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CWaPTER I 

General Introduction 

Formation of negative ions has important consequences i n  a 

number of f i e l d s  including radiat ion chemistry, radiat ion bLology, 

upper atmosphere physics, and physical instrumentation. For example, 

negative ions a re  impoyrtmt intermediates In the  action of ionizing 

radiat ion on many chemical and biological systems, and reactions of 

negative and posi t ive ions are laportant elementaq processes. 

Excellent reviews of the general f i e l d  have been made, 1-4 

Only a few substances are known t o  capture (or  a t tach)  l o w  

energy electrons d i r ec t ly  t o  form negative Sons, Even i n  these cases 

the attachment process i s  r e l a t ive ly  ineffi.cient, e.g. i n  O2 the  

average number of impacts per electron capture i s  approximately 10 e 
4 

In the case of d i r ec t  capture, energy must be removed from the systpa 

before a stable ion i s  formed, The de ta i l s  of ways i n  which energy may 

h. S, W, Massey, Negative Ions, (Cambridge University Press, 
Cambridge 1950). 

*J, L. Magae and M. Burton, 5, Am. Ch.ena. Soc. 73 523 (1951). ,’ 
3L,, 13. Laeb, in Handbuch der Physik, S, FlGgge, ed. (Springer- 

Verlag, Berlin, 1956), p. 445, 

L, M. Branscomb, in Advances in Electronics aad EXectron 
Physics, I;. W t o n ,  Ed. (Academic Press, New ‘York, l957), p. 43. 

4 
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sc cransfei-red (often referred t o  as stabil!.ztztio-a processes 1 are 
centi-al pi-o'n1.m~ i n  dfrect  capture studies. ladeed t h i s  is  the case 

i n  O2 as w f l L  be seen I-a%eer, Negative ions may a l s o  be formed by 

rno1ecuJ.m dissociation in .  which case the  removal of energy i s  not a 

necessary coad.ition f o r  the foMua%ion of a stable Lon, 

Two types of ex:peixIaental methods have been applied t o  the 

st,udy of .vne formation of negative ions of oxygen: (1) el-ectron ketun 

methods in which the c1ect;rcm.s are newly  mon.oenerge.tIc, and (2} elec- 

tron swami experianznts i n  wizich the electrons have ft considerable 

spread of energies. 

the en,er&y region above 2 ev; thus s~mnn methods prov5d.e ~mluable  

supplementary too ls  for the study o f  the l o w  energy (less than 2 ev) 

region. Since the elcc-Lron beam studies are somewhat easier  .to in tes -  

pret  we discuss +.his method. first 

I n  general, electron 'oearn studies are  limited t o  

Survey of Electron Beam Experiments 

In  the Lazier r n e t h ~ d ~ " ~  nearly monoenergetic electrons m e  

introduced in to  a d  am constrained t o  move in a cylj..ndrlcal region by 

means o f  a magnetic field, while negatlve ions movlng perpendicular to 



3 

the  axis of the cylinder escape frcm the  f i e l d .  

dation potent ia ls  the energy d is t r ibu t ion  of the  ions m y  be determined. 

Lozier applied his  method t o  the  study of oxygen, and obtarfned the 

r e su l t s  shown i n  Figwe 1, 

have a narrow energy spread, they were interpreted as processes of 

dissociative electron capture, i ,e,  

By aems of retar- 

a 

Since the  groups peaking at 7 ev and S5 ev 

o* f. e +o-(2Po) i- O(%O) 

where 2Po i s  the  ground state of 0- a d  the superscript a indicates 

t ha t  Eli  over all t he  electrons i n  the  atom i s  odd. Both 0- and 0' 

were found above 18,9 ev; therefore, t h i s  process was interpreted as 

3. 

( c )  + 4 0  o2 + e + o -  + o ( s ) -t e 

8 Lozierfs experhent  

ions formed t o  the number of direction ionizations in oxygen. 

using the cross sections for ionization of t he  molecule,' Massey 

gives the  r a t i o  of" the  number of these negative 

Thus, 

1 

%. W. Lozier, Phys. Rev, 46, 268 (1934). 

'J, T. Tate and P. IT. Smith, Phys. Rev. 39, 270 (19321, 

- 
c 
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5 
-213 m2 an2, 1.3 x 10 estimates m a x m  cross sections of 8 x 

and 2.2 x cm f o r  processes A, B, and @, respectively, Hagstrum 

and Ta%e," making use of a, mass spectrometer, ver i f ied  b e i e r t s  

groups A m d  C, bu'c did.  not observe a group at 15 ev. 

using essent ia l ly  the Lozier method, observed e;poups A and C, but again 

not group B. 

> 
2 

11 Crams e t  al., 

S m e y  of Electmn Svam Bpes.?_merits 

Interpretat ion of the r e su l t s  of electron swam experimedts i s  

complicated by the fact that the detailed energy distribu-tisn of 

electrons i s  unknown. 

d i s t r ibu t ion  l a w s  wkich have been used, A complete theore t ica l  study 

I s  now available13 and has been applied to a few cases l4 l5 where 

Eadequak experimental data on electron impact cross sections ape avai l -  

able,  

Loeb12 gives a h i s to r i ca l  summary of the various 

'OH. D. Hagstrum and J. T. Take, Fhys. Rev. P 59$ 354 (19'4.1). 
- -  
"J. B. Craggs, R.  Thorburn, and B. A, Tozer, Proc. Boy. So@. 

( h a d .  1 .@.bo, 473 (1-957). 

12L. Be L~eb, Basic Processes of Gaseous Electronics (Unive-sity 
of California Press, Berkeley artd h s  Angeles, 1955). 

13T. Holstein, phys. Rev, -9 70 367 (1946), 

14D. Barbiere, Phys. Rev, -9 84 653 (1951)* 

15Je C. Bowe, Argonne National Laboratory Report AI% 5829, 1958 
(unpublished). 



Most of tlie experimental data on electron capture have been com- 

pard by p l o t t i n g  the attac'ment coefficient against the  mem energy of 

agitaLion of the electrons 

uaen-ts, 

a,gitatl,on of an electron as a function of E/P (vol ts  ern 

02> N2, A i r ,  C2B49 and A, 

E/P the 'Townsend coerfficient k 

agi.ta,tI.on of an electron t o  the mean energy of agi ta t ion o f  a gas mole- 

c .u .~ .~ . ,  3 / 2  kTs a t  20 OC, strongly depends on the type o f  gas. This f a c t  

as derived from electron diffusion. experi- 

Table I smmarizes various studies of the mean energy of 
-1 

~ull Hg-') f o r  

The t ab le  of values shows that at a fixed. 

the  rat20 of .the m e a n  energy of 
T9 

.the swam measurements of electron a-ttachrnent t o  be performed 

over it considerable range of energies. 

Z;aI.ned by varc5ou.s observers a re  not i n  good agreement; thus the scale 

of m e m  energy -my not be fixed w i t h  certainty.  

Unfortunately, sets of data ob- 

SeveraL vari.at3.ons of the  SIT^ m&hod have been appl.ied t o  the 

study of oxygen and a i r .  

observers will not be discussed i n  the tex t .  Table I1 shows some of' the 

most lqmr"ia;rLt features of the methods and l is ts  the raage of pressuse 

and E/P employed by the various observers. 

The detaiJ-s of the me.thods used by previous 

Ideally, a.11. measurements should be compared by pl.otting the 

c ross  sec't,i.on f o r  electron attachment, clap ( i n  an2) against the mean 

electron energy, E ,  i n  ev. In practice t h i s  i s  very difficult since 

necessary data are  not consistent. 

"chat i f  one xished t o  compare d a t a  f o r  the cases of pure 02, &.r9 ard. 

sm..a , l l  amounts of 0 

- 
For example, i n  Table I ti; is seen 

i.n N2 the scale of energy won1.d be d i f f i c u l t  t o  
2 
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TABLE I 

RATIO OF MEAN ENERGY OF AGITATIOX OF AN ELEZTRON To "flE MEAN ENERGY OF 

AGITATION OF A GAS MOLECULE (AT 2OoC) FOR VARIOUS GASES AS A 

FUNCTION O F  E/P (VOLTS cm" (m Hg)-'] 

E/P 

0.25 
0.4 
0.5 
0.6 
0.8 
1 
2 
5 

.- 

I 

Air 

16Je S.  Townsend and V, A. Bailey, Phil. Mag, -9 42 873 (1921). 

I7H. L. Brose, Phil. Mag, 50, 536 (1925). 

"-R. H. Healey and C. B. Kirkpatsick in The Behaviour of Slow 

3 

Electrons in Gases (Amalgamated Wireless Ltd,  , Australasia, 1941) 
"5.  S. Townsend and H. T,  Tizard, Proc. Roy. Soc, (London) A88 -7 

336 (1913) 

'OV. A. Bailey, P h i l ,  Mag. 501 825 (1925). 

''I,, G. Huxley and A, A. Zaazou, Froc. Roy. SOC. (London) AS96 
-9 

4-02 (1949). 



TABLE I (continued) 

RATIO OF MEAN ENERGY OF AGITATION OF AN EZl3CTRON TO THE MEAN ENERGY OF 

AGITATION OF A GAS MOLECULE (AT 20°C) FOR VAXIOUS GASES AS A 

FUNCTION OF E/P [VOLTS cm-l (mm Hg)-’-} 

Oxygen 

.---T-i--- 

20 
50 
100 

Ti 
G 
d r i  cu 
t ? g  
d :  
L d  

kT 

76.3 
86.3 

X N  

128 



9 

7.5 
13.0 
21.5 

35.5 
41.3 
48,5 
59.5 
72.5 
89 

108 
126 
180 

30.5 

TABLE I: (continued) 

l.26 
2.5 

: 4 

, 6 
10 

' 20 
40 

' 6 0  
80 

' 5 

PATIO OF MEAN ENERGY OF AGITATION OF AN E"LECTRON r0 TI-IE BEAN ENERGY OF 

AGITATION OF A GAS MOWCULE (AT 20°C) FOR VARIOUS GASES AS A 

FUNCTION OF E/P {VOLTS cm'l (mm Hg)-I) 

Ethylene I Nitrogen 

0.25 
0.5 
1 
2 
3 
5 
10 
20 
30 
40 
50 
60 
100 

2 
cd cu 

8 E  P i m  

kT 

2.07 
5.3 
11 
15 
19.3 
31.3 
45.3 
64,4 
80.2 
35.0 

Argon 

E/P 

0.125 
0 0 195 
0 275 
0.355 
0.525 
0.71 
0.95 
1.25 
5 

LO 
L5 

a 

dro 
3 
8 a$ 
2 :  
0 6  
€1 F4 

kT 

100 
120 
140 
160 
200 
240 
280 
320 
31.0 
324 
324 

22J. Ba,,nnon and H. L. Brose, Phil ,  Mag. 6, 817 (1928). 

23J, S. Townsend and V. A,  Bailey, Phil-, Mago 44, 1033 (1922). 

- 

- 
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TABLE I1 (contin;ued) 

SlMMARY OF SOME EXPERII'ENTAL ITIVESTIGATIONS OF 

ELECTRON CApruRF: I N  OZ2 USING SWARM METHODS 

c 

Pressure Range E/P Range 

Electron Source Gas (m Hg) volts cm-'(m Hg)" Investigators Basis of Method 

Herreng (28) Time Analysis of Ionization by 02 (10 - 50) 
Electron Pulse i n  X-Rays 02 +- A 

Parallel Pla te  Chamber 

Rarrisozz and Measurements of Pre- 
GebaUe (23) breakdown Currents 

Chanin and Time Analysis of Photoelectric o2 Xot Given ( 0.3 - 7) 

Buch and Measurements of Pre- O2 ( 8 - 25) 

Biondi (30) Negative Ion Current 
in D r i f t  Tube 

( 8 - 40) 
Geballe (31) breakdown Currents 

28P, Herreng, Cah.  Phys. 38, 6 (1952). 

29M. A. Harrison and R. Geballe, Phys, Rev. 910 1 (1953)e 
30Le M. Chanin and PI. A, Biondi, Westinghouse Reseazch Laboratorgr Report 6-94439-7-R52 1957 

(uqubl ished)  . 
3b. S .  Burch and R. Geballe, PhysD Rev. - 9 - 9  106 183 (1957). 

-- 



. -  
. .  

m&eO 

data f o r  O2 in the desired form (Figure 21, 

d i d  BFBZ~SCQUI~, 

GebalZe" and sone points recently obtained by Chanin a d  Biondi. 3' 

all, cases a i s  plot ted against as determined. fmm the data 0% 

B~ose,'~ T a b l e  I. 

Hamison and G e b ~ ~ l . l e , ~ ~  however, have o7.mmarlaed sme of the swwrn 

To these %re hasre added, as 

4 a short cu rve  ind.icclting more recent data by IScarch and 

I n  

a 

The general behavior i s  tha t  the cross section appealps to lncreasc 

as F_ finemasea i n  the 1- t o  2-ev region and t o  decrease as E1 tnncreases 

f o r  E 4 _'r e~~ 

2-OY r e g i o n  as a process in which e1ectron.x suffer ine l a s t i c  col l is ions 

w L - t b  oxygen molecules and are then captut-ed i n  t;h.e very low enel-gy 

region f o m f n g  0;. 

t o  the 2-ev process. 

consistent v i t h  the idea tha t  2-ev electrons may be captured in to  e i ther  

the ( Xi)9 ( Au), ox ( ",) state of 02, (see Figure 3 ) .  

Ha~-si.son*~ and Craggs et 

ta-Lion of the  2-ev process by showing tha t  the  magnitude of the capture 

cros6 section may be accounted f o r  by assuming dissociation, i .e. 

TLcIzLT'S 7-ev group (Figure l), 

2i"camat;ion of 0-,  not 0'- as was original ly  p o s t a a t e d  by ~ r a d ~ ~ . r y .  

argument is supported by Harrison and Geballe8s d a h  which when ccwrected 

f o r  ionization does not exhibit  the sharp peak found i n  Bradburyss re-  

SUI-% s " 

.- 
Bradbury25 interpreted the rnechaslisxa of c a p t u e  in  t'ne 

Bates and &sseg* have given mother expl.mat;lon 

They polat  out t ha t  the experimental data are 

4 2 2 Geballe and 

appear t o  have clarifier3 tbe In'i;ex.pre- 

Thus, .the 2-ev process leads t o  the  

~ h . i s  2 

'*De R. Bates and H. S.  W. Massey, Phil.. Trans. A-239, 269 (1.943). 
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- 
For average energies l e s s  than 1 evp the number of x l i a b l e  ex-  

pei3menial data i s  very limited, Fig-we 2 shows I;he experimental 

results o f  33~adbwy~*~  Dceh~ ing ,*~  md C?xm.z11 and Biondi, 30 With the 

exception of C % m l n  and Biandl. very few cW~a weye reported. Bradbury 

and Doehrfag stirdied the process of electron capture over a b ~ i t e d  

range o f  pressure, but because of experimental d i f f i c u l t i e s  t h e i r  re- 

p0i"ted P e G d t S  f U s  l 0 W  eXl.2Xg~eS W f 3 . Y  Qll.%%e fe'iJ. la the e&.?2liel- kTOi?k Of 

Bai,l-ey** Yhe au%;hor concludes tha t  the attachment coeff2,cien.i; was 

pi"essirre ind-ependen,t, although a careful examination of h i s  results 

sbo; .~  snae increase o f  the  values with presswe at; low E/P, 

f'oi-ind rather marked increases with pressixe at  l o w  E/P i n  air, and gave 

some indication of' t h e  same type o f  behavior i n  the case of 0 Since 

-Line data as regards pressure dependence are  fragmentary at lo-T energy, 

and' since much of t h i s  can he questioned both oil %be bas is  o f  experi- 

rnenkal d i f f i c d t i e s  and .the disagreement of various sets of data, one 

should not conclude, as so often has been done, that, t h e  attachment 

C T O S S  section is pressure bdependent a t  low energies. 

24 Cravsth 

2' 

Interpretat ion of the Low Energy Process 

mere is considerable diff icul ty  i n  interpret ing the l o w  energy 

process i f  pressure independence is  assumed. According t o  the Bloch- 

BraCoury theory,33 attachment i n  the  low energy region i s  due t o  the 

33F, Bloch and N,  Bradbury, phys. Rev. 48, 609 (1-935). - 



119 

d i rec t  formation of 0;' ( the p r b e  indicates vibration),  which is  

unstable with respect t o  re-emission of the electron, 

means of stabZlizing the 0;' is by molecular col l is ions;  hence the  

capture cross section must be pressure dependent a t  l o w  pressure. 

and Massed* have shown that i n  order f o r  the attachment cross sections 

The most effect ive 

Bates 

t o  be pressure independent i n  0 

(Bradbury's experiment), the  crms section f o r  s tab i l iza t ion  of 0-' 

must be about 1000 time:: the gas k ine t ic  value, 

t o  understand i n  view of calculations by !Zener34 and Rice35 which show 

tha t  even i n  t he  case of exact r e s m c e  the cross sections f o r  

for pressures as l o w  as 3 mm H g  2 

2 

'This i s  very d i f f i c u l t  

v ibra t iona l  t ransfer  are less than gas k ine t ic  by a large fac tor ,  For 

example, Zener shows that the cross section for t ransfer  of vibrat ional  

energy from an N2 molecule i n  i t s  first excited s t a t e  t o  a normal N2 

molecule at room temperature is  0.04 tines the gas k ine t ic  cross 

section. Vogt and Wannier36 show, however, that the Coulomb a t t rac t ion  

a r i s ing  as a consequence of polarization of the neutral  molecule can 

a m e n t  co l l i s ion  cross sections as much as 100 fold,  but even this  

e f f ec t  is  too small t o  account f o r  the large cross section for stabili- 

za t  ion e 

The large value for the s tab i l iza t ion  cross sections led Bates 





o f  the present work is; t o  investigate the 10w energy process and, i n  

particular, t o  examine the pressure dependence of the  capture cross 

section at very low energies, This caa be achieved by performing swam 

experiments with mall quant i t ies  of 0 mixed with various gases, pro- 

Tiding a considerable r a g e  of eiectron energies (see Table I). 

pressure dependence i s  found, then the stabil izal3on process i n  several 

gas mixtures can be exa ined ,  

2 

If 



:! 8 

m = '- a M P E dx 1 

non-attach- gas e 

'The: method has already been published. in T. E., Bortner and G,  S .  
Burat, HealYh Physics 3..j 39 (1958). 
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Integration of ~ q ,  (I) yields 

-a! flP x 
N(x) = Noe 

for tine number of f r e e  electxons at distaslce x., 

potent ia l  d V  due t o  the work done by the  field in moving Ngx) electrons 

a dlstehnce dx i s  

The change in electrode 

dV = N(x)  vO - d~ 
d 

(3) 

where ITo is the change i n  poient ia l  due t o  a slngle e lec t ron  moving t'ne 

ent,-Ire dilstance d o  Integrabion of Eq. (3) using Eq, ( 2 )  for N(x) shows 

that the change of potentlaL V ( X * )  after the electrons h- ave m.~ved a 

distance x t  i s  

The time var ia t ion of the electrode potential  is found by replacing x' 

by td/.ro, where T I s  the "collection time" and i s  related t o  Lhe 
0 

electron drift veloci ty  W by 'c = d/W, Thus, a f t e r  replacing N V by 
0 0 0  

A and c1 flP d by f, Eq, (4) gives 
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When a (hence P> approaches zero, Eq. (5) reduces to the familiar ex- 

pression V(t) = At/ 'ro for 0 > t < T - 0' 

in a plane ionization chamber P Q ~  thr noa-attachment case. 

which represents the pulse profile 
9 

L e t  m now assme Ynat the pulse represented by Eq. (5) i s  observed 

w9t& a l i nea r  pulse amplifier having a response to a fmc t i an  having a. 

step at -b = 0 ,  

where -t L 

(assumed equal), 

bY 

is the mpli f ie r  differentiating and integrat€ng t ime constant 

The oEtpU6 o f  the p ~ ~ l s i i  amplii'ier w i l l  then be given 

On Integration, Eq. ( 7 )  becames 
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shown i n  FLgure 7 permits measurement of both quant i t ies  331 the  same en- 

closure; thus even i f  a non-attaching contambation should affect the 

d r i f t  veloci ty  i n  the  gas mixture under study, the calculated at tach-  

ment coeff ic ient  would be unaffected, 

less steel, and i s  sealed by tef lon ''0'' rings.  

'ke main vessel i s  amile of s t a in -  

To improve uuifom5ty of 

the e l e c t r i c  f i e ld ,  rings are spaced 1 cm apart  with fluorothene 

insulators .  

divider system using four 5.6-meg (1 w a t t  Allen Bradley) r e s i s to r s  per 

stage. 

These a r e  held at appropriate potent ia ls  with a voltage 

I n  the  upper par t  of the  chamber the  d r i f t  veloci ty  of electrons 

1s measured with two proportional counters, as already described by 

Bortner, H u r s t ,  and Stone.* 

produced by coUlmated ( i n  a plane pa ra l l e l  t o  the col lect ing electrode)  

Pu239 alpha pa r t i c l e s  i s  measured in t he  lower chamber, The col lector  

t o  source distance d i s  normally 6.0 cm, although the apparatus is de- 

signed t o  permit various sepwations.  

The pulse helght resu l t ing  from the  electrons 

A l i nea r  pulse amplifier of the  Jordan-Bell 3 type w a s  modified 

so tha t  the long time constant posit ion would give a pulse shape l i k e  

t h a t  described i n  Eq. (6) w i t h  tl = 25 microseconds. 

par t icu lar  amplifier used i n  t h i s  experiment t o  a step function pulse  

i s  shown i n  Figure 8. 

idealized response (Eq, 6 )  i s  good up t o  times of 50 microseconds. 

The response of the 

With tl = 15 microseconds, the agreement with the  

'T. E. Bortner, G. S. Hwst, and W. G. Stone, Rev. Sei. In s t r .  

%. He Jordan and P, R. B e l l ,  Rev. Sei. In s t r .  L8, 703 (1947). 

-, 28 103 (1957) 
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We requ-fre then, "ca t  the cxperlment be: performed i n  such. a manner that 

( T ~  +- tl) i f u  always less than 50 rniccrusaconds. 

Pulse height is measured w i t h 1  a single channel mal.yzer hwlrzg a 

A motor-drfven base line so t,ha-t the r 1 ~ ~ ~ d ~ ~ P 9  scans uniformly iup time. 

display 0% the analyzer out,pi7t on. a count mte  recorder affords a 

convenient method of p d s ~  height ?nea,~wqaicm t, e 

The gas pui f lea t , ion  sy-btmn m w - t  necessarily be adaptable -to the 

particular gases $0 be purified and to the gases which axe t o  be ye- 

moved, 

since water vapor I s  extremely effective in Peducing the pulse heigh-b 

due to electron attachment, 

in two ineonel $raps (in series) 18 in, long and 1,5 in. in dime-ter, 

A d m n g  unit is necessary regardless of the gas t o  be purified, 

Either P 0 -Drferi.te or aahy&orie is used 2 5  
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Idhen feas ib le ,  the gases are f l r ther  puriffed by distillatba (os 

sublimation) w i t h  a simple t r a p  surrounded with l i qu id  N2" 

casesJ it i s  helpful  t o  absorb v i r tua l ly  all gases i n  activated coconut 

charcoal held at l iqu ld  iV2 temperature, 

released by increasing the  temperature of the charcoal. 

Ira other 

4 The desired gas may then be 

Experimental Check of Dependence of Pulse Height 

on *c /tl using Pure co* 
0 

The dependence of 

w a s  studied i n  pwe CQ2. 

nearly linearly w i t h  E/P 

pulse height on E/P (volts per cm per mm Hg)  

I n  C02 the electron drift velocl ty  varies 

going from a very low value of 0,1 cm/micro- 

second at  E/P = O e 2  t o  1.0 m/ml.crosecond at E/P = 2 * 0 0  

source t o  p l a t e  separatlon corresponding values of 7 

microseconds, respectively. 

having a value tl = 1 5  microseconds would vary considerably with E/P i n  

Co2 (see Figure 3 f o r  f = O ) ,  

For a 6.0-cm 

are 60 and 6 
0 

Pulse height measured with an amplifier 

very c a r e m  purif icat ion of "bone dryap C O ~  is  reqytred, If 

i s  admitted d i r e c t l y  in to  the cha;mberp no pulse can be found a t  any 

value of E/P (i.e. t he  pulse height is  less than mpltf'ier noise pulses). 

When the C02 is passed through the anhydrone drying t raps  only, the  

pulse height is about one-half the value found when the  C02 i s  passed 

through anhydrone and then further purif ied w i t h  a cold t r ap ,  The cold 

'Saul Dushman, Scient i f ic  Foundatjions of Vacuum Techniques- ( J o b  
Wiley a d  Sons, New York, 1 9 9 ) .  



trap is  f i l l e d  vrrbth copper t-gs md is e;7~rouaded with U.quld 

nitrogen, 

be removed by pumping., 

C02 goes lnto the attachmxt chamber, giving a highly reproducible 

pulse height vs E/P. 

is mde with the calculated- pulse height @ m e ,  obtained by narmalization 

A t  t h i s  temperature sub1ims;tion takes place and oxygen can 

When the temperatme i s  increased very pure  

This curve is shown in Figure 9 where a capa r i son  

of the f =: 0 CUTE: fn FiguXe 6 a d  u ~ b g  %he vahes  in Ret’. 2 for d r i f t  

Velocity i n  C02. 
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As shown i n  Chapter 119 the  attachment coefficient a m y  be de- 

termined by measwlng the drift velocity and pulse height due to the 

motion of free electrons tn a plme geometry ion1za"ccm ebambesp. l a  

thIs section we w U . 1  show results for  argon-oxygen mixtwes, since for 

a l l  m f x t u e s  exmined to date, th i s  is  the most simple casea 

D r i f t  veloci ty  e w e s  for argm-oxygen mix-twes are shown h 

Figure 10, 

shape a n d  maggitude be-fng strong1.y affected by t h e  addftion of less 

-than one part oxygen per 1000 parts wgon, 

at an argon pressure of 800 m Ilg. 

the argon presswe t o  600 and 400 ~ r n  Ilg. 

E/P aad a, f e e d  concentration of oxygen was not affected by t o t a l  

pressure. 

implies EL decrease in the electron agitation energy. 

usua, l  q u a i  tat ive argument 

the clectric Yield i6 more effective i n  producing R general &lft of the 

swarm In the f i e l d  direction. 

711e 'oeha;rpfor of these curves i s  rather striking, both -the 

The data, &own were taken 

Several checks were mads! by reducing 

The dr l f t  veloci ty  at a given. 

" h e  increase in drift veloci ty  w i t h  the addition of oxygen 

AccordFng to the 

if the electron aglta7-tfoan energy is  decreased 

The pulse height was determined as a function o f  E/P, -total 

pressure, and concentzation of oxygen, a6 shown in Table XI1 a d  Figures 

11, 12, and 13, It was seen earla- -tn the work that the a t lacherz t  
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E/P 

0.05 

0.1 

0.15 

0.2 

0.25 

0.3 
0.35 
0.4 
0.45 
0.5 

TABLE 111 (continued) 

0 

64.1 
: 67.2 

68.3 
: 69.0 

69.8 
70 ,O 

70.2 

70.5 
70.8 
70.9 

PULSE HEIGHT (VOLTS) FOR ARGON-OXYGEN MIXTURES 

(ALL PRESSURES ARE mm Hg) 

B. PRESSURE AXGON = 600 

0,375 

67.0 
68.5 
69. e 
69.7 
69.4 
67.9 
63.2 
5607 
48.3 
39.6 

0875 

68.4 
69.0 
69.8 
70,o 

69.0 
66.0 
58.7 

38.0 

27.8 

49.0 

Pressm 

1.5 

69- 9 
70.0 
70.5 
70.4 
69.2 

65.0 
55.3 
43.0 
30.0 

19.7 

e Oxygen 

3.0 

68.4 
69.9 

70.6 
69.5 
65.5 
55.0 
41,4 
16.6 

70.4 

44 5 

64.3 

68.6 
67.0 

69.2 
69.0 
66.0 

57.0 
43.8 
28.9 

6 * 0  

59.4 
63.8 
66,3 

67.7 
68.0 
66,o 

58.6 
46.8 
32*2 



I 
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coeff jc isnt  appeared t o  dcpend on pressure; thins data -were taken at  

three pressures of argon (400, 600, and 800 mm Sg) ttad the  pressure of 

oxygen vas varied for  each of the argorl premums, but i n  such 8 way 

t h a t  s e t s  of f ixed fract ions (Po )/(PA) (eallesl oxygea concentration) 

could be establjshed, 

ac tua l ly  Increases with the addltfon of oxygen, 

for by the lncsease fn d r i f t  velocfty, bat the small values f o r  the 

attachment coeff ic ients  a t  ihe low E/P caxmot be debemlned with 

accclraey sface the h"1t velocity correct3on on pulse height 3s so large.  

A very interest ing behwlor  of prac.tica1 importance i s  seen a t  E/P = O,3O 

(Ffgure  11). 

ap-precfably decrease the pulse height in  an Eonization chamber, 

2 

A t  values of E/P less than O,3 tine pulse height 

This can be accounted 

At this E/F, oxygen (o r  a i r )  contadnat ion  would not 

A t  E/P valu~s gyenter than 0.30 t h e  attachment, coefficient can be 

calculated, 

0,165. 

I"or these E/P values, m d  -for argon ,oressures 400, 600)  a d  800 mm Hg, 

Tne alta,chmcnt, coefficient depends strsngly on E/P and oxygen concen- 

t ra t ion ,  but I s  independent of argon pressure. !Ibis behavior of a can 

be interpreted w i t h o u t  d i f f icu l ty .  The attachment reaction which is in- 

volved is 0 

energy is great enough to dissociate the 0 

of O2 1s 5.09 volts,  appearance of 0- i s  energet ical ly  possible at  

Results a m  shown in Ffgwc 14 f o r  E/P = 0,35, 0,40, and 

~ w v e s  for ir; are plotted as a function of oxygen concentration 

-t e -+ 0- + 0, since in argon at  these E/P values the electron 2 

molecule (dossoctatlon energy 
2 

1 electron energy of 3. I volt;s), 

'L. B, Loeb, Basic Processes o f  Gaseous Electronics (University 
of California Press, Ewkeley add Los Angeles, L95j)J p. 428, 



P /P* to3 
02 
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FOR INDICATED ARGON PRESSURES 

FIG - 14 



Figure 1 4  shows t h a t  as E/P decreases, a decreases and since a de- 

crease i n  E/P must be associated with a decrease i n  the mean agitation 

energy, 0' ( i n  t h i s  reglon of' electron energies) decreaszs with decreasing 

energy, Electron ag-P t a t ion  encrgy depends on the reduced e l ec t r i c  f f e ld ,  

E/P, and t h e  nature of the gas. 

less than 10 vol ts ,  consequently electrons may be accelerated by the 

f i e l d  to energies up t o  10 vol t s  while making only e l a s t i c  col l is ions 

wfth argon atoms. 

is decreased because electrons m a k e  Ine las t ic  co l l i s ion  with 02* There- 

fore ,  f o r  a fixed argon pressure, (1: will decrease with increasing values 

of Po /P On the other hand, i f  Po /PA i s  f ixed the electron agi ta t lon 

energy wlll not depend on tots1 pressure, hence a should not depend on 

PAm Therefore, the only assumption, which m u s t  be in-trodtrced t o  under -  

stand a l l  the &ta i n  Figure 14 i s  that  the  agi ta t ion energy o f  electrons 

I n  argon i s  decreased by the  additlon of 02. A s  discussed above this  -Is 

a most reasonable assmption which j s  fw'cher supported by the fsc-t t h a t  

the drift veloci ty  w a s  observed Lo increase with the addition of oxygen, 

In argon there  a re  no excitation levels 

When O2 i s  added t o  argon, the mean electron energy 

2 A' 2 

Attachment of Electrons i n  Nitrogen-Oxygen Mixtures 

P D a t a  f o r  electron dr i f t  veloci ty  i n  nitr-ogen have been reported 

and are  show^ i n  Figwe 15. It w a s  found. that  (a) as much as 2 per cent 

T ,  E, Bortner, G,  S o  Hurst, a d  W, G. Stone, Rev, Sci.  In s t r ,  2 

28, 103 (1957) 0 
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oxygen did not affect the measured &rJ.ft velocity,  aad. (b) t he  d s i f t ,  

ve loc i ty  of the electrons i n  t he  mixtures w a s  a function o f  E/P but 

independent of t o t a l  pl-essure P. Ri lse  height data were taken f o r  

various pressures of nitrogen and oxygen as 8 function of E/Pj data f o r  

N2 pressures of 4.00, 600, 800, 1000, 1200, 1400, and I600 m Hg and a 

range of 0 pressure of 1-43 m Ilg are shown i.n Figures 16 through 22, 

respectively,  

2 

Calculated I-esu1t.s f o r  QI s h m  dependence on the 0 pressure, flPj 

Figures 23 through 26 show the resu.1.t.s 
2 

as w e l l  as t h e  N pi-essum, f2P, 

f o r  E/P = 0.20, O , b ,  0.60, and. 0.80, respectively.  

descri,bed by the  empj.rl.caL eqiia'cion, 

2 

Th.e results axe 

a = M. I? 4- Bf*P + C f  pf P 
1 1 2  

where A, 3, and C 3r-e independent of f P arid f P, but depend on E/P a s  

shown in Table IV, 

from Eq. (12), adjusted t o  f i t  t h e  exper5mental data points,  

f i rs t  case where it, is found tha,L t he  cross section f o r  t he  -Porma,tion of 

stab1 e 0; def in i t e ly  depends on presswe.  Braclburyf s3 experiment fajlcd 

t o  show the dependence of a on oxygen pressure, even w i t h  pressure as 

low as 3.5 m He;. 

of data were reported f o r  values of E/P less than 2, 

1 2 

I n  Figures 23-26 the  so l id  l i n e s  a re  cal-culated 

This 1s t he  

I t  i s  worth noting, ho-wever, t h a t  only a meager mount; 

Earlier vork of 

'ND E ,  Bradbury, Phys. Rev. 11.11, 883 (1933) 
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4 Cravath 

on oxygen pressure, whlch w a s  more pronounced a t  low values of E/P. 

did, i n  fact, indicate a depadence of a t t a c h e n t  cross section 

Because of the cmplexi ty  of the results obtained f o r  a, data 

w e r e  taken fos two d i f fe ren t  source-to-plate separations, d, 

f o r  Q were the  same f o r  the nomud. separation of 6,o cm tmd for a, 9.0 

cm separation. 

attachment;. 

f i n i t e  distance required f o r  the electrons created by the a! particles 

to slow down ta the e q u i l i b r i a  energy dis t r ibu t ion  characterized by 

the E/P r a t i o  and the nature of the gas. 

The values 

This rules out the  possibility of a non-uniform r a t e  of 

Such an ef fec t  caziid arise f u r  example because of the 

To understand the  pressure dependence of a ,  we will develop a 

model f o r  the  formation of stakle O h J  which fallows t o  some extent the 

or ig ina l  ideas of Bloch and Bradbury. 

t o  lead t o  the  formation of unstable Oi* according to 

Two primary reactions are assumed 

-3c o + e+ -+02 
2 

T o* + e -  f x - r o ;  + x 

where X i s  the non-attaching member of the binary mixture, and the 

superscript  T designates an excited state. 

ion has enough exci ta t ion energy (either electronic  o r  vibration.a,l) t o  

make the  reyeme of process (a) possible. 

The * indicates that the 0; 

The absence of the i+ does not 



7k 

mem- $hat, 0- i s  in. its gyoxnd state, but merely that the ioxx i s  

energetically s table ,  2 
X w c v l d  not be o f  importance since I n  gene-al f l P  < < fpP, 

postiflate that ,  0;- m y  be stabilized by the  renc-kions, 

2 

A reaction like (b) but where mother 0 replaces 

We fur ther  

O;* -+ 0; + hv 

o2 ,* + o2 4 0 -  + Q2 T 
2 

o2 -46 + x + o ; + x  T 

T T  
o2 + o* + x + o ;  + o2 + x 

or the electron m y  be spontaneously emitted by the reaction, 

,?c ... 
Og O2 t e 

It; m a y  be noted here that a reaction of the type 

,x 3c o2 + x + x + o ; + x  + x  

may be anticlpated, but as will be seen l a t e r ,  the experimental data 

does not require it. 
-% 

The number of electrons, dnap which react  to fo rm O2 (process a )  
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while n electrons are mwing a distance dx 1s 

dn& = - pnfp dx 031 - 

where $ is a ccmstmt. 

(b) is glyen sirntlarly by 

The number of electrons % attached by process 

where k I s  a constant. 

Q! is defined by Ego (1). 

f ract ion of the number of 0-* which m e  stabi l ized,  

On the other hand, the coefficient of attachment 

Clearly then, dn = ffT,dpl, + % &em fs is %he 

Thus, 2 

ct = fsf3 +- kfzP (15 3 

where the fmction fB is detemrlmd by pmcesses (c)  through (g) 

!Po evaluate fS as~ume that the passage of the n electrans through 

an element of distance dx leaves behiad No(?:* Ions. Of these, fis are 

stabi l ized by proceeses ( c ) ~  (a), ( e ) #  and (f) while No,..NE; re-emit the 

electron b y  process ( g )  Thus, 



6C 

Defining the rates for processes (e), (d), (e), (f), and ( g >  by 

m 
-- - hlH, (,> = - CINflP 

C d 

m ( E )  = - C2Nf2P, (--)? = - rnf 1 2  Pf P 
e 

leads to f such that 
S 

( hl + ClflP f C2f2P + Kf Pf P 
a =  1 ' 2  - ) f 3 + K 2 P  ( 1-8 ) 

hl + c' f P + C2f2P -t- KflpP2P f h2 11 

Equation (18) reduces to the form required for the 0 -N 

h is assumed. to be negligible in the numerator of the f i r s t  term and if  

h 

ease (Eq. 12)  i f  2 2  

1 

2 > > hl + C1flP + C2f2P + Kf1Ff2Pe Then, 

c2p K 
a = -  P flP + ( - + k) f2P + 

h2 &2 

which i s  the form required by the experimental data, E¶. (12). The 



(18) would hold, only a% ''low'' pressures, fmzE3 W u e s  o f  the empirical 
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v 

function evaluated a t  the ener,gy- E , a% which capture Lakes place, Now 

e is equal t o  oC N - , where No is the numler of oxygen molecules per 

cm3 at 1 m Hg, and w i s  the dr-fft veloci ty  of the  electrons,  The ra%e 

* 
is  the m e a n  electron se loc l ty  m d  f ( E  ) i s  the energy drEstrkbutI.on 

0 * 
v 

o IT 
0 

of electron emission % i s  Just  T mus , 21 

Since the i n i t i a l  states refer t o  tlne free electron , p1 is deterrained 

from quantum s t a t i s t i c s  as follows, 

2 v* 4x dP* m 
p*2 IC - p1 = 2 x -- 

8fi3 $3 a fi2%3 
* - -  

* 
where P i s  the e l ec tmn  momentum at, which the  t r m s i t i o n  occurs and+ 

i s  Planck's cons tmt  divided by 231~ and m i s  the mass of the electron. 

Thus 

where P i s  2 o r  4, depending on whether t he  f i n a l  state i s  O,(% ) or 
g 2 

- 4  
0,J xu), Figwe 3 .  



The only uncertainty i n  evaluating B/h2 l i es  i n  the d is t r ibu t ion  
* 

function f(E) and the energy E . If the Bloch-Bradbury values f o r  these 

w e  used and if p2 = 2, t he  cross section ol, based on our experimental 

values f o r  c1(~/k2) i s  approxbately 3 x 10 -15 m2 (Table V ) 3  thus, 

l a rger  than gas k ine t ic  cross sections. 6 The maximum value (corres- 

ponding t o  k = 0) of the cross section for  process (e) ,  cr2 i s  
2 cm . appraximaately 6 x Cdculat ions by Vogt and Wannier7 s b w  

that the cross section for "close coll isions" between a31 0; ion and an 

O2 molecule may be a fac tor  of 100 la rger  than the  cross section fo r  

co l l i s ion  of two O2 molecules. 

in te rac t ion  between the Ion and the dipole induced i n  the molecule. 

This e f fec t  originates from the Coulomb 

Thus, one can readi ly  understand how al can be la rger  than the gas 

k ine t i c  cross section. de - 
serves fu r the r  comment. The discussion of t h i s  fact  must be made i n  

The reason f o r  the large r a t i o  (7 / 5  1 2 m a x  

connection with the potent ia l  energy diagram f o r  0- 

i s  not w e l l  determined (see Chapter I, p 15) .  

which unfortunately 
2' 

In  the Bloch-Bradbury interpretat ion of Bradbury's data it w a s  

w a s  simply the  f irst  vibrat ional  l eve l  i n  the ground 
,K- 

assumed that O2 

state (5 1 of 0;. By aa argument based on the  quantum mechanical 

t r ans i t i on  probabi l i ty  it w a s  shorn that  the  order of magnitude o f  the  
t3 

In  r e l a t ing  the rate constant C 1  t o  cross section no, we used 6 
the convention of' A. C. G. Mitchell and M. W. Zemansky, Resonant 
Radiation and Excited Atoms (Cambridge University Press, London, 1934) 

'E. Vogt and G. H. Wannier, phys. Rev. z, 1190 (1954). 





results obtained by 

i n  i t s  first s t a t e ,  

65 

Bradbury could be xndarstood only if  0; is  vibrating 
8 Bates and Massey, however, have pointed out that 

the  electron a f f i n i t y  f o r  O2 as obtained from thermochemist3-y i s  approxi- 

mately 1 volt, while the Bloch-Bradbury theory requires approxbately 

0,1 volt, 

el-ectrons may be captured in to  the ( q) state of 0; and t he  (%g) state 

These two facts are brought in to  harmony by assuming t&at 

4 -  

l i es  neazly 1 vol t  lower. 

",ha details of the reactions (d), (e) ,  and ( f )  are by no 

clear, but ve m y  l is t  several passibXLilies. If electrons a re  captured 

in to  the ( Xi,) state there  are at least three poss ib i l i t i e s  f o r  stabil i-  

na;t,ion of o2 -by process (d) :  (I) vibmti.ona1 energy t ransfer ,  (2)  e lm-  

t m n  t n i m f e x  from o2 

fmru 0 

i n t o  -the (?lIg) state, possibilities (1) and (2) anly remain, Since N 

i s  not electronegative, and since the emrgy condition rules out stabili- 

4 
,-E 

-* 
t o  o~~ sknd (3 )  transfer of  electronic excitation 

,a 
t o  O2 l ewing  O2 in the ('A ) s t a t e ,  If electrons are ca,ptured 

2 Q 

2. 

zat ion by electronic  excitation transfer, process ( e )  repsesenks only 

vibrat ional  energy transfer, regajrdCleiw of tlne s t a t e  QT excjtation of 02. 
~n either case the reasoE for the  l a g e  ratio tr /CT 

1-r" capture takes place in the (5 ) stake, (5 

(I) m a  ( 2 )  f o r  react ion (a), & i l e  CJ* max arises from process ( e ) ,  

poss ib i l i t y  (1) only, If capture takes place i n  the ( <) s ta te ,  Q 

a r i s e s  from poss ib i l i t i e s  (l), (21, and ( 3 )  fo r  reaction (a),  w h i l e  

i s  explained, 1 2aa.x 

arises frm poss ib i l i t i e s  i3 1 

4 
1 



i p i  

aga-ln arises frm proce.;s (e], possibllfty ( 1 )  only.. 

Thp most su~prislcg result of f.LLLing the above model of electron 

%? mRx 

capture  to the expePjaneatal data i s  zhe large value of" Llne corns.tait K 

representlng the rate of process (f). 'The i ~ s ~ a l  k ine t i c  theory criterion 

for three body collis%3ns9 fails cmpleLely. 

that O2 and N, ffrst  coaa'oinc to form 0 4 J  with a liPct-iane agafnst 2 2 2  

dasuoc ia t ioz  which j s  long compwe3 t,\> the t ime  f o r  electron emission, 

This pofnt, Is treated Sn m w e  detail i n  Appcadjx. 1, 

A possible reason may be 
,x . x  

n that the cross sectLon CT is nearly inde- I Tn Table V it is 

p e n d e n t  of E/P (and  hence t'np electron agitation snel-gy) as, of coiirseg 

it s h o d d  be i f  we are d e a l i q  wiLh t h e  same excited states in O2 e 

,x 
The 

a is not eaLirely tndependr,;it, of' E/P carl e a s l l y  be explained 
1. 

X 
by OUT l a c k  oE knowledge of f(E) and E 

by ncglzcling process (11) does depend on E/?;, msy be taken 8 s  evidence 

that. b, represrnticg the rate con,ctant f o r  process (b)  i s  n o t  negl jgible  

TF.e f a c t  that  t~ obtained 2 maxB 

A t t a c h m e n t  of Electrons in Ethylene-Oxygen Mixtures 

Ar?. inves t lga t fon ,  sim:lap LJ .the one conducced for 0,--N2 mixture:,, 

w a s  carinfed ou t  for C H -0 m t x t u r e s .  DrTPt, veloclty dat-a have been 

Peported' and are shown i n  F-igure 2'7. 

2 4  2 
M s c  height data f o r  t o t a l  

'R0 C, ToLulun, S t a t i s t :  cal Mechaizttcs w i t h  Application to Physics 
P 

arid Chemistry (Chemical CatalzCo.', =.e- New York, 1927) 
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coefficient,  a, given by Eq, (18), reduces t o  the  form required by experi- 

ment, Eq. (231, with either of two condttions: 

(a) hl > > ClflP + C2f2.P + K-E1Pf2P, o r  (b) h2 + hl < < C: f P + C2f2P + 
KflH,P. L 

1 1  

For condition (a)9 

w h i l e  condition (b) gives 

€ < 1; thus hl 

hl + A2 
W e  have shown i n  conraection with the 0 -N data Ghat I 2 2  

i f  condition (a)  holds, a. ( i n  Eq. 23) would have to be less than p by 

a large factor., 

of the  same order as B .  

On the other hand, if conditioz (b) holds, a would be 

When Bradbury's value of h, the probabi l i ty  of 
0 

capture per col l is ion,  is extrapolated t o  an electron energy of 0,08 

volts (corresponding t o  E/P = 1.2 i n  C2H4) and used t o  obtain a,  we f ind  

a = 4 x 10-3 as compared to a 

termined from the 3radbwy data is smaller than a by a fac tor  of 10, 

and one can conclude that condition (b )  holds and the value of a,  as 

determined from extrapolating Bradbusy's r e su l t s  i s  a factor of 10  smaller 

than p. Condttion (b) wilL, of course, not hold at l o w  values of f lP  and 

= 4 x at E/B '= 1,~. ~hus p as de- 
0 

0 
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f2P, bu t  appears t o  hold over  t h e  e n t i r e  pressure r m g e  covered by the 

present experiment ( S  P ranged from 0.19 to 1.0 mm Eg, and f2P ranged 

fl-om 250 to 600 mm fig). 

1 



A study of the processes of electron capture t o  O2 wasj carried 

out f o r  the cases of O2 mlxed w i t h  A, Ngr and C2H4" The behaxior of 

the attachment coefficientt, a,  was observed t o  be complex, ice., i t s  

magnitude depended on the pressures of the two gases in the binary 

mixture and on the  nature of the non-attaching gases, 

In the case of 02-A, electron capture is  due t o  the process 

+ e + 0" + 0 since the energy of t he  electrons, even f o r  E/P < 0,5,  0 

i s  large enough t o  produce dissociation. True pressure dependence 
2 

f o r  t h i s  case w a s  not observed, but it w a s  found that in the region of 

0.3 - < E/P 3 € 0.5, cz decreased with increasing Po2/PA. This implies t ha t  

i n  th i s  region of electron energy M i s  a decreasing function of energy, 

and that the mean electron energy decreases with increasing Po2/FA. 

For the  case of 02-N2, OC depends on the presswe of 02(flP) and 

the pressure of pJ2(f2P). 

be a = AflP + Bf2P + CflPf2P. 

of an extension of the  Bloch-Bradbury mechanism where the initial 

capture leads t o  an unstable ion O2 . An anaLysis of the results leads 

t o  the cross section f o r  the coLlisional s tab i l iza t ion  ~f 0;' by O2 and 

by M 2 j  the values were found to  be 3 x 

f o r  N2. 

stood on the  basis of the usual gas kine t ic  theory for three-boQ 

The complete expression fo r  12 was f o n d  to 

These results were interpreted in terns 

..)c 

em2 for (I2 and 6 x cm2 

The m i t u d e  of the experimental constant C could nat be under- 
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c o l l i s i o n s ,  i s  formed having a 

l i f e  time which i s  long compared t o  the v ibra t ion  t i m e  of the molecule, 

It was suggested 'chat t'ne complex 0 - - N  2 2  

-* 
2 -  and i s  long  cornpared t o  the time €or e lec t ron  emission from 0 

The r e s u l t s  f o r  (2. i n  the case of 0 -C H mixtures were expressed 2 2 4  
as 

where a 

_nese r e s u l t s  were shown t o  be a spec ia l  case of the de ta i led  model. 

used t o  explain t h e  0 -N, r e s u l t s .  The physical i n t e r p r e t a t i o n  of the 

result,s i s  as follows: Tize constant, term Q! a r i s e s  from the fact, t h a t  

at the  lowest C B 

c o l l i s i o n s  with C H molecules. The tern1 kf P arises as a result o f  

direct,  formation of s t a b l e  0- by react ions of LIE type 

arid k a r e  pressure independent and f P i s  the  pressure of C2H4. 
0 2 

IT11 

2 2  

0 

,-E 
pressure all of the O2 have been s t a b i l i z e d  by 2 4  

2 4  2 

2 

T 
0 2 + e + C 2 4  H -+Oi $- C2H4 

where tne T designates the t r a n s f e r  of energy t o  a C H molecule. 2 4  
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APPENDIX 1 

,* * * 
c O2 c N2 -+ 0; t O2 + Np OONSIJ3EEUITION OF THE PROCESS O2 

I n  t h i s  appendix fur ther  consideration w i l l  be given t o  the 

three-body s tab i l iza t ion  process, 

,* * * 
2 o2 c o2 + H2 --so2 -t o;! f N 

It i s  known tha t  ion molecule reactions take place with large cross 

sect ions, l  and tha t  the duration of these col l is ions m y  be nraay times 

a s  long as inolecular vibration t5mes.' 

effects i f  the long range Coulomb force which comes into play when an 

ton approaches a molecule having an appreciable polar izabi l i ty .  This 

force i s  approximately equal f o r  the pairs  O2 - O2 and O2 N2" I n  

view of th i s  f ac t ,  and because the N 

times the O2 pressure, it i s  reasonable t o  assume tha t  the intermediate 

complex is  

The or igin of both of these 

."* ,* 

pressure was always about 100 
2 

Assume tha t  th i s  complex i s  a case of weak interact ion between O;* and 
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N 

the case of 0 

of the co l l i s ion  against  moleculzr dissociat ion,  I-, i s  much grea te r  

than h2 . 

and thas  the  decay time against  e lectron emission i s  the s m e  as f o r  
2 

-* 
alone, i , e , ,  1;'. Assume,  further, t h a t  t he  duraLioii 

2 

-I 

,* 
 he equilibrium concentration ni7 number of (02 -N ) complexes 

2 ,* 3 per ern , i s  determined by s e t t i n g  the  r a t e  of co l l i s ions  of 0 

(at concentrations n and n 

e lec t ron  emission, i , e m ,  

with W2 2 

respect ively)  equal. t o  the  rate of 1 2 9  

-* 
where CT 

i s  the mean r e l a t i v e  veloci ty  of the co l l id ing  par tners .  If a i s  

the  CTOSS sec t ion  fo r  s t a b i l i z i n g  co l l i s ions  of 0 

rete of these co l l i s ions  i s  

i s  t'ne cross sect ion f o r  co l l i s ions  of 0 with N2 grid vrL2 12 2 

i3 
-x 

with (02 - XI2) ,  the  
2 

R = m v..- n n i 3  15 i 3 

-+ 
where a i s  the average r e l a t i v e  ve loc i ty  of  ( 0  - N ) and 02, and i 3  2 2 

11 i s  the concentration of 0 . 3 2 

Combining Eqs, ( A - 1 )  and ( A - 2 )  gives 



I ,  
r\ 

i .i 

%ne rate of s t ab i l i za t ion  was defined i n  Eq, (17) i n  terns af t h e  

experimental constant K, Equating these two r a t e s  gives 

(A-4) 

where K a n d  n are  pressure independent. 1 

f P  2 where No I s  the number of flP 
3 = - 760 

- and n 2 = No 760 Since n 

molecules per cm3 of gas a t  standard temperature and pressure, we 

f i n a l l y  obtain 

The averagc value of K determined from experiment and from @ / h  as before 2 
is 5 x 10 4 see -1 (m Hg)-2 if t h e  s t a t e  of 0; i s  (% ) or is 2,5 x 10 i+ 

g 
-1 4 sec 

should be set at  about 10 

co l l i s ion .  The cross sect ion CT i s  not as easy t o  decide s ince it 

represents  the  product of a cross sect ion f o r  co l l i s ion  with the prob- 

(mm Hg)-2 if the  state of 0; i s  ( Xu’. The cross sect ion u,,, 
n -14 r- cm , which i s  typ ica l  for an ion-molecule 

i 3  

a b i l i t y  f o r  energy t r ans fe r ,  

!The. upper l i m i t  for CT 
i 3  

is cm , the l a t t e r  being 2 

-14 2 
is 10 cm and  a reasonable lower l i m i t  

based on -the f a c t  t h a t  t he  c ross  sec t ion  
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- x- 2 
2 2 Poi- s t a b i l i z a t i o n  o f  0 with 0 l is more than 1.0 cTn , The range or 

-1 -1.1 -1 values of A, i s  <;hen 5 x 10  -<A:! I < 5 x IO-'-' sec .   his is in 
L 

i n t e re s t ing  agreement with t h e  order o€ mag-nitudc estimake by Blocli 

and Bradbu-ry which gave 10 see.  3 -10 

-1 b 
2 -  Eyring's Nov l e t  us examine the cond-ition T > > A 

s t a t i s t i c a l  mechanical theory of react ion r a t e s  has been extended by 

Magee> and applied to t he  ease of ion-moleculc reactions.  

Magee @ive an approximate formiha f o r  the  J i f e  time of a complex as 

Burton and 

2 

where E 

i.elat,ive energy of the complex, approximately equal t o  E + kT, and 

i s  t h e  binding enerLw OP the  complex, E i s  the  actual B 

B 

i s  the number of v ibra t iona l  i n t e rna l  degrces of freedom which may be 

exci te& i n  the  complex. 

t h e  number of atom; i n  t he  complex. 

B 4 

The maxirilum value f o r  Q! is 3n-6, where n is 

The binding energy E f o r  0- may be estimated by adding the 

polar iza t ion  energy t o  the  potential .  enerey cu'Pve f o r  O b ,  

zs t ion  energy, Vp, may be expressed as 

The po l s r i -  

'F. Blocli and N. Bradbuiry, Phj-s. Rev. 48, 689 (1935). 

4 13. Eyring, J. Chem, Phys. 2, 1-07 (1.955). 
5J. L. Magee, Proc. N a t " .  Acad. Sci.  38, '-761: (1952). 

I 

- 



varioks values of (2 cnd  v s l r ~ s  0: % fi; the r.eg-;on cf interest$, 

case of excitation o r  a l l  degrecn of f-reedurn, i , a = a, theory gives 

For the 

/- 

'Eo H, Kennard, Kinetic Zb.0~ __*_ oE Gases -._I- (McGraw H$l1 Book Company, 
In@ o > N e w  York, 1.938) ) '32r 
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l l h  

3.0 x lo-” - -  < T C 6 x 10’’ sec for 0.10 5 % 5 0.20 volts. Thus the 

condition 7 > > $’ can be met since the range for A l l  is 5 x 

5 x LO-’O see, 

to 

Another condition has been imposed on h2. In the development of 

the stabilization model (p. 57 and following) it vas assumed that 

A2 > > X1 + ClflP I- C2f2P I- KflpT2P 

The evaluation of the right hand side for flP = 10 ~trm Hg and f2P = 

IO’ mm Hg gives 3 

3 x 10 a see -1 or hi1 < < 3 x 10-9 sec 

-11 
The inequalities are best satisfied if A;x is about 5 x 10 

is about 6 x 10“’ see, corresponding to % = 0.2 ev and cx = 6. One 

final condition on h should be examined, ice., < < t i m e  between 

collisions, tbc, of O2 with (02 

, and 4 

2 ,* - N2). This condition is not demanding 

since at 10 mm Hg, tbc = 6 x 10 -23 loi3 and = 5 x 1 0 - ~ 5 / 0 ~ ~ .  

Conditions similar to the above vould be viola-Led in at least one 
,* 

respect if the intermediate state were assumed to be O2 

against electron emission), 0 - N  

or O2 (stable against electron emission); thus the above model is pre- 

ferred. A set of values which leads to internal consistency is then 

T = 6 x 10”’ sec corresponding to EB = 0.2 ev and a = 6, h2 = 5 x 10 

(unstable 

(stable against electron emission), 2 2  
,.. 

-1 -11 
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