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I. INTRODUCTION

In this final ARO report we describe our results under “Electron

Collision Processes in Atmospheric Gases” during December 1972 — Nove mber

1975 and under “Inelastic Electron Collision in Rydrocarbons and

Dyes” during December 1975 — November 1978. We also present our view on

further work to take advantage of the new research developments obtained

during the last period .

The electron collision group in the Department of Engineering and

Applied Science was forme d by George J.  Schulz in 1966 and the research

has since been supported by ARO . The results completed through November

1975 were summarized in the 1975 ARO proposal submitted by Schulz and

in his three review articles on atoms (l973a), diatomic molecules (1973b) ,

and triatomic molecules (1976). The main direction was to provide accurate

measurements and an improved physical understanding of electron impact

cross sections in atmospheric gases and others of technological interest.

The present principal investigator joined the group in June 1972 and

has directed the electron impact program since George Schulz ’s death in • ,

January , 1976. The main goal in this December 1975 — November 1978 period

was to extend resonant scattering experiments from diatomic to more complex

molecules 1n view of potential infrared laser applications.

During the past three—year period, we have launched and es tablished

a new program on vib rational excitation of prototype hydrocarbon

molecules in the 1—11 eV region. This was made possible by the recent

improvements of h igh—resolu t ion  electron beam techniques. Our major

results include the observation of high mode—selectivity in resonan t vibra-

tional excitation (Wong and Schulz , 1975) . the isotope e f f e c t s  in rotation-

al and vib rational cross section s (Chang and Wong , 1977) , and a full—scale



demonstration of the validity of resonance concept in prototype hydrocarbon

molecules (Walke r, Stasiatovic, and Wong, 1978). In this period we also

made notable advances in two experimental methods. For threshold inelastic

studies we have established a new type of electron impact spectrometer

(Tam and Wong, 1979) with usable impact energy from 20 eV down to 100 meV.

For scattering involving excited molecules , our dissociative attachment

apparatus has been improved to perform the f i rs t  experiments on H / H 2 and

with resolution of initial vibrational and selected rotational

states (Allan and Wong , 1978) .

In Section II we describe our experimental approaches and in Sections

III and IV our results obtained in the December 1972 — November 1978

period. Section V gives the perspectives of our past and future research

program. Section VI lists our publications supported by ARO and Section

VII the references .
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11. EXI’ERUIENTAL AP P ROAChES

We use several d i s t i n c t  method s to study scattering cross sect ions

of interest. All of our work invo lves monoenergetic electrons , using

c i the r e l e c t r o s t at i c  energ n l v ~-er s  or m a gn e t i c  t t-ocho idal energy

analyzers. The sc~t t t e r i ng arparatus discussed below ar c made ot  molv—

• bde ndum , wh ich has des i rable  su r f a c e  p r o p e r t ie s  t e r  low—energ y e l e c t r o n

scat ter ing.  We are equipped to obtain e lec t ron beams ( e i t h e r  in a f i e l d —

t ree space or in an axia I m a g n e t i c  f i e l d )  w i t h  a h a l f — w i d t h  in ener gv of

10—3 d meV , or to ana1v~ e el e ct r on s  with a resolution of 10—30 meV.

The vacuum ~ v s  tens we are  us ing are of  the  u l t r a — h i gh v acuum t vp e ,

w i t h  ~iec al ga sket s ,  ~‘ i d i f f u s i o n  pumps w i t h  t r a p p i n ~z and  the  app a ra tus

chamber is of s ta in less  steel  c o n s t r u c t i o n .

The d e t e c t ion  sy stems usua l ly  invo lve e l e c t r o n  m u l t i p l i e r s  and pu l se—

coun ting techniques. Our main signal—ave raging system includes a P D P — l l

computer  w h i c h  can accep t  s i g na l s  from three  experiment s on a tine—shared

5as is and a l’~ l’—~ computer dedicated to a s i n g l e  ex p e r i m en t .

A brief list ing of our apparatus fol lows and t u l l  d e s cr i p t i on s  ar e

ava i lab le  in the pub l i shed  a r t ic l e s .  Among the devel opment s  in our e x p e r t —

mental  techniques  du r ing  the last three  ~‘ears are l~ th e improvem ent  o t  t h e

r e s o l u t  ion of the h e m i s p h er i c a l  e l e c t  ron s p ec t r om e t er  t o  l~ me\ ’ t h a i  f — w  t d t h

of energy—le ss  peaks) f o r  h i gh — r e s o l u t i on  s tud ies  ii )  the devolo prn ei~t

of a new magnetic electron spectrometer for c o l l i s ion  ox p e r im en t s  a t  ~‘er~
low impact energies  (0.1 — 20 eV), and i i i)  m o d i f i c a t i o n  of the e l e c t r on

impact  mass spect rometer  fo r  s tud ie s  of negat ive  ion tormation with resolu—

t i o n of in i t ia l  v ib r a t i on a l  s t a t e s .
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r o t a t i o na l  cross section s t u d i e s  ~e . g .  Bo ness and Schulz , 197-4 ; Wong and

Dub4, 1978).

B. Magnetic E l e c t r o n  Imp act  S p e c t r o m e t e r

A new type  of electron imp act  spectrometer using an ax ia l  ma gne t i c  f i e l d

f o r  electron col l imat ion was developed (Tam and W ong ,  1979) .  The appara tu s  is

shown in Fig. .~~. It  utilizes two t rochoidal monochr omators  (St amatovic  and
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Schulz , 1970) as electron monochromat or  and ana lyze r.  An e lec t ron  f i l t e r  S

is placed behind the collision chamber to suppress scattered electrons which

have large transverse energies. We have already demonstrated the capacity

at this spectrometer for collision studies from ~0 
— 0.1 eV.

We ant icipate  tha t f u rt h e r development should enable us to s tudy

inelastic processes down to the rmal energies , thu s b r id g ing the  energy gap

between conventional beam and swarm expe riment s .

C. E l e c t ron Impact  Mass Spec t romete r  For Nega t i ve  Ion s

Figu re 3 shows a s c h em at i c

S 
~~~~ CUA~~~ U POLE diagram of the exper imenta l  sy s tem .

MASS F : O! t

• ________ The apparatus consists of a

________ 
3KV 

trochoidal  mon ochromat or  fo r  mon o—

TM{D~~~~ energe t ic  e lect rons , an i r i d ium

A 
_________ 

co llision chamber in which  the
MCA

RAMP SIGNAL PULSES

e lec t ron  beam is i n c e rc ep t e d  by

FIG. ~ . Electron Impac t Quadrupole gas molecules , and a quadrupole

~!ass Spectrometer
mass filter to analyze the

positive or negative ions forme d in the collision chamber. This system

has been used for dissociative attachment studies of small molecules r

(e.g. Ziesel, Nenner and Schulz , 1975). The ion optics and collision

chamber has been recently modified for h i g h  resolution studies of molecules

at high temperature s to l500°K. These change s have made possible , for

the first time , the study of dissociative attachment cress sections w i t h

resolution of initial vibrational and selected rotational states (Allan

and Wong, 1978).
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U . len 1 mpac t Appa rat LIS t or Assoc  ia t ive Pc t ac tu ne n t

Th is  apparatus was developed dur ing  the l9 7~ — 1975 period and a

schemat ic  d iagr am is shown in bi g . ... A beam oi n e ga tiv e  ions, rermed at

low k ine t i c  energy by e l e c t r o n  impact in the ion source is made mono—

eiiergettc and ts incident on the co l l i s ion  chamb er , in wh ich  the de tach—

ment process takes place .  A magne t Ic t icid (B) is appi ~t-d in the d i r e c t i on

indicated on Fig. -~~. E l e c t rons

(marked  c) which  are produced in the
- •

- • collision chamber t raverse a retarding—
~ l

— p ot e n t i a l  region and are counted

~~~~~~~~~~~ H--—~• 
- 

following multiplication b the

- - 
- - 1 f~~~_. 

~~~~~~~~~ 
channeltron electron multiplier.

- - DEFLICIOR
‘ l PLATES This app ara tus  has been used for

• ~~ M%~~T

measurements  of e Icc t ron—dc tachnenc

Fl¼ ;. ~~~. Magne t c ion I mp a c t  c ross  sect ions in collisions involv ing
Apparatus — —0 and S wi th a v a r i e ty  of mo lecules

ot atmospheric  In t e r e s t  ~ Liue r and Schul: . 1973; Cc~ er and Schulz , 197-.” ,

The inc Lit’~~t ion encrg is in the range 0.5 to ~0 eV This in te rmedia te

ene rgy region con ta ins the thresholds t o r  many impor tan t  pr ocesses and i~

not covered satisfactorily by any othe r  te chn i~ ue .
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III. RESULTS UURlN~ TUE l9~~ — l9 75 \ i A ~~

in this section we give an overview of the results we have obtained

in the l~ 7~ — l’~ 5 per i c d .  lcs t o them have been descr ibed in the 19 ~ ARO

p u c ~’osal sub~~itted by  -
~~u~~z .  Much more detail can be found in the papers

~~st c J  in Sect i on  VI.

In th i s  :~e r L c J  we conc eu l  r at e d  our or f o r t s  toward at m o s p h er i c  gases

such as 0~ , N • CO , N •
L) Amon g t he  p hy s i c a l  p ro ces ses  s tu d i e d  was

the role  oi c~’:~~o~:nd stales ~n sc at: c r i ng  c ro s s  sec t  ions ~ -ib r a t i o n a l  and

t o t a l )  and ~u ion r~~ t i c u cross  sc ct ions ~assoc i at iv e  de t~Ec h :~eu r  and 3

soc iat iv c  a t ta ch m e n~~ at 1::Ipact cue r g i e s  below ~0 c\ .

We d e s c r i b e  below t~ .t - sc  r e s uir  s undo  r t o u r  s u b s ect  i ons .  11 ~ .\ and

L I I B  cove r  v i b r a t io n a l  and t r a n s m is s ion  ex p e r im e n t s , I I I C  and 1111)

a s soc i a t i v e  d e ta c h m e nt  and dissoc Lat ive at t achm ent  expe r imen t s .

A. Resonances in V ,b r a t i o n a l  C ross Sect ions

~e ha ve s t u d ie d  seve ral v ib ra t iona l  cross s ec t i on s  d u r i n g  t h i s  contract

p e r i od .  Among them was a ~tudv of  0~ and N~0. The results of which

reveal the impor tan t  role of  second shape resonances ~b road compou n d s t a t e s )

on v i b ra ti o n a l  ex c i t a t i o n . ~ e al so  s t u d i e d  the vibr ational excitation of

sotue hydrogen halide s and observed threshold sp U-sos in v i b r at  ~o n i l  c x c i  I a —

t ion cross sect ions .  A t r a t~s~~iss ion method was used to ~ .ip t he r e s o na n c  ~‘ s

in simple hy droca r bo n s and la id  the ground  work  f o r  the  h y dr o c~~rbon

p r o gr a m  in the 1975 — 975 pe r iod .

_ _ _ _ _ _ _ _  —--p



A— i. \ i b r a t  t ona l  Exc tat ion in 0 and N

~h e r c a s  the  v ib r a t i on a l cxci t a t  ion  In t h e  r a n g e  U — .~ eV h ad been  p r oy  i 1~ ’

studied by hincer aud S~ h a t d : , ye s t ud j c d  c r a t~~c:~al e x c i t a t i o n  ~~t

en e r g i e s , t n  t~~e r a n g e  4 — 1-. oV .  in  t h i s  e n e r gy  r a n g e , we~~~~~d

shaped cur\ c~. f or v 1 — -. , wi~~d no s: ructu re ~~~arent. h~’ results arc

shown in  F i g .  • ‘ . in the S ar~c one rgv rance • we i nd an o u n a n c  or~e~t o t he

l o w — l y l n ~ e l e c t r o n i c  cr o s s  se c t i o ns  ~a
1 .’ and as -.- o l i , v:~ i c h  is

s dow n F’ : . r - We i n t e r p r e t  t do v ib r a t  i ona F cross sec t  i on s down i

F i g .  5 as evidence :or a h i g h e r  sh ap e  r e son ance , p t o b a b l v

• ~ R E S E ~~ T R E S U L T S  ~ S °~• 
e t R A J M A ~ .‘ a1 20 °1 4

2

:
è

4 0  eo $ 0  100 1 2 0  ~4 0  
~ ~ Q ~ 3 so 100 2 0  ‘4~~ELECTRO N E NER GY .V~ EL ECTRON EN E RG Y .V)

~ • 5. 1’ ~-r ~~V depe’nde-nct - ot he d i f f e’rt -~i(L~t \ O’r:~— 
~~~~~~ ~ ~ n~-~ - ot the ~, l t t O  rt ’nt i al  eli c—

ttotL~I cr o s4  st ’t h r n ’  for v — 4 of •~ ~~ •-~ ‘~~ ~- ~ t~~~~ s h r  t h e  ~~~h’s -~ .1. 11 ~
niet~E*1 err~r~ Lfl the cross  s uOV ~-~ *r ~’ ~~~~ • 

- 
~_ • ~pe rI ~~t’f l t  ~ ~-rro r ~ ~n the oro~ s

ce et h ’ns •,re ‘cu • ‘ . .

s. F. dcn ~t .  ~~~. 3. ~~. I3oness and ~~~. J
Sc hu i . ,  P dv s .  ~~ov . L e t t e r s  ~~, -~r ’~ ~~~~~~

in t a c t  • the results for vibrationa l ex c i t a t i o n  in 0 , do scr  iF’od in

connect ion with Fig. 5 ar e  not  d i s s i m i la r  to  ide v : b r a t i o n . t l e x c : t ~i t  ~on in

in the e n er gy  range 1. — 3 eV , which we stuuie~ a. we I. h e r e . ~ e

are deal ing w i t h  the + r e sonance  in N ,O , w it 10 ii t s  do see cud s ~a

resonance in the S .0 vs  t e r n .  F i g .  7 shows t h e  dominan t v :b r~t r i cual  ~~~~‘ dos

e x c it e d  at  incident e l e c t r o n  en e r g i e s  en and ef ~ the center ~~~~~~~~~ eV~ of

— • • . • • ~~~~~~~~~~~~ • -
~~~~~~~ • 

• • 
•~~
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A—2. Vib rational Excitation in Uvdrogen Halides

In the hydrogen halides , e.g. MCI or DCL , the vibrational excitation

exhibits a very different character. This is probably the result of the

large dipole moment which is characteristic of these hydrogen halides. The

theoretical basis for this class of molecules is not as well established as

one may wish.  Using the trapped—electron method , we obtained some prelirn—

m ary in format ion  on the vib rational excitation in MCII. The cross section

• f o r  v = 1 rises s t e e p l y  near threshold and i t  at t a ins  a value of

— 16 — l S “2 x 10 — 10 - cm about 60 nieV above threshold. The cross section for

v = 2 is a factor of - ‘in smaller. The transmission spectrum , as well as

negative ion fo rmat ion  in 1-ICi , DCSL , HBr and DBr were studied as well

(Ziesel, Nenner and Schulz , 1975).

Linder ’s group at Kaiserslautern did a systematic study of the vibra—

tional excitat ion on s imilar molecules (Seng and Linder, 1976; Rohr and Linder,

1976) using a double—elec t ros ta t ic  anal yzer . They observed enormously large

threshold spikes in v ib r a t i ona l  cross sections consis tent  w i t h  our earlier

resul ts .  The more recen t developments  in polar  molecules regardin g experi-

ments have been reviewed by Linder  ( 19 7 9 ) .  We shall dis cuss this work

f u r t h e r in Section V.

• • -• - —- -~~~~ -~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ -- • • - • -
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B. Transmission S pectroscopv and Resonances in S imple Hy drocarbon s

The simplest method we have for a stud y of resonances whose wid ths  are

r e l a t i v e ly  sharp (0.05 — 1 eV) is the “transmission method ”. The apparatus

f o r  these kind of s t ud ie s  is shown s c h e m a t i c a l ly  in Fig .  9. S t r u c t u r e  in

the transmitted current is mostly (but not entirely) due to resonances.

The d e r i v a t i v e  of the transmitted current , at b . ..’ energies in benzene is

shown in Fig. 10. We interpret the structures as an indication for a reson-

ance (near 1.15 eV) , w i t h  v i b r a t i o n a l  s t r u c t u re in the resonant state. We

expect that vibrational excitation proceeds via this resonance , but this

effect has not yet been studied. Numerous molecules have been studied by

this  method , giving us a preliminary Indication what  to expec t  when more

de ta i l ed  studies of v ib ra t ional e x c i t a t i o n  are undertaken.

I I I I I I 1
TQ~X~~OCIaL OOLL:SCN - , — ~V(m. V ).h—I23 f -tIg +II2..4-lO6-4

• CL~-\o~.iJ? C V 0  I 2 3 4

• 

~~~~ A k
~!~~~~~~~N Y V V

V

Fio. 9. 6chematj c diagra m of the electron transmis sion ~ C6 H6s pectrometer. Ekctr on s emitted from the tilantent F arc aligned ~by a magnet ic tield II and energy s elected by a trochoidal mono-
chr omat o r. 1 he monochromatic electron beam then pass es
t hrough the co llision chamber where a small modulatin g s ignal ~(3—50 meV , 7.30 fl.i ) is app lied to cy lind er M. i lic t ransmitted ~current is detected synchronously at the collector C. rhe retarding ~electrodes R provide a potential barrier for scattereil electrons. I I I I I I I I

oe 10 1.2 4 16 II 2 0
ELIC TRON €NER GY IsV)

L. Sanche and C. J. Schulz , Fic..10.Deri vative of the transmitted current vs electron
~~ ~ Q / ~~ ( 1 O~ 

ener gy in the 1—2 eV region in benzene , plotted on an extendedJ. C hem. ~ uyS. ~~~~~~~ ~ ‘.~~ - ~ / -‘I • energy scale. Vertical lines ind icate the center of each resonance.
The vibrational spac ings for the ‘l ~~ state of C,H,— are shown
betw een the vertical lines.

• -

-— ——--- — ——-— - •—-.- — - •——- ._ s.~
__._____ -• ~~~~~~~~~~~~~~~~~~~~~~~ •—— • — • ~~~~~~~~~~~~ ~~~~~~ — -



C. A5ML )O t a t  l ’ ’~~ l~o t a c l i m o t & t

Ne g a t i ve  ions OOI ~ lose t h e i r  ex t r a  e l e c t  ran in a nuIII b er  ot  way s  in a

co 1. Us ion with . tnot  h er  a to l t i  or  a molecule. The most ts t t o o t  ly e  w a y  t o  r the

elec t t o n  loss is the process cal  led .155001 .11 ly e  ¼lL? t ach t i te nt  . The react Ion

o an be w r i t  t on  so l1t ’nI I j .
~~ 1 v .i s I o I lows

U) X + Y  X Y + o

l i e t e , X Is the negat i ve  ion (we hav e chosen to  st u dy  0 and S and Y is

wi ther . t t t  Jtelfl or ~t I f l O l t •OU to  ~w~’ have st u d  ic t l  ~~) 
, 11 , , 0 , , N , ,  CO , , NO , ~~ 11

~~ H .  an d CR ,) . The above process is o~ I t t t t ’rtj st b o t h  t ram a t echnolog ic.i l

and a t undamen ta 1 v i e w p o i n t .  in d i scharges  con ta in ing  t o  r ex ample 0 • or

• cop iou~ iti’gatlvo b u s  are f o r m e d .  l’hose negative ions m t  luence the

stabilit y of discharges and the ditfusia n o b .I r . i ct c r t s t i c s .  A s s oc i a t i ve

det achmen t  by virtue of Its large cross section is an Important mechanisot

lot the destruction ot the  negative ions and t or production of t roe d cc—

t t- ans • From a collisional viewpoint , the  in t e r e s t  c e n t e r s  on the f a c t

t lu . st  an in t er m e d i at e  st at e ’  ~‘‘ compound s tatt ’ ” or “ resonance ’’ ) is i nvolved

in the  r e a ct  ton  and a ct ua l  iv reac l ion I. 1) proceed t ;  as I ol lows

(~
) + V XY X Y ( v )  +

witu re XV is the interned tale s late with a li t et Inc of the  or d i ’ r ~~I

1 ~~ — ~~ set S . Tht~ t m l  p r o d u c t , XV can be vibrational ly  cxc i t e d .

WI ’ ll.l Ve Ine.U.t I  i t ’ d  I lie V i  1 Iii . .IIid I h o  ‘ne F~~V dt ’t t0 t idt ~nt e o I t hue .i~~ Ot

t I Vt ’ ~l~’ t . to l in ~’ i l L  o l . ’s S 5001 h I I .  We have a 1 s~ St  .11. tOe1 On the  r n e , l su i o  111001 at

t hu e  k I iic t Ic  one t gv at  e l eo  I t ens coming  o t t  in t Li s t 0 , i  0 1 ian.  The ox ~‘e r I—

flteii ( . 1 1  .l~~tpa  r .t t us t i sed 1 or  t i t t  s I tue  a I work  has been cIOSO V tbe d In 5 ’c  t t o~

I I I) .ind nume rouis r , ’su I t  oh’ t a I ned .i re .1 va I lab le  in t h e  pub l ic  at  ions

I t r t e d  (It ~~~~~~ b i t

t ~ - -—- ~~ -~~~~~~~~~~~~~~~ —- - — — -~~~~~—~~~~ 
- -
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As a sample of the results ob ta ined , we show In Fig. 11 the

• detachmen t c ross sect ion vs. k i n e t i c
1.5 - 0 N

‘ 2 energy In the c e n t er — o f — m a s s  sy s t e m

‘
S

• for 0 + N 1. These r e su l t s  are
1.0 — 

•
•‘‘ - 

—

z • . a important for an analysis of swarm
2

• experiments in air , but the  curve
S 

-

of FIg. 11, which extends down to
o •

320 meV became somewha t cont rover—
I i i  t •,_~ I

0 5 10 sial:  Ferguson ’s group (1974) at
KE c m (eV)

• - NBS , Boulder , found no measu rab let1.11.E teetron deta chment tor ..~ N t he d a ta
are I, presen t wo r k ; • ‘\ , Itoch e and Goodyear.

detachment in a drift experiment in

J. Corner and C. J. Schulz , which the average energy of the ions
Phys. Rev. A 10, 2100 (1974).

Is in the range of 300 meV . The

reason for this discrepancy is not understood at present.

An additional Important observation has been made : When we measure

• the energy of the electrons which are liberated in the associative detach—

me nt  reaction we f i nd  th at  the k i n e t i c  energy is gene rally low , thus

1 
ind ica t ing  the molecule being fo rmed

as a r esult of the associative detach—

ment reaction is vibrationallv excited .

£ I I67 .V - This observation can be understood in

2~ 

A , N 2~ ’z I .o I 2 p) terms of the crossing of po tent i a l

A b~~~~~~ 
energy curves of the XY system and

~ 
—

~~ 
the  X + V sys tem , as is shown

5 -0  S IPARA TI ON IA)
schemat ica l ly in F ig .  12.

l i i ; .  1~ .Schematic potential curios f i r  the st .it eS
N,1 ‘ I V  m d  ..t~ ~, i in wh i ch  subscripts aimi t 5 refer
i i  the straight and bent species , respect ively llmeso
curves are sim ilar to the ones gtven by Chantt7 .

J . Corner and C. J .  Schulz ,
Phys. Rev. A 10, 2100 (1974).

L _ _ _ _ _ _
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D. Dissociative At tachment

Our studies of negative ion fo rma t ion  were most ly done dur ing  the

early part  of the 1972 1975 period . We are equipped for  the measurement

of the total  negative ion cross section and for  the measurement of individ-

ual negative ions , using mass spectrometry. In either system we are able

to vary the temperature of the target gas by heating the collision chamber ,

which consists of a thin iridium cy linder , through which a current of up

to 100 Amp can be passed.

D—l. A t t achment  to Polyatornic  Nolecules

Rather  in teres t ing  resu l t s  were found when the to ta l  a t t a c h m e n t  cross

section ( i .e .  negat ive ion fo rma t ion )  was measured near zero e l e c t r o n  energy

and when the temperature of the target gas was varied. Fig. 13 shows the

result .  Of course , the change in t empera tu re  a l t e r s  the v i b r a t i o n a l  and

rotational population of the target gas.

4 It is immediately obvious from

~~~ 
~
- ‘- .--. --.--‘-.

~~~...-.- Fig. 13 that the integrated attach—
2 C C14 . ••~~ .-w~’ -

- ment cross section fo r  the var ious
z is 3
010 : -

~~ $ - % - molecules shows a wide range 01
~ •CH~ Br2 .,

Fio13, Temp rntur e ~~~ 6 - 
.‘ ~~~~~~~~~~~~~ ,.._ -

dependence of the ~ C 111 .  : .~~ values at room temperature , the
energy integrated cross 0 ~ 

- -

sectionS for total ~~~~~~ CH CI .
“ values extending over a range of

t t ive ion production in 2 I

.

Sl.and a ouP ot halo- - 

two orders of magnitude . At l000° K ,

- the range of values is onl y a
I -  —

6 C113 1, ~ f ac to r of 4. Further , one no t i c e s

~~~~4 -  
/ -l
I I I i  liii t hat the smaller the attachment

2 4 6 $10 12 14 20

TEMP ERATURE (x t 0O°K) -cross section 01 a molecule .11 room

D. Spence and G. J. Schulz , J. Chem.
Phys. 58 , 1800 (1973). tempera ture , the larger ts the

I



T iIiii~ _ iJ. j~~ 
- - 

~~~~~~~~~~~~~~~~~~ 
-
~~~~~~~~~~~~~~ 

- 
•~~~~~~~~~~~~~ •~~~~~ —••
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t e m p e r a t u r e  dependence . The molecule  CU 2 Br~ is the excep t ion .  A l t h o u g h

the attachment cross sections appear to be approaching a common value as

the gas temperature increases , this temperature is not within the range of

the present apparatus . Sulfur hexafluoride , SF 5, does not exhibit a tem-

perature variation , the cross section remaining constant up to 1200°K.

—*
This indicates that the cross section for SF

5 
formation does not depend

on the initial vibrational state of SF6. It should be noted that the

species of negat ive  ions formed near zero energy (SF 5 ,  SF 5 ,  F )  depends

strongly on temperature , but this is not Inconsistent with the present

observations if one postulates that the decay channels of the compound state

depend on tempera ture .

D — 2.  S Fr om OCS and CS~~; 0~ and C From C0 1; C I  From RC~ and DCZ

Va r ious di ssocia t ive a t t achmen t p r ocesses , which became of interest

for  var ious reasons , have been examined.  In the case of S /OCS and S /CS 1,

we were in teres ted  in f i n d In g  a source for production of S ions ; in the

case of 0, and C from CO ,, we attempted to improve our understanding of

the CU , molecule ; in the case C~ formation from IIC . and DC~ we were

searching for regions of resonances in the hydrogen halides.

D—3. 5 /OCS and S /CS, r
Figs. Le and 15 show the energy dependence of the S cr ~ ss sect ions  and

Table I gives the absolute magnitudes. We were pleased to learn that the

absolute magnitude of the S lUGS cross sect ion is relativel y large and we

have employed this  e f f e c t  f o r  producing a beam of S ions.

_ _ _ _ _ _ _ _ _ _  ______ -
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010 100 120 140 160 I S O  200 2 2 0  I I I I I I I
ELI C TRON IMIGY t.V) 210 300 3.20 3.40 3.60 3.50 4.00 420

FK;.14. lorniation of 5 i i i  Ocs. The electro n ener~~ scale ELECtI ON ENERGY iv)
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. J .  P.  d iesel , C. J. Schulz  and
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l t l Y l t n  I 
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We also compa r ed the properties of d i s soc ia t ive  a t t a c h m e n t  ot GUS , CS ,

and CO 2 
to arr ive at some g e n e r a l I z a t io n  of this process in triatomic

molecules:

(a) T1Ve onsets f o r  0 /CO .. and S /OCS processes a re  close t~’ the dissoci-

at ion limi t , unlike the onset for  S f rom CS 2 which  occurs about 0.5 e\’

higher. These observations suggest that the p o t e n t i a l  energy su r t a c o  of

OCS must be attractive in  a part of the  F’ranck—Condon regIon , sia:ilar t o

t h e CU .. s u r f a c e . The de layed onset and the s teep thr eshold reg ion ot the

S /CS , cross section suggest that  a hump is presen t  in the CS , p o t e n t i a l

energy surface.

(b ) The thresholds fo r  t) /C0 ,, S UCS , and S / CS . are not “ v er t i ca l , ”

LA • .~~~ -_ _ _  
_ _ _ _ _



as would be e \p eLt ed I ron the C~~i s t e I tL ~~ 01  the Lorlp ou nd 91 I l L  b L~~~~~~ ‘‘ i i  

- 

Idi ssociation l im i t , in the Franck—Condon region.

(c)  The s t r u c t u r e  in the S /UCS cross sect ion can be i n t e rp r e t e d , in

an analogous manner to U CU , ,  by supposing that dissociative a t t ach m en t  can

lead to the f o rm a t i on  of a neu t ra l  f r a g m e n t  in the  v — 1 v i br a t i on . i~ s t a t e .-

(d) In ordering the linear triatomic molecule s according the m~guit.udo

of the peak dissociative attachment cross section , one arrives at the

seque n ce CU , ( l . 5  x lO~~~ cn ) ,  CS ,(3.7 x 1O~~~ cm ), N ,0(S.’ x lU~~~ c:~~),

OCS ( 2 . 9  x io_ l t  
cm ) .  The symmet r i c  molecules have the smal les t  cr o ss

sections . j

1 1— 4 .  0 , and C ron C0~.

We ob se rv ed the  f o rmatio n of 0 ions and C ions b~’ dissociative

a t tachme nt  to CU ,. The cross sections f o r  these processes are , h owever

small (10 ~ cm and x 10 f o r  0 , a nd C r e s p e c t i v e ly ) .  N c v e r t h e~ css ,

these obse rvat ions  added to the u n d e r s t a n d i n g  of the  p o t e n t i a l  o n c r~zv

curves ot CU , .

D— 5. C. and Br f r o m  H vdr o~ en 11.s i les

The fo rmat ion  of C~ and B r f r om HC . (DC~ ) ant.. IIBr L i l U r t  sh ows a

steep onset near threshold and s t r u c t u r e  at h igher  energies .  ~h i s  s t r u t -

+tu re occurs  at the energies ot the v i b rat i o n a l  levels ot t h ~’ X gro und

s ta te  of t he hy drogen hal ide , as shown in Fig .  lb .  S i m i l a r  s t r u c t u r e  is

obse rved in the o t h e r  hy drogen halides , b ’t t  a d e t a i l e d  u n d e r s t an t h n g  t o r

the p rocesses causing t h i s  s t r u c t u r e  is s t i l l  l ack ing .  ~c can spe~~u~~a t

that it is caused by the  compel it ion between dissoc i.tt ive attachment and

vibrational excitation , a mechanism thar has been proposed l’v F i q u e t - F i v a r d .

_ _  ---~~~ - -
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IV. RESULTS DURING ThJ~ 1975—1978 VE~ RS

As given in Schulz ’s 1975 p r oposa l to ARO , the main goal of this

1975—1978 period was to explore more complex molecules , specifically vibra-

tional excitation of prototype hydrocarbon molecules. The chief questions

at that time were which v ibrat iona l  modes became excited and what were

their energy dependencies’~ Were the resonance excitation mechanisms learned

from diatonic and triatomic molecules applicable to these systems? These

questions , we believed , were central to the low—energy collision processes

between electrons and hydrocarbons and the understanding of them night shed

light on new infrared lasers.

George J. Schulz died in January , 1976. The above program was then

directed by the present principal investigator and was established by

November , 1978.

Our findings itt the hydrocarbon program are characterized by three

papers. I n benzene (Wottg and Schulz, 1975) we observed high selectivity

in normal modes by electron impact and formulated  selection rules for

resonan t vibrational exci tat ion.  In hydrogen (Chang and W ong , 1976) we

observed isotope effec t s  in vibrational cross sections and made predictions

for hydrocarbons. In ethylene (Walker, Stamatovic , and Wong, 1975) we

used the energy—loss spectra , angular and energy dependence of absolute

vibrational cross sections to show the important role of resonances on

vibrational excitation and confirmed the ideas advanced in the two earlie r

papers.

In addition to establishing the hydrocarbon program , we have also

made maj or advances in two new lines of experimental technique s in the

1975—19 78 period. The f i rs t is a new kind of electron spectrometer  which

has the potential of inelas t ic  collision studies f rom 20 eV down to 0.1 eV
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, tam and Wong, l’~~~). We expect t h I t  f u r t h e r re f inement w~~1 1 enable us t o

reach the r~u L  cae r~ v region , thus  f i l l  iag the energy  ~ap b e tw e en  conven-

t iona l bean and swarm experiments. The second is v i a  imp r o v i u g  ou r  e b c —

t r on  impact mass s p e ct r o m et er , we h ave  made p~ ssib 1e the  f i r s t  s t u d y o~

dissociative attachment t ron h ot  mo lec u le s  w i t h  r e so l u t ion  o t  m l t  j a b

v ib r at i o n a l  and s e l e c t e d  r o tu t  ional s ta t e s  ~ U an md ~ on g ,  19 ~~~ .

We sum1~ t rj .~e b~~1ow the  r e s u l t s  we have ob tained under the present

g ran t  d u r i n g  the pe r iod  H 7 5 — i ~~’S. D et a i l s  c~in be t o u n d~ in t h e

l isted in Se c t i on  Vi

A. V ibrational Excitation o t  i1v~ir ~~~ar b o n  >1olecule~

Three differen t prototype mol ecules , nu~e iv  
~ b ’

~b ’ C ,H , ui~ CH hav e

been s~~lec ted f o r  s tud ies.  As w i l l  he seen b~elow , the ~r va ried get :~et  r~ es

and molecular  st r u c t u r e s  yield d istinctl y ~Ii:te r ent i n f o r n -.a t . ion  in r e g a rd

to resonant ex citi t ion . The uujor I i n d i ng s  inc ~~u i e  t n e  o b s er v a t i o n  ~~~~

t ’~ h i g h  s e l e c t  i v lt v  o~ norr~al  nodes in reson at i t cxc i ta t  io:~~, i i ’
~

:iew broad resonances , an d iii the  ~etle ri liv lar ge  nu gn tude . ~ \ ) o

vib r a t i on a l  cross  s e ct i o n s .

\ — i .  C U and C 1)I,

\~e chose bt’n~ ene ,  a h i g h l v  svmme trio mo lecule belonging to the ~~~~~,

~~ t ’ m l  g rou p ,  as a s ta r t i n g  p o i n t  to develop an undc rs au~i ~ng or  v ib rat iona i

cxc i ta t i on  in hvdroca rbons . Pr evious t r  .ins:n ss ~on c xpe r ~~u t n t  s pt r o r :red

— -~~~.- - -~

- - 
—- 

~-- —~ -J-I-t— --
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in t h i s  l ab o r a t o ry  lo cat e d  two s:~ ip ~ resonances  at  b .. eV ~~E sv t r v ~U -

and a t  -. .S eV CB . sy m m e t ry ) . Our  i n i t ia l  cr o s s e d — b e a n  e l e c t ron  s c a t t e r —

ins e x p e r i men t s  r evealed  tha t the  r eson~ai t v i b r a t i o n a l  cx0 i t a t  ion is

highly selective . h e sp i t e  t n c  t a c t  t h at  b enz cn e  possesses  a l a r g e  nu mb e :

ci no rma l modes ~~lL
) d e g e ner a t e  on es p lus  10 d o u b ly  d e g e n e r a t e  o n e s L  , o n l y

three nor~~i 1 r~cdes  i~~ ,,  - and - -
~~~~~~

) are strongly e x c I t e d  v ia  Inc  1.2 eV

resonance and two norr_t L nodes 
~~~~~ 

and s )  are excited via the -~~~~~~

resonance. %e fou n d  t ha t  t h i s  select ~ve v ib r a t io n i e x c i t a t i o n  can bo

unders tood iii te rms of s e l e c t i o n  ru l e s  b a se d  on sy m m et r y  c on s i d e r a t io ns .

F i g . l 7  and rab c 11 h ig~ l m g h t  the r in d in g s  in the  1. eV re scu~~ncc

~ - - - i ~ \ L t  I 1I.~ I I’ r \ n~’:I.I1 :~-od ~~ ~ \ L O ~
- ,~ I L  ~~)(‘ 4 ~ -~~\

r cs~’uIu ~ce Il l  i~c ~~~~~~~~ ~~-~~~~nou L J L ~ ..  — .~ 
—

• f ly . 
..

~ I 1,1 C l  ir.ln ;-lILr . , .ir~ ~~~~~~~~~~~~~~ ‘~u~~

-‘ ~ -~ T1T 1_______ ________
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I I , - r ~ t . ~~~~ -~~t i  ~~~~~~~ 1~- S. b .  ~‘ong  an d ~~. J . Schu
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1 L  II~I ’ I t ’~ k r  i I d & I I I  fl

i a c e  I he pub :  i C i t  ~ofl o t the above Ph~ . Sc v . he it  ~‘ : ho t n . ’ :‘~~ 
In

an g u la r  dcpendence~ o f  t h e  v i b ra t i o na l  c i o s :~ ~~cc t ~on l  \ t .i I ic  -

resonance ( 1— 3  cv) have a 1110 been s t u d i e d .  I h o  cue rgv depenuenco ot the

-- ~~~—
_ _



— ) l_

v ~~~ r a t i o n a l  c r o s s  soc  t i o n . ; f o r  the  n orma l modes . , 
- - , and c

0 
a l l

exh ib  it  or d e r s  of  r a ~~ n i t u J c  e n han c em en t  and  t i n e  s t r u c t u r e s in tue r eso—

nanc e  r o g  10:1 , r e m i : ; c  s cen t  to  t h a t  of  the  2 .  .3 eV resonance in  N , . i’ho

ene r~ v and angular dt-pendcncos Icr cxc it a l  ion to tu e se  t h r ee  norma l modc s

a re d i s t i n c t  ~v d i  f t ~ - r e n t .  Ls ~n~; t u e  angular correlat ion theory s imi l a r

to t h a t  developed by Read 1.1~lt ) 8 )  , we ia-ce  been able to account i c r  t he

gener a l s:.a:lcs of t he  d i f f e r e nt i a l  cross St ’ ct  ion s  c r  ‘
~~~ ~~~ 

and y~~0

by i n v o k i n g  t h e  d t ;  ~ re:lces ~~~ t h e  ov c ;r l et r i e s  of t f le  normal nodes

and e rcs~lcc~ ivel v ) and o th e r  a s s u m p t i o n s  based on s impleIs _ g -u

; l i lv s i c a l  a r g u m e n t s .

A — 2 .  C , U , and  C .~D ,
— 4

We con side r the ideas c f  s e l e c t i o n  ru les  and the role of symme try

~n the  a n g u lar  dependence der ived  f r o m  o u r  henzene studies meri t furthe r

tests in o the r p r o t o t y p e  hy d r o c a r b o n s . A detailed study of C ,}1 and its

f u l l y  deute .ra ted c o u n t e r p a r t , C 2 9 , ,  Iws h~- t n  c a r r ied  out in the energy

r ange 1—Il eV

Unlike benzen e , e theviene belongs to the ~~~ group and has a muc h

reduced svmnle t rv . P r ev i o u s  t ransmiss ion  oxp er i : ; ;en t s  have loc5ited only

one b r o a d  s:Iaj’e r e s o nan c e  c e n t e r e d  at  2 . L ) e \  u i  Ut an expec Lou svrln :c I r

o f  B , .

L - - -• • ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ -- . • —. 
~~
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ha ve st uc i ec  th e  J i f  c r e n t  l a l  an d t o t a l  c ro s s  ~~t O  t i o f l S  : or  e l e c l r

ene rg i e s  betwe en I and 10 c\’. Fig. 13 shows the ..nergv d ep e n d en c e  of  t h ~

______________________________ d~~f I e r e n t i u l  c r o s s  s ec t i o n s
1~~ l i i i ; ;  i j~~ F T

— 
C2 H4 (900)  i cr  v a r i o u s  ~n er i1 . lO s s es .  i~ .e

—
- - 

~ 1 5r a t ~~5 ’L1a l C .- O i l S t i C L l  iS
-

- o — —-  - —  - 1 1 8  n,eV —

0
— — •
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• I66~~~.V :

= .- — r e g i on s  centered nt-a :  2 and  ~
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~~~~~2O ~~~~ no oma I modes of  e t h y  l t -ne , o~ lv
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I 4 1 - Il w i t h  the expe ctat_ on of se l ect ~~cn
I. C. i~ i lk e r , A. S t i m a t e v i c , and S. F .
~ong, J .  Chem. P i i v s .  6~~, 55.~2 (19 ‘5) . r u le s  de\’eloped in the henzene ~~~~~

The angular dependences or the absolute di :ferential cross sectIons

f o r  the  f u n d a m e n ta l  modes are sho~5-n in F ig s .  H and ~~~
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4 J  “ 5
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In the 2 eV resonance region , the fundamental modes 1)
2 

and are most

strongly excited and their angular distribution is consistent with d

partial wave scattering. All these observations in the 2 eV region can

thus be understood in terms of a 2B2g shape resonance. In the 8 eV region ,

the strong excitation of and v
2 
nodes ~~d the near isotropic behavior

in their angular dependences lead us to in terpret  in term s of a second

shape resonance with 2 2
g symmetry , in which the incident electron is

trapped in the lowest Rydberg orbital ( 4 a ) .  Fig .21  shows the strongly

observed norma l modes and

the associated resoqances

p in the 1 — 11 eV range.

C2 H4}(>L( >±<
166 meV 201 maV 374 meV -

C2 D4 ~r—_( I. c. Walker , A. Stamatovic ,
and S. F. Wong, J. Chem.

122 meV 188 meV 279 meV Phys. 69 , 5532 (1978) .
FIG 21. Schematic diagram illustrating the mechanism for ~e—
lecti ve resonant excitation among the normal modes of a, sym -
metrv in ethylene. The uppe r diagram shows the schematic
charge dist ributions of the lb 2, and 4a, resonant orbitals -

In summary , vibrational excitat ion of et. hy lene by electron impact at

low energies , as in many diatonic and triatomic molecules , is dominated

by shape resonances. We find that the energy—loss spectra and energy

and angular dependences of vibrational cross sections in ethylene can be

understood using (1) the resonant orbital and partial wave concepts

developed for simpler systems , togethe r w i th  (ii) the recently postulated

selection rules. F u r t h e r , resonant  v ibra t iona l  exc i ta t ion  in pro totype

hydrocarbons , benzene and ethylene , seems remarkably sensitive to the

symmetries of the orbitals and nuclear notion of the molecules. For examp le ,

in the second resonance region of C
2
H4, the incident electron excites
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predominantly a single vibrational mode v
1 
over a broad energy  r ange ( i ~ 4 e V ) .

This elticient t r a u : ;L e r  of  e lec t ron  k in et i c  e n e r gy  to a s p e c i li c  v i b r a t i on a l

mode might yield new possibilities to  nove l infrared lasers.

A— ), i so tope  E f f e c t s  in V ibra tional Exc i t at  ion C ross Sect ions

in view of the complex i ty  o f  h y d r o c a r b o n  molecules , we are particular-

ly interested in o b t a in i n g  gene ra l rules and ins ights on the ex c i t a t ion

process as well as the  m a g n i t u de s  of cross S C oL i O f l S .  Wi th further improve-

men t in resolut ion and s e n s i t i v i t y  of our  ap p a r a t u s , we have carried out

a fundamental study ~~ the isotope e f f e c t s  in  cross  st— c t  tens v i a  a b road

resonance. Specifically u-c have studied the isotope etf ~~ ts in pure ro ta-

t ional , r o t a t i o n a l — v i b r a t i o n a l  and pure v i b r a t ion a l  cross sect ions  between

H 2 an d D 2 .

Figu re dd shows the experimen tal results  with e lec t ron  energy ~i t  the

c e n t e r  of the shape resonance.I I~~~~~i u
(~
)

The h a l f — w i d t h  of all e n e r g y — l o s s
‘ . 0— I

pea ks is 11.5 me\’ . The seI)a raL  ion

o f the m ai n  peaks (~ j O~ in D~I , h - H i l l  —

IH ~I !I ,~ ~~~~~~~~~~~ is smaller t h a n  t h a t  in U~ in
- - -

01 0 01 0~ 04  0 5
INIIGI LOSS l v i  a-: CO r dan  c t- wi  th the  we 1 ~ —k nown

1 ’  T~~~~ I 1
v ib ra t iona l  s i - i n ~ dependenc e on

.aO~~ I P r o f i l e s  of the ro ta t ional

t r . u i s t t i o t t  peaks ire  5 N ct a t e d  p r t —

-~ 
h -

-~ ma n ly b~- the r o i t t t o u . t l — e n e r gv —
- .1 - .S0

— ~~~~ 
‘S. -

I - .L~
_
~~1 —~~~ S

0 1 0 0 1  ) 4  O S  06 0 7

SNI~ GY t OSS I .V I

- !-; • S . Ch.tn ~ an d  S • F. Wisug , I’IIvsFIG. 2 2 J a )  Inte nsi ty of electron scat ter tn ~ in t)~ p iot— - -

ted - i~~ . l i n s t  ener gy loss measured it 90 and at a fixe d Rev.  L e t t e r s  J~
, 1)2 7 (H 7 .

Incident energy of 4 ~V . V ibra t ion a l  and rot at ional
trans it ion s are ident i f ied .  ib ) Same (a IT..

—— — — - — - — — t~~ - . - — -.~~— -  —— -—~~~— ——— ~~~~~ - --- -—~~~— — — - - — -— ~ -~~ — ——-h- - —
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spac ing dependence on ~
- and by the rotational—level populations . Table

ill summarizes the experimen tal find ings and i n t e r p r e t a t i o n  bused on the

f rame transformation theory (E. S. Chang and U .  Fano , 1972) .

r. \ II LF fl~ R~itlo of I) to i t S  cross section at 90’ and 4 cv .

Expe r thtcn t~’
t i . I SS  s~~Ct 1 1 5 1 1 5  flit-~~i’v 4 ~ 

1 j  1 j  2 j  ‘ 3

Rot at ion. i l  It ’ 0 --— 0 ,)  — . y  • 2 1 1 .00 ~‘ _~~~; 1 . ~ ~)~~~~~I 1.15
Vibration—ro tational I I -  - - 0 1 . j  -. - 2 1 0~~1 0 .’~2 0 .’~tS 0.~ 2 II .7-~Elast ic I ’ ,  • 0 —  0 ,.~j • lii 1 .11(1 1 .I1~~I

Pure vibrat iona l  t i  • ü—  I , .: 01 0 .~>i t) .~ 5

Estimated accura cy is 1’1 .
“ F’xcept for the t ’Lis t ie  resu l t  • al l  others  -ire m i-asur is i  is I’~I t 1 s I 5  to ih .’ elJs t iC I ’ l O S S

sections. rhe- estimated e r ror s  art ’ ~s , for the elastic • and abo ut 10 I for  th e’ other
weasurements.

E . S. Chang and S. F. Wong,  Phvs .  Rev.  L e tt e r s  38 , l32 ’ ( 1977) .

I t  fol lows f rom the s c a t t e r i n g  theo ry  that i so tope  s u b s t i t u t i o n

p roduces two d i s t inc t  e f f e c t s  in d i f f e r e n t i a l  cross sec t ions .  One Is

due to the reduced mass I I .  I t  causes cross sect ions to be mu lt i p led by

a f ac to r  — v/ 2 whe re v is the f i na l vib ra t ional level .  The o ther  i s  due

to the di f f e r e n c e s  in ro ta t ional  s tate  popula t ions  which a f f e c t  o n l y  the

e las t ic  and the pure vib ra t ional  cross sect ions .  This view explains the

experimental  observations and is also suppo r t ed  by the  imp u l s e — l i m i t  and

adiabat ic— nuclei theories ( p r i ~-ate  communica t ions  wi th A. l l e rzenb er g  and

A. Temkin respectively).

We found in the fo l lowing  et hy len e  expe r imen t  (Walke r ,  St .i matovi e , and

Wong, 1978) that  the isotope e f f e c t s  observed in II and IL, were  e qu a l ly

applicable to C 2 H 4 an d C2 D4 when the vibrational modes mimic that in a

diatomic molecule. We thus  f e l t  t ha t  a f u t u r e  rigorous theory on the

isotope e f f e c t s  in po lya tomic  molecules  should provide  much In s i g h t  t o

the energy transfer processes in hydrocarbons. 

— - ~~~.—-- —-- -—
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B. M a g n e t i c  E l e c t ron  Impact  S pe c t r o m e t e r

E lect ron  impact  s tudies  of inelast ic cross sections w i t h  e l e c t r o s t a t i c

e n e rgy  a n . i l v . c r s  .i re usual ly  l imited  to a lowest energy of about 0.5 t’V

due to d i f f i c u l t i es  assoc iated  with electron optics. The vibrational c ross

sec t ion s  for  most molecules  are thus rarely studied in the th reshold  r e gi on

and the exci ted  mech anisms .ire not  wel l  unders tood .  At low impac t energ ies ,

the long wavelength of the incident electron makes possible a potentially

very large cross section. A good example is the recent work of Linde r ’ s

group on hydrogen halides (F. Linde r , 1977) .

A new typ e  of  electron impact spectrometer using an axial  m a g net i c

icid t o t  e l e c t r o n  co l l imat ion  has been developed In our laboratory. Tue

design and ope rat Ion princ iple has been discussed in Sec. I I .  The I e ;isib i i i  t v

of th i s  spect r ometer  f o r  col l is ion s tudies  at low impa ct  energie s

(0.1 — 2.0 eV) is d em on st r at e d  w i t h  var ious  e x per i m en t a l  mea surements

One sign i f ic an t f e a t u r e  of the nugnetic energy analyzer is the pre-

d i c t a b i l i ty  of its t ransmission iunct Ion down to .~cro energy . Fig .  ~~

shows the ex p e r i m e n t a l  e n e r gy— l o s s  spec t rum of threshold ioni.~ation in lie

and the correct ion t o t  the transmission of the anal v .e r in the 0— 1.5 ~‘V r eg ion .

I I~~~ 

He (26.OeV) 
~I 

- .  - 

a~ fl

2 %  5

S - Z ~
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‘ -r -—~

” ~d • 
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____________________________
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Wing—Cheung Tarn and S. I- . Wo ng, Rev. S~- i • i n st  r .  -0 , 10.’ (H  7’rl
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Figure 24 shows the capaci ty of the present appara tus  for  threshold

vib rational an d electronic cross section studies. The lowest usable impact

energy is essentially limited by the apparatus resolution (presently 55 meV).

We expect that furthe r refinements in design should make possible the study

of inelastic processes down to thermal energies. At present most of the

work is in this energy regime and mainly by swarm experiments.

C. Dissociative Attachmen t From Excited Molecules

This is a new program we developed in the last half—year ot T 1978 . The

ma in goal is to study the explicit role of initial vib rational and rota-

tional (in some cases) states on dissociative attachment cross sections.

Experimentally, this is achieved by studying the negative ion formation

cross sections from hot molecules with resolution of initial excited states.

Before the conclusion of the 1975—1978 prog ram we completed the first

study of H
2 

and D 7 , two basic prototype molecules. A marked dependence

of H/H , and D /LL, cross sections on initial vibrational (V  • 0 — 5) and

rotational (j — 0 — 7) states was observed. Figs. 25 and 2b show the

highlights of our results.

Our e~ perlment s in the 3.75 eV resonance region show that the re is a

ten—fold  increase in H cross section with  each increase in v i b rat i on a l

quanta yielding a cross section -‘~ lO~~~ cm
2 f or v • 4 . We also noted

that the role of rotational states , while large , was less drastic coml’.1r5 - sl

with vibrational states for the same internal energy .

Using a resonant theory, Wahedr a and l3ards ley U 97 8) were able to

account for our findings (theory in Fig. 2o) with the much d i s p u t e d

compound st at e .  Thus we conside r the present  work adds much ground t o  the 

- - ~~~~:~~~~;~~~~~ -~~~ rn--~~~~~- — -~~~-~~~ -_ - - - -  --
—

- --~~~~~~~~~ --
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FIG . 2 ~ Threshold region of H / H 2 cross-sectI on A~~I ~~~~~ j 0

cur -n-es at 3(5 0 and t40~~K. Note that in the 1400 K 0 0.5 
I I 

1.5 2.0
curv e, peak Intensitie s fro m exc ited molecules are INTERNAL ENERGY (eV)
muc h larger than expe cted from the vi brat iona l popula-

FIG 2 ôjn ter nal—sta te dependence of thresho ld d isso -t ion (e g.. I .4~ (or v 1 )  and rotat ional popu la tion
(vert ical bar s) . re fl ectin g a drast ic Increa se of cross d ative att ac hment cross sections in il~ and 

~~ 
via  the

sect ion n~ith vibrationa l and rotational qu anta. sl~a~~ res onance. The ground-state cross SI-c-
t ions (3~0’K~ are l b  ~ IO~~1 cm 2 for H, and ~‘

cm~ for D5

H. Allan and S. F. Wong, Phys. Rev. Letters 41 1791 (1978).

existence of this ve ry short—lived resonance (e .g.  see G. J ,  Schulz , 1973) .

In experiments on nuclear fusion via magnetic conf inement , one tries

to heat a plasma with an intense beam of neutral H and D atoms . At high

injection energies such beams are more efficiently produced by stripping

H and D , thereby requir ing an intense source of hydrogen negative ions

(e.g. see Prelec , 1977). The present findings appear to provide a new

mechanism ~or such ion production and an explanation for the anomalous U

density recently observed in a 112 plasma (Nicolopoulou , Bacal and Doucet ,

1977; Hicks , Bacal , and Hamil ton , 1979) .  

—5----- - _
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V. PER SI’EC TIVES : PAST AND FUTURE

In this  Sect ion we give a perspective of our ARO Program during

19 72—1 9h and an ou t l ine  of furthe r work that is the logical outgrowth ci

this program based on our expertise developed over the years .

i\. Per spect ives  of the  Pa s t  I’rograni

Our research in the 1972—1975 period was centered around t r i a tom ic

and diat omic  sy stems of at mospher ic  i n t e r e s t .  We consistently fcund tha t

v ib ra t iona l  exc i t a t ion  proceeded predominant ly  via resonant processes

ex i s t ing  in those systems with  s t rong t r i at omic  dipole moments. The most

fruitful studies of resonances in molecules we re done by measurements cIT

the vibrational excitation .

As a result of the above work, we developed a hydrocarbon program in

the 1975—1978 period. Through three different experiments discussed in

Section IV, we found that the general lessons we learned f rom dia tomic and

t r ia tomlc  molecules we re equally applicable to p r ot o ty p e  hydrocarbon mole-

cules such ~is C6H 6 , C111, ,  etc. In addit ion , un expected regular i t i es  were

observed , traced to the symmetry properties of these sys tems . Sp e c i f ic a l ly

we would l ike to quote the concluding par agrap l~ f rom our ethylene paper.

W e find
that the i~enerai ic.tturcs in ene r gy — loss sped r.t and in
energy and .tngul.i r dependences 01 vibrat umat ~

- 
~-oss

sCC(1005 in etiw lent’ t-ai~ be C der~.~e~’tl us i~~~ i the r~-~ —

On.I lit 0 11fl La I a tid p.t rti.il CV.i V e d1i ndt ’I)t s t i e  -‘ t’ Lop id

s’~ s t t -n~s . tot  ~tii~’r ‘a-ttli çitl tite i’eent iv postu—
1.ttt’tt~ st - let -lion i-u~e- . ‘,~.,

— Lind .i~s ee tIi.it ( i i i )  t i i d  r e - I c  f
t ’S () I i . i I l t P ilft ’l t i t l e  IS Illipt ir talit i ll ~‘iitr. &tit ’it.ti &‘~~~it.tt ititi

.lntI the g en er a l  cone h i s  tons of the  bOoflter.%ll(~
t 

~t nit ’ I- —

mediate lifetime) and impulse— him it ~~ (short Ii f e l t  mc)
theories provide useful is ights for inlet-p retat ton.
These point the w .ty 10 the unraveling of the e t c  (Z\

trans fer  p -ocess~’s i n elect ron colhi ~~ons w i th  oth er
complex niciectiles.
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( i- i1’s - ‘t Clue ~e r t ’ (. e~~

.thCs~ i S  e ’ t i  f l i e t l s  ii c i the l le’~ t t t i h~~ - h’ t ’\.tlIi l’ ., - in
the —t ’ s - ’ s u~i i c — .~~nar5 -

~ ’ r ’ ~~as - ; t  ~ t 1 1 1 4 .  ~.t t - i l l t~i. i I ’ f l t  t ’~ t s
t i ~~t t ~ e \ s ~~ t e ’ s ~~i ed~’ t i uu t i .,u~t L\ .t s n 1~ t i ’ tbi.it ieii i. i t me ld , ’

~ ~~~~~~~ •~ ~~~~~~~~~ ~~~~~~~ r.CIi~~’ 1 4 ~ V Si n i l  I. u ~u : s l l u e : ’ .

. t %t ’  t’ \ %tOs t On j Cii ~!tr l  l \ s i r t ’ ca t- s ’ i u  t l t ~ ’ j t ~~~~~t . , P i ts

~- td t~ Iset t or  un5let- s I t  nth ng ci t  i i i .1 ,‘si ,.t 5t ’ l ~. C I I
e~ t s t ss t i.tt ~~e s  - ~the present st1tth atss ’ Std t t t c ’ i C S t  i• .tit -
t he potennal ci the present ‘ \peri u cniLt~ ~~~~ 

e .i. lt
e~pto rtng (Lit’ oi ’i~~~ ici ’at ieiis .i r i i  ‘. i t t  met r ics ot

~ t n,~ unc e eupued nic b e n  lat or in 1 .~ c .  -

I • . W a lke r , A. St .-imat cv tc  • and S. F .  Wong ,
J .  Clie nt . Phys. ~~~ 553.~ ( l° ’S~~.

We have also cotup let cd ex per im en t s  S’U the  p r o t o t  y~’e t~ o 1o~~ u ~ d$

CD since 5 JUn e j9 7$ when  t~ e s u b r ai t  ted .i r e t i c t~.i i p  rol’csa ~ to  ~\R~1 •

o t f i c i a l  ARO decision on It) Apr i l  1’~~~ net to VCi~OW t u n d i i t g  t h i s  cngo utg

program lu te rrupted i t s  p u b l i c a t i o n .

1~’ . Sug~ t’~t t ed  Fut~t l i t ’  r Wo i-k

As is our t r~i~i ~ l i e ’fl we dove I ~pt’d o \~~C r :~ t ’ i t . i  I cap.tb it  ‘-~~~o~

new lines of research dur  Lu g the 1’) ‘‘—I ~ 75 per i ~‘d , name lv an c cc von

impact spec t rometer  i t ’t ye rv low iai ,’.te I enet~ac .Ct’&d sit t~Sc ’C t a t  ive at I~ ls I t

ment studies w i t h  resolut ion of Initial vlhr.tt t onal  st a t e s .  t e l ~ w we

present  our v i e w  o I r esearch l ines to t .tkc . t5l v . iu t .i~~ t’ 01 1 ~tesc . t ccumu l.;t c5i

t ~c rt s , if new fu n d i n g  ~sc5’~sunes •I\ ~1 t ~.iis le

In v t1’ rat. ion.il c~~c ion ~~ cons ~~~ r I 1 ’  t tiiuc an d c xpe r ituen a

techn iques are r i pe I or a comp rehensive study o I a se le~ od numli e 1~

small molecules • In o rde r to t~o rm .i g loI ’ .i 1 v j ew o I t h e  ex1~ i t  •t t ton

mechan is ms, we w i l l  ci t ree t en r c t o t -  s I w ar d  d i t  I e t e n t  i a 1 an5t t ot  a

_ -- - —~~
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cross section measurements  with impact energies ex tend ing  both  above ioniza-

tion limits to  30 eV and do~~ to tne threshold regions near 0.2 eV. Ve ry

little information i.s available in these two regions (e.g. see C. J. Schu1.~,

19 76 ; D. C. Trub lar  et a l .,  1977). Fig . 27 shows our initial results of

kICiSON 4sU4, l.w l

FIG. ~7• Global view of vibra tional excitation in N , to
v — 1 in the energy range 1 — 30 eV. -

S. F. Wang and C. J .  Schulz , unpub lished.

large—energy—scale studies of N , . The new resonan t regions in addi t ion  to

those studied earlier are observed. In addi t ion  to a basic inte res t , we

also consider that  the large energy—integrated cross sections i - 10~~~cn cV

contributed by the very broad resonance near 22 eV provide an e f f ic i en t

vib rational exci tat ion by fas t  electrons in cer t a in  energy ranges . R e gar d—

ing threshold vibrational excitation , the presen t beam studies have been

largely confined to hydrogen halides (F. Linder , 1979). The theoretical

understanding is far from unique , for example both virtual states (L. Dub~

and A. Herzenberg, 1977) and resonance interpretations (H. S. Taylor et al.,

1977) have been invoked for  the threshold peak in I L C L .  Fu r the r  exper imenta l

informa tion in nonpolar molecules will be h e l p fu l  in elucidat ing the thresh-

old excitation processes (H. A. Morrison et al., 1977 ; N. F. Lane, 1977).

-- ___
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Recent work by Rohr c~l978) on more complex nonpolar  molecules such as SF
b

have observed strong threshold peaks in vib rational excitation . We visual-

ize Cu~ an d C~) , as the two good sta r t i n g  molecules.

Another line of research we would like to pursue is dissociative

a t tachment  I ron vi~-’r a t i o n a llv e x c i t e d  mo lecules .  Previous  exper iments  by

- -~~~~ - 
Henderson , Fite and Brackmann

119b9) on °2 and by C h a n t r v

I 
‘_“
\ 

( 19b 9) on N ,t~ ha ve showti a

big increase in crost . sect L O f l S

- - - -
I

1 th t e -nip e r a tu r e s  .~t t r ih u t . i~’ c

• t o  v ib r a t i o n a l l~- cxc  ~ted ~~.‘ c —

— -~ / / • cu les.  Fi~z. 25 shows the
: -  ~~~~~~ •

- - - 

- 

~~
- results ot  O / 1 ~ aS

- , 
I -

~~~-~ •~ S

ized by H. 5. W . ~~a~ -s~ ’y  ~r 1~
a

- • as an t l l u s t r a t  ion . Cur
5,” ’- a • •.

- a • recent i:~i ’  r ove  ~~ -n I s L~t
a I

— _..~ - - -. - -

• . - - i~’ui o p t i c s  sit ’S lcZ I 1t~~ s. t ’ x L  1
I t —  i t  ~l I ”i ~~S -

- mo l e  c u e p t o  du c ~hi S

— 
poi~s i~~”~~ e t : u c  I t r s ~ ~~~~~~~ c i t  t c ’i

- - 

s it  ~n i~ I d i  ~‘t ~~r a t  ~ ‘ t t . t i  .un5 t

se e c t e d  r o t a t 1 o n . l ~ S t . t t t S .

— -
~

&
~~-: 

. - . — 
c

—
c 

- -
~

I c -

-: - -c c l  c - - ’s 5 . - c  -s  .~ 1 i c 1 ~ c. ~ u - -  -I • I c. ‘~O~~~t I t \ e i~~’t i~ - • hi . S • .
I cc - I -  ‘ - • - ‘ I i’ 1 c - C 5 - ’  5 c s i , . , ,  i - C t 

~~~iS soy  • C arab u — I’ I VO C —
••h*~~ ~ ~;t ,5

I Ic ~~~~~~~~~~ ‘~ 

• • -  

I c  I’t - - ‘ si Iv Press , l~ , p . 322
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I k~ 2’~. t h r ~~~h~’!cI 1 . ’R i c ’Ti , c(  j~ It. eru~ s— ~~t— e t i ’ n 1 

~ 05 ~ j io~ 1.5 2 O ~~c~~r~es ~t •‘~~~~ ~n~I 140c1 K INTERNAL ENERGY (.V)

~ i I an and  S . p • • ~~~~‘ • - 3C. lntc ’rn~il — s I  I t c  cie tit IIs! eci~’t o( thresh ilet II —

t o  rs • • 17’. 1 (1’) ~~~~ 
• 

c 1 .e t i v c • uttas -hiii~ nt cI - os i  sectton,e in H~ ins t fl. via the
— 

-
. 

~~~h i1’t rt ’ s o I l c n s - t — -

e x t en d  t~~cse st u d i e s  to  HC 5 and HF at  low ene rg i e s . In a d d i t ion  to  ba si c

t i t t o ~~ lat Ion s’il d I S S O L - L i t  i v e  a t t achmen t  rem cxc t I e d  hvdr e~ ot~ ha l ides , we

•l l t . O ex p e c t  the  rt - .-. u I : s  w t l L  shed l ig h t  en the  rat- c t i a n t ~.ra r e sp on s i b le  t o r

t h r e s ho l d  vt ’:’ ra t t on al  cx c ~t .ut  ion :v i r c u a l s ta t e s  or  r egu l ar  r e s o n an c e .
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