  m ass-to - 
ch a rg e  ra tio s  w ith  re la tiv e  ease. T h is  p ro p e r ty  a llow s a  sing le  
c lu s te r  to  b e  ch o sen  fo r s tu d y  f ro m  a n  in v a riab ly  co m p lex  
m ix tu re  o f  n a sc e n t b a re  a n d  o ften  p a rtia l ly  o x y g en a ted  c lu s ­
te rs . Selec tiv ity  is especia lly  u se fu l in  ch em ica l s tu d ies , b e ­
cau se  it  enab les  a  re a c tio n  to  b e  fo llow ed  u n am b ig u o u sly  
f ro m  re a c ta n ts  to  p ro d u c ts . F a c ile  c o n tro l ( i.e ., t ra p p in g  a n d  
fo cu s in g ) a n d  ease  o f  d e te c tio n  a re  tw o  a d d it io n a l a d v a n ­
tag es  th a t  io n ic  c lu s te rs  h o ld  o v e r  th e ir  n e u tra l analogs.

T h e  ab ility  to  m o d e l re a c tiv ity  o n  a  m e ta l su rface  a t  th e  
a to m ic  level is a  lo n g -ran g e  goal o f  re se a rc h  o n  m e ta l c lu s ­
te rs . W ith  a  ra p id ly  e x p a n d in g  d a ta  b ase , a  ru d im e n ta ry  u n ­
d e rs ta n d in g  seem s a lm o s t w ith in  reach . C lu s te r  s tu d ie s  a lso  
h av e  th e  p o te n tia l to  p ro v id e  in s ig h t in to  th e  tra n s it io n  
b e tw een  p h y s ic a l  p ro p e r tie s  o f  th e  a to m  a n d  th o se  o f  th e  
b u lk , su c h  a s  b e tw een  th e  io n iz a tio n  p o te n tia l ( I P )  a n d  th e  
w o rk  fu n c t io n .3 S ince  a to m ic  spec ies o ften  sh o w  m u c h  d if­
fe re n t re ac tiv itie s  th a n  th e  b u lk , s im ila r lin k s m a y  a lso  be  
fo rg ed  b e tw een  th e  c h e m ic a l  p ro p e r tie s  o f  th e se  tw o  reg im es. 
T h e  co n v erg en ce  o f  th e  a to m ic  a n d  b u lk  ch em is trie s  c a n  be  
fo llow ed  fro m  e ith e r  a sy m p to te , b u t c a re  m u s t be  ta k e n  to
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id en tify  c lu s te rs  o r  is lan d s  o f  c lu s te r  sizes w ith  specia l p ro p ­
ertie s . T o  d a te , th is  in te rm e d ia te  ra n g e  o f  p a rtic le  sizes is 
la rg e ly  u n ex p lo red , in  c o n tra s t  to  th e  re la tiv e ly  w ell c h a ra c ­
te r iz e d  lim its .

M a n y  c h a ra c te r is tic s  o f  a  c lu s te r  m u s t b e  e lu c id a te d  fo r 
a  m ean in g fu l u n d e rs ta n d in g  o f  its  p h y s ic a l a n d  ch em ica l 
p ro p e rtie s . T h e re  a re  tw o  in te r tw in e d  q u a n ti tie s  th a t  a re  
especia lly  im p o rta n t. O n e  is th e  g eo m e try  o f  th e  c lu s te r. T h e  
o th e r  is th e  s tre n g th  o f  th e  b o n d s  w ith in  th e  c lu s te r . O n e  
m e a n s  o f  o b ta in in g  th is  in fo rm a tio n  is th e  u se  o f  a b  in it io  
th eo ry . In  p a r t ic u la r , tra n s it io n  m e ta l d im e rs  h av e  b een  
m o d e led  w ith  a b  in it io  c a lc u la tio n s  in  o rd e r  to  o b ta in  sp ec ­
tro sc o p ic  a n d  b o n d in g  in fo rm a tio n .4 C a lc u la tio n s  o n  la rg e r  
species h av e  b een  sca rce , th o u g h  th e  w o rk  o n  tra n s it io n  m e t­
a ls c lu s te rs  h a s  re cen tly  b e g u n .5 T h e  sp ec tro sco p ic  p a ra m ­
e te rs  a n d  b o n d in g  o f  F e 2 h av e  b een  p re d ic te d 6 a n d  la rge ly  
ex p e rim en ta lly  v e rified .7 T h ese  sh o w  th a t  th e  b o n d  la rge ly  
co m es fro m  a  4 s - 4 s  in te ra c tio n . A lth o u g h  th e  e x a c t e x te n t o f  
3d  b o n d in g  is n o t w ell k n o w n , i t  seem s th a t  th e  3d  c h a ra c te r  
is fa irly  sm a ll c o m p a re d  to  th e  c o n tr ib u tio n s  fro m  th e  As 
o rb i ta ls .6(b>’8 I n  la rg e r  c lu s te rs , th e  b o n d in g  m ig h t be  ex ­
p e c te d  to  b e  s im ila r, i.e ., re su ltin g  m a in ly  fro m  4 s - 4 s  in te ra c ­
tio n s ,9 a lth o u g h  a  re c e n t c a lc u la tio n  uses su b s ta n tia l 3d  c o n ­
tr ib u t io n s  to  m o d e l th e  Fe„ ( n  =  2 - 6 )  b a n d  s t ru c tu re s . 10

E x p e rim en ta lly , F e„ h a s  b een  o n e  o f  th e  m o s t s tu d ie d  
tra n s it io n  m e ta l c lu s te rs , d u e  to  its  ro le  in  c a ta ly tic  a n d  c o r ­
ro s io n  processes. T h e  p o p u la r ity  o f  F e  is a lso  d u e  to  th e  re la ­
tiv e  ease o f  c lu s te r  fo rm a tio n  a n d  sam p le  av a ilab ility  a n d  
cost. B o th  a re  su ch  th a t  ca re fu l a n d  tim e -co n su m in g  w o rk  
c a n  be  c a rr ie d  o u t, w ith o u t excessive fin an c ia l a n d  e x p e ri­
m e n ta l co n ce rn s . P rev io u s  w o rk  h a s  p ro d u c e d  s h a rp  p h o ­
to io n iz a tio n  th re sh o ld s  iden tif ied  w ith  a d ia b a tic  io n iz a tio n  
p o te n tia ls  ( I P s ) . 11 T h ese , th o u g h  g en e ra lly  d ec reas in g  fro m  
th e  IP  o f  th e  a to m , h av e  so m e  siz e -d ep en d en t s tru c tu re . 
H o w ev er, in  th e  size  ra n g e  o f  th is  w o rk , I P ( F e „ ) d ec reases  
m o n o to n ica lly  w ith  in c rea s in g  c lu s te r  size  fro m  7.9 to  5.4 
eV , ex cep t fo r F e 3 w h ic h  h a s  a  s lig h tly  h ig h e r  I P  th a n  F e 2.
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E x ten siv e  Fe„ h y d ro g e n a tio n  s tu d ie s  ( n  =  6 -2 9 )  h ave  
b een  p e rfo rm e d  by  R ic h tsm e ie r  e t  a l .,  in  w h ich  th e  ra te s  o f  
h y d ro g e n  c h e m iso rp tio n  w ere  m e a s u re d . 12 In  co m b in a tio n  
w ith  th e  flow  tu b e  m e a su re m e n ts  o f  M o rse  e t a l . , 13, th e  m e c h ­
a n ism  fo r  d isso c ia tiv e  c h e m iso rp tio n  o f  H 2 o n  Fe„ is fo u n d  to  
c h a n g e  b e tw een  n  =  5 a n d  6 . 14 P a rk s  e t  a l .,  d e te rm in e d  th e  
e x te n t o f  F e„ ( « > 8 ) s a tu ra tio n  w ith  D 20  a n d  N H 3. 15 T h e  
a b ru p t ch an g es  in  th e  m a x im u m  “ co v erag e”  w ith  size im p ly  
s t ru c tu ra l  ch an g es  in  Fe„ b e tw een  n  =  14 -15  a n d  a lso  
b e tw een  n  =  18 -19 . T h e  F e 15 s t ru c tu re  p ro p o se d  is th e  n e a r ­
ly  c lo se -p ack ed  s t ru c tu re , b cc  rh o m b ic  d o d e c a h e d ro n .

W h ile  re a c tiv ity  s tu d ie s  p ro v id e  o n e  q u a lita tiv e  m ean s  
o f  su rm iz in g  c lu s te r  s t ru c tu re s  o r  b o n d in g  schem es, a n o th e r  
w ay  is fro m  “ m ag ic  n u m b e rs”  o r  species em itte d  fro m  a 
so u rc e  w ith  h ig h  re la tiv e  in te n s itie s . 16 17  F ro m  th e  in ten sity  
sp e c tra , u n u su a lly  s tab le  c lu s te rs  c a n  be  iden tified , b u t  ef­
fec ts  o f  v a rio u s  so u rce  c o n d itio n s  m u s t be  d eco n v o lu ted  to  
u n a m b ig u o u s ly  iso la te  tr u e  m ag ic  n u m b ers . M ag ic  n u m b ers  
h av e  n o t b een  ob se rv ed  fo r  iro n  c lu s te rs  to  d a te .

D e sp ite  th is  in ten se  effo rt to  c h a ra c te r iz e  tra n s it io n  
m e ta l c lu s te rs  ( a n d  iro n  c lu s te rs , in  p a r t ic u la r ) ,  th e  b o n d  
s tre n g th s  o f  th e  c lu s te rs  a re  q u a n titie s  w h ich  h av e  gone  u n ­
m easu red . I t  is w ith  th e se  a s  p r im a ry  ob jec tives th a t  w e u n ­
d e r to o k  th e  se t o f  ex p e rim e n ts  d e sc rib ed  in  th is  w o rk . T h e  
u se  o f  io n  b e a m  te c h n iq u e s  h a s  p ro v e n  to  b e  a  v a lu ab le  to o l 
fo r  p ro v id in g  th e rm o c h e m ic a l a n d  k in e tic  in s ig h t in to  re a c ­
tio n s  o f  a to m ic  io n s w ith  a  w ide  v a rie ty  o f  n e u tra l g a se s . 18 In  
1983, th is  te c h n iq u e  w as a p p lie d  to  M n 2+ , re p re se n tin g  th e  
first d e te rm in a tio n s  o f  a  b o n d  d is so c ia tio n  en e rg y  (B D E )  o f  
a  b a re  tr a n s it io n  m e ta l c lu s te r  io n 19 a n d  its  c h e m is try .20 

S ince th e n  sev era l p ro m in e n t effo rts  h av e  u sed  th is  m e th o d  
to  ex am in e  c lu s te rs  in c lu d in g  A l „+ ,21 S i„+ ,22 a n d  B „+ .23 In  
th is  p a p e r , th e se  te c h n iq u e s  a re  u sed  to  ex am in e  th e  en erg y  
d ep en d en ce  o f  c o llis io n -in d u ced  d is so c ia tio n  ( C ID )  o f  iro n

c lu s te r  io n s fro m  2 to  10 a to m s. B o n d  d isso c ia tio n  energ ies  
(B D E s )  o f  ion ic  a n d  n e u tra l  c lu s te rs  a re  derived . T h e  d is so ­
c ia tio n  m e c h a n ism  is d e te rm in e d  fro m  b ra n c h in g  ra tio s  a n d  
o th e r  fe a tu re s  in  th e  c ro ss  sec tions.

II. EXPERIMENTAL

A. Overview
E x p e rim e n ts  w ere  p e rfo rm e d  o n  a  recen tly  c o n s tru c te d  

gu id ed  io n  b e a m  m ass  sp e c tro m e te r, w h ich  h e re to fo re  h a s  
n o t b een  d esc rib ed  in  de ta il. A n  a p p a ra tu s  sch e m a tic  is 
sh o w n  in  F ig . 1. T h is  in s tru m e n t is desig n ed  to  m e a su re  th e  
en e rg y  d ep en d en ce  o f  re a c tio n s  o f  co ld  m e ta l c lu s te r  ions. 
C lu s te r  io n s a re  c re a te d  by  la se r v a p o riz a tio n  o f  a  m e ta l ro d  
in  a  c o n tin u o u s  h ig h  p re s su re  flow  o f  h e liu m . T h e  re su ltin g  
d is tr ib u tio n  o f  c lu s te r  a n d  a to m ic  io n s is focused  in to  a  60° 
m ag n e tic  sec to r, p ro v id in g  a  m ass-se lec ted  b eam  o f  re a c ta n t 
ions. In te ra c t io n  w ith  a  n e u tra l gas tak es  p lace  in  a n  o c to p o le  
io n  g u id e  a t  low  p re ssu re s  a n d  a t  a  w ell-defined  k in e tic  e n e r­
gy. P ro d u c t in ten sitie s , m e a su re d  as a  fu n c tio n  o f  th e  co lli­
sio n  energy , a re  th e n  co n v e rted  to  re a c tio n  c ro ss  sec tions.

B. Cluster ion source
A n  ea rlie r  ve rs io n  o f  th e  io n  so u rce  h a s  b een  d e ­

sc r ib e d .24 S ince th a t  re p o r t, severa l s ign ifican t m o d ifica tio n s 
h av e  b een  m a d e  a n d  a re  d iscu ssed  here . A s befo re , c lu s te rs  
a re  c re a te d  b y  la se r v a p o riz a tio n  o f  a  m e ta l sam p le  ro d  fo l­
low ed  b y  c o n d e n sa tio n  in  a  h ig h  p re s su re  H e  flow , a  te c h ­
n iq u e  p io n ee red  by  S m a lle y 1 a n d  B o n d y b ey 2 a n d  th e ir  re ­
spective  co -w o rk e rs . In  th is  case, th e  sam p le  is a  lo w -ca rb o n  
steel ro d , 6 .35 m m  in  d iam e te r . T h e  ro d  ro ta te s  a n d  t r a n s ­
la te s  so  th a t  th e  tig h tly  focused  la se r sp o t ra s te rs  ac ro ss  th e  
v irg in  su rface  a t  a  lin e a r  speed  o f  ~ 4  m m /m in . S am p le  ro d s  
h av e  a  le n g th  o f  5.1 cm  fo r sp u tte r in g , lim ited  by  th e  th ro w  o f
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th e  m o to riz e d  d rive . R o d  v a p o riz a tio n  o c c u rs  in  o n e  slow  
c o n tin u o u s  pace , w ith o u t a  p re lim in a ry  p ass  o ften  u sed  to  
b u rn -o ff  th e  o u te r  o x id e  layer. T h e  sam p le  d riv e  a n d  a lu m i­
n u m  so u rce  b lo ck  a re  w a te r  co o led , p rev en tin g  excessive 
h e a tin g  in  v acu u m . A lth o u g h  n o t u sed  in  th is  w o rk , a  so u rce  
a n d  sam p le  d riv e  h av e  b een  c o n s tru c te d  to  a llow  use  o f  d isk  
o r  fo il sam p le s .25

A  c o p p e r v a p o r la se r (C o o p e r  L a se r  Sonics, P la sm a  
K in e tic s , C V L  3 5 1 H R ) w as ch o sen  as  a  m ean s  o f  m e ta l va­
p o riz a tio n  fo r its  h ig h  p o w er a n d  fa s t re p e titio n  ra te . I n  these  
s tu d ies , th e  la se r o p e ra te s  a t  an  av e rag e  p o w er o f  a b o u t 24 W  
a n d  a  re p e titio n  ra te  o f  7 k H z , a lth o u g h  v ap o riz in g  p o w ers  o f  
u p  to  30 W  a n d  pu lse  ra te s  o f  4  to  12 k H z  a re  availab le . Io n s  
a re  c rea ted  d irec tly  in  th e  a b la tio n  p rocess. A n  io n ize r is 
n e ith e r  n eed ed  n o r  used . A t  a  w av e len g th  o f  510 n m , th e  
o p tim a l average  p o w er fo r  c lu s te r  io n  c re a tio n  is fo u n d  to  be 
be tw een  a b o u t 19 a n d  28 W , c o rre sp o n d in g  to  pu lse  energ ies 
o f  ~  3 -4  m J /p u ls e .  L o w er p o w er c rea te s  few er ions, w h ereas 
h ig h e r  p o w er sp u tte rs  m o re  m a te r ia l, o cc lu d in g  sm o o th  H e  
flow  w ith in  th e  so u rce  in  a  s h o r te r  tim e  pe rio d . E v en  w ith  
low  la se r p ow er, p a r tia l c logg ing  lim its  ro u tin e  ex p e rim en ta l 
tim e  to  8 to  1 0  h  o f  c o n tin u o u s  o p e ra tio n , since  th e  io n  beam  
loses s tab ility  w h en  d ire c te d  flow  is red u ced . T h e  n ecessary  
so u rce  c lean in g  tak es  a b o u t 0 .5  h , so  th a t  p ra c tic a lly  c o n tin ­
u o u s  d a ta  co llec tio n  is possib le.

T h e  h ig h  re p e titio n  ra te  o f  th e  la se r req u ire s  a  c o n tin ­
u o u s  flow  o f  H e. A  so u rce  d u ty  cycle  o f  g re a te r  th a n  8 0 %  
resu lts , p ro d u c in g  an  essen tia lly  c o n tin u o u s  ion  beam . H e li­
u m  flow  is re g u la te d  a n d  m e a su re d  b y  a  2 0  0 0 0  seem  ( s ta n ­
d a rd  cu b ic  c e n tim e te r  p e r  sec o n d ) m ass-flow  c o n tro lle r  
(M K S  1258B ). A  U -sh a p e d  liq u id  n itro g e n  tr a p  filled  w ith  
m o le c u la r  sieve m a te r ia l rem o v es im p u ritie s  fro m  th e  H e , 
su c h  as oxygen , w h ich  q u e n c h  b a re  m e ta l c lu s te r  fo rm a tio n . 
R eag en ts , co n tro lle d  in  a  s im ila r  m a n n e r , c a n  b e  a d d e d  to  
th e  flow  to  c re a te  lig a ted  m e ta l c lu s te rs  o r  fo r use  a s  a  d ia g ­
n o s tic  too l. P u lsed  H e  flow s use  co n sid e rab ly  h ig h e r  h e liu m  
s ta g n a tio n  p re ssu re s  th a n  c o n tin u o u s  flow s ,26 b u t th e  re s i­
d en ce  tim e  o f  th e  m e ta l v a p o r in  th e  h ig h  p re ssu re  reg io n  is 
co m m e n su ra te ly  sh o r te r . W ith in  th e  5.7 cm  lo n g  nozz le , a  
ty p ica l flow  o f  6000  seem  o f  h e liu m  c o rre sp o n d s  to  ~ 3 5 0  
T o r r  s ta g n a tio n  p re su re  a n d  >  105 th e rm a liz in g  co llis ions 
b e tw een  a  c lu s te r  an d  H e . T h e  in itia lly  n a rro w  pu lse  o f  m e ta l 
v a p o r  is te m p o ra lly  b ro a d e n e d  b y  tu rb u le n t m ix ing  in  th e  
c lu s te r in g  n o z z le .24

A  su p e rso n ic  ex p an sio n , th a t  fu r th e r  coo ls  in te rn a l 
m o d es , o ccu rs  fro m  a  1 . 0  m m  d ia m  n o zz le  in to  th e  so u rce  
reg ion . U n d e r  th ese  co n d itio n s , th e  te rm in a l speed  ra tio  
o f  th e  ex p an sio n  is c a lc u la te d  to  be  n e a r  15, y ie ld ing  a 
tra n s la t io n a l te m p e ra tu re  o f  less th a n  10 K .27 T h e  ex p an sio n  
is co llim a ted  by  a  co n ica l sk im m e r w ith  a  2.5 m m  d ia m  o r i­
fice, lo ca ted  18 n o zz le  d ia m e te rs  d o w n stream . T h e  so u rce  
c h a m b e r is p u m p e d  b y  a  ro o ts  b lo w er (285  <f/ s  H e )  b ack ed  
w ith  a  m ech a n ica l p u m p  (5 9  <f/s)  to  a  p re ssu re  o f  ~ 1 8 0  
m T o r r  d u rin g  o p e ra tio n . T h e  so u rce  a n d  sk im m e r a re  
g ro u n d e d , keep in g  th e  e x p an sio n  reg io n  field-free to  p re v e n t 
co llis ions c au sed  by  io n  e x tra c tio n  th a t  c a n  re h e a t th e  c lu s te r  
ions. T h e  so u rce  re s ts  o n  a  tr a n s la t io n a l stage , p e rm ittin g  
p rec ise  n o zz le  to  sk im m e r a lig n m e n t u n d e r  v acu u m . B eh in d  
th e  sk im m e r is a  sm a ll s lid in g  g a te  va lve  o f  o u r  o w n  design,

w h ic h  a llow s th e  so u rce  to  be  easily  v en ted  w ith o u t b reak in g  
v a c u u m  in  th e  re m a in d e r  o f  th e  a p p a ra tu s .

A n o th e r  m a jo r  m o d ifica tio n  to  th e  so u rce  is th e  a d d i­
tio n  o f  a n  e x tra  d iffe ren tia l p u m p in g  reg io n  ( D R 1 ). D R 1  is 
p u m p e d  b y  a n  8000 f / s  d iffusion  p u m p  (V a r ia n  V H S -4 0 0 ) 
th a t  is b ack ed  by  a  25 if/ s  m e c h a n ic a l p u m p  ( S a rg e n t-W e lc h  
1398) to  ty p ica l o p e ra tin g  p re ssu re s  o f  8 X 10 - 5  T o rr . T o  
k eep  th e  p u m p in g  speed  h ig h , a  g a te  valve o r  baffle is n o t 
u sed . T h e  c h a m b e r, 7 .6  cm  in  le n g th  a t  th e  b eam  line, h a s  an  
a n g led  b ack  w all to  in c rease  th e  effective a re a  o f  th e  d iffusion  
p u m p . D R 1  a llow s h ig h e r  H e  p re ssu re s  w ith in  th e  so u rce  
a n d  a  h a rd e r  su p e rso n ic  ex p an sio n  th a n  p rev io u sly  re p o r te d , 
y ie ld in g  b o th  b e tte r  co o lin g  a n d  h ig h e r  in tensities . C lu s te r  
in ten s itie s  dec rease  less ra p id ly  w ith  c lu s te r  size th a n  ob ­
se rv ed  p rev iously . F e + , th e  m o s t in ten se  io n , ro u tin e ly  s a tu ­
ra te s  o u r  d e te c to r  a t  > 2 .5 X  1 0 7/ s  a n d  F e,o  h a s  a  ty p ica l 
in ten s ity  o f  2 .5  X  106/ s .

Io n s  ex it D R 1  a n d  e n te r  a  seco n d  d iffe ren tia l p u m p in g  
reg io n  (D R 2 ) .  T h is  c h a m b e r, p u m p e d  b y  a  1000 / / s  d iffu ­
sio n  p u m p  (u nbaffled  a n d  u n g a te d  V a ria n  V H S -4 ) , o p e ra te s  
n e a r  1 X 10 “ 6 T o rr . B o th  D R 1  a n d  D R 2  h av e  low -vo ltage , 
th re e -e le m e n t fo cusing  s tag es (F S A  a n d  F S B ) to  acce le ra te  
a n d  focus th e  ions. L ens e lem en ts , w ith  1.25 cm  d ia m  a p e r ­
tu re s , a re  c o n s tru c te d  o f  fine m esh  to  m a in ta in  h ig h  p u m p ­
in g  sp eed s .28 C irc u la r  s ta in le ss  stee l fram ew o rk s , 3 .2  cm  
fro m  th e  b e a m  line, a lig n  a n d  sp ace  th e  len s e lem en ts . T y p i­
ca lly  fo cusing  is n ecessa ry  in  D R 1  fo r efficient io n  tra n sm is ­
sio n  to  D R 2 . F S A  p o te n tia ls  o f  300  V  b ro a d e n  th e  io n  en erg y  
d is tr ib u tio n s  percep tib ly . C o n seq u en tly , F S A  lens p o te n tia ls  
a re  k e p t ty p ica lly  a t  0, — 8 , a n d  0  V , respective ly . T h e  a p e r ­
tu r e  se p a ra tin g  th e  tw o  reg io n s (4 .7  m m  d ia m ) is a lso  k e p t 
n e a r  — 10 V. In  F SB , th e  firs t e lem en t is g ro u n d e d , th o u g h  
p o te n tia ls  o f  th e  o th e r  e lem en ts  c an  exceed  — 300 V a n d  d o  
n o t affect th e  a p p e a ra n c e  o f  th e  d a ta .

C. Mass spectral region
A fte r  p ass in g  th ro u g h  D R 1  a n d  D R 2 , ions e n te r  th e  

m ass sp e c tra l reg io n  v ia  a  4 .7  m m  d ia m  ap e rtu re . T h is  reg ion  
is p u m p e d  w ith  a  d iffu sion  p u m p  (C V C -6 ) a n d  a  liq u id  n i­
tro g e n  c ry o tra p  to  o p e ra tin g  p re ssu re s  o f  ~  1 X 10 “ 7 T o r r . A  
h ig h  v o ltage  fo cusing  s tage  (F S 1 ) ,  s im ila r  to  a  low  energy  
ve rs io n  e lsew here  in  o u r  la b o ra to ry ,29 focuses a n d  acce le r­
a tes  ions to  a lm o s t 3 keV . A  p a ir  o f  q u a d ru p o le  len ses30 c o n ­
v e rts  th e  io n  b e a m  fro m  a  c ir c u la r  c ro ss  sec tio n  to  a  v e rtica l 
r ib b o n  sh ap e  fo r tra n sm iss io n  th ro u g h  th e  e n tra n c e  s lit o f  a  
60° m ag n e tic  sec to r. W ith in  th e  c irc u la r  p o le  faces (p o le  
g a p  =  1.9 c m ), ions a re  b e n t o n  a  fligh t p a th  w ith  a  ra d iu s  o f  
26 .9  cm , su ch  th a t  a n y  n e u tra ls  a re  p re v e n te d  fro m  e n te r in g  
th e  re a c tio n  reg ion . T h e  m o m e n tu m  a n a ly z e r  h a s  1 m m  en ­
tra n c e  a n d  ex it slits  a n d  im age  a n d  o b jec t d is tan ce s  o f  47 .6  
c m .31 T h e  m ass re so lu tio n  is d e te rm in e d  to  dec rease  w ith  
in c rea s in g  m ass, h a v in g  m e a su re d  F W H M s o f  0 .6  to  1.3 a m u  
fo r  F e 6+ to  F e ,o . E v en  fo r th e  h eav ie s t c lu s te r  s tu d ie d  h e re , 
F e ,o , th e  b e a m  c o n ta in s  <  0 .8 %  o f  th e  n e x t m o s t a b u n d a n t 
iso to p o m er. T h u s , io n  b eam s a re  e ssen tia lly  co m p rise d  o f  
c lu s te rs  o f  a  sing le  m ass. D o u b ly  c h a rg e d  ions a re  n o t e m it­
te d  fro m  th e  sou rce , as d e m o n s tra te d  by  th e  absence  o f  th e ir  
C ID  p ro d u c ts . A p p a re n tly , in  th is  size ran g e , m u ltip ly
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c h a rg e d  c lu s te rs  a re  n o t fo rm e d  in  th e  h ig h  p re s su re  so u rce  
o r  m ay  fra g m e n t to  s ing ly  c h a rg e d  m o ie ties , b ecau se  o f  
“ C o u lo m b ic  ex p lo s io n s .”

F lig h t tu b e  p o s itio n in g  w ith in  th e  p o le  faces is m od ified  
to  a c c o u n t fo r  fr in g in g  fields a s  su g g es ted  by  C o g g esh a l a n d  
o th e r s .32 F in a l p o s itio n in g  is e m p iric a lly  d e te rm in e d  by 
m ax im iz in g  m ass  re so lu tio n . T h e  flig h t tu b e , a t  a  p o te n tia l o f
-------3 kV , is iso la ted  fro m  th e  m a g n e t p o le  faces b y  m ica
shee ts. A n  in te g ra l g a te  va lve  o n  th e  fligh t tu b e  sep a ra te s  th e  
in te ra c t io n  reg io n  fro m  th e  so u rc e  a n d  d iffe ren tia l c h a m ­
b ers . T o  re d u c e  io n  s c a tte r , a  d iffu sion  p u m p  (E d w a rd s  D iff- 
s ta k  m o d e l 6 3 ) , a lso  iso la ted  fro m  h ig h  v o ltag e , p u m p s  th e  
flig h t tube .

A f te r  p ass in g  th ro u g h  th e  e x it slit, th e  m ass-se lec ted  ion  
b e a m  is re sh a p e d  to  a  c ir c u la r  c ro ss  sec tio n  b y  a  seco n d  p a ir  
o f  q u a d ru p o le  lenses. Io n s  a re  fo cu sed  b y  th e  F S 2  len s tr a in  
fo r  tra n sm iss io n  th ro u g h  a  lim itin g  a p e r tu re , 0 .8 0  m m  d iam . 
T h e n  a n  ex p o n en tia l r e ta rd e r 33 d ece le ra te s  io n s fro m  e n e r­
g ies o f  3 keV  to  n e a r  40  eV . T h e  re ta rd e r  c o n sis ts  o f  41 evenly  
sp aced  len s e lem en ts  w ith  ex p o n e n tia lly  d ec rea s in g  p o te n ­
tia ls  se t b y  in te rn a l re s is to rs . O u r  d esign  uses a  m ag n ifica tio n  
o f  6 .2  a n d  a n  a n g u la r  d iv e rg en ce  o f  1 r a d / in .  T h e  p o te n tia ls  
o f  th e  final th re e  p la te s  a re  e x te rn a lly  co n tro llab le , b u t  a re  
ty p ica lly  se t n e a r  — 40  V.

D. Interaction region

A n  e in ze l len s  focuses io n s e m erg in g  fro m  th e  re ta rd e r  
to  th e  e n tra n c e  o f  th e  o c to p o le  io n  b e a m  gu ide , w h ic h  passes 
th ro u g h  a  re a c tio n  cell. A n o th e r  len s e n su re s  a c c u ra te  a n d  
efficient io n  in jec tio n  in to  th e  io n  gu ide . T h e  o c to p o le  c o n ­
s is ts  o f  e ig h t c y lin d ric a l m o ly b d e n u m  ro d s , 0 .318  cm  in 
d iam , p o s itio n ed  o n  a  1.72 cm  d ia m  circ le , s im u la tin g  ro d s  o f  
h y p e rb o lic  c ro ss  s e c tio n .34 T h e  h ig h  c o n d u c tiv ity  o f  M o  
m in im izes  o c to p o le  c o n ta c t  p o te n tia ls  a n d  keeps th e  o c to ­
p o le  a t  305 K  d u r in g  o p e ra tio n . O p p o sin g  p h ase s  o f  h ig h  
v o ltag e  r f  a re  p u t  o n  a lte rn a te  ro d s  to  p ro d u c e  a  ra d ia l p o te n ­
tia l w ell, w h ic h  fo r  ro d s  o f  h y p e rb o lic  c ro ss  sec tio n , is d e ­
sc r ib ed  b y 35

U dt(r) =
mo>2rk /n

( 1 )

w h e re  q  a n d  m  a re  th e  c h a rg e  a n d  m ass  o f  th e  ion , r0 is th e  
in n e r  ra d iu s  o f  th e  o c to p o le , r  is th e  d is ta n c e  fro m  th e  c e n tra l 
ax is, co a n d  V0 a re  th e  rm s  v o ltag e  a n d  freq u en cy  o f  th e  rf, 
resp ec tiv e ly . T h e  re su ltin g  p o te n tia l w ell h a s  a  fa irly  fla t b o t­
to m  a n d  s teep ly  r is in g  w alls , e n ab lin g  th e  o c to p o le  to  b e  used  
a s  a  ra d ia l io n  tr a p . Io n  tr a n s la t io n a l en e rg y  a lo n g  th e  ax is is 
n o t p e r tu rb e d , b u t  io n s w ith  tra n sv e rse  ene rg ie s  a re  effec­
tiv e ly  tra p p e d . T h e  ad v a n ta g e s  o v e r  a  q u a d ru p o le  ion  tr a p  
h av e  b een  p rev io u sly  d iscu ssed .34 T h e  o c to p o le  c a n  a lso  be  
u sed  a s  a n  efficient re ta rd in g  e n e rg y  a n a ly z e r, s ince  io n  d i­
ve rg en ce  d u e  to  sp ace  c h a rg e  a n d  s tra y  fields is v ir tu a lly  
e lim in a ted . In  b eam -g as  ex p e rim e n ts  su c h  as  p e rfo rm ed  
h e re , p ro d u c t io n  c o lle c tio n  is a lso  en h a n c e d  as lo sses d u e  to  
s c a tte r in g  a re  m in im ized . O th e r  a d v a n ta g e s  o f  a n  o c to p o le  
fo r  c ro ss  sec tio n  e n e rg y  d e p e n d e n c e  m e a su re m e n ts  h av e  
b een  d iscu ssed  e lsew h e re .29

S tu d ies  w ere  p e rfo rm e d  w ith  a  freq u en cy  o f  6.3 M H z  as 
se t by  a  sig n a l g e n e ra to r  (T e k tro n ix  6 0 2 ). T h e  w av efo rm  is

am p lified  by  a  100 W  r f  am p lif ie r ( E N I 2 3 0 0 ) fo llow ed  b y  a  
re s o n a n t L C  c irc u it fo rm ed  b y  a  20  /z H  in d u c to r  a n d  th e  
co llec tiv e  c a p a c ita n c e  o f  th e  ro d s  an d  ex te rn a l cap a c ito rs . A s 
a  re su lt, a lte rn a te  ro d s  h av e  p o te n tia ls  th a t  d iffer b y  u p  to  
1000 V  rm s. A n  im p ed an ce  m a tc h in g  c irc u it a llow s access  to  
a  w id e  ra n g e  o f  re s o n a n t freq u en c ies  to  p ro v id e  o p tim a l tr a p ­
p in g  fo r  d iffe ren t m asses , 36 a  c ap ab ility  n o t u sed  h e re  fo r 
p ro d u c ts  o f  w ide ly  v a ry in g  m asses. T y p ic a l ro d  p o te n tia ls  
a re  e s tim a te d  a t  ~ 4 0 0  V  rm s, th o u g h  d iag n o s tic s  sh o w  th a t  
efficient tr a p p in g  is ach iev ed  w ith  as li t t le  as ~  100 V  rm s. 
T h e  o c to p o le  d c  b ias , se t by  a  K ep co  B O P -5 0 0 M  p o w er su p ­
ply , re p re se n ts  th e  n o m in a l in te ra c tio n  energy , since  th e  ion  
so u rce  is h e ld  a t  g ro u n d  p o te n tia l. I n  th e  p re sen t co n fig u ra ­
tio n , in te ra c tio n  energ ies c an  be  sw ep t fro m  0  to  500  eV.

T h e  o c to p o le  p asses th ro u g h  a  s ta in less  s tee l gas cell 
w h e re  re a c tio n  tak es  p lace . T h e  re a c tio n  cell h a s  a  c y lin d r i­
ca l m a in  sec tio n  5.1 cm  d ia m  a n d  5.1 cm  long , w ith  ex it a n d  
en tra n c e  a p e r tu re  tu b es  2 .0  cm  in  d ia m  a n d  3.2 cm  in  len g th . 
T h is  g eo m e try  h a s  a n  effective p a th  le n g th  o f  8 .26 c m  as 
c a lc u la te d  u sin g  a  tra p e z o id a l p re s su re  fa ll-o ff a p p ro x im a ­
tio n . T h e  c a lib ra tio n  o f  th e  re a c tio n  cell le n g th  w as verified  
b y  m e a su rin g  c ro ss  sec tio n s  o f  th e  w e ll-c h a ra c te riz e d  io n -  
m o lecu le  re ac tio n s , A r + +  D 2 29a n d A r + +  0 2.37 T h e  re a c ­
tio n  reg io n  is p u m p e d  w ith  a  w ate r-baffled  d iffusion  p u m p  
(C V C -6 ). O p e ra tin g  p re ssu re s  a re  a b o u t 2 x 1 0 “ 6 T o r r , 
su c h  th a t  th e  ra tio  o f  p re ssu re s  in s id e  a n d  o u ts id e  th e  re a c ­
tio n  cell is m a in ta in e d  a t  100. R e a c ta n t gases a re  a d m itte d  
v ia  a  v a riab le  le ak  valve  (G ra n v ille -P h il l ip s )  to  p re ssu re s  
th a t  a re  m e a su re d  by  a  c a p a c ita n c e  m a n o m e te r  (M K S  
2 9 8H , 1 T o r r  h e a d ) .  P re s su re s  a re  a b o u t 0.1 m T o r r  to  se ­
vere ly  m in im ize  th e  p ro b a b ility  o f  m u ltip le  co llis ion  even ts . 
P ro d u c t a n d  u n a tte n u a te d  re a c ta n t io n s th a t  d r if t  to  th e  en d  
o f  th e  io n  gu id e  a re  e x tra c te d  fro m  th e  o c to p o le  b y  a  lens 
k e p t a t  — 600  V. T h ese  io n s a re  th e n  fo cu sed  by  a  fo u r th  
fo cu s in g  s tage  (F S 4 )  in to  a  q u a d ru p o le  m ass filter.

E. Post-reaction m ass detection
T h e  in ten sitie s  o f  th e  p ro d u c ts  a n d  u n re a c te d  io n s a re  

ty p ica lly  m o n ito re d  by  a llo w in g  io n s o f  a  p a r t ic u la r  m ass  to  
p ass  th ro u g h  th e  m ass  filte r a n d  o n  to  th e  d e te c to r. In te n s i­
ties  a t  e a c h  m ass  a re  m e a su re d  fo r 0 .5  s, so  th a t  d is p a ra te  
m asses  a re  sam p led  co n secu tiv e ly  w ith  rap id ity . In  th is  
m o d e  o f  d a ta  co llec tio n , a  q u a d ru p o le  m ass filte r is a d v a n ta ­
geous, b ecau se  it  lack s  th e  h y ste res is  fo u n d  in  m ag n e tic  sec­
to rs . W ith  an y  m ass sp e c tro m e te r , q u a d ru p o le  m ass  filte rs 
in c lu d ed , c o n s id e ra tio n  m u s t be  g iven  to  m ass  d is c r im in a ­
tio n , d u e  to  m ass sp e c tro m e te r  c h a ra c te r is tic s  o r  re a c tio n  
d y n am ics . T h ese  m ay  be  a  p ro b le m  fo r w ide ly  se p a ra te d  
m asses o r  fo r  re la tiv e ly  lig h t C ID  p ro d u c t m asses, a s  d is ­
cu ssed  la te r . E ffic ien t io n  tra n sm iss io n  th ro u g h  th e  m ass  fil­
te r  h e lp s  to  m in im ize  th ese  effects. T h e  q u a d ru p o le  (E x tre l 
150 Q C  w ith  C 6 0  e le c tro n ic s )  h a s  a  m ass  ran g e  o f  ~  1000 
a m u  a n d  em p lo y s la rg e  ro d s  (1 .5 9  c m )  a n d  a  low  freq u en cy  
(8 8 0  k H z )  to  m ax im ize  ion  tran sm iss io n . T o  in c rease  t r a n s ­
m issio n  fu r th e r , th e  E L F S  lens su p p lied  w ith  th e  q u a d ru p o le  
is n o t u se d .38 A lso , th e  q u a d ru p o le  d c  b ia s  is h e ld  a t  — 100 V 
w ith  re sp ec t to  th e  ion  so u rce  fo r en h a n c e d  io n  tran sm iss io n , 
a lth o u g h  th is  d eg rad es  th e  q u a d ru p o le  m ass  re so lu tio n  to
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som e ex ten t. In  th is  reg a rd , p ro d u c t re so lu tio n  is n o t a  c o n ­
ce rn  in  th e se  Fe„+ sy stem s, s ince  c lu s te r  m asses a re  sep a ra ted  
by  ~  56 am u . T h e  lo w est av a ilab le  q u a d ru p o le  re so lu tio n  is 
u sed  (2 0  a m u  F W H M ) in  o rd e r  to  in c rease  io n  tran sm iss io n  
a n d  re d u c e  m ass d isc rim in a tio n .

M ass-an a ly zed  ions a re  e x tra c te d  fro m  th e  q u a d ru p o le  
b y  a  h ig h  v o ltage  e inze l len s a n d  th e n  d e tec ted  w ith  a  D a ly  
d e te c to r .39 T h e  co n v ers io n  d y n o d e , h e ld  a t  — 28 kV , p ro ­
v ides e x tra  gain . S c in tilla to r  a n d  a  p h o to m u ltip lie r  (H a m a ­
m a tsu  R 1 3 3 2 ) a re  u sed  to  d e te c t e le c tro n s  e jec ted  fro m  th e  
co n v e rio n  dy n o d e . T h e  p h o to m u ltip lie r  base  is s im ila r to  
th a t  suggested  fo r a n  R C A  8850 tu b e ,40 th o u g h  it  h a s  been  
m odified  fo r fa s t rise  tim es a n d  h ig h  c u rre n ts . T h e  d e te c to r  
c o u n ts  sing le  ev en ts  w ith  a  m a x im u m  c o u n t ra te  o f  25 M H z . 
T h e  D a ly  d e te c to r  is su p e r io r  to  th e  e le c tro n  m u ltip lie r  p re ­
v iously  u se d .24 I t  is m o re  re liab le , h a s  h ig h e r  sensitiv ity , an d  
e lim in a te s  r f  p ic k u p  fro m  th e  lase r, s ince  it  is b e tte r  sh ie lded .

T h e  d e te c to r  a n d  q u a d ru p o le  reg io n s a re  p u m p e d  by  a 
d iffusion  p u m p  (E d w a rd s  D iffs tak  m o d e l 125) ch o sen  fo r 
h ig h  p u m p in g  speed  a n d  low  b a c k s tre a m in g  ra te . T h e  d e te c ­
to r  is p u m p e d  in d ire c tly  to  re d u c e  co n ta m in a tio n  o f  th e  co n ­
vers ion  d y n o d e  w ith  p u m p  oil, w h ic h  does n o t a p p e a r  to  be  a  
p ro b lem  u n d e r  n o rm a l c ircu m stan ces .

F. Data acquisition
U nam p lified  s igna ls  fro m  th e  p h o to m u ltip lie r  a re  fed 

in to  a  50 M H z  vo ltag e  d is c r im in a to r  (C a n b e rra  1 4 2 8 A ), 
u sed  in  th e  lead in g  edge m ode . O u tp u t  p u lses  fro m  th e  d is c r i­
m in a to r  th e n  go to  o th e r  N IM  m o d u les : a  T en n e lec  T C 5 2 6  
lin e a r r a te  m e te r ( fo r  v isual c o u n tin g )  a n d  a  C a n b e rra  2071 
c o u n te r / t im e r .  T h e  la t te r  se ts  th e  s ignal co llec tio n  tim e  p e r  
m ass  a n d  in teg ra te s  pu lses. D a ta  acq u is itio n  is fa c ilita ted  by 
a  D E C  P D P  1 1 /7 3  m ic ro c o m p u te r  v ia  an  IE E E  488 bus. A n  
e x p e rim en ta l scan , co n tro lle d  b y  a n  in te ra c tiv e  p ro g ra m , 
co n sis ts  o f  se ttin g  th e  co llis ion  en e rg y  a n d  th e n  se ttin g  th e  
q u a d ru p o le  to  a  m ass o f  in te re s t. A f te r  co u n tin g  fo r 0 .5  s, th e  
n e x t m ass  is set. W h en  th e  m asses  o f  th e  re a c ta n t a n d  all 
p ro d u c ts  h ave  b een  scan n ed , a  n ew  en erg y  is in c rem en ted  
a n d  th e  p ro cess  rep ea ted . C o n secu tiv e  scans, in  w h ich  th e  
re a c ta n t gas is ro u te d  to  th e  c h a m b e r  r a th e r  th a n  th e  gas cell, 
m e a su re  re a c tio n s  th a t  o c c u r  w ith  th e  b a c k g ro u n d  c h a m b e r 
p ressu re . A s a  re su lt, th ese  se rve  as b a c k g ro u n d  scan s an d  
es tab lish  th e  ze ro  sig n a l level. F o re g ro u n d s  a n d  b a c k g ro u n d  
scan s a re  rep ea ted  u n ti l  th e  no ise  re ach es  an  accep tab le  level. 
C o m p u te r  c o n tro l o f  th e  in te ra c tio n  en erg y  a n d  th e  q u a d ru ­
p o le  m ass a re  acco m p lish ed  b y  u se  o f  tw o  12 b it  D A C  c o n ­
v e rte rs  p e r  ta s k  to  p ro v id e  e n h a n c e d  re so lu tio n . T w o  elec­
tro p n e u m a tic  va lves th a t  se t re a c ta n t gas flow  a re  co n tro lled  
by  d ig ita l o u tp u ts  u n d e r  so ftw a re  co n tro l. R a w  d a ta  is s to re d  
o n  a  h a rd  d isk  o r  8 in . floppy  d isks.

G. Data analysis
M e a su re d  in ten s itie s  a re  c o n v e rte d  to  a  to ta l c ro ss  sec­

tio n  v ia

I r =  ( / r +  2 / p )e x p (  -  o totn Dl ) ,  ( 2 )

o p ( E )  = a to t( / p/ 2 / „ )  (3 )

a s  o u tlin e d  p rev io u sly  fo r  th is  p ro c e d u re .29 R a w  b a c k g ro u n d  
c o u n ts  a re  su b tra c te d  fro m  th e  fo re g ro u n d  b e fo re  c ro ss  sec­

tio n s  a re  c a lc u la ted . S u b sc rip ts  r  a n d  p  re fe r to  th e  a t te n u a t­
ed  re a c ta n t a n d  th e  p i h  p ro d u c t, n D is th e  re a c ta n t gas n u m ­
b e r  d en sity , a n d  / is th e  effective p a th  len g th . In d iv id u a l 
p ro d u c t c ro ss  sec tio n s a re  c a lc u la te d  in  E q . ( 3 ) .  T h e  co lli­
sion  en erg y  o f  a n  ion  (w ith  m ass  m )  a n d  a  n e u tra l re a c ta n t 
(w ith  m ass M )  is c o n v e rte d  fro m  th e  lab  to  cen te r-o f-m ass  
(c .m .)  fram es by  u s in g  E ( c . m .)  =  2 s( lab ) x M / ( m  +  M ) .  
T h e  ab so lu te  u n c e r ta in ty  in  th e  en erg y  scale  is +  0 .05 eV , 
lab  fram e.

T h e  u n c e r ta in ty  in  th e  a b so lu te  m ag n itu d es  o f  th e  c ro ss  
sec tio n s  is +  3 0 % , m a in ly  d u e  to  th e  u n c e rta in tie s  a s so c ia t­
ed  w ith  th e  gas cell le n g th  a n d  m e a su re m e n t o f  th e  p ressu re . 
R e la tiv e  c ro ss  sec tio n  u n c e rta in tie s  a re  e s tim a te d  a t  5 % , a s ­
su m in g  efficient p ro d u c t co llec tio n . P ro d u c t co llec tio n  a p ­
p e a rs  to  be  ex ce llen t fo r F e 2+ -» F e + +  F e , 8 a n d  fo r d isso c ia ­
tio n  o f  la rg e r  c lu s te r  ions to  th e  la rg e r  d a u g h te r  ions, as w ill 
be  d iscussed . F o r  th ese  c ro ss  sec tio n s 5 %  is p ro b ab ly  a  good  
e s tim a te  o f  th e  re la tiv e  u n ce rta in tie s . O n  th e  o th e r  h a n d , 
fra g m e n ta tio n  o f  la rg e r  c lu s te rs  to  sm a lle r  f ra g m e n t ions, 
su ch  as F e ,o  — F e + o r  F e 2+ , a re  m o re  s tro n g ly  affected  by 
th e  d y n am ics  o f  th e  C ID  p rocess. L ig h t p ro d u c t ions c a n  be 
sc a tte re d  a t  la rg e  ang les, w h e rea s  h eav ie r ions a re  c o n ­
s tra in e d  to  m u c h  sm a lle r  ang les , d u e  to  c o n se rv a tio n  o f  m o ­
m e n tu m . Io n s  w ith  h ig h  tra n sv e rse  k in e tic  energ ies  c a n  be 
lo s t in  th e  F S 4  lens tr a in  an d  th e  q u a d ru p o le  itself, lead in g  to  
less efficient p ro d u c t d e tec tio n . F o r  th e  la rg e r re a c ta n t c lu s ­
te r  ions, th e  low est m ass p ro d u c t io n s p ro b ab ly  h av e  u n c e r­
ta in tie s  th a t  c an  b e  as h ig h  as 5 0 % , b u t a re  rep ro d u c ib le  to  
±  20%.

III. CID CROSS SECTION ANALYSIS
A. Dissociation thresholds

In  co n cep t, o b ta in in g  in fo rm a tio n  fro m  C ID  c ro ss  sec­
tio n s  is a n  easy  ta sk . T h e  th re sh o ld  rep re sen ts  th e  b a r r ie r  to  
d isso c ia tio n , o r  th e  e n d o th e rm ic ity  a ssu m in g  th a t  a c tiv a tio n  
b a rr ie rs  a re  n o t p re sen t. T h is  a ssu m p tio n  h a s  gen era lly  p ro v ­
en  to  be  v a lid  fo r io n -m o le c u le  re a c tio n s  w ith o u t b a rr ie rs  
d u e  to  sp in  o r  o rb it c o n s tra in ts .41 S ince s tru c tu re s  an d  
e le c tro n  co n fig u ra tio n s  fo r th e  c lu s te r  g ro u n d  a n d  ex c ited  
s ta te s  a re  n o t k n o w n , b a rr ie rs  d u e  to  th e se  co n s id e ra tio n s  
c a n n o t be  fo recas t w ith  co m p le te  c e rta in ty ; how ever, som e 
sim p le  id eas p ro b ab ly  h o ld . T o  ex am in e  p rocesses  su c h  as 
Fe,,’ +  X e-> F e„+_ , +  F e  +  X e  m o re  c losely , w e c a n  en v i­
sio n  th e  d isso c ia tio n  p ro cess  in  reverse , w h e re  F e  in te ra c ts  
w ith  Fe„+ j . A ll p o te n tia l su rfaces a re  a tt ra c t iv e  a t  lo n g  
ran g e , d u e  to  th e  a tt ra c t iv e  io n - in d u ced  d ip o le  p o ten tia l. 
N o w  su p p o se  th a t  g ro u n d  s ta te  p ro d u c ts  F e  +  Fe„+_ , ,  do  
n o t co rre la te  d iab a tic a lly  to  th e  g ro u n d  s ta te  o f  Fe„+ , b u t  to  a 
low -ly ing  ex c ited  s ta te . In s te a d , a n  ex c ited  s ta te  d issoc ia tive  
a sy m p to te  leads to  g ro u n d  s ta te  Fe„+ . U p o n  a p p ro a c h  o f  F e  
to  Fe„+_ j , ex tens ive  m ix in g  o f  th e se  su rfaces sh o u ld  o ccu r, 
d u e  to  th e  ex trem e ly  h ig h  d en sity  o f  low -ly ing  e lec tro n ic  
s ta te s  th a t  a re  ex p ec ted  to  re su lt fro m  in te ra c tio n s  w ith  th e  
w eak ly  b o n d in g  c lu s te r  3 d  c o re s .42 T h is  m ix in g  re s u lts  in  
av o id ed  su rface  c ro ssin g s su ch  th a t , even  in  th is  scen a rio , th e  
g ro u n d  s ta te  p ro d u c ts  a re  like ly  to  c o rre la te  a d ia b a tic a lly  to  
Fe„+ w ith o u t b a rr ie rs  in  excess o f  th e  d isso c ia tio n  energy . 
T h ere fo re , w e a ssu m e  th a t  th e  th re s h o ld  fo r  d is so c ia tio n
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( E 0) c o rre sp o n d s  to  th e  e n d o th e rm ic ity  o f  d isso c ia tio n , i.e., 
th e  p r im a ry  b o n d  d is so c ia tio n  energy .

I f  Fe„+ d isso c ia te s  b y  se q u e n tia l lo ss o f  F e  a to m s  (i.e ., 
a to m ic  d is so c ia tio n )  to  fo rm  th e  io n ic  m o le c u la r  fra g m e n t 
F e  + ,  th e  th re sh o ld  c o rre sp o n d s  to  th e  su m  o f  th e  c lu s te r  
b in d in g  energ ies  g iven  b y  ‘

n — m
i io ta to m ic )  =  £  £>°(Fe„+_ , - F e ) .  (4 )

i

F o r  loss o f  th e  p r im a ry  F e  a to m , Fe„+ Fe„+_ , +  F e , E q. 
( 4 )  re d u c e s  to

^ ( p r i m a r y )  = P ° ( F e + _  , - F e ) ,  (5 )

w h e re  th e  th re sh o ld  is e q u a l  to  th e  c lu s te r  B D E . F o r  m o le c u ­
la r  fra g m e n ta tio n , th e  s i tu a tio n  is so m e w h a t m o re  com plex  
s ince  so m e  b o n d s  in  th e  n e u tra l  fra g m e n ts  re m a in  u n b ro k e n . 
T h e  th re s h o ld  re p re se n ts  th e  e n e rg y  re q u ire d  to  rem o v e  
a to m s  fro m  th e  c lu s te r  [E q . ( 4 ) ]  m in u s  th e  B D E s o f  th e  
m o le c u la r  f r a g m e n t ( s ) ,  F e^ . T h e  re s u lt is sh o w n  in

p -  i
is0( m o le c u la r)  =  E 0 ( a to m ic ) — ^  £ > ° ( F e ,-F e ) .  ( 6 )

i
T h u s , so lu tio n  o f  E q . ( 6 ) is a  b u ild in g -u p  p ro cess , w h e re  th e  
B D E s  o f  sm a lle r  io n ic  a n d  n e u tra l  fra g m e n ts  m u s t be  k n o w n  
in  o rd e r  to  e x tra c t in fo rm a tio n  o n  a  la rg e r  c lu s te r.

B. Effect of collision gas
In  p ra c tic e , d e te rm in in g  th e rm o c h e m is try  fro m  C ID  

p ro cesses is a  m o re  try in g  a ss ig n m en t. O n e  c o m p lic a tin g  fac ­
to r , w h ic h  is n o t w ell u n d e rs to o d , is th e  ch o ice  o f  th e  in e r t 
co llis io n  gas. T h e  gas u sed  fo r th is  p u rp o se  h a s  b een  fo u n d  to  
b e  im p o r ta n t in  a c c u ra te  th re s h o ld  d e te rm in a tio n s .43 F ig u re
2 sh o w s th e  en e rg y  d ep en d en ce  o f  F e 2+ a n d  F e ^  C ID  w ith  
X e  a n d  A r  u sed  a s  co llis io n  gases. I n  C ID  o f  F e 2+ w ith  X e, 
th e  c ro ss  sec tio n  rises q u ick ly  fro m  th re sh o ld , re a c h in g  a 
c o n s ta n t v a lu e  n e a r  8 eV . W ith  A r, th e  c ro ss  sec tio n  rises 
m o re  slow ly  fro m  a  h ig h e r  a p p a re n t th re sh o ld  a n d  p eak s  
a t  h ig h e r  energ ies, d e m o n s tra t in g  th a t  A r  is m u c h  less effi­
c ie n t a t  p ro m o tin g  d isso c ia tio n . T h e  C ID  c ro ss  sec tio n s o f  
F e ,o  +  R g -> F e  + +  (1 0  — m ) F e  +  R g , m  =  9 -7 , a re  a lso  
sh o w n  in  F ig . 2, w h e re  R g  a re  th e  ra re  gases X e  a n d  A r. T h e  
a p p a re n t en erg y  th re sh o ld s  to  d is so c ia tio n  a p p e a r  n ea rly  
id e n tic a l fo r  A r  a n d  X e, b u t  d is so c ia tio n  is ag a in  c o n s id e r­
ab ly  m o re  efficient w ith  X e. S en sitiv ity  is th e re fo re  m o re  
im p o r ta n t fo r a c c u ra te  in te rp re ta tio n  o f  C ID  w ith  A r  a n d  
l ig h te r  co llis io n  gases. In  p re lim in a ry  C ID  s tu d ie s  o f  C o 2+ ,44 

h e liu m  is fo u n d  to  b e  a lm o s t to ta lly  ineffective a t  p ro m o tin g  
d isso c ia tio n .

T h e  d ec rease  in  C ID  efficacy w ith  d ec rea s in g  m asses is 
d iscu ssed  in  d e ta il e lsew h ere  a n d  is be lieved  d u e  to  tw o  fac ­
to r s .43 L ig h te r  co llis ion  gases re q u ire  h ig h e r  lab  k in e tic  e n e r­
g ies to  p ro v id e  th e  sam e  c .m . co llis io n  energ ies. T h u s , u se  o f  
gases like  A r  o r  H e  sh o r te n s  th e  io n - R g  in te ra c tio n  tim e  a t  a  
g iven  c .m . energy . T h e  p o la r iz a b ili ty  o f  th e  co llis ion  gas is 
a n o th e r  im p o r ta n t fa c to r. G ase s  w ith  h ig h e r  p o la r izab ilitie s , 
X e  fo r exam p le , sh o u ld  be  m o re  effective a t  c au s in g  d isso c ia ­
tio n .

T h e  c o m p a riso n  o f  C ID  w ith  A r  a n d  X e  lead s to  th e  
q u es tio n , is C ID  w ith  X e  efficient en o u g h ?  I t  is, a c c o rd in g  to
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FIG. 2. Comparison of collision-induced dissociation of (a) Fe2+ and (b) 
Fe,o with different collision gases. A much sharper threshold is observed by 
using Xe (solid symbols) than using Ar (open symbols) as a collision gas. 
Cross sections are shown as functions of collision energy in the center-of- 
mass (lower x  axis) and, for the Xe system, laboratory (upper x  axis) 
frames.

severa l p a s t s tu d ies . C ID  w ith  X e  a n d  K r  h av e  p ro d u c e d  
a c c u ra te  th re sh o ld s  fo r th a lliu m  h a lid e s .45 X e  w as fo u n d  to  
g ive a n  a c c u ra te  e s tim a tio n  o f  th e  w e ll-k n o w n  V O + B D E .44 

F o r  sm a ll iro n  c lu s te rs , w e h av e  fo u n d  th a t  o u r  F e 2+ +  X e 
C ID  s tu d y  y ie ld s  a  B D E  th a t  is in  exce llen t ag re e m e n t w ith  
p h o to d isso c ia tio n  re s u lts .46 F o r  la rg e r  c lu s te rs , th e  re s u lts  o f  
F ig . 2 su g g est th a t  th e  C ID  th re s h o ld  is n o t as sens itive  to  th e  
co llis io n  gas as  fo r  sm a lle r  c lu s te rs . W h ile  ad d it io n a l w o rk  is 
w a rra n te d  o n  th is  in te re s tin g  effect, X e  is th e  h eav ie st, m o s t 
p o la r iz ab le , n o n re a c tiv e  gas th a t  is c o n v en ie n tly  h a n d le d .
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H en ce , in  th e  absen ce  o f  m o re  defin itive  s tu d ies , w e assu m e  
th a t  X e  is a n  effective C ID  gas.

C. CID threshold modeling
W ith  th ese  co n ce rn s  reg is te red , c lo se r ex am in a tio n  o f  

th e  C ID  p rocess  is w a rra n te d . T o  cau se  d isso c ia tio n , en erg y  
m u s t b e  tra n s fe r re d  in to  in te rn a l m o d es  o f  th e  c lu s te r  by  a  
co llis ion  w ith  X e. W h e n  th is  a m o u n t o f  en e rg y  exceeds 
th e  d isso c ia tio n  th re sh o ld , th e  c lu s te r  c a n  frag m en t. T h e  
a m o u n t o f  en e rg y  d ep o s ited  d ep en d s  o n  tw o  fac to rs: th e  co l­
lis ion  en erg y  a n d  th e  efficiency o f  th e  en e rg y  tr a n s fe r  p ro ­
cess. T h e  co llis ion  en e rg y  is a  d is tr ib u tio n  th a t  d ep en d s  on  
th e  th e rm a l m o tio n  o f  X e  a n d  th e  io n  en erg y  d is tr ib u tio n . 
T h e  d is tr ib u tio n  o f  th e  re la tiv e  k in e tic  en erg y  d u e  to  th e  
th e rm a l m o tio n  o f  th e  X e  a t  1 eV  h av e  F W H M s 47 o f  0 .37  an d
1.6  eV  fo r F e 2+ a n d  F e ,o , respec tive ly . T h e  io n  en erg y  ran g es  
fro m  a b o u t 0 .27  to  0 .1 0  eV , c .m . fram e , fo r th ese  tw o  ions, 
respective ly . T h ese  d is tr ib u tio n s  c a n  be  a c c o u n te d  fo r a s  p re ­
v iously  o u tlin e d .29

F o r  m o n o en e rg e tic  co llis io n s be tw een  Fe„+ a n d  X e, th e  
en e rg y  im p a rte d  to  th e  c lu s te r  d e p e n d s  o n  th e  re a c ta n t o r ie n ­
ta tio n  a n d  im p a c t p a ra m e te r . H e re , th e  o r ie n ta tio n  o f  th e  
c lu s te r  is tr e a te d  a s  a n  av e rag e  q u a n ti ty , s ince  c lu s te r  geo m e­
tr ie s  a re  n o t kn o w n , b u t  th e  effect o f  d iffe ren t im p a c t p a ra m ­
e te rs  c a n  b e  ex p lic itly  a c c o u n te d  for. L a rg e  im p a c t p a ra m ­
e te rs  th a t  re su lt in  g lan c in g  co llis ions, a re  less efficient a t  
en e rg y  tra n s fe r  th a n  sm a lle r  im p a c t p a ra m e te rs , w h ic h  m ay  
h av e  efficiencies c lose  to  u n ity . A t th re sh o ld , a  co llis ion  
m u s t hav e  a  ze ro  im p a c t p a ra m e te r  fo r  re a c tio n  to  occu r. A n  
ensem b le  o f  co llis iona lly  en e rg ized  c lu s te rs  h a s  a  d is tr ib u ­
tio n  o f  in te rn a l energ ies d u e  to  th e  d is tr ib u tio n  o f  im p a c t 
p a ra m e te rs . C learly , w ith  id e n tic a l im p a c t p a ra m e te rs  a n d  
m o le c u la r  o r ie n ta tio n s , m o re  en e rg e tic  co llis ions c a n  tr a n s ­
fe r m o re  en erg y  th a n  low  en e rg y  co llis ions. F o r  th is  reaso n , 
in  th e  th re sh o ld  reg ion , C ID  c ro ss  sec tio n s sh o u ld  in c rease  
w ith  in c rea s in g  energ ies. A t  h ig h  co llis ion  energ ies, n ea rly  
a ll im p a c t p a ra m e te rs  in  w h ich  co llis io n  o ccu rs  c au se  d isso ­
c ia tio n . A s a  re su lt, an  a p p a re n t h a rd -sp h e re  c ro ss  sec tio n  is 
ev en tu a lly  reach ed .

T h e  th re sh o ld  en e rg y  d e p e n d e n c e  is a ssu m ed  to  reflec t 
th e  en erg y  d ep en d en ce  o f  th e  n u m b e r  o f  q u a n tu m  s ta te s  
av a ilab le  fo r  re a c tio n  a n d  less so  d y n a m ic  effects d u e  to  in ­
te rm o le c u la r  fo rces. T h e  re s u lt is a  s ta tis tic a l m o d e l th a t  
sh o u ld  be  v a lid  fo r  d is so c ia tio n  p ro cesses o f  h eav y  p a rtic le s  
th a t  h av e  la rg e  n u m b e rs  o f  s ta te s  availab le . T h ese  m o d els  
y ie ld  a  g en e ra l ex c ita tio n  fu n c tio n  g iven  by

a p ( E ) = a 0 { E - E 0 ) N / E ,  (7 )

w h e re  E  a n d  E 0 a re  th e  co llis ion  a n d  th re sh o ld  energ ies. <r0 is 
a  sca lin g  fa c to r  a n d  iV is a n  ad ju s ta b le  p a ra m e te r . P a s t  w o rk  
h a s  sh o w n  E q . (7 )  to  b e  su ffic ien tly  g en e ra l to  d esc rib e  th e  
th re sh o ld  b eh av io rs  o f  n u m e ro u s  en d o th e rm ic  io n -m o le c u le  
re a c tio n  c ro ss  sec tio n s a n d  p ro v id e  a c c u ra te  re a c tio n  th e r ­
m o c h e m is try .48

T h is  m o d e l h a s  b een  d e riv ed  fo r  a n d  ap p lied  to  o n ly  th e  
s im p le s t C ID  p rocesses, a to m -d ia to m  in te rac tio n s . T o  m o d ­
e l th e  en e rg y  d ep en d en ce  o f  su c h  sys tem s, M a ie r  u sed  s ta tis ­
tic a l a rg u m e n ts  to  d e riv e  E q . ( 7 ) ,49 a n d  fo u n d  N  to  lie 
b e tw een  1 a n d  2. O n  th e  o th e r  h a n d , L ev ine  a n d  B e rn s te in

( L B ) u sed  an  o p tic a l an a ly s is  to  find  a  s im ila r  fo rm , e m p lo y ­
in g  N =  2 .5 .50 T h e n , a lso  b a sed  o n  a  s ta tis tic a l tr e a tm e n t, 
R eb ick  a n d  L ev ine  o b ta in e d  N =  ~ 2  o r  1.5 fo r  d ire c t a n d  
in d ire c t C ID  p rocesses, respec tive ly . T h e ir  fo rm u la tio n  c o n ­
verges to  th a t  o f  L B  w ith  s im p lify ing  a ssu m p tio n s . I n  a  series 
o f  th re e  p ap e rs , P a rk s  e t  a l. a lso  u sed  o p tica l an a ly ses  to  
d e riv e  E q . (7 )  a n d  a p p lie d  th e  m o d e l to  C ID  o f  th a lliu m  
h a lid e s  to  io n  p a ir s .45 T h e y  fo u n d  th a t  N in c rea sed  w ith  h e a ­
v ie r h a lid e s  a n d  co llis io n  gases.

C h esn av ich  a n d  B o w ers51 h av e  p ro p o se d  a  m o d e l b ased  
o n  tra n s it io n  s ta te  th e o ry  w h e re  o n ly  tr a n s la t io n a l en e rg y  is 
co n s id e red  to  c o n tr ib u te  to  th e  re a c tio n  co o rd in a te . T h is  
tr e a tm e n t p ro v id e s  a  g en e ra l fo rm  o f  E q . (7 )  th a t  p re d ic ts  
N =  1.5 fo r d ire c t re a c tio n s  o f  th e  ty p e  Fe„+ -* Fe„+_ , +  Fe. 
W e  find  th a t  th is  fo rm  a n d  c lo se ly  re la te d  fo rm s o f  E q . (7 )  
p ro v id e  g o o d  d e sc r ip tio n s  o f  th e  c ro ss  sec tio n  th re sh o ld  b e ­
h a v io rs  in  th is  w ork .

N o n e  o f  th e se  m o d e ls  a c c o u n t fo r m o lecu les  w ith  en erg y  
in  excess o f  th e  d is so c ia tio n  en erg y  th a t  d o  n o t d isso c ia te  
w ith in  o u r  e x p e rim e n ta l t im e  w indow . In  o u r  ex p e rim en ts , 
c lu s te r  io n  d is so c ia tio n  m u s t o c c u r  d u r in g  fligh t fro m  th e  gas 
ce ll to  th e  q u a d ru p o le  e n tra n c e  fo r p ro d u c t ob se rv a tio n . 
W h ile  th is  tim e  r  ch an g es  so m e w h a t w ith  th e  k in e tic  en erg y  
o f  th e  ions, i t  is a b o u t 1 X  1 0 - 4  s (a s  m e a su re d  by  p u ls in g  th e  
io n  b e a m ) fo r  th e  e x p e rim e n ta l c o n d itio n s  o f  in te re s t here . 
D isso c ia tio n  sh o u ld  beco m e  in c rea s in g ly  ineffic ien t fo r la rg ­
e r  c lu s te rs  w ith  m o re  m o d es  w h e re  in te rn a l en erg y  c a n  r a n ­
d o m ize . T h is  effect c a n  be  e s tim a te d  by  R R K M  th e o ry , 
w h ic h  p re d ic ts  th e  u n im o le c u la r  r a te  o f  d isso c ia tio n  o f  an  
e n e rg ized  m o lecu le . I t  h a s  b een  p o in te d  o u t th a t  th e  u se  o f  
R R K M  th e o ry  m a y  n o t be  d irec tly  ap p lic ab le  to  species like 
m e ta l c lu s te rs  w h e re  th e re  is a  h ig h  d e n s ity  o f  v ib ra tio n a l 
a n d  e lec tro n ic  s ta te s .52,53 F in d in g  a  b e tte r  m o d e l fo r th e  d is ­
so c ia tio n  b e h a v io r  o f  m e ta l c lu s te rs  is a n  a re a  o f  ac tiv e  in v es­
tig a tio n , a n d  is b ey o n d  th e  scope  o f  th e  p re se n t w o rk  an d  o u r  
p re se n t in s tru m e n ta tio n . W ith  th is  p rov iso , w e use  R R K M  
th e o ry  to  o b ta in  a t  le a s t a  p lau s ib le  e s tim a te  fo r h o w  th e  tim e  
sca le  o f  d isso c ia tio n  m ig h t affect th e  o b se rv ed  C ID  th re s h ­
old .

T o  c a lc u la te  a n  R R K M  ra te  c o n s ta n t k ( E ) ,  th e  a p p ro ­
p r ia te  d e n s ity  a n d  n u m b e r  o f  s ta te s  a re  req u ired . T o  o b ta in  
th ese , w e u se  a  tre a tm e n t s im ila r to  th a t  o f  J a r ro ld  a n d  B ow ­
e r ,54 in  w h ic h  v ib ra tio n a l freq u en c ies  a re  c a lc u la te d  fro m  th e  
D eb y e  m o d e l o f  so lid  s ta te  p h y sic s .55 T h e  ab so lu te  a cc u ra c y  
o f  th e  freq u en c ies  a re  so m e w h a t q u es tio n ab le , b e in g  d e riv ed  
fro m  th e  b u lk . B u t th e se  freq u en c ies  m a y  b e  less p ro b le m a ti­
ca l th a n  th e y  ap p e a r , b ecau se  so m e  e rro rs  can ce l in  th e  d iv i­
sion  o f  th e  n u m b e r o f  s ta te s  b y  th e  d en sity  o f  sta te s . W ith o u t 
k n o w n  c lu s te r  frequenc ies , th e  D eb y e  m o d e l p re sen ts , a t  
w o rs t, a  g o o d  s ta r tin g  p o in t. S ta te s  a re  c o u n te d  w ith  a  d ire c t 
c o u n t a lg o r ith m  u sin g  a n  R R K M  p ro g ra m  d ev e lo p ed  by  
H ase  a n d  B u n k e r .56 T h e  c a lc u la te d  R R K M  ra te  c o n s ta n ts  
fo r  C ID  o f  Fe„+ (n  =  4 -1 0 )  a re  sh o w n  in  F ig . 3 as a  fu n c tio n  
o f  E  — E 0, th e  in te rn a l en e rg y  in  excess o f  th e  d isso c ia tio n  
energy , fo r th e  case  w h e re  E 0 =  2 .0  eV  fo r c o m p a r iso n  p u r ­
poses. In  o u r  m o d e l, a s  th e  c lu s te r  b in d in g  energ ies  in c rease , 
th e  c lu s te r  freq u en c ies  re m a in  th e  sam e, b e in g  d e riv ed  fro m  
th e  in v a r ia n t d im e r  a n d  D eb y e  freq u en c ies . T h is  is c lea rly  
o n e  lim ita tio n  o f  th e  m o d e l s ince  th e  freq u en c ies  sh o u ld  o r-

J. Chem. Phys., Vol. 90, No. 10, 15 May 1989

downloaded 11 Aug 2009 to 155.97.13.46. Redistribution subject to AIP license or copyright; see  http://jcp.aip.org/jcp/copyright.jbp

http://jcp.aip.org/jcp/copyright.jbp


Loh e ta i  \ Dissociation of Fe+ 5473

FIG. 3. Calculated RRKM unimolecular rate constants for small iron clus­
ters, Fe„+ -»Fe„+_ , +  (« =  4-10), using frequencies derived from the De­
bye model. The log of k (E  — E0) are plotted as functions of internal energy 
in excess of E0 =  £»°(Fe„+ ,-Fe), which is held at 2.0 eV for comparison. 
The line represents the 90% dissociation level on the experimental time 
scale for dissociation.

d in a r ily  in c rea se  w ith  b o n d  s tre n g th .
E n e rg iz ed  m o lecu les  h av e  a  d is tr ib u tio n  o f  in te rn a l e n ­

erg ies, d u e  to  th e  d is tr ib u tio n  o f  im p a c t p a ra m e te rs  o f  th e  
co llis ions. T h e re fo re , a  d is tr ib u tio n  o f  k ( E ) s  a n d  d isso c ia ­
tio n  p ro b ab ilitie s  P ( E )  s a re  c a lc u la te d . In  th is  m odel, th e  
d is tr ib u tio n  d ep en d s  o n  th e  im p a c t p a ra m e te r , co llis ion  e n ­
erg y , a n d  t .  r  ch an g es  w ith  in te ra c t io n  energy , b ecau se  th e  
flig h t tim e  in  th e  o c to p o le  is e n e rg y  d ep en d en t. T h is  effect is 
neg lig ib le , h o w ev er, b ecau se  r a te  c o n s ta n ts  rise  very  ra p id ly  
w ith  in c rea s in g  energy . T h e  ra te  necessa ry  fo r  9 0 %  d isso c ia ­
t io n  o n  o u r  e x p e rim e n ta l tim e  sca le  is sh o w n  in  F ig . 3 a s  a  
d a sh e d  line.

T o  m o d e l th e  d a ta , E q . ( 7 )  is co n v o lu te d  o v e r th e  P ( E )s  
d e riv ed  fro m  th e  R R K M  ra te  c o n s ta n t. T h e  re s u lta n t fo rm , 
g iven  in  th e  A p p en d ix , m o d e ls  th e  effects o f  d iffe ren t co lli­
sio n  im p a c t p a ra m e te rs  o n  th e  c ro s s  sec tio n  en e rg y  d e p e n ­
den ce . D isso c ia tio n  o f  sm a ll c lu s te rs  a re  in sensitive  to  
R R K M  co n s id e ra tio n s , b ecau se  th e  d is so c ia tio n  ra te s  a re  
su ffic ien tly  fa s t th a t  d is so c ia tio n  is  co m p le te  even  a t  v e ry  low  
ene rg ies  ab o v e  th re sh o ld . I n  th e se  cases, E q . ( A 7 ) red u ces  to  
E q . ( 7 ) .  R R K M  c o n s id e ra tio n s  is  m o s t im p o r ta n t fo r  la rg e r  
c lu s te rs , a s  in d ic a te d  b y  th e  ene rg ies  n ecessa ry  fo r  9 0 %  
d is so c ia tio n  p ro b ab ilitie s  o n  o u r  e x p e rim en ta l tim e  scale, 
sh o w n  in  F ig . 3. In  e ith e r  case , th e  m o d e l is c o n v o lu ted  o v e r 
th e  e x p e rim e n ta l en e rg y  d is tr ib u tio n s  ( th e  io n  en e rg y  sp read  
a n d  th e  th e rm a l m o tio n  o f  X e ) .  T h e  re su ltin g  m o d e l c ro ss  
sec tio n  is c o m p a re d  to  th e  d a ta  a n d  th e  p a ra m e te rs  TV a n d  E 0 
o p tim iz e d  to  g ive th e  b e s t fit b y  u s in g  a  lin e a r  leas t-sq u ares  
c rite r io n .

IV. RESULTS AND DISCUSSION
A. General cross section features

F ig u re  4  show s th e  c ro ss  se c tio n  en e rg y  d ep en d en ces  o f  
Fe„+ +  X e, fo r  n  =  2 -1 0 . T h e  d im e r  ion  c a n  b re a k  a p a r t

o n ly  in to  F e + +  F e . W ith  la rg e r  c lu s te r  ions, d isso c ia tio n  
ca n  p ro c e e d  v ia  n u m e ro u s  p ro d u c t ch an n e ls , m a n y  o f  w h ich  
a re  d is tin g u ish ed  so le ly  b y  th e  acco m p an y in g  n e u tra l  f ra g ­
m en ts . F o r  ex am p ly , F e 3+ +  X e  h as  tw o  poss ib le  io n ic  
p ro d u c ts , b u t th re e  poss ib le  p ro d u c t ch an n e ls : F e 2+ +  Fe, 
F e + +  F e 2, a n d  F e + +  F e  +  Fe. B y F e ,o , th e re  a re  n in e  
possib le  io n ic  p ro d u c ts  lead in g  to  93 d is tin c t d isso c ia tio n  
p a th w ay s. S ince w e d e te c t o n ly  ions, su c h  p a th w a y s  m u s t be 
iden tif ied  by  th e rm o c h e m ic a l a rg u m e n ts  o r  b y  fe a tu re s  in  
th e  c ro ss  sec tions. F o r  a ll c lu s te rs , Fe„+_ , p ro d u c tio n  can  
o n ly  o c c u r  by  loss o f  a n  F e  a to m  a n d  th u s  is u n am b ig u o u sly  
iden tified . A s  w ill b e  seen in  th e se  sys tem s, th e  m ech a n ism  
fo r  th e  fo rm a tio n  o f  th e  o th e r  p ro d u c ts  is a lso  q u ite  c lea r.

T h e  c ro ss  sec tio n  fo r C ID  o f  F e 2+ h a s  b een  d iscu ssed  
p rev io u sly  in  d e ta i l .8 I t  rises fro m  a  th re sh o ld  o f  2 .72 eV  to  
p eak  ju s t  above 10 eV  a t  a  m a g n itu d e  o f  a b o u t 3 A 2 a s  seen  in  
F ig . 4. A s  ex p ec ted  fo r a  C ID  p rocess , th e  c ro ss  sec tio n  re ­
m a in s  re la tiv e ly  fla t a t  h ig h e r  energ ies. S ince th e  c ro ss  sec­
tio n  d o es n o t d ec lin e  ap p rec iab ly  w ith  h ig h e r  energ ies, F e + 
p ro d u c t co llec tio n  a p p e a rs  to  be  efficient.

C ID  o f  F e 3+ fo rm s b o th  poss ib le  io n ic  p ro d u c ts , 
F e 2+ a n d  F e + . T h e  lo w est en erg y  p rocess, d is so c ia tio n  to  
F e 2+ +  F e , h a s  a n  en erg y  th re sh o ld  o f  ~  1.7 eV . c r(F e 2+ ) 
rises an d  p eak s  a t  n e a r  5 eV , th e n  slow ly  dec reases  w ith  h ig h ­
e r  energ ies. O b se rv a tio n  o f  th e  F e + p ro d u c t b eg in s a t  ~ 5  
eV. < r(F e+ ) rises u n til  ~ 9  eV , a f te r  w h ich  a  slo w er rise  w ith  
in c rea s in g  en erg y  to  th e  h ig h es t energ ies  is observed . A s  a 
re s u lt o f  th e  tw o  c ro ss  sec tio n  b eh av io rs , th e  to ta l c ro ss  sec­
tio n  (i.e ., th e  su m  o f  th e  in d iv id u a l c ro ss  sec tio n s) is fla t a t 
h ig h e r  energ ies. T h is  in d ica te s  th a t  th e  to ta l  io n  p ro d u c t in ­
te n s ity  re m a in s  n ea rly  c o n s ta n t th ro u g h o u t th is  en e rg y  
ra n g e  a n d  im p lies  efficient p ro d u c t co llec tion .

A ll th re e  ex p ec ted  io n ic  p ro d u c ts  a re  o bserved  in  C ID  o f  
F e 4+ w ith  X e, a s  sh o w n  in  F ig . 4. F e 4+ — Fe,~  +  F e , th e  p r i­
m a ry  re a c tio n  p a th w ay , is th e  d o m in a n t low  en erg y  p rocess. 
< r(Fe3+ ) rises a n d  p eak s a t  ~ 5  eV , n e a r  th e  th re sh o ld  fo r 
(7 (F e 2+ ) . A  fa irly  sh a rp  d ec lin e  is th e n  n o te d  fo r severa l eV , 
as t r ( F e 2+ ) rises a b ru p tly . T h e  d ec lin e  in  th e  F e 3+ cro ss  sec­
tio n  beco m es m o re  g ra d u a l w ith  in c rea s in g  energ ies. A l­
th o u g h  F e 3+ +  F e  is th e  m o s t p ro b a b le  p ro d u c t c h a n n e l a t 
low  energ ies, above 15 eV  th e  m a jo r  io n ic  p ro d u c t b eco m es 
F e 2+ . T h e  F e + ch a n n e l is a t  le a s t on e  o rd e r  o f  m a g n itu d e  less 
p ro b ab le  th a n  these , even  a t  th e  h ig h es t energ ies  ex am in ed  
h e re . T h e  to ta l  c ro ss  sec tio n  levels o ff a t  5 eV , rem a in in g  
c o n s ta n t to  h ig h e r  energ ies.

F e 5+ +  X e  y ie lds fo u r  io n ic  p ro d u c ts . U n lik e  C ID  o f  
F e 4+ , th e  d o m in a n t p ro d u c t o f  F e 5+ C ID  a t  a ll ene rg ies  is 
lo ss o f  a  s ing le  F e  a to m . T h is  p ro cess  p eak s  a t  5 -6  eV  th e n  
d ec reases  slow ly  w ith  h ig h e r  energ ies. F e 3+ a n d  F e 2+ a re  
m a jo r  p ro d u c t io n s w ith  h ig h e r  th re sh o ld s , F e + p ro d u c tio n , 
o n  th e  o th e r  h a n d , is m u c h  less p ro b ab le , a s  ev id en ced  b y  th e  
sm a ll c r (F e + ) m a g n itu d e  o f  < 0 .1  A 2 a n d  th e  s c a t te r  in  th e  
d a ta . T h e  to ta l  c ro ss  sec tio n  rises q u ick ly  fro m  th re sh o ld  to  5 
eV , th e n  c o n tin u e s  to  rise  very  slow ly  a t  h ig h e r  energ ies.

T h e  c ro ss  sec tio n s  fo r  Fe„+ +  X e, n  =  6- 1 0 , show  som e 
o f  th e  sam e en erg y  d ep en d en ces  a s  n =  2 -5  a n d  a re  d is ­
cu ssed  to g e th e r . F o r  th e  la rg e r  c lu s te rs , som e lo w er m ass 
p ro d u c ts  a re  n o t observed , p re su m a b ly  d u e  to  th e i r  sm a ll
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FIG. 4. Results for collision-induced dissociation of iron cluster ions, Fe + +  Xe, n =  2-10 are given in parts a-i, respectively. The cross sections, measured 
in A2, are plotted as a function of collision energy in the center-of-mass (lower x  axis) and laboratory (upper x  axis) frames. Solid lines represent the total 
cross sections for dissociation.
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FIG. 4. (continued).

in ten s itie s  a n d  o u r  e x p e rim e n ta l sens itiv ity . T h ese  io n s can  
p ro b a b ly  b e  o b se rv ed  a t  h ig h e r  in te ra c tio n  energ ies, w h ere  
m o re  ex tens ive  fra g m e n ta tio n  o ccu rs . A s d iscu ssed  above, 
C ID  m e c h a n ism  c a n  in flu en ce  p ro d u c t d e tec tio n . T h is  m ay  
b e  im p o r ta n t fo r p ro d u c t c h a n n e ls  th a t  invo lve  ex tens ive  
f ra g m e n ta tio n , since  d is so c ia tio n  en e rg y  c a n  b e  c a rr ie d  aw ay  
as  tr a n s la t io n a l energ ies  o f  th e  m a n y  p ro d u c ts . A s  a  resu lt, 
ineffic ien t fra g m e n ta tio n  m a y  b e  ob se rv ed  as la rg e  k in e tic  
sh ifts  fo r su c h  processes.

T h e  c ro ss  sec tio n s  sh o w  m u c h  th e  sam e  b e h a v io r  a s  n o t­
ed  in  C ID  o f  th e  sm a lle r  c lu s te rs . T h e  low est en e rg y  p ro d u c t 
in  a ll cases is Fe„+_ , fo rm ed  by  lo ss  o f  a  sing le  F e  a to m . A s 
th e  co llis ion  en e rg y  in creases , Fe„+ 2, Fe„+ 3, a n d  sm a lle r  
io n ic  p ro d u c ts  a re  fo rm ed  seq u en tia lly  a n d  w ith  g en era lly  
m u c h  sm a lle r  c ro ss  sec tions. A s  o n e  p ro d u c t c ro ss  sec tio n  
p eak s, fo rm a tio n  o f  th e  n e x t p ro d u c t  beg ins. T h e  to ta l  c ro ss  
sec tio n s  a lso  h av e  s im ila r  en e rg y  d ep en d en ces  to  th o se  o f  
C ID  o f  th e  sm a lle r  c lu ls te rs . T h ese  rise  w ith  th e  Fe„+_ , p ro d ­
u c t  a n d  re m a in  fa ir ly  c o n s ta n t a t  h ig h e r  energ ies.

T h e  m a g n itu d e s  o f  <rtot sh o w  th a t  F e 2+ h a s  th e  sm a lle s t

c ro ss  sec tion , as is ex p ec ted  fo r  th e  c lu s te r  w ith  th e  sm a lle s t 
co llis io n  c ro ss  sec tion . F e 3+ a p p e a rs  to  h av e  a n  u n u su a lly  
h ig h  c ro ss  sec tio n  fo r d is so c ia tio n  o f  ~  10 A 2. W ith  in c re a s ­
ing  c lu s te r  size, th e  to ta l  c ro ss  sec tio n  th e n  rem a in s  7 -9  A 2 

u n ti l  F e ^ , w h e re  a  m a g n itu d e  o f  15 A 2 is observed . T h e  h ig h  
en e rg y  b e h a v io r  n o te d  fo r F e 4+ , in  w h ic h  <j( Fe„+_ 2 ) becom es 
fav o red  o v er cr(Fe„*.., )  w ith  in c rea s in g  energ ies, is a lso  
g en e ra lly  o b se rv ed  fo r th e  la rg e r  even  n u m b e re d  c lu s te rs  
(h  =  4, 6 , 8 ). F o r  th e  o d d  n u m b e re d  c lu s te rs  (n  =  3, 5, 7 ) , 
cr(Fe„+_ , )  is la rg e r  th a n  cr(Fe„+„ 2 ) a t  a ll energ ies. F e 9+ d i­
verges fro m  th is  t r e n d  a s  F e 7+ is th e  d o m in a n t h ig h  en e rg y  
p ro d u c t. C ID  o f  F e ^  y ie lds eq u a l b ra n c h in g  ra tio s  a t  h ig h e r  
energ ies.

B. Ionic and neutral cluster binding energies
D  °(Fein ,-Fe), n = 2 -4 .  T h e  low est en erg y  p rocesses, 

Fe„+ -> Fe„+_ t +  F e , a re  u n a m b ig u o u s  a n d  free  o f  seco n d a ry  
p rocesses a n d  p ro d u c t c h a n n e l co m p e titio n  th a t  co m p lica te s  
ana ly s is . S ince th e  ra te  o f  d is so c ia tio n  is h ig h , th re sh o ld
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TABLE I. Threshold analysis of Fe„+ CID.

E0‘ RRKMb A ^ o d r A £„(II)d Z)°(Fe+_l-F e)e
n (eV) N shift (eV) (eV) (eV) (eV)

2 2.72(0.07) 1.35(0.10) 0.0 2.72(0.07)f
3 1.64(0.15) 1.6 (0.10) 0.0 -  1.06(0.15) 2.35(1.0) 1.64(0.15)
4 1.99(0.15) 1.6 (0.10) 0.0 +  0.36(0.15) 2.85(1.0) 1.99(0.15)
5 2.41(0.20) 1.5 (0.15) 0.05(0.05) +  0.44(0.15) 2.67(0.20) 2.50(0.18)
6 3.29(0.25) 1.6 (0.15) 0.10(0.07) +  0.97(0.15) 3.55(0.25) 3.44(0.18)
7 3.10(0.25) 1.5 (0.15) 0.15(0.07) -0.09(0.15) 3.32(0.25) 3.26(0.21)
8 2.59(0.25) 1.5 (0.15) 0.23(0.10) -0.50(0.15) 2.86(0.30) 2.74(0.23)
9 2.83(0.30) 1.7 (0.15) 0.26(0.12) +  0.37(0.15) 2.70(0.35) 2.88(0.27)

10 3.10(0.35) 1.9 (0.20) 0.45(0.15) 3.10(0.35)

“From analysis using Eq. (A7). Uncertainties are in parentheses.
b Difference in analysis with Eqs. (A7) and (7), with and without RRKM considerations, respectively.
° Relative difference in primary thresholds between cluster systems, Fe„+ -• Fe„+_ , +  Fe and 
Fe„+ , -F e+ _ 2 +  Fe.

d Relative difference in thresholds within a cluster system, Fe„+ — Fe„+_ , +  Fe and Fe,,' Fe„+_ 2 +  2 Fe. 
'Average of thresholds determined from analysis with Eq. (A7), D°(Fe+_ ,-Fe) +  Aii0(I), and A£'0(II), 
except for Fe„+ (n =  3,4), where A£0(II) was not included, see the text. 

f Analysis discussed in Ref. 8.

an a ly ses o f  th ese  c lu s te rs , a re  n o t  c h an g ed  b y  th e  life tim e 
co n sid e ra tio n s . C o n seq u en tly , a n a ly s is  is p e rfo rm e d  w ith  
E q . (7 )  w h ich  y ie lds D ° (F e „ +_ , - F e ) .  T h e  v a lu es o f  N an d  
E 0 u sed  to  m o d e l th e  d a ta  a re  su m m a riz e d  in  T ab le  I. T h e  
u n c e rta in tie s  in  th e  B D E s a rise  fro m  th e  u n c e r ta in ty  in  
N  a n d  th e  ab so lu te  u n c e r ta in ty  o f  th e  co llis ion  energy . 
T h e  c ro ss  sec tio n  fo r  C ID  o f  F e 2+ h a s  b een  p rev io u sly  p u b ­
lish ed 8 a n d  d iscussed  in  de ta il. T h re sh o ld  an a ly s is  req u ire s  
N =  1.35 ± 0 . 1 0 a n d £ 'o  =  Z)O( F e 2+ ) = 2 .7 2  ± 0 .0 7  eV. A n  
ex ce llen t re p ro d u c tio n  o f  th e  d a ta  fro m  th re sh o ld  to  ~  8  eV  
is p ro v id ed .

T h e  tr im e r  c ro ss  sec tio n  is a lso  rep re se n ta tiv e  o f  a n a ly ­
sis w ith in  th is  c lu s te r  size  ran g e . T h e  b es t fit to  th e  d a ta  fro m  
th re sh o ld  to  ~  5.5 eV  is fo u n d  w ith  N  =  1.6  ±  0 .10 , y ie ld ing  
E q — 1.62 ±  0 .15  eV . T h e  use  o f  N =  1.6 in d ica te s  th a t  th e  
rise  fro m  th re sh o ld  is less sh a rp  th a n  o b se rv ed  in  d im e r C ID  
a n d  th a t  c ro ss  sec tio n  rises m o re  lin ea rly  w ith  in c reas in g  
energy . F ig u re  5 show s th e  th re sh o ld  reg io n  o f  th e  cro ss  sec­
tio n , th e  m odel, a n d  th e  m o d e l co n v o lu te d  o v e r th e  ex p e ri­
m e n ta l en e rg y  d is tr ib u tio n s . A  th re sh o ld  e n la rg e m e n t show s 
th e  ex ce llen t fit o f  th e  d a ta  d o w n  to  th e  no ise  level. T h u s , 
Z > °(F e2+ - F e )  =  1.62 ±  0 .15 eV , co n sid e rab ly  w eak e r th a n  
£ > ° (F e + - F e ) .

T h e  cro ss  sec tio n  fo r  F e 4+ +  X e  -> F e 3+ +  F e  +  X e  a lso  
rises sh a rp ly  fro m  th e  no ise  a llo w in g  a  p rec ise  th re sh o ld  
m easu rem en t. T h e  th re sh o ld  reg io n  is re la tiv e ly  sh o r t, a p ­
p ro x im a te ly  ~  2 eV . C ro ss  sec tio n  an a ly s is  w ith in  th is  en e r­
gy ran g e  uses N  =  1.6  ±  0 .15 to  b e s t m o d e l th e  n e a rly  lin e a r 
rise  fro m  th re sh o ld . T h is  fo rm  p ro v id es  a n  ex ce llen t fit o f  th e  
d a ta  to  d o w n  th e  no ise  level, y ie ld in g  E 0 =  1.99 ±  0 .15 eV, 
a s  d e m o n s tra te d  in  F ig . 5. C o m p ara tiv e ly , Z > °(F e3+ - F e )  is 
s tro n g e r  th a n  D  ° ( F e 2+ - F e )  b u t co n sid e rab ly  w e ak e r th a n  
Z )°( F e + - F e ) .

F e+  (n = 5 - 1 0 ): T h r e s h o ld  a n a lys is .  C o m p a riso n  o f  all 
c ro ss  sec tio n s  sh o w s th a t  C ID  p ro cesses  o f  la rg e r  c lu s te rs  
sh a re  a  co m m o n  fe a tu re  n o t o b se rv ed  w ith  sm a lle r  c lu s te rs . 
T h is  fe a tu re  is a p p a re n t as a  ta il a t  low  co llis ion  energ ies, as

seen  in  th e  ex p an d ed  v iew s o f  F e 6+ a n d  F e ,o  sh o w n  in  F ig . 6 

a n d  as low  en e rg y  sh o u ld e rs  in  F ig . 4 . T h e  m a g n itu d e s  a re  
sm all, < 2 %  o f  th e  m a in  peak , b u t  rep ro d u c ib le . S u ch  fea­
tu re s  a re  suggestive  o f  d isso c ia tiv e  ev en ts  w ith  e x tra  energy , 
su c h  as th o se  fro m  k in e tic a lly  o r  in te rn a lly  ex c ited  ions.

C once ivab ly , io n s w ith  d iffe ren t k in e tic  energ ies  c o u ld  
b e  p ro d u c e d  in  tw o  w ays. S ince th e  m ag n e tic  se c to r  is a  m o ­
m e n tu m  an a ly z e r, lo w e r m ass  iso to p o m ers  w ith  h ig h e r  ve­
lo c ities  c o u ld  be  p assed  in  th e  sam e  n a rro w  m o m e n tu m  
ra n g e  as  th e  p r im a ry  iso to p o m ers . T h e  m o m e n tu m  a n a ly z e r  
re so lu tio n  w as ca re fu lly  m e a su re d  a n d  is sufficiently  h ig h  
th a t  th e  io n  b eam  is co m p o sed  o f  a  s ing le  m ass. T h a t  n o  
k in e tic a lly  h o t io n s a re  o b se rv ed  ag rees w ith  th e  n a r ro w  ion  
en e rg y  d is tr ib u tio n  ex p ec ted  fro m  a  su p e rso n ic  ex p an sio n . 
A n o th e r  m ean s  o f  o b ta in in g  io n s o f  d iffe ren t k in e tic  en erg y  
is m e ta s ta b le  d eco m p o s itio n  o f  a  la rg e r  c lu s te r  io n  d u r in g  
fligh t fro m  so u rce  to  m ag n e tic  sec to r. S ince io n s a re  essen ­
tia lly  m o n o en e rg e tic  th ro u g h  th e se  reg ions, th e  p a re n t a n d  
d a u g h te r  io n s sh o u ld  h av e  n ea rly  th e  sam e  velocities, su c h  
th a t  th e  d a u g h te r  io n s w ill h av e  lo w er k in e tic  energ ies  th a n  
io n s e m itte d  d ire c tly  fro m  th e  sou rce . C a re fu l re ta rd in g  en ­
e rgy  an a ly s is  o f  th e  io n  b e a m  co n firm s th a t  th e  io n  en erg y  
d is tr ib u tio n  is n e a rly  G a u ss ia n  ( ~ 0 .7 5  eV  F W H M ) an d  
th a t  n o  io n s w ith  k in e tic  energ ies  in  excess o f  th is  d is tr ib u ­
tio n  a re  p ro d u c e d  w ith in  0 .0 1 % .

W e h av e  a lso  p e rfo rm e d  ex p e rim en ts  to  d e te rm in e  p o s­
sib le  effects o f  c lu s te r  in te rn a l energ ies. T o  in c rea se  th e  n u m ­
b e r  o f  th e rm a liz in g  co llis ions w ith in  th e  so u rce , th e  H e  flow  
w as in c rea sed  fro m  5000  to  10 500  seem . N o  ch an g es  in  th e  
th re sh o ld s  w ere  observed . A s a  c h eck  o f  e x c ita tio n  th a t  o c ­
c u rs  in  th e  v a p o riz a tio n  p rocess, th e  av e rag e  la se r p o w e r w as 
lo w ered  fro m  28 to  20  W . N o  effect o n  th e  c ro ss  sec tio n s  w as 
observed , d e m o n s tra tin g  th a t  h ig h e r  H e  flow s o r  lo w er la se r 
p o w ers  d o  n o t re s u lt in  c o ld e r  c lu s te rs . T h e  la t te r  is in  c o n ­
tr a s t  to  F e + fo rm a tio n , w h e re  th e  h ig h  la se r p o w er h a s  been  
sh o w n  to  c re a te  ex c ited  s ta te s .42 T h is  p re su m a b ly  in d ic a te s  
th a t  c lu s te r  ex c ited  s ta te s  a re  ea s ie r to  co llis io n a lly  q u e n c h
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FIG. 5. CID cross section threshold energy dependence analyses for Fe„+ 
+  Xe—Fe„+_ , +  Fe +  Xe, n =  3 and 4, Cross section data (solid circles) 

are plotted as functions of collision energy in the center-of-mass (lower x  
axis) and laboratory (upper x  axis) frames. An empirical model, Eq. (7) 
discussed in the text, is shown as a dashed line. The model convoluted with 
the experimental energy distributions is shown as a solid line. Arrows indi­
cate dissociation thresholds obatined.

th a n  th e  a to m , p re su m a b ly  d u e  to  th e i r  h ig h  s ta te  densities.
T h e  su p e rso n ic  e x p an sio n  fro m  th e  so u rc e  h e lp s  to  co o l 

in te rn a l m o d es  o f  th e  c lu s te r . A lth o u g h  w e c a n n o t d ire c tly  
m e a su re  th is  co o ling , a n  ex p an s io n  o f  22 0  T o r r  o f  p u re  A r  is 
su ffic ien t to  c au se  c o n d e n sa tio n  to  la rg e  A r  c lu s te rs . A d d i­
tio n  o f  A r  (2 .7 % )  to  th e  m a in  H e  flow  fo rm s  th e  a d d u c t, 
Fe„+ • A r , in  low  in ten s itie s , sh o w in g  th a t  so m e  g en e ra l co o l­
in g  o ccu rs . C o llis io n s  w ith  A r  a re  a lso  ex p ec ted  to  q u en ch  
in te rn a l e x c ita tio n  m o re  effectively  th a n  H e , b ecau se  o f  th e
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FIG. 6. CID cross section threshold energy dependence analyses for Fe„+ 
+  Xe—Fe„+_ , + F e  +  Xe and — Fe„‘ , + 2  Fe +  Xe, n =  6 and 10. 

Cross section data for the primary (solid circles) and secondary (solid 
squares) product channels are plotted as functions of collision energy in the 
center-of-mass (lower x  axis) and laboratory (upper x  axis) frames. An 
empirical model, Eq. (A7) discussed in the text, is shown as a dashed line 
for each process. These models convoluted with the experimental energy 
distributions are shown as solid lines. Arrows indicate dissociation thresh­
olds obtained.

re la tiv e ly  h ig h  p o la r izab ility  o f  A r .42 N o  ch an g es  w e re  o b ­
se rv ed  in  th e  C ID  th re sh o ld s  fo r  Fe„+ u p o n  ad d it io n  o f  A r  to  
th e  flow.

T h e re  is a lso  th e  p o ss ib ility  th a t  c lu s te r  io n s a re  co lli-  
s io n a lly  re h e a te d  in  th e  so u rc e  o r  first tw o  d iffe ren tia l p u m p ­
in g  reg ions. In d e e d , i f  th e  io n s  a re  a c c e le ra ted  in  th e  so u rce  
reg io n  b e tw een  th e  n o zz le  a n d  sk im m er, b o th  th e  k in e tic  
en e rg y  a n d  in te rn a l ene rg ies  o f  th e  c lu s te r  io n s a re  affected . 
T o  a v o id  th is , th e  so u rc e  reg io n  is k e p t en tire ly  field  free.
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H o w ev er, to  o b ta in  suffic ien t io n  in ten sities , io n  lenses in  th e  
first (F S A )  a n d  seco n d  (F S B ) d iffe ren tia l p u m p in g  reg ions 
(D R 1  a n d  D R 2 )  m u s t be  u sed  to  focus th e  ions. W h ile  vo l­
tag es  o f  u p  to  300 V  o n  th e  F S B  lenses h ave  n o  affect o n  th e  
C ID  th re sh o ld s , su ch  la rg e  vo ltag es o n  th e  F S A  lenses do  
affect th e  ap p e a ra n c e  o f  th e  d a ta . H en ce , these  vo ltages a re  
h e ld  to  less th a n  10 V  as d e sc rib ed  in  th e  ex p e rim en ta l sec­
tio n . N o te  th a t  since  th e  b a c k g ro u n d  gas is H e , 10 V  c o rre ­
sp o n d s  to  a  c en te r-o f-m ass  co llis io n  en erg y  o f  on ly  0 .34  V  fo r 
iro n  d im ers  an d  on ly  0 .07  eV  fo r  iro n  d ecam ers , m u c h  lo w er 
th a n  th e  ta ils  o bserved  here . F u r th e r ,  th e re  is o n ly  a  4 %  
p ro b ab ility  o f  a  co llis ion  in  th is  reg io n  (a ssu m in g  a  la rge  
co llis ion  c ro ss  sec tio n  o f  20  A 2). W h ile  th e  p oss ib ility  o f  
co llis io n a l ex c ita tio n  c a n n o t be  ru le d  o u t co m p le te ly , th e re  is 
n o  ev idence  to  su g g est th a t  it  is re sp o n sib le  fo r th e  o bserved  
low  en erg y  ta ils , d esp ite  a  c a re fu l ev a lu a tio n  o f  th is  possib il­
ity . O vera ll, w e co n c lu d e  th a t  th e se  th re sh o ld  fea tu re s  a re  
n o t a t t r ib u ta b le  to  c lu s te rs  w ith  excess in te rn a l ex c ita tio n  
a n d  th a t  o u r  io n s a re  a t  le a s t th e rm a liz e d .

T h e  effect o f  a n  oxygen  im p u ri ty  in  th e  re a c ta n t gas w as 
ch eck ed  d irec tly  b y  c o n d u c tin g  0 2 re ac tiv ity  ex perim en ts .
T h ese  in d ica te , h o w ev er, th a t  Fe„+_ , is n o t p ro d u c e d  in  th e  
th re sh o ld  reg io n s o f  th e  p re se n t sy s tem s by  su ch  reac tio n s .

O n e  final p oss ib ility  is th a t  th e  low  en erg y  ta ils  in  th e  
d a ta  a re  d u e  to  m u ltip le  co llis ion  even ts . T h is  h y p o th es is  h as 
b een  verified by  p re lim in a ry  d a ta  w h ich  show  sy s tem atic  
ch an g es in  th e  c ro ss  sec tio n  en e rg y  d ep en d en ce  w ith  X e 
p re ssu re  v a ria tio n . T h e  en erg y  d e p en d en ces  o f  th e  m a in  p o r ­
tio n  o f  th e  c ro ss  sec tio n s  a re  in v a r ia n t w ith  p ressu re , b u t th e  
low  en erg y  p o rtio n  in c reases  w ith  in c reas in g  X e  p ressu res .
T h u s , a  sm a ll fra c tio n  o f  c lu s te rs  ( ~  1 % )  u n d e rg o  m u ltip le  
co llis ions w ith  X e. T h e  low  en e rg y  fe a tu re  can  be  rem o v ed  
b y  ex tra p o la tin g  th e  p re s su re  d e p e n d e n t p o rtio n  o f  th e  c ro ss  
sec tio n s  to  ze ro  p ressu re . Q u a n tita tiv e  p re s su re  d ep e n d e n t 
ex p e rim en ts  a n d  an a ly s is  a re  u n d e rw a y  a n d  w ill be  in c lu d ed  
in  o u r  p a p e r  o n  C ID  o f  la rg e r  Fe„+ c lu s te rs  to  m o re  fu lly  
c h a ra c te r iz e  th is  p h e n o m en o n .

D  °(F e+ _, -F e ) ,  n = 5 -1 0 .  S u ch  a  tre a tm e n t o f  each  c lu s ­
te r  effectively  q u in tu p le s  th e  e x p e rim en ta l w o rk  n eed ed  fo r 
th e  m o s t a c c u ra te  th re sh o ld  d e te rm in a tio n s . A s  a  p re lu d e  to  
th is , th e  th re sh o ld s  a re  d e te rm in e d  by  th re e  m ean s  in  th is  
w o rk . F ir s t, th e  p re s su re  in v a r ia n t p o rtio n  o f  th e  th re sh o ld  
reg io n  is m o d eled , as fo r th e  sm a lle r  c lu s te rs . T h is  ana ly s is 
in c lu d es  energ ies  w h ich  ra n g e  to  ~  3 -4  eV  above th re sh o ld . 
S econd , w e a lso  m a k e  u se  o f  re la tiv e  th re sh o ld s  fo r d iffer­
e n tly  sized  c lu s te rs  to  d e te rm in e  a n  E 0. F o r  in s tan ce , by  S  
m o d e lin g  th e  c ro ss  sec tio n s fo r F e 5+ — F e4+ +  F e  a n d  F e4+ j |  
-> F e 3+ +  F e  in  ex ac tly  th e  sam e  m a n n e r  [by  u s in g  E q . (7 )  
a n d  keep in g  th e  va lu e  o f  N  fixed a t  1.5 ] , a  re la tiv e  d ifference  kj 
in  B D E s can  be  o b ta in ed . B ecause  Z > °(F e3+ - F e )  is d e ­
te rm in e d  p rec ise ly  a s  d e sc r ib ed  above, th e  d ifference  in  
th re sh o ld s  p ro v id es  D  0 ( F e 4+ - F e ). T h ese  va lues d e te rm in e d  
fro m  re la tiv e  th re sh o ld s  a re  m o re  p rec ise  b ecau se  th e  p re s ­
su re  effects sh o u ld  la rg e ly  can ce l a n d  th e  sam e in te rp re ta ­
tio n  p a ra m e te rs  a re  u sed . T h ird , in d e p e n d e n t m easu re s  o f  
Z )°(F e„+ !~ F e )  a re  p ro v id ed  by  th e  re la tiv e  th re sh o ld s  fo r 
s eq u en tia l C ID  p ro cesses fo r a  sing le  c lu s te r  size, Fe„+
->Fe„+_ , +  F e  a n d  F e „+_ 2 +  2 F e , in  an a lo g y  w ith  th e  ex ­
tr a p o la te d  v o ltage  m e th o d  o f  d e te rm in in g  io n iz a tio n  p o te n ­

tia ls . T h is  d ifference  sh o u ld  be  a n  u p p e r  lim it to  th e  d iffe r­
ence  be tw een  D  0 ( Fe„+_ , - F e ) a n d  D  0 ( F e /  2 - F e ), becau se  
k in e tic  sh ifts  m ay  cau se  loss o f  th e  seco n d  a to m  to  be  less 
efficient th a n  th e  first.

A n  ex am p le  o f  th e  an a ly s is  b y  th e se  th re e  m ean s  is o u t­
lin ed  h e re  fo r  F e 6+ C ID . F ir s t,  th e  n ea rly  lin e a r en erg y  
d ep en d en ce  o f  th e  m a in  p o r tio n  o f  th e  c ro ss  sec tio n  is 
b e s t m o d e led  by  E q . (A 7 )  w ith  N =  1.60 +  0 .15  a n d  E 0 
=  3.29 +  0 .25 eV . T h is  th re sh o ld  va lu e  in c lu d es  a  sh ift o f  
~ 0 . 10 eV  d u e  to  th e  life tim e  c o n s id e ra tio n s  d iscu ssed  above 
a n d  in  th e  A p p en d ix . T h is  m o d e l is sh o w n  in  F ig . 6  a n d  can  
be  seen to  re p ro d u c e  th e  c ro ss  sec tio n  n ice ly  e x cep t a t 
th e  very  low est energ ies  in  th e  e x p a n d e d  view . S econd , 
th e  th re sh o ld  o f  F e 6+ -> F e 5+ +  F e  is d e te rm in e d  to  be 
0 .97  +  0.15 eV  h ig h e r  th a n  th e  th re sh o ld  fo r C ID  o f  th e  
p e n ta m e r, F e 5+ —F e 4+ +  F e . S ince th e  la t te r  b o n d  en e rg y  is 
2 .50  +  0 .18 eV, th is  g ives Z )° (F e 5+ - F e )  =  3.47 +  0 .23 eV. 
T h ird , th e  se q u en tia l d is so c ia tio n  p rocesses F e 7+ -> F e 6+ 
+  F e  a n d  F e 7+ -> F e 5+ +  2 F e  h av e  th re sh o ld s  th a t  d iffer by 

3.55 +  0.25 eV . T h is  va lu e  sh o u ld  a lso  eq u a l Z > °(F e5+ - F e ) .  
A v e rag in g  th ese  th re e  re su lts  a n d  ta k in g  th e  po o led  e s tim a te  
o f  e rro r , w e re p o r t Z > °(F e5+ - F e )  =  3 .44 +  0 .18  eV.

R e su lts  o f  th e se  an a ly ses fo r F e /  (n  =  5 -1 0 )  a re  s u m ­
m a riz e d  in  T ab le  I. In  th e  first m e th o d  o f  ana ly s is, TV is fo u n d  
to  be  1.5 to  1.7 fo r F e ,/ ( n  =  5 - 9 ) ,  in  go o d  a g reem en t w ith  
th e  p ro p o sed  m o d e l fo r tr a n s la tio n a lly  d riv en  en d o e rg ic  re ­
ac tio n s  a n d  th a t  o bserved  fo r Fe„+ ( n  =  2 - 4 ) .  F e ,o , h o w ­
ever, req u ire s  N =  1.9 +  0 .2 , T ab le  I. T h e  effects o f  in c lu d ­
in g  th e  R R K M  c o n s id e ra tio n s  a re  a lso  g iven in  T a b le  I. 
T h ese  n u m b e rs  a re  d e te rm in e d  a s  d iscu ssed  in  th e  A p p e n ­
dix . F o r  th e  seco n d  m e th o d  o f  analy sis , F ig . 7 show s th e  
p r im a ry  d isso c ia tio n  ch a n n e ls  o f  a ll c lu s te rs  n o rm a liz e d  a t 
th e i r  m ax im a . T h e  re la tiv e  th re sh o ld s  ag ree  q u a lita tiv e ly  
w ith  re su lts  g iven  in  T ab le  I. T h e  th i rd  m e th o d  o f  an a ly s is  is 
il lu s tra te d  by  F ig . 6 , w h e re  th e  seco n d a ry  th re sh o ld s  a re  also

FIG. 7. Relative threshold behaviors of Fe„+ + X e  — Fe,+_ , + F e  +  Xefor 
n =  2-10. Normalized cross sections are plotted as functions of collision 
energy in the center-of-mass frame (lower x  axis).
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sh o w n . I t  c a n  b e  seen  th a t  th e se  th re s h o ld  a re  n ice ly  re p ro ­
d u c e d  u s in g  th e  sam e  m e a n s  o f  a n a ly s is  a s  th e  p rim a ry  
th re s h o ld  (sa m e  va lu e  o f  N ) . O v era ll, th e  re su lts  o f  th e  th re e  
an a ly s is  p ro c e d u re s  a re  in  re a so n a b ly  g o o d  ag reem en t, a n d  
th e  final b o n d  en e rg y  v a lu e  c ite d  is th e  av e rag e  o f  a ll th re e  
d e te rm in a tio n s  ex cep t fo r th e  sm a lle s t c lu s te rs  («  =  3 a n d  
4 ) .  H e re  th e  seco n d a ry  th re sh o ld s  a re  w ell in  excess o f  th e  
o th e r  d e te rm in a tio n s , p re su m a b ly  d u e  to  a  c o m b in a tio n  o f  
p ro d u c t c h a n n e l co m p e titio n , k in e tic  sh ifts , a n d  a n g u la r  m o ­
m e n tu m  effects.

D ° ( F e „ _ ,- F e ) ,  n = 2 - 1 0 .  T h e  B D E  o f  a  n e u tra l iro n  
c lu s te r  c a n  b e  d e riv ed  fro m  th e  an a lo g o u s  io n ic  B D E  a n d  th e  
d ifference  o f  tw o  io n iz a tio n  p o te n tia ls  v ia

Z > ° (F e „ -F e )  =  D ° (F e „ + - F e )  +  I P ( F e „ ) — I P ( F e „ _ , ) .
(8)

T h e  a d ia b a tic  io n iz a tio n  p o te n tia ls  fo r Fe„ ( n  =  2 - 1 0 ) 11 a re  
u sed  w ith  th e  d e riv ed  io n ic  B D E s  to  o b ta in  th e  n e u tra l 
B D E s, g iven  in  T a b le  II . C lu s te r  io n s a re  fo u n d  to  b e  b o u n d  
m o re  s tro n g ly  th a n  th e i r  n e u tra l c o u n te rp a r ts . F e 3+ p re sen ts  
th e  o n ly  excep tio n , as F e 3 is m o re  s tro n g ly  b o u n d  b y  0 .15 eV. 
F e 2+ a n d  F e 5+ a re  co n s id e rab ly  m o re  s tro n g ly  b o u n d  th a n  
th e i r  n e u tra l  c o u n te rp a r ts , w h e re a s  Fe„+ a n d  F e „ , n  >  5 h ave  
p ra c tic a lly  eq u a l B D E s. W ith  th e se  c lu s te rs , th e  h ig h e r  ion ic  
b o n d  energ ies  o f  ~ 0 .1  eV  m ay  b e  a tt r ib u ta b le  to  s tab iliz a ­
t io n  b y  th e  a tt ra c t iv e  io n - in d u c e d  d ip o le  p o te n t ia l .57

C. Cluster bonding
F e 2+ is m u c h  m o re  s tab le  th a n  F e 3+ . T h is  s i tu a tio n  is 

rev e rsed  in  th e  n e u tra ls , w h e re  F e 2 is co n sid e rab ly  less s tab le  
th a n  F e 3. A lso  rev e rsed  a re  th e  n e u tra l  a n d  io n  b in d in g  e n e r­
g ies o f  th e  d im e r a n d  tr im e r , Z )° (F e 2+ ) > Z ) ° ( F e 2) an d  
D ° ( F e 2+ - F e )  < Z ) ° ( F e 2- F e ) .  H o w ev er, b o th  F e 2 a n d  F e 3 

h av e  s h a rp  p h o to io n iz a tio n  th r e s h o ld s 11 ( la rg e  F r a n c k -  
C o n d o n  o v e rla p )  im p ly in g  th a t  th e  n e u tra l  a n d  c a tio n ic  
c lu s te rs  hav e  s im ila r b o n d in g  schem es. I f  th e  b o n d  reg io n s o f  
th e  p o te n tia l su rfaces fo r  th e  c a tio n  a n d  n e u tra l  a re  s im ila r, 
th e n  th e  d ifferences in  th e  b in d in g  energ ies  p re su m ab ly  re ­

su lt fro m  d ifferences in  d isso c ia tio n  a sy m p to te s . T o  ex am in e  
th e  b o n d in g  fu r th e r , w e m a k e  use  o f  s im p le  p ro m o tio n  e n e r­
gy  ( P E )  a rg u m e n ts  as in  o u r  p rev io u s  d iscu ssio n  o f  th e  
d im e r  b o n d in g .8

D im e r s .  D isso c ia tio n  o f  F e 2 { A s a 2 3 d 14) invo lves b re a k ­
in g  a  a  b o n d  th a t  re su lts  m a in ly  fro m  A s-A s  in te ra c t io n s .6 

D ia b a tic  d isso c ia tio n  th e re fo re  o c c u rs  to  tw o  ex c ited  s ta te  
a to m s, 2 F e * (4 s ’3</7), re q u ir in g  a  P E  o f  2- (0 .8 6 )  eV . F o r  
F e 2+ { A sa  23 d 13), th e  s i tu a tio n  is d iffe ren t, s ince  d ia b a tic  d is ­
so c ia tio n  c a n  o c c u r  to  F e + * (4 i°3c?7) +  F e (4 s 23 J  6) w ith  a  
P E  o f  o n ly  0.23 eV . F e 2 (A sc r2A s a * {3 d ' 4 ) ,  on  th e  o th e r  
h a n d , c a n  d isso c ia te  to  F e “ (4 s23</7) +  Fe"‘( 4 j 13£/7), n e e d ­
in g  a  P E  o f  0 .86  eV . T o  c o m p a re  A s a 2 b o n d  s tre n g th s , w e 
c a lc u la te  fo r each  th e  su m  o f  th e  B D E  an d  th e  P E , th e  d ia b a ­
tic  d isso c ia tio n  en erg y  ( D D E ) . T h u s , th e  D D E s  o f  th e  n e u ­
tr a l, c a tio n ic , a n d  an io n ic  d im e rs  a re  2 .8 4 ,2 .9 5 , a n d  2.73 eV, 
respec tive ly . T h e  n e a r  e q u a lity  o f  th e  D D E s  is c o n s is te n t 
w ith  a  s tro n g  4 5 -4 5  a  b o n d , w ith  som e 3 d - 3 d  b o n d in g  i t e r a ­
tio n s  in  a ll th ree .

T r im e r s .  S ince th e  sh a rp n e ss  o f  th e  F e 3 p h o to io n i­
z a tio n  th re sh o ld  im p lies  th a t  th e  n e u tra l a n d  ca tio n  h av e  
s im ila r  b o n d in g , s im p le  P E  a rg u m e n ts  m ay  a lso  b e  u sefu l in  
u n d e rs ta n d in g  F e 3 a n d  F e 3+ . W e d o  th is  b y  c o m p a rin g  th e  
en e rg y  re q u ire d  fo r  d ia b a tic  d is so c ia tio n  o f  th e  tr im e rs  to  
th re e  a to m s (w h ic h  w e a lso  te rm  D D E ) .  T h u s , th e  D D E  o f  
F e 3 is th e  en erg y  re q u ire d  to  d isso c ia te  to  th e  g ro u n d  
s ta te  d im e r a n d  an  a to m  w ith  P E ' p lu s  th e  D D E  o f  F e 2, 
D ° ( F e 2- F e )  +  P E ' +  D D E ( F e 2) =  1.79 +  P E ' +  2 .84  
=  4 .63 eV  +  P E '. L ikew ise, D D E ( F e 3+ ) =  Z > °(F e 2+ - F e )  
+  P E "  +  D D E ( F e 2+ ) =  1.64 +  P E "  +  2.95 =  4 .59 

eV  +  P E " . S ince th e  b o n d in g  in  F e 3 a n d  F e 3+ a re  sim ila r, w e 
ex p ec t th e  D D E s  to  be  n ea rly  th e  sam e, w h ic h  in  tu r n  im p lies  
th a t  P E ' =  P E " . T h is  m ean s  th a t  eq u iv a len t F e  a to m s  a re  
a d d e d  to  F e 2 a n d  F e 2+ to  m a k e  th e  re sp ec tiv e  tr im e rs . N o te  
th a t  i f  Fe,~ h a s  a  s im ila r b o n d in g  sch em e as  th e  c a tio n  an d  
n e u tra l  ( th e  sam e D D E  a n d  P E ), th e n  th e se  s im p le  P E  a rg u ­
m e n ts  suggest th a t  Z > °(F e 2_ - F e )  ~ 4 .6  — 2 .7 ~  1.9 eV.

I f  th e  tr im e r  b o n d in g  is d o m in a te d  b y  in te ra c tio n s  o f  As

TABLE II. Ionic and neutral bond dissociation energies.

Z>°(Fe„+_ ,-F e )“ IP(Fe„)b Z>°(Fe„_ ,-F e )c
(eV) (eV) (eV) Fe„+_2 )Ar(Fe„+_ , )d

1 7.902(0.0002)
2 2.72(0.07) 6.30 (0.01)
3 1.64(0.15) 6.45 (0.05)
4 1.99(0.15) 6.40 (0.10)
5 2.50(0.18) 5.95 (0.05)
6 3.44(0.18) 5.90 (0.10)
7 3.26(0.21) 5.75 (0.05)
8 2.74(0.23) 5.65 (0.05)
9 2.88(0.27) 5.45 (0.05)

10 3.10(0.35) 5.37 (0.10)

1.12(0.07)
1.79(0.16) N
1.94(0.19) ¥
2.05(0.21) N
3.39(0.21) Y
3.11(0.24) N
2.64(0.24) Y
2.68(0.28) Y
3.02(0.37) S

a Derived in this work.
b Values given in eV. From Ref. 11, except where noted.
c Derived from ionic binding energies and cluster ionization potentials using Eq. (8) in the text. Uncertainties 
are in parentheses.

d Comparison of <r(Fe„+_ 2) and a( Fe,/ ,)  magnitudes at a center-of-mass collision energy of 25 eV. For the 
ratio o-(Fe„ 2 )/<j(Fe„+_ ,) , Y  denotes > 1, N  denotes < 1 at all energies, and 5  denotes =  1.

'Ref. 61.
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o rb ita ls , th e n  a  sim p le  an a lo g y  c a n  b e  m a d e  to  th e  fam ilia r  
H 3 a n d  H 3+ system s. I n  th e  t r ia n g u la r  m o lecu le  H 3+ ,58 th e  
tw o  e lec tro n s  o ccu p y  a  b o n d in g  M O  th a t  lies b e low  tw o  d e ­
g e n e ra te  a n tib o n d in g  M O s. In  th e  lin e a r  H 3 m o lecu le , th ese  
tw o  deg en e ra te  o rb ita ls  h av e  sp lit  in  energy , so  th a t  th e  th ird  
e le c tro n  occu p ie s  w h a t h a s  b eco m e  a  la rg e ly  n o n b o n d in g  
o rb ita l. T h e  lin e a r  s t ru c tu re  is a lso  m o s t fav o rab le  fo r  H 3_ , 
s ince  th e  n o n b o n d in g  o rb i ta l beco m es d o u b ly  o ccu p ied  w ith  
a d d it io n  o f  th e  fo u r th  e lec tro n .

F o r  th e  case  o f  th e  iro n  tr im e rs , w e now  n eed  to  find  th e  
n u m b e r  o f  4 s  e le c tro n s  in v o lv ed  in  th e  b o n d in g . T h e  p ro m o ­
tio n  en erg y  a rg u m e n ts  su g g est th a t  th e  c a tio n  a n d  n e u tra l 
d im e rs  b o th  h av e  tw o  4 s e le c tro n s  a n d  th a t  fo rm a tio n  o f  th e  
c a tio n  a n d  n e u tra l tr im e rs  invo lves a d d it io n  o f  a n  a to m  in  
th e  sam e  sta te , i.e ., h a v in g  th e  sam e  P E . I f  a  g ro u n d  s ta te  
F e  ( 4s23c?6) a to m  is a d d e d  th e n  b o th  tr im e rs  w ill h av e  fo u r  4s 
e lec tro n s . O n  th e  o th e r  h a n d , if F e * (s '3 c ? 7) a to m s  a re  ad d e d  
to  th e  d im ers , req u ir in g  P E s  o f  0 .8 6  eV , b o th  h av e  th re e  4s 
e lec tro n s . E ith e r  p o ss ib ility  su g g ests  th a t  th e  ca tio n  an d  n e u ­
tr a l  tr im e r  sh o u ld  h av e  lin e a r  s tru c tu re s  in  an a lo g y  w ith  H 3 

an d  H 3 .
T h is  lin e  o f  rea so n in g  w as in itia te d  by  th e  re la tiv e ly  

la rg e  c ro ss  sec tio n  fo r  d is so c ia tio n  o f  F e 3+ . F o r  F e 3+ , th e  
le a s t c o m p a c t s tru c tu re  is a  lin e a r  s tru c tu re . In  p re lim in a ry  
reac tiv e  s tu d ies  o f  sm a ll iro n  c lu s te r  io n s w ith  0 2,59 w e find 
th a t  F e 3+ h a s  a  re la tiv e ly  la rg e  re a c tio n  c ro ss  sec tion , a lso  
in d ic a tin g  its  w eak  b o n d  a n d  p oss ib ly  an  u n u su a lly  reac tiv e  
s tru c tu re . I t  w ill b e  in te re s tin g  to  te s t th e se  id eas as s tru c ­
tu r a l  in fo rm a tio n  o n  a ll th e  tr im e rs  becom es availab le .

D esp ite  th e  ap p ea lin g , b u t  p ro b a b ly  n a iv e  s im p lic ity  o f  
th e  a p p ro a c h  above, m o re  in v o lv ed  ca lc u la tio n s  h av e  g en e r­
a lly  fo u n d  th a t  th e  n e u tra l tr im e r  is tr ia n g u la r . A n  early  
c a lc u la tio n  o n  th e  s tru c tu re  a n d  B D E s o f  F e 3 a ssu m ed  b o n d  
len g th s  eq u a l to  th e  b u lk  a to m ic  ra d iu s  (2 .48  A )  a n d  th a t  
F e 3 is low  sp in ,9 i.e ., h a v in g  su b s ta n tia l 3 d - 3 d  b o n d in g  in te r ­

CLUSTER SIZE (ATOMS)

FIG. 8 D°(Fe*_ , — Fe) (solid circles) and Z>0(Fe„_ ,-Fe) (open 
squares), derived in this work, plotted as a function of cluster size. IP (Fe„) 
(open triangles, scaled down by a factor of 2/3) from Ref. 11 are also 
shown.
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ac tio n s. S ince th is  tim e , th e  F e 2 b o n d  len g th , w h ich  m ay  b e  a 
b e tte r  m easu re  o f  th e  F e 3 b o n d  len g th s , h a s  b een  m e a su re d  
b y  E X A F S  as 2 .02  A .60 N ev erth e less , th e  tr ia n g u la r  s t ru c ­
tu r e  w as fo u n d  to  be  th e  m o s t stab le . I n  a  m o re  re c e n t s tu d y , 
SC F -A 'a  sc a tte re d  w ave M O  c a lc u la tio n s  w ere  p e rfo rm e d  on  
F e 2 a n d  F e 3, re p ro d u c in g  b o th  IP s  a n d  th e  e x p e rim en ta l F e 2 

b o n d  len g th . T h e  m o s t s tab le  c o n fig u ra tio n  fo r F e 3 is p re ­
d ic te d  to  b e  tr ia n g u la r . T h e  ca lc u la tio n s  find  th e  th e  sp in - 
p o la r iz e d  s ta te  o f  F e 3 is th e  m o s t s tab le , im p ly in g  th a t  3 d  
e lec tro n s  p lay  a  ro le  in  th e  b o n d in g  o f  F e 3.

L a r g e r  c lu s te rs . A ll Fe„+ a n d  Fe„ («  >  3 ) h av e  s im ila r 
B D E s ex cep t fo r  n  =  5, w h e re  Z > °(F e4+ - F e )  is 0 .45  eV  la rg e r  
th a n  Z )° (F e 4- F e ) .  T h e re fo re  a s  fo r  th e  tr im e r , th e  s im ila r 
B D E s su g g est th a t  fo rm a tio n  o f  th e  io n ic  a n d  n e u tra l  c lu s ­
te rs  req u ire s  a  s im ila r  P E . In  c o n tra s t, th e  d ifference  in  F e 5+ 
a n d  F e 5 B D E s suggests th a t  th e se  c lu s te rs  re q u ire  a to m s 
w ith  d iffe ren t p ro m o tio n  energ ies, a s  fo r th e  d im ers. H o w ­
ever, th e  b o n d in g  in  th e  c a tio n  a n d  n e u tra l c lu s te rs  la rg e r  
th a n  th e  tr im e r  m ay  n o t b e  id en tica l, s ince  th e  e x p e rim en ta l 
p h o to io n iz a tio n  th re sh o ld s  a re  m u c h  less sh a rp  th a n  th o se  o f  
F e 2 a n d  F e 3. 11  C o n seq u en tly , p ro m o tio n  en erg y  a rg u m e n ts  
c a n n o t be  u sed  q u a n tita tiv e ly  fo r  th e se  c lu s te rs .

D. Size-dependent trends
T h e  b in d in g  en erg y  d ep en d en ce  o n  c lu s te r  size  is n o t as 

sm o o th  a s  th a t  o f  th e  io n iz a tio n  p o te n tia ls . 11 B o th  th e  n e u ­
tr a l  a n d  io n ic  B D E s d e riv ed  in  th is  w o rk  a n d  th e  k n o w n  IP s  
a re  sh o w n  in  F ig . 8 . F e 2+ is fa ir ly  s tro n g ly  b o u n d , w h ile  in  
c o n tra s t, F e 3+ h a s  th e  w eak est B D E  o f  an y  c lu s te r  s tu d ie d  
he re . A s  c lu s te r  size  in creases, th e  B D E s in c rease  to  a  m a x i­
m u m  a t  D ° ( F e 5+ - F e ) .  T h e  B D E s  dec rease  to  a  lo ca l m in i­
m u m  a t  Fe„+ , th e n  rise  to  D  0 ( F e 9+ - F e ) =  3 .10 eV. T h e  n e u ­
tra l B D E s also  d o  n o t sh o w  a  sm o o th  v a ria tio n  w ith  size. F e 2 

h as  th e  w eak est b in d in g  energy , a n d  a  lo ca l m in im u m  in

FIG. 9. The binding energy per atom of Fe„+ (solid circles) and Fe„ (open 
squares) as a function of cluster size. Also shown is data from Ref. 60 de­
rived from homogeneous nucleation studies (open triangles) and an empiri­
cal model, Eq. (9), used to show convergence to AH mb (Fe, s), which is 
shown as a line.
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B D E s  is fo u n d  a t  F e g. A lso  s im ila r  to  th e  ions, D  ° ( F e 5- F e )  
re p re se n ts  th e  m a x im u m  B D E  fo u n d .

F u r th e r  in c reases  in  b o th  th e  io n  a n d  n e u tra l  B D E s a re  
ex p ec ted  w ith  la rg e r  c lu s te rs , s in ce  c lu s te r  B D E  p e r  a to m  
m u s t ev en tu a lly  co n v e rg e  to  th e  b u lk  e n th a lp y  o f  su b lim a ­
tio n , 4 .3 0  eV .61 T h e  B D E  p e r  a to m , p lo tte d  in  F ig . 9, does 
sh o w  a  sm o o th  in c rea se  fro m  F e 2+ (1 .3 6  eV ) to  F e ,o  (2 .43  
e V ). T h e  sam e  g en e ra l b e h a v io r  is  n o te d  fo r th e  n e u tra l c lu s ­
te r  B D E s. T h e  n e u tra l  p e r  a to m  b in d in g  en e rg y  s ta r ts  lo w er 
th a n  th e  io n ic  B D E s, d u e  to  th e  re la tiv e  d im e r  b o n d  
s tre n g th s . W ith  in c re a s in g  c lu s te r  size, th ese  tw o  cu rv es  rise  
a n d  b eg in  to  co n v erg e , a s  e x p e c te d  a s  th e  effects o f  th e  ion ic  
c h a rg e  lessen.

F ro m  th e se  re su lts , i t  is c le a r  th a t  B D E /a to m  does n o t 
co n v e rg e  to  A /7sub in  th is  c lu s te r  size  ran g e , b u t  th a t  c o n v e r­
g en ce  a p p a re n tly  o c c u rs  w ith  m u c h  la rg e r  c lu s te rs . I t  w ill be 
in te re s tin g  to  ex te n d  th e se  s tu d ie s  to  la rg e r  c lu s te rs , since 
th is  q u a n ti ty  m ig h t b e  ex p ec ted  to  c h a n g e  d ra m a tic a lly  fo r 
n  =  14 -1 5 , w h e re  ev id en ce  fo r a  s t ru c tu ra l  c h a n g e  w as 
fo u n d  b y  R ic h tsm e ie r  e t  a l . 12 T h e  slow  co n v erg en ce  to  th e  
b u lk  is in  q u a li ta t iv e  ag re e m e n t w ith  a  fo rm u la  p rev io u sly  
p ro p o se d  fo r  th e  b in d in g  en e rg ie s  p e r  a to m ,62

£■(,( a to m ic ) / «  =  A i7sub (1 — « “ 0'25), (9 )

w h e re  ̂ ( a t o m i c )  is th e  en e rg y  re q u ire d  fo r co m p le te  a to m ­
iz a tio n  o f  th e  c lu s te r , c a lc u la te d  b y  E q . (4 ) .  E q u a tio n  (9 )

w as d e riv ed  fro m  e x p e rim e n ta l w o rk  o n  th e  h o m o g en eo u s  
co n d e n sa tio n  o f  su p e rsa tu ra te d  F e  v a p o r to  la rg e  c lu s te rs  o f  
102 to  5 X 103 a to m s  a n d , s ince  n o  d a ta  w as av a ilab le  o n  th e  
b in d in g  ene rg ies  o f  sm a ll iro n  c lu s te rs , fro m  p rev io u s  c a lc u ­
la tio n s  o n  sm all c lu s te rs  o f  a  v a rie ty  o f  m e ta ls . T h e  c a lc u la ­
tio n s  in c lu d e  th o se  fo r  sm a ll n e u tra l  iro n  c lu s te rs .9 T h e  effec­
tiv en ess  o f  th is  sim p le  fo rm u la  in  re p ro d u c in g  o u r  d a ta  as 
w ell as th a t  fo r m u c h  la rg e r  c lu s te rs  is r a th e r  rem ark ab le . 
T h is  go o d  ag re e m e n t suggests th a t  E q . (9 )  m ay  p ro v id e  re a ­
so n ab le  a p p ro x im a tio n s  to  th e  b in d in g  energ ies  o f  b o th  sm a ll 
a n d  la rg e  c lu s te rs  o f  iro n  a n d  o th e r  m eta ls .

E. Dissociation mechanism
E x c e p t fo r th e  p r im a ry  p rocesses, th e  n e u tra l  C ID  p ro d ­

u c ts  a n d  th e  d is so c ia tio n  m e c h a n ism  m u s t b e  id en tif ied  by  
th e i r  th re sh o ld s  a n d  g en e ra l c ro ss  sec tio n  fea tu res . T h e  ex ­
p ec te d  th re sh o ld s  fo r th e se  p ro d u c t ch a n n e ls  a re  c a lc u la te d  
fro m  th e  n e u tra l a n d  io n ic  B D E s lis ted  in  T ab le  I I  v ia  E q .
( 6 ) a n d  a re  lis ted  in  T ab le  I I I .  F o r  c lu s te rs  la rg e r  th a n  five 
a to m s, o n ly  th re sh o ld s  fo r f ra g m e n ta tio n  to  a to m ic  n e u tra l  
p ro d u c ts  a re  g iven, d u e  to  th e  la rg e  n u m b e rs  o f  ava ilab le  
p a th w ay s.

F e f .  F o r  C ID  o f  F e 3+ , th e  first sy s tem  w h ere  tw o  io n ic  
p ro d u c ts  c a n  be  p ro d u c e d , th e  th re sh o ld  o f  c r (F e + +  F e 2) 
sh o u ld  lie h ig h e r  th a n  th e  th re sh o ld  fo r  th e  p r im a ry  p ro d u c t

TABLE III. Energy thresholds for Fe„+ CID product channels."

System Product channel E0 System Product channel E0

Fe2+ Fe+ +  Fe 2.72 Fe7+ Fe + +  Fe 3.26
F e / Fe2+ +  Fe 1.64 Fe,+ +  2 Fe 6.7

Fe+ +  Fe2 3.2 Fe4+ +  3 Fe 9.2
Fe+ +  2 Fe 4.3 Fe3+ +  4 Fe 11.2

Fe4+ Fe3+ +  Fe 1.99 Fes+ Fe,+ +  Fe 2.74
Fe2+ +  Fe2 2.5 Fe6+ +  2 Fe 6.0
Fe2+ +  Fe +  Fe 3.6 Fe+ +  3 Fe 9.4
Fe+ +  Fe3 3.4 Fe4+ +  4 Fe 11.9
Fe+ +  Fe2 +  Fe 5.2 Fe3+ +  5 Fe 13.9
Fe+ +  3 Fe 6.3 Fe2+ +  6 Fe 15.6

Fe + Fe4+ +  Fe 2.50 Fe + Feg+ +  Fe 2.88
Fe2+ +  Fe3 3.2 Fe7+ +  2 Fe 5.6
Fe3+ +  Fe2 3.4 Fe+ +  3 Fe 8.9
Fe3+ +  2 Fe 4.5 Fe,+ +  4 Fe 12.3
Fe2+ +  Fe2 +  Fe 3.5 Fe4+ +  5 Fe 14.8
Fe2+ +  3 Fe 6.1
Fe+ +  Fe4 4.0 Fe + r e 10 Fe+ +  Fe 3.10
Fe+ +  Fe3 +  Fe 6.0 Fe8+ +  2 Fe 6.0
Fe+ +  Fe2 +  Fe2 6.6 Fe7+ +  3 Fe 8.7
Fe+ +  Fe2 +  2 Fe 7.7 Fe+ +  4 Fe 12.0
Fe+ +  4 Fe 8.8 Fe+ +  5 Fe 15.4

Fe4+ +  6 Fe 17.9
Fe6+ Fe,+ +  Fe 3.44

Fe„+ +  2 Fe 5.9
Fe3+ +  3 Fe 7.9
Fe+ +  4 Fe 9.6

“Thresholds in eV. These values are derived by using the neutral and ionic binding energies listed in Table II.
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c h a n n e l ,F e 2+ +  F e ,b y Z ) ° ( F e 2+ ) — D ° ( F e 2) =  1 .6 0 e V ,a s  
g iven  in  T ab le  II . T h is  v a lu e  is k n o w n  acc u ra te ly  because  
it  is a lso  th e  d ifference  in  io n iza tio n  p o ten tia ls , 
I P ( F e ) 63 — I P ( F e 2). A s  a  re su lt, c r (F e + +  F e 2) sh o u ld  
h av e  a  th re sh o ld  o f  1.64 +  1.60 =  3 .24 eV. L ikew ise, th e  
th re sh o ld  o f  c r (F e + +  2 F e )  is even  h ig h e r  by  Z )° (F e 2) 
=  1.12 eV  a n d  sh o u ld  o c c u r  a t  4 .36  eV . T h e  d a ta  in  F ig . 4  

c le a rly  show  th a t  d is so c ia tio n  to  F e + +  F e 2 does n o t beg in  
n e a r  3.2 eV , b u t th a t  th e  th re sh o ld  o f  a b o u t 5 eV  is in  b e tte r  
ag re e m e n t w ith  th e  th re sh o ld  fo r  d isso c ia tio n  to  F e + +  2 
F e . T h u s  th e  th re sh o ld s  im p ly  th a t  F e + p ro d u c tio n  is a c ­
c o m p an ied  b y  loss o f  tw o  F e  a to m s.

A  th re sh o ld  th a t  is sh ifted  to  h ig h e r  energ ies  can  re su lt 
fro m  a  k in e tic  sh ift, d u e  to  h ig h  p ro d u c t k in e tic  energ ies. 
W h ile  th is  p o ss ib ility  c a n n o t b e  co m p le te ly  ru led  o u t, an  
a d d itio n a l p iece o f  ev idence  fu r th e r  suggests th a t  F e + +  2 
F e  is th e  d o m in a n t p a th w a y  fo r F e + fo rm a tio n . T h is  is th e  
o b se rv a tio n  th a t  th e  g a in  in  F e + p ro d u c tio n  is ex ac tly  m ir ­
ro re d  by  th e  loss in  F e 2+ p ro d u c t in ten s ity , su ch  th a t  £7tot 
rem a in s  c o n s ta n t.

O n e  rea so n  fo r th e  ineffic iency o f  th e  F e + +  F e 2 p ro d ­
u c t ch a n n e l is co m p e titio n  w ith  th e  F e 2+ +  F e  p ro d u c t 
ch an n e l. S ince th ese  tw o  p ro cesses  d iffer o n ly  in  th e  lo ca tio n  
o f  th e  ch a rg e , re la tiv e  IP s  a re  im p o r ta n t in  d e te rm in in g  
b ra n c h in g  ra tio s . F e 2+ fo rm a tio n  is fav o red  o v er F e + 
p ro d u c tio n  su b s tan tia lly  u p o n  c leavage  o f  F e ,+ , becau se  
I P ( F e 2) is co n sid e rab ly  lo w er th a n  I P ( F e ) ,  A IP  = 1 .6 0  eV. 
T h is  effectively  leaves o n e  ro u te  fo r F e + fo rm a tio n : frag ­
m e n ta tio n  o f  F e 2+ .

F e  j .  T h e  th re sh o ld  fo r F e 4+ — F e , ' +  F e  is 1.99 eV . T h e  
o th e r  tw o  c ro ss  sec tions, c r(F e2+ ) a n d  < r(F e+ ), h av e  a p ­
p a re n t th re sh o ld s  o f  3.5 a n d  7 eV, respective ly . T h e  tw o  
d im e r  ion  fo rm a tio n  p rocesses, <7 (F e 2+ +  F e 2) an d  
< j(F e2+ +  2 F e ) ,  h av e  c a lc u la te d  th re sh o ld s  o f  2.5 a n d  3.6 
eV , respective ly . F e 2+ is n o t ob se rv ed  n e a r  2.5 eV , in d ica tin g  
F e 4+ — F e 2+ +  F e 2 does n o t o c c u r  n e a r  th re sh o ld . In s te a d , 
th e  ag reem en t w ith  th e  h ig h e r  th re sh o ld  im p lies th a t  F e 4+ 
-> F e 2+ + 2  F e  is th e  d o m in a n t p ro cess  fo r d im e r ion  fo rm a ­
tio n . T u rn in g  to  F e + p ro d u c tio n , w e see th a t  F e + can  be 
fo rm ed  v ia  th re e  d iffe ren t n e u tra l  p ro d u c ts : 3 F e , F e 2 +  Fe, 
a n d  F e 3. T h ese  h av e  ex p ec ted  a p p a re n t th re sh o ld s  o f  6 .3 ,5 .2 , 
a n d  3.6 eV , respective ly . T h e  e x p e rim e n ta l th re sh o ld  ag rees 
w ith  th e  h ig h es t th re sh o ld , in d ic a tin g  th a t  th e  m ech a n ism  
fo r  F e + fo rm a tio n  is loss o f  th re e  n e u tra l a to m s. A  p r io r i ,  w e 
w o u ld  expec t th e  F e + +  F e 3 d isso c ia tio n  p a th w a y  to  be 
effectively  b lo ck ed , b ecau se  o f  th e  co m p e titio n  o f  th e  
F e 3+ +  F e  p ro d u c t ch an n e l, fav o red  by  A IP  =  1.42 eV. In  
c o n tra s t, p ro d u c tio n  o f  F e 2+ is n o t in  d ire c t co m p e titio n  w ith  
F e 3+ p ro d u c tio n .

A  m ech a n ism  fo r F e 4+ d is so c ia tio n  by  seq u en tia l loss o f  
F e  a to m s is a lso  su p p o r te d  by  th e  re la tiv e  cro ss  sec tio n  b e h a ­
v io rs, as w ith  C ID  o f  th e  F e 3+ . W ith  m o le c u la r  f ra g m e n ta ­
tio n , <7tot m ig h t be  ex p ec ted  to  in c rea se  if  a  new  ch a n n e l fo r 
F e + p ro d u c tio n  becom es en e rg e tica lly  accessib le , su ch  as 
th e  F e 2+ +  F e 2 ch an n e l. In s te a d , a s  e r(F e2+ ) rises, o -(F e3+ ) 
p eak s  a n d  th e n  declines. S im ila rly  w ith  in c reas in g  energ ies, 
as e r (F e + ) increases, th e  rise  in  < r(Fe2+ ) slow s. T h is  b eh av ­
io r  c o m b in ed  w ith  th e  fla t to ta l  c ro ss  sec tio n  d e m o n s tra te s

th e  o n e -to -o n e  c o rre sp o n d en ce  be tw een  th e  g a in  in  on e  c ro ss  
sec tio n  a n d  a  loss in  a n o th e r , p ro v id in g  so lid  ev idence  th a t  
th e  p r im a ry  d isso c ia tio n  p a th w a y  is se q u en tia l loss o f  F e  
a to m s.

Fe'n ( n = 5 -1 0 ) .  T h e  p en  ta m e r  can  fo rm  fo u r  ion ic  p ro d ­
u c ts . I f  a cco m p an ied  by  loss o f  n e u tra l iro n  a to m s, th e  F e 3+ , 
F e 2+ , a n d  F e + c ro ss  sec tio n s sh o u ld  h av e  th re sh o ld s  a t  4 .5 , 
6.1 , a n d  8 .8  eV , respective ly . T h e  ag re e m e n t w ith  th e  a p p a r ­
e n t e x p e rim en ta l th re sh o ld s  o f  4.5 , 6 .5 , a n d  ~  12 eV , ag a in  
suggests a  m ech a n ism  fo r p ro d u c t fo rm a tio n  o f  seq u en tia l 
loss o f  F e  a to m s. T h e  < r(F e+ ) th re sh o ld  is q u ite  a  b it  h ig h e r 
th a n  expec ted , p re su m ab ly  d u e  to  th e  ex trem ely  low  F e + 
in ten s itie s  o r  a  k in e tic  sh ift. T h e  m a rk e d  dec rease  in  c r(F e4+ ) 
th a t  a cco m p an ies  th e  rise  in  < r(Fe3+ ) c lea rly  show s th e  p a r ­
e n ta l n a tu r e  o f  F e 4+ . F e 3+ d eco m p o s itio n  to  F e 2+ is n o t as 
ev id en t, d u e  to  th e  sm a ll c ro ss  sec tio n  fo r F e 2+ fo rm a tio n .

Fe„+ o f  six  to  te n  a to m s  h av e  s im ila r  b eh av io rs  to  th e  
sy s tem s d iscussed  above. T h e  th re sh o ld s  b es t ag ree  w ith  th e  
th re sh o ld s  ex p ec ted  fo r seq u en tia l loss o f  F e  a to m s. N o  ev i­
d en ce  fo r fo rm a tio n  o f  m o le c u la r  n e u tra l  fra g m e n ts  is fou n d . 
A p p a re n t th re sh o ld s  a re  fo u n d  to  be  h ig h e r  th a n  th e  th r e s h ­
o ld  energ ies c a lc u la te d  u s in g  T ab le  I. T h e  d ifference be­
co m es la rg e r  w ith  in c rea s in g  c lu s te r  size  a n d  fo r  sm a lle r  
p ro d u c t ions, suggestive  o f  k in e tic  sh ifts . Such  sh ifts  a re  re a ­
sonab le  fo r p rocesses w h e re  th e  in te rn a l energy  av a ilab le  fo r 
d isso c ia tio n  is lo s t as F e  p ro d u c t tra n s la tio n . T h is  h o ld s  in 
th e se  cases, w h e re  p ro d u c t io n  fo rm a tio n  req u ire s  seq u en tia l 
lo ss o f  F e  a to m s.

F. Branching ratios *
In  m ass sp e c tro m e try , p ro d u c t ion  b ra n c h in g  ra tio s  a t 

h ig h  energ ies  can  g ive re la tiv e  s tab ilities  o f  th e  fra g m e n t 
ions, a ssu m in g  th a t  th e  fra g m e n ts  o rig in a te  fro m  a  co m m o n  
p re c u rso r . A lth o u g h  c o n s id e ra tio n  m u s t be  g iven  to  th e  d y ­
n a m ic  effects, su c h  as a n g u la r  m o m e n tu m  c o n se rv a tio n ,64 

w e m ay  expec t th a t  th e  re la tiv e  c ro ss  sec tio n s  m a g n itu d e s  
a lso  reflec t re la tiv e  p ro d u c t io n iza tio n  p o te n tia ls  a n d  re la ­
tiv e  p ro d u c t stab ilities.

C o m p a riso n  o f  th e  Fe„+_ x a n d  Fe„+ 2 p ro d u c t b ra n c h in g  
ra tio s  show s th a t  n e ith e r  p ro d u c t is th e  d o m in a n t d isso c ia ­
tio n  ch a n n e l fo r a ll c lu s te rs . In s te a d , fo r Fe„+ , n  =  4, 6 , 8 , 
a n d  9, a ( F t n\_ , )  is fav o red  o v er tr(Fe„+_ 2 ) a t  lo w er e n e r­
gies, b u t  b y  15 eV , Fe„+ — Fe„* 2 +  2 F e  becom es th e  m o s t 
p ro b a b le  p ro d u c t ch an n e l. T h is  b e h a v io r  is n o t n o te d  fo r 
Fe„+ , n  =  3, 5, a n d  7. R a th e r , cr(Fe„+_ , )  re m a in s  la rg e r  
th a n  cr(Fe„+_ 2 ) o v e r th e  e n tire  en erg y  range . F o r  n  =  10, 
a (F e „ +_ , )  a n d  cr(Fe„+_ 2 ) a re  eq u a lly  p ro b ab le  a t  h ig h e r  en ­
ergies. T h e  c lu s te r  size d ep en d en ce  o f  th is  b ra n c h in g  ra t io  is 
su m m a riz e d  in  T ab le  II .

T h e  d o m in a n t fra g m e n t a t  low  energ ies  is Fe„+ , ,  d u e  to  
th e rm o d y n a m ic  c o n sid e ra tio n s , b u t a t  h ig h  energ ies, th e  
b ra n c h in g  ra tio s  sh o w  a  g en e ra l c o rre la tio n  w ith  re la tiv e  
fra g m e n t B D E s. F o r  Fe,,* , n  =  4, 8 , a n d  9, th e  F e , / . 2 f ra g ­
m e n t is fo u n d  to  be  m o re  s tro n g ly  b o u n d  th a n  th e  F e ,* . , 
frag m en t. F o r  th is  reaso n , th e  Fe„+_ , p ro d u c t can  easily  fra g ­
m e n t to  Fe„+_ 2 +  F e , tra n s fe r r in g  in ten s ity  fro m  cr(Fe„’ , )  
to  cr(Fe„+_ 2 ), as th e  d a ta  in d ica te . C o nverse ly , fo r  c lu s te rs ,
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n  =  3, 5, a n d  7, th e  Fe„+ , f ra g m e n t is re la tiv e ly  s tro n g ly  
b o u n d . T h is  s tab ility  causes Fe„+_ , to  be  th e  m o s t p ro b ab le  
p ro d u c t th ro u g h o u t th e  en erg y  ran g e . T h e  eq u a lity  o f  th e  
b ra n c h in g  ra t io  fo r F e ,^  show s th a t  lo ss o f  o n e  a n d  tw o  
a to m s  b eco m e  eq u a lly  p ro b a b le  im p ly in g  th a t  th e  frag m en ts  
h av e  n e a rly  eq u a l B D E s. In  a g re e m e n t, an a ly s is  sh o w s th a t  
th e  n a n o m e r  a n d  o c to m e r io n  B D E s  d iffer o n ly  s lig h tly  (0 .1  
e V ). F e 6+ , th e  m o s t s tro n g ly  b o u n d  c lu s te r  io n , p re sen ts  an  

ex cep tio n  as th e  F e 4+ fra g m e n t is fav o red , even  th o u g h  less 
s tro n g ly  b o u n d  th a n  th e  F e 5+ frag m en t.

G. Comparison to previous work
P rev io u s  d e te rm in a tio n s  o f  iro n  c lu s te r  b in d in g  energ ies 

h av e  c e n te re d  a ro u n d  th e  n e u tra l  d im er. T h ese  s tu d ies  h ave  
g iven  Z > °(F e2) ra n g in g  fro m  0 .68  to  1.35 eV, o r  Z )0 (F e 2+ ) 
=  2.15 to  2 .82 eV , i f  k n o w n  IP s  a re  in c o rp o ra te d . P re v io u s­

ly, o n ly  tw o  s tu d ie s  h av e  m a d e  d e te rm in a tio n s  o f  th e  F e 2+ 
B D E , n o t in c lu d in g  o u r  F e 2+ s tu d y .8 Ja co b so n  a n d  F re ise r  
u sed  p h o to d isso c ia tio n  o f  F e 2+ in  an  IC R  cell to  m easu re  
D ° ( F e 2' ) =  2 .68 eV .65 L a te r , B ru c a t e ta l .  (B Z P Y S ) 52 em ­
p lo y ed  p h o to f ra g m e n ta tio n  to  d isso c ia te  je t-co o led  F e 2+ an d  
se t lim its  o f  2 .4 3 < £ > ° (F e 2+ )< 2 .9 2  eV . W e find  th a t  th e  
d im e r  ion  B D E  is D  0 ( F e 2+ ) =  2 .72  +  0 .07  eV , in  ex ce llen t 
a g re e m e n t w ith  b o th  p a s t resu lts .

T h e  o n ly  B D E  va lues fo r Fe„+ ( « >  2 )  av a ilab le  a re  
th o se  d e te rm in e d  by  B Z P Y S , Z )°(F e„+_ , - F e )  < 2 .3 3  eV , 
n  =  4—10. F o r  F e 3+ , B Z P Y S  w ere  ab le  to  d e te rm in e  a  so m e­
w h a t n a rro w e r  ra n g e  o f  1 .1 7 < Z )° (F e 2+ - F e ) < 2 .1 8  eV . O u r 
va lu e  o f  Z )0 ( F e / Fe) =  1.64 +  0 .15  eV  fits n ice ly  betw een  
th e se  b o u n d s . In  c o n tra s t, fo r  c lu s te rs  la rg e r  th a n  F e 4+ , o u r  
B D E s a re  so m ew h a t h ig h e r  th a n  th e  lim itin g  va lu e  o f  2.33 
eV . T h is  u p p e r  lim it w as d e te rm in e d  b y  ass ign ing  th e  d isso ­
c ia tio n  o f  th e  c lu s te r  to  o n e -p h o to n  (2 .33  eV ) events. A s a 
re su lt, d is c r im in a tio n  o f  s ing le  p h o to n  fro m  m u ltip h o to n  
p ro cesses is essen tia l in  p ro v id in g  c o rre c t lim its . O u r re su lts  
c le a rly  su g g est th a t  m u ltip h o to n  p rocesses a re  invo lved . A  
tw o -p h o to n  ev en t, a lth o u g h  u n lik e ly , d ep o sits  4 .66  eV  in to  
th e  c lu s te r , a n d  h en ce  sh o u ld  h av e  a re la tiv e ly  la rg e  c ro ss  
sec tio n  fo r  d isso c ia tio n . S ince th e  fluence  d ep en d en ce  s tu d ­
ies u sed  to  d is tin g u ish  one- a n d  tw o -p h o to n  ev en ts  a re  q u ite  
difficult, it  seem s p ro b a b le  th a t  th e  p h o to d isso c ia tio n  lim its  
a re  in  e rro r .

B Z P Y S  fo u n d  th a t  low est en e rg y  p a th w a y  to  p h o to d is ­
so c ia tio n  w as by  loss o f  an  F e  a to m  fro m  th e  c lu s te r  an d  th a t  
fu r th e r  f ra g m e n ta tio n  p ro ceed s  v ia  loss o f  m o re  F e  a to m s. 
T h is  m e c h a n ism  is p rec ise ly  th e  sam e  as  d e te rm in e d  here . 
T h e  c o n g ru e n t d isso c ia tio n  m ech a n ism s  suggests th a t  b o th  
c o llis io n a lly  ac tiv a te d  a n d  p h o to e x c ite d  c lu s te rs  h av e  ra p id  
e q u ilib ra tio n  o f  en e rg y  in to  in te rn a l m o d es  fo llow ed  by  d is ­
so c ia tio n  to  g ro u n d  s ta te  p ro d u c ts .

V. CONCLUSIONS
A  new  g u id ed  io n  b eam  in s tru m e n t is d esc r ib ed  in  d e ­

ta il. T h is  a p p a ra tu s  is u sed  to  m a k e  a n d  s tu d y  m ass-se lec ted , 
th e rm a liz e d , b a re  tra n s it io n  m e ta l c lu s te r  ions. In te ra c t io n  
o f  th e  c lu s te r  w ith  a  n e u tra l gas o c c u rs  w ith in  a n  o c to p o le  
io n  g u ide , a llo w in g  a c c u ra te  m e a su re m e n t o f  m e ta l c lu s te r

re a c tio n  c ro ss  sec tio n s  o v e r a  w ide  ran g e  o f  w ell-defined  in ­
te ra c tio n  energ ies.

In  th is  p ap e r, w e re p o r t  th e  first u se  o f  io n  b e a m  te c h ­
n iq u es  fo r m ea su re m e n t o f  tra n s it io n  m e ta l c lu s te r  ion  
b in d in g  energ ies  fo r  species la rg e r  th a n  th e  d im er. T h e  e n e r­
gy d ep en d en ces  o f  co llis io n -in d u ced  d isso c ia tio n  o f  sing ly  
c h a rg e d  iro n  c lu s te r  ca tio n s  fro m  2 to  10 a to m s w ith  X e  a re  
s tu d ied . W ith  each , th e  d is so c ia tio n  p a th w a y  o f  lo w est e n e r­
gy  is lo ss o f  o n e  iro n  a to m  fro m  th e  c lu s te r. W ith  in c rea s in g  
co llis ion  energ ies, fu r th e r  d isso c ia tio n  o c c u rs  by  loss o f  
successive iro n  a to m s, a n  e v ap o ra tiv e  m ech a n ism . N o  ev i­
d en ce  fo r fission to  n e u tra l m o le c u la r  fra g m e n ts  is observed . 
Io n  c lu s te r  B D E s, £>°(Fe„+_ , - F e ) ,  a re  o b ta in e d  fro m  c ro ss  
sec tio n  th re sh o ld  analy sis . B y u s in g  k n o w n  io n iza tio n  p o te n ­
tia ls , n e u tra l B D E s a re  a lso  d erived . B ra n c h in g  ra tio s  a lso  
p ro v id e  in fo rm a tio n  o n  re la tiv e  fra g m e n t s tab ilitie s  a n d  th e  
m ech a n ism  fo r d issoc ia tion .

C u rre n t effo rts in  o u r  la b o ra to ry  a re  a im ed  a t  ex ten d in g  
th e se  b in d in g  en erg y  d e te rm in a tio n s  to  la rg e r  Fe„+ c lu s te rs , 
n  =  1 1 -1 8  a n d  a  n u m b e r  o f  o th e r  tra n s it io n  m e ta l io n  c lu s ­
te rs  in c lu d in g : Nb„+ , V„+ , a n d  Co„+ . In  fu tu re  w o rk , w e p la n  
to  ex p lo re  th e  reac tiv ity  o f  lig a ted  a n d  b a re  tra n s it io n  m e ta l 
c lu s te rs  b o th  in  te rm s  o f  q u a n ti ta tiv e  th e rm o c h e m is try  a n d  
q u a lita tiv e  p e rio d ic  tren d s .
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APPENDIX: STATISTICAL MODELING OF COLLISION- 
INDUCED DISSOCIATION THRESHOLDS

R R K M  th e o ry  c a n  p ro v id e  an  en e rg y -d ep en d en t u n i- 
m o le c u la r  ra te  c o n s ta n t fo r d isso c ia tio n . W e o u tlin e  a  m e th ­
o d  o f  d a ta  an a ly s is  th a t  uses a n  em p iric a l fo rm  a n d  th e  p ro b ­
ab ility  d eriv ed  fro m  th is  ra te  to  m o d e l th e  th re sh o ld  
b eh av io rs  o f  co llis io n -in d u ced  d isso c ia tio n  c ro ss  sec tions. 
T h e  re su ltin g  m o d e l is desig n ed  to  m o d e l re a c tio n s  o f  th e  
ty p e  g iven  by

Fe„+ -> Fe„+„  , +  F e . ( A l )

T h e  u su a l fo rm  o f  th e  R R K M  u n im o le c u la r  ra te  c o n ­
s ta n t is sh o w n  in 56

k ( E ~ E ti) = s 2 +̂  + ( E F E « \  (A 2 )
Q hp(E )

w h ere  N  + ( E  — E0) is th e  su m  o f  s ta te s  o f  th e  tra n s it io n  s ta te  
a t  th e  en e rg y  ab o v e  th e  d is so c ia tio n  en e rg y  (E  — E0) a n d
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p ( E )  is th e  re a c ta n t d en s ity  o f  s ta te s  a t  th e  to ta l  energy  E .  
Q  + a n d  Q  a re  th e  ro ta tio n a l p a r t i t io n  fu n c tio n s  o f  th e  tr a n s i­
tio n  s ta te  a n d  th e  en e rg ized  c lu s te r , respective ly . I n  th is  
w o rk , w e d o  n o t exp lic itly  c o n s id e r  th e  ro ta tio n a l c o n tr ib u ­
tio n s  (i.e ., Q  =  Q  + ). T h e  re a c tio n  p a th w a y  d eg en eracy  s  is 
a ssu m ed  to  be  eq u a l to  n , th e  n u m b e r  o f  a to m s in  th e  c lu s te r . 
T h is  a ssu m p tio n  sh o u ld  b e  go o d  fo r sm a ll c lu s te rs  in  w h ich  
a ll a to m s a re  “ su rface”  a tom s.

T o  e v a lu a te  th e  r a te  ex p ressio n , v ib ra tio n a l freq u en c ies  
o f  th e  tra n s it io n  s ta te  a n d  re a c ta n t m u s t b e  k n o w n  o r  c a lc u ­
lab le . S ince th ese  freq u en c ies  h av e  y e t to  b e  m e a su re d  fo r 
iro n  c lu s te rs  la rg e r  th a n  th e  d im e r, w e u se  a  m e th o d  o u tlin ed  
by  J a r ro ld  an d  B ow er ( JB )  ,54 w h e re  th e  v ib ra tio n a l fre q u e n ­
cies a re  o b ta in ed  fro m  th e  D eb y e  m o d e l o f  so lid  s ta te  ph y sics  
a n d  th e  d im e r freq u en cy . T h is  t r e a tm e n t is u n te s te d , b u t it 
y ie lds th e  d is tr ib u tio n  o f  freq u en c ies  n eed ed  fo r th e  c a lc u la ­
tio n  a n d  ap p e a rs  to  be  a  re a so n ab le  s ta r tin g  p o in t. T h e  re a c ­
tio n  c o o rd in a te  is ta k e n  as  th e  m e d ia n  freq u en cy  a n d  tw o  
n e ig h b o rin g  freq u en c ies  in  th e  d is tr ib u tio n  a re  h a lv ed , to  
a c c o u n t fo r tra n s it io n a l m o d es  a s  p rev io u sly  su ggested  by  
JB . F o r  F e , th e  D eb y e  freq u en cy  is v D =  292 c m - 1 .66 W e 
e s tim a te  th e  io n  d im e r  freq u en cy  as 350  c m - 1  fro m  th e  
k n o w n  F e 2 va lue  o f  300 c m -  ' , 7(a> since  th e  io n  d im e r B D E  
is co n sid e rab ly  s tro n g e r  th a n  th e  n e u tra l  d im e r B D E . T h e  
re su lts  o f  th ese  ca lc u la tio n s  a re  sh o w n  in  F ig . 3 fo r v a rio u s  
c lu s te r  sizes a n d  fo r th e  case  w h e re  E 0 =  2  eV.

N o w  w e w ish  to  m o d ify  th e  em p iric a l th re sh o ld  m odel, 
g iven  by  E q . (7 )  in  th e  tex t, s in ce  it  h a s  p ro v en  to  b e  q u ite  
usefu l in  m o d e lin g  a to m ic  a n d  d im e r  io n  re a c tio n s  w ith  n u ­
m e ro u s  n e u tra l m olecu les . F o rm s  o f  th is  n a tu re  can  be  d e ­
riv ed  by  using

cr(is) =  f  2 i r - £ l ( E ) - b  d b ,  (A 3 )
Jo

{ 1 ( E )  is th e  o p ac ity  fu n c tio n , w h ic h  re p re se n ts  a  p ro b ab ility  
fo r  re a c tio n  to  o c c u r  a n d  b  is th e  im p a c t p a ra m e te r . F o r  
in s tan ce , in  th e  sim p le  lin e -o f-cen te rs  (L O C )  m o d e l ,67 th e  
re la tiv e  re a c ta n t ve locities ( a n d  e n e rg y ) m u s t b e  n o n ze ro  
a f te r  su rm o u n tin g  th e  th e rm o d y n a m ic  a n d  cen tr ifu g a l b a r ­
rie rs  fo r re a c tio n  to  o ccu r. A s a  re su lt, b  m u s t sa tisfy  th e  
re la tio n  E  — E 0 — E ( b  /c ? )2> 0 , w h e re  d  is th e  d is ta n c e  o f  
c lo sest a p p ro a c h  o f  th e  ra re  g as  a to m  a n d  th e  c lu s te r . I f  b max 
is defined  as th e  la rg e s t im p a c t p a ra m e te r  fo r reac tio n , th e n  
^max =  d 2 - ( E  — E 0) / E .  E v a lu a tio n  o f  E q . (A 3 )  ( f i  =  1) 
y ie lds a LOC =  i r d 2 - ( E — E 0 ) / E ,  eq u iv a len t to  E q . (7 )  
w h e re  N  =  l a n d  a 0 =  i r d 2.

In  a  m o re  gen e ra lized  m o d e l, i t  is a s s u m e d  th a t  b  2 tak es  
o n  a  fo rm  th a t  is very  s im ila r to  th e  sim p le  m o d e l above, 
nam ely ,

b 2 =  d 2 - ( E - A E - E 0) N / E .  (A 4 )

H ere , th e  q u a n ti ty  E  — A E  is th e  en erg y  th a t  is a c tu a lly  
t ra n s fe r re d  in to  th e  in te rn a l en e rg y  o f  th e  c lu s te r  b y  a  co lli­
sio n  w ith  a n  en e rg y  E .  E q u iv a len tly , AE  is th e  en erg y  th a t  
re m a in s  in  re la tiv e  tra n s la tio n a l m o tio n . T h e  a m o u n t o f  in ­
te rn a l en erg y  im p a r te d  to  th e  c lu s te r  is g o v e rn ed  ( a t  le a s t in  
p a r t )  by  th e  im p a c t p a ra m e te r . F o r  in s tan ce , g raz in g  co lli­
s ions ( la rg e  v a lu es o f  b )  re s u lt in  sm a ll va lues o f  E  — AE,  
w h ile  sm a ll im p a c t p a ra m e te rs  le ad  to  th e  la rg e s t va lues o f  
in te rn a l energy . W e re la te  th e se  q u a n ti tie s  v ia  E q . ( A 4 )  a n d

n o te  th a t  th e  in te g ra tio n  o v e r b  in  E q . (A 3 )  can  b e  rep laced  
by  a n  in te g ra tio n  o v e r AE .  T o  d o  th is , w e d iffe ren tia te  E q . 
(A 4 )  to  o b ta in

d ( b 2) = 2 b d b

=  - N - d 2 - [ ( E - E 0 -  A E ) N ~ l/ E ]  d A E .
(A 5 )

W e n e x t n eed  to  ev a lu a te  f 1 ( E ) ,  th e  p ro b ab ility  th a t  
d is so c ia tio n  o c c u rs  a t  a  g iven  v a lu e  o f  b  ( o r  A E )  a n d  E . 
S ince  th e  in te rn a l en erg y  o f  th e  c lu s te r  is E  — A E ,  th e  
R R K M  ra te  c o n s ta n t fo r d isso c ia tio n  is g iven by  E q . (A 2 )  
as  k ( E  — A E  — E 0) .  C o m b in ed  w ith  th e  tim e  ava ilab le  fo r 
d isso c ia tio n , r ,  th e  r a te  c o n s ta n t g ives th e  p ro b ab ility  fo r 
d is so c ia tio n  d e sc rib ed  by

P ( E )  =  1 — e x p [ — k ( E  — E 0 — A E ) - r ] .  ( A 6 )

W e e q u a te  th is  p ro b a b ility  w ith  { 1 ( E ) .
S u b s titu tin g  E qs. (A 5 )  a n d  ( A 6 ) in to E q .  (A 3 )  y ie lds

v d 2N  r E ~ E" a { E ) =  ™ [JV  ( E - E 0 -  A E ) " - '
E  Jo

[ 1 -  ex p {  -  k ( E  - A E -  E 0 ) - r } ]  d A E .
(A 7 )

E ssen tia lly , th is  c ro ss  sec tio n  is a  co n v o lu tio n  o f  th e  e m p ir i­
ca l fo rm  w ith  th e  R R K M  p ro b a b ility  fo r  d isso c ia tio n  o n  a 
tim e  sca le  r .  A s  m u s t b e  th e  case, E q . (A 7 )  does re d u c e  to  
E q . ( 7 ) ,  th e  fo rm  w ith o u t R R K M  co n s id e ra tio n s , w h en  th e  
ra te  c o n s ta n t is h ig h  ( >  1 0 6/ s ,  a s  fo r sm a ll c lu s te rs ) , w h en  
th e  co llis ion  energ ies ( E )  a re  la rge , o r  a t  lo n g e r in te ra c tio n  
tim e s  ( la rg e  r ,  a lth o u g h  th is  q u a n tity  c a n n o t b e  c h an g ed  
easily  in  th ese  e x p e r im e n ts ) . In  th ese  cases, th re sh o ld  a n a ly ­
sis w ith  E q . ( A 6 ) is eq u iv a len t to  an a ly s is  w ith  E q . ( 7 ) .
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