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/. Introduction 

In recent years a large amount of information on the reac
tion kinetics of negative ions has appeared in the literature. 
This research reflects the importance of negative ion kinetics 
in a diverse number of fields including upper atmospheric 
studies, reentry physics, gaseous electrical discharges, and 
laser physics. The author is presently engaged in developing 
a survey, with critical analysis, of the available theoretical 
analysis and experimental reaction rate data for gas-phase 
negative ion reactions of inorganic molecules. The survey will 
be limited to exothermic or slightly endothermic reactions, 
and the rate constant data considered will correspond to 
measurements made under conditions of thermal equilibrium, 
i.e., ion/electron temperature « translational temperature, at 
temperatures typically less than 30000K although in specific 
instances higher energy data may be cited. This report en
compasses the first two sections of the survey, concerned 
with three-body and dissociative electron attachment. 

The main emphasis of the survey is on the discussion of 
reactions between electrons, negative ions, and neutrals of 
importance in the O2/N2/H2O/CO2 system. All possible exo
thermic reactions of this system are considered and, where 
possible, undetermined rate constants are estimated. How
ever, the survey is quite general and an attempt has been 
made to include all the rate constant data of negative ion 
reactions studied under conditions of thermal equilibrium. 
While these additional reactions are interesting in their own 
right, they also provide a larger data base for observing 
trends in particular types of negative ion reactions and may 
be of use in estimating rate constants. Reactions which have 
been explicitly excluded from the survey include those involv
ing large molecules, i.e., SF6, CCI4, etc., and hydrocarbons. A 
limited number of references to the recent literature on such 
reactions will be included in the text. 

The report is broken into sections by reaction type. Each 
section includes a detailed discussion along with the tabulated 
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rate constant data. The reactions in each section are ordered 
with increasing reactant size (i.e., monatomic, diatomic, etc.), 
and alphabetically for a given reactant size. Rate constant 
entries for a given reaction are listed chronologically. In cases 
where rate constant measurements for a specific reaction 
are in conflict a recommended value will be followed by an 
asterisk. It should be pointed out that such recommendations 
may be based on the author's personal preference since 
there is frequently insufficient information available to deter
mine a preferred rate constant in an objective manner. 

Excellent discussions on the various experimental methods 
used in measuring the rate constants of negative ion reac
tions may be found in recent texts by McDaniel et al.1 and 
Christophorou2 among others. In the text the experimental 
technique by which a specific rate constant was determined 
is designated by a letter following the relevant reference num
ber. The meaning of the letters is given in Table I. A separate 
letter is used to indicate those experiments where mass 
spectrometry was used to identify the reaction products. 
Symbols are also used to designate those rate constants 
which were determined indirectly, either by detailed balancing 
or extrapolation or by theoretical prediction. The types of ex
periments listed in Table I are quite general and there can, of 
course, be major differences in experimental technique be
tween any two studies using similar apparatus. The exother-
micity (or endothermicity) of each reaction is also tabulated 
along with the temperature and pressure (if relevant) at which 
the measurements were made. 

Where required, the Langevin rate constant34 is used as a 
measure of the maximum allowable rate constant for an ion-
neutral reaction. This theoretical prediction is based on the 
assumption that the interaction potential may be described by 
the induced dipole field between the reactants. The resulting 
expression is4 

k = 2ire(a/ix)^2 (1) 

where e is the electronic charge, JX is the reduced mass of 
the reactants, and a is the polarizability of the neutral reac
tant. While there has been some criticism5 as to the general 
use of this formalism in describing ion-molecule kinetics, it 
appears to be most appropriate at thermal energies and is 
useful as a measure of the efficiency of a given reaction. 

TABLE I. Code Description 

Desig- Desig
nation Meaning nation Meaning 

a Drift tube (Swarm) f Flame 
b Stationary afterglow g Mass analysis 
c Flowing afterglow h Theoretical prediction 
d Electron beam i Detailed balancing of reverse 

rate constant 
e Shock tube j Extrapolated from higher en

ergy data 
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//. Three-Body Attachment of Electrons to Atoms 
and Molecules 

The available measurements and predictions for the rate of 
three-body attachment to atoms and molecules of interest in 
this survey are summarized in Table II. The general form of 
such reactions is 

e + X + M ^ X - + M (2) 

The discussion below is divided into sections according to the 
size of the attaching species. 

A. Atoms 

While some theoretical effort6-8 has been directed to the 
prediction of the cross sections for three-body attachment of 
electrons to atoms, the results are generally not readily appli
cable to situations characterized by thermal equilibrium at rel
atively low temperatures. Perhaps the most directly applica
ble work is that of Shui and Keck8 who have recently devel
oped a modified phase space theory for the prediction of the 
collisional detachment (the reverse of reaction 2) rate con
stants of atomic negative ions. This theory requires a param
eter which describes the interaction potential between the 
negative ion and its collision partner and as yet no a priori 
technique has been developed to predict this quantity. How
ever, predictions of the theory, where the unknown parame
ter was chosen empirically, have been found to be in good 
agreement, in both magnitude and temperature dependence, 
with high temperature (>3000°K) data on collisional detach
ment of the halogen negative ions.8 

The experimental data base for the attachment of elec
trons to atoms is relatively sparse. The most direct attempt to 
study such a reaction would appear to be the research of 
Good9 on the attachment of electrons to fluorine atoms. In 
this study the attachment process was found to proceed with 
a rather remarkable positive activation energy of 3.6 eV. The 
experimental technique consisted of shock heating mixtures 
of air and fluorine containing species, such as SF6 and CF4, 
to temperatures of «3800°K and pressures of ~1 .5 atm. 
Under these conditions the fluorine in the mixture was com-
pfetely converted to atomic form. The shock heated gas was 
then expanded in a nozzle, and the resulting electron density 
history was monitored via microwave techniques. 

In the clean air cases it was reported that the electron 
decay in the nozzle was due solely to the volume expansion, 
i.e. 

dn e /d f = n e d l n (N) /d f (3) 

where ne is the electron density in parts/cc and N is the total 
number density. The difference between the electron decay 
rate in pure air and that in fluorine contaminated mixtures was 
ascribed to attachment by F atoms, and the relevant attach
ment rate constant was determined by use of the relationship 

d(ne - / i e J / d f = ~kaneFN (4) 

where ne/K is the electron density in clean air, ne that in the 
fluorine contaminated mixture, F the F-atom concentration, N 
the total number density, and ka the attachment rate. The ac
tivation energy was deduced by determining the variation of 
ka along the nozzle. The rate constant was found to increase 
by a factor of 10 as the temperature was decreased from 
2800 to 24000K. This analysis was in error, however, since it 
can be readily shown that the governing equation actually is 

d(n e - n e J / d f = -ka'neFN + (ne - neJ d In (N) /d f (5) 

Comparing this with (4) one finds that the relation between 

the actual attachment rate, ka, and the value of ka deduced 
by Good is 

ka = ka'+
(neJFe

N~^d\n(N)/dt (6) 

The experiment had additional complications in that the 
measured density history in the nozzle was markedly different 
from that predicted theoretically. In any case a reanalysis of 
the data would require more information than is available. The 
error in the data analysis will presumably be smallest closest 
to the nozzle throat or conversely at the highest temperature 
at which the rate was deduced. This corresponds to an at
tachment rate of 4 X 10~31 cm 6 s e c - 1 at 28000K where the 
stabilizing partners are a combination of O, O2, NO, and N2. 

More recently Modica10 has measured electron production 
histories in Ar-air and Ar-ai r -SF6 mixtures behind reflected 
shock waves using microwave techniques. In this study the 
SF6 was predicted to be completely decomposed to elemen
tal fluorine, and the electron density history in the Ar-a i r -SF 6 

was found to be depressed below that of the equivalent A r -
air observations. The experimental observations were ade
quately represented by a kinetic scheme which included 
three-body attachment to fluorine atoms with a rate constant 
varying monotonically from 4.9 X 1O - 3 1 to 3.2 X 10~31 cm 6 

s e c - 1 over the temperature range 3700-45000K. Unfortu
nately, a sensitivity analysis on the choice of the attachment 
rate constant was not performed, and since the theoretical 
predictions are strongly dependent on the air kinetics used it 
is not possible to comment on the reliability of this result. 

Lastly, using a novel experimental technique, Debiesse et 
al.11 have deduced a lower bound for the cross section for 
electron attachment to bromine atoms. In this work copper 
electrodes were placed on either side of a methane flame. A 
jet of bromine atoms was then introduced near one of the 
electrodes and as the electron attachment near the electrode 
increased a voltage drop was produced across the elec
trodes. Furthermore, when the electrodes were short circuit
ed, a current produced by the electromotive force resulting 
from this change in potential could be measured. The voltage 
and current were measured vs. bromine flow, and a satura
tion point, corresponding to full attachment, was observed. 
The electron density was deduced from the measured cur
rent, and a lower bound for the attachment rate constant was 
obtained from the observation that the attachment rate must 
be more rapid than the recombination rate at saturation. 

Debiesse et al. assumed that the attachment process was 
radiative, i.e. 

e + B r — Br" + hv (7) 

and determined that their measurements indicated that the 
cross section for this process was > 1 0 ~ 2 1 cm2 . The accept
ed cross section for this process, as determined by detailed 
balancing of the photodetachment cross section,12 is close to 
an order of magnitude smaller than this value. Thus if the data 
of Debiesse et al. are correct, their cross section must corre
spond to the three-body process and would imply that the at
tachment rate is greater than 0.8 X 1O - 3 2 cm 6 s e c - 1 at 
20000K. 

In the last few years several studies of collisional detach
ment of the halogen negative ions have been performed 
under conditions where the electron and translation tempera
tures were equal. In these experiments13"19 the halogen neg
ative ions are typically created in large excess by the disso
ciative ionization of shock-heated alkali halide molecules. The 
resulting temporal behavior of the negative ions and electrons 
can then be monitored by various means. (For example, in 
the case of Mandl's experiments14-18 those quantities are 
monitored via absorption and emission spectroscopy respec
tively.) 
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In most cases the deduced collisional detachment rates, 
measured over a typical temperature range of 3000-60000K, 
could be fit to the simple Arrhenius expression 

kd= Ae~EA>lRT (B) 

where EA is the electron affinity of the respective halogen 
atom. The results of these experiments may be converted to 
their respective three-body attachment rates by the use of 
detailed balancing. The equilibrium constant for reaction 2 for 
an atomic attaching species X is given by 

where g, is the electronic state degeneracy for species / and 
me is the mass of the electron. The resulting values of the at
tachment rate constant are listed in Table II. In the case of flu
orine and chlorine the ground-state degeneracies were ad
justed to take into account the effect of low-lying electronic 
states. In the case of F - , the magnitude of the detachment 
rate was found to vary strongly with collision partner. Such a 
behavior is typical for detachment processes in general, and 
similar results would be expected for the other halogens. It is 
noted that Good's9 value for attachment to F at 28000K is at 
least an order of magnitude greater than that predicted from 
detailed balancing of Mandl's results. It appears that Mandl's 
value should be preferred given the uncertainty in the data in
terpretation of the former experiment. 

There are no available experimental data on thermal equi
librium electron attachment (or detachment) involving oxygen 
and hydrogen atoms. The value listed for hydrogen was de
duced by Chibisov6 who applied the principle of microscopic 
reversibility to the available detachment cross-section data. 
This value is not Maxwellian averaged and is only valid for the 
case when the electron and H - kinetic energy are approxi
mately 0.75 eV. Frommhold20 has measured the O - detach
ment cross section at ion energies greater than 2.25 eV with 
O2 as the collisional partner. However, his measurements are 
not considered sufficiently detailed to warrant determination 
of the thermal attachment rate constant via microscopic re
versibility. 

The value listed in Table Il for attachment to oxygen atoms 
was predicted from the modified phase space theory of Shui 
and Keck.8 It was assumed that the parameter which de
scribes the O - -M interaction potential was such that the at
tachment process required no activation energy. There is, of 
course, no theoretical justification for this assumption, and 
the listed rate constant should only be considered as repre
sentative. 

B. Diatomics 

In the case of diatomic molecules, process 2 has been 
modeled by a modified Bloch-Bradbury21 mechanism pro
posed by Herzenberg.2223 The mechanism suggested in
volves the resonant capture of an electron in a two-body 
reaction resulting in the creation of a negative ion in a vibra
tional^ excited state. The excited ion may then autodetach or 
be collisionally stabilized. Thus for excitation to a given vibra
tional level one has 

e + AB^=AB-* (10) 

A B " * + M ^ A B - + M (11) 

To simplify the analysis one can assume that AB - * is created 
preferentially in one excited state and then, by making the 
steady-state approximation for AB - * , one can write the over
all three-body attachment rate as 

K = * i o X i i / ( r - 1 + Ar11A/) (12) 

where N is the total number density. The above expression 
reduces to 

ka~kwkUT (13) 

when T - 1 > k n « . 

This type of analysis can explain the observed increase in 
attachment rate constant with increasing complexity of the 
stabilizing partner (see Table II) since molecules with more 
degrees of freedom would be expected to be more readily 
able to absorb the excess energy of AB - * in a stabilizing col
lision. 

In the more formal analysis of Herzenberg22 the initial elec
tron capture is pictured to proceed via excitation to a reso
nant state, and the capture cross section is described in the 
Breit-Wigner formalism.24 For capture of an electron of ener
gy E by a molecule, initially in the state a, creating a negative 
ion excited to vibrational level n the cross section is given by 

<rc"(a;E) = T\2(C«lg)\YanTn/{(E - En)
2 + 

ChTn)2]\ (14) 
where C" is the number of degenerate resonances corre
sponding to level n, g is the total number of spin states of the 
collision partners e and AB, X is the deBroglie wavelength of 
the electron, Ta

n is the partial width of the resonance from 
state a to n, Tn is the total width from all states a, and En is 
the energy at which the resonance occurs. The total capture 
rate constant for molecules in initial state a is 

*c = E J d E ffc»(a;E) V6(E)Fe(E) (15) 
n 

where Ve is the electron velocity and Fe is the Maxwell-
Boltzmann distribution function. Under the assumption that 
the radiative lifetime of the resonance 

Tn = HfV1 (16) 

is shorter than the stabilization time, rc, the percentage of 
these excited ions which are stabilizied, is TnIrc. Herzenberg 
has defined TC in terms of the Langevin cross section (eq 1), 
i.e. 

rc-1 = 2*$e(a/n)U2N (17) 

where f is the probability that the collision will be a stabilizing 
one. 

The overall attachment rate for molecules AB initially in 
state a is then (for Tn < rc) 

*a = 2 7 r f e ^ y (j2rnSdEac
n(a;E)Ve(E)Fe(E)) (18) 

Note that if the width of Fe(E) is broad compared with F", 
then the quantity F6 Ve may be taken out of the integral with 
the result 

/4Tr3h2e\/ay<2 [ V 
*a = ( - T ^ e - J ^ j ^[ZFe(En)(CVg) X 

X ( E n ) d v / r " ) ! (19) 

One sees that the width of the resonance only appears as a 
ratio in expression 19. This result markedly simplifies the 
evaluation of the attachment rate constant; in particular, for 
the lowest resonance there is usually only one channel avail
able in which case Ta

n/Tn = 1. 
For the case of oxygen molecules, discussed below, 

Herzenberg22 used the vibrational excitation cross sections of 
Hake and Phelps25 to make a rough estimate of the partial 
width of the lowest resonance, Tao", where ao refers to the 
ground vibrational state of O2, and deduced a value of 2 X 
10 - 6 eV. Very recently Koike and Watanabe26 have devel
oped an ab initio derivation for the initial capture cross sec-
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TABLE II. Direct Electron Attachment to Atoms and Molecules 

k 
e + A + M — A" +M 

A H , , . . = - E . A. (A) - 0.064 eV 

REACTION 

1) e + Br + M -~BT + M 

2) e + C l + M - C F + M 

3) e + F + M - F ' + M 

4) e + H + M - H + M 

5) e + I + M — I + M 

o) e + O + M - O ' + M 

7) e + Br + M - B r " + M 

8) e + HCl + M - ? 

9) e + I2 + M - I ~ + M 

10) e + NO + M - N O " + M 

11) e + OH + M - O H - + M 

12) e + O2 + M - O " + M 

M 

Ar 

Ar 

CH4 F lame 
Product s 

Ar 

Ar 

Ar 

CO 

N 2 

Shock Heated Air 

Shock Heated Air-A 

H 

Ar 

Ar 

N 2 

Ar 

He 

HCl 

He 

Ar 

He 

Ne 

CO 

H 2 

NO 

co2 

N2O 

NH3 

-

He 

N 2 

k, cm - s e c 

1.6 x 10"32 

, , ,„-30 , 300 . 3/2 
3. 3 x 10 ( " T - ' 

> 8. x 10"33 

1.4 x 1 0 " 3 ' 

l . 6 x l O - 3 ' ( 3 0 0 , 3 / 2 

5 . 3 x l 0 - 3 2 , 3 0 0 . ) 3 / 2 

2.3 x 1 0 - 3 0 , 3 0 0 , 3 / 2 

8 . 0 x 1 0 - 3 1 ( 3 ^ , 3 / 2 

~ 4 x 1 0 " 3 ' 

• 1.4 x 10-30 (100., e ( 5 3 9 0 / T ) 

a x l e " 3 2 

< 5 x 1 0 " 3 ' 

7 x l 0 - 3 ' , 3 0 0 , 3 / 2 

1.2 x 10-30(30O 1
3 / 2 

1 . 0 x 1 0 - 3 0 , 3 0 0 , 

< 5 x IO" 3 1 

< 2 . 5 x 1 0 " 2 8 

* 1 0 ' 3 3 3/2 / \ 
2 . 5 x IO"3 ' (100, / 2 ^ 5 2 0 ) 

6 . 9 x I 0 - 3 2 ( 3 0 0 )
3 / 2 ^ . 8 6 l j 

3 , 1 0 - 3 ' , 3 0 0 , 3 / 2 ^ 6 8 O ) 

i . s , io-"(4gS) , / z .(-^) 
(8 ± 2.) x IO" 3 ' 

(5.9 * 1.2) x IO" 3 1 

1 . 0 x l 0 - " , 3 4 0 ) V 2 , ( . 6 6 0 ) 

, 1 . 1 * .24) x IO" 3 0 

j . i o - ' ^ i ' ^ J J f ) 

(V. 1 ± 1.2) x IO" 3 1 

, , x I O " 2 ' , 3 f > ) 3 / 2
e ( - 1 ^ ) 

- I O " 3 0 

(?. 5 ± .8) x IO" 3 2 

2.5 x I O ' 3 2 

(1 . 1 * . 1) x 1 0 " 3 ' 

3.5 x IO" 3 2 

(1 ± .5) x 1 0 " 3 ' * 

2. 6 x IO" 3 1 

(1.6 ± 0.8) x IO" 3 1 

- 1 . 5 x IO" 3 1 

T, °K 

3960 

2700-4300 

2000 

3200 

4000 -6000 

3600 - 7200 

3600- 53 00 

3000- 5400 

2800 

3700-4500 

E ~ 0 . 75 eV e 

2400 

3800-6000 

296 

296 

285 

200-500 

300 

300 

200- 500 

300 

200- 500 

300 

200- 500 

2000 

300 

300- 500 

300 

P M . To r r 

> 760 

760 

-

> 760 

-1000 

-760 

-

> 760 

-

50 

20 

0,4 

2-3,60-160 

0. 4 

0 . 4 - 2 . 3 

.4 

0 . 4 - 2 . 9 

0.4 

-

10 

10 - 100 

. 6 - 8 

300- 1500 

R E F . 

13 e, i 

19 e , i 

l i t 

19 e, i 

14 e , ' i 

19 e, i 

17 e, i 

15 e, i 

9 e 

10 e 

6 i 

19 e, i 

18 e, i 

18 e, i 

8 h 

75b 

73b, 74b 

65 c, i 

62 c, i 

63 a, g, i 

63a, g, i 

62 c, i 

64a , g, i 

62 c, i 

64a , g, i 

62 c, i 

70 £ 

30 b 

32 a 

30 b 

31 b 

8a ,32a,36a 

33 c 

37 c, g 

43 a, b 

COMMENTS 

See Text 

See Also Ref. 15 

See Text 

See Text 

Not Maxwell Averaged. 
See Text. 

See Text 

Deduced from Di s s . 
Att. Data 

See Text 

Deduced from Di s s . 
Att. DaU 

Uncertainty ± 10 - 50% 
(Rate listed incorrect ly 
in Ref. 62) 

Uncertainty ± 1 0 - 50% 

See Fig. 3 

Uncertainty ± 10 - 50% 

Uncertainty ± 1 0 - 50% 

Uncertainty ± 1 0 - 50% 

Es t . See Text 

Extrap. 

Continuous Irradiat ion 

As deduced from their 
Air and O, Meaa. 

Some P r e s s . Effects 
Observed. See Text 
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REACTION 

12 C£nt^d.)e + 0 , + M - 0 ~ + M 

13) e + C O , + M - C O , + M 

14) e + H 2O + M - H 2 O - + M 

15) e + N2O + M - ? S e e Text 

16) e + N O , ( + M) - N O , ( + M 

17) e + O3 + M — O j + M 

18) e + SO2 (+M) - SO" (+ M) 

M 

N O 

°2 

C 0 2 

H 2 O 

C 2 H 4 

co2 

H 2 O 

N 2 

N 2 O 

A r 

H e 

Kr 

Ne 

Xe 

N 2 

NO 

CO 2 

N O , 

C O 2 

N 2 

C O , 

S O 2 

k, cm -sec 

Sim. to 0_ 

(2. l±O.Z) x 10" 3 0 

2.4 x 1 0 ' 3 0 

, , . 4 * 0 . 2 ) , 1 0 - " f f ) . ^ ) 

1.7 X l O " 3 0 

(2. 12*0 . 14) x 10" 3 0 

( 1 . 9 * 0 . 3 ) x 10" 3 0 

( 1 . 4 * 0 . 2 ) x l O - 3 0 

( 2 . 0 5 * 0 . 1) x 1O - 3 0 

( 2 . 6 * 0 . 3 ) x 1 0 - 3 0 

( 3 . 3 * 0 . 9 ) x 10" 3 0 

( 2 . 2 * 0 . 1) x 1 0 - 3 0 

2.5 x 1O - 3 0 

( 4 . * 0 . 3 ) x l 0 - 3 0 e ( - ^ * ) 

2 . 2 x l O - 2 ' ( 3 ^ ) V 2 e ( - ^ ' ) 

( 3 . 3 * 0 . 7) x 10" 3 0 * 

3.2 x 1O - 3 0 

( 3 . 0 * 0 . 2) x 10" 3 0 

( 1 . 4 * 0 . 2 ) x 10" 2 9 

( 1 . 4 * 0 . 5 ) x 10" 2 9 

1.38 x 10" 2 9 

( 3 . 4 * 0 . 4 ) x 1 0 - 3 0 

2.5 x 1O - 3 0 

< 6 x 10" 3 6 

< 9 x 1 0 " 3 t 

(3 * 0.5) x 10" 3 3 

• 34 
5.4 x 10 

(6* 1.) X IO" 3 3 

~ 3 x l 0 " 3 3 

(5.6 * O. 2) x 10" 3 3 

(4.3 * 0.6) x 1O - 3 3 

4.5 x IO" 1 1 

5 X IO" 1 1 

2 X l O - 1 1 

3 x IO" 1 1 

3. 1 x 1 0 " U 

2.5 x 1 0 " u 

(1 . 1 * 0.3) x IO" 1 2 

4.0 x 1 0 " 1 1 

(1 . 1 * 0.3) x 10" 1 2 

/ + 0 ' 2 \ -11 I 1.4 Ix 10 " 

1. 8 x 1 0 - I o 

1.6 x 10-27 

1. 1 x IO" 1 0 

< i o - 3 0 

(6.6 * 0.6) x 10" 1 2 

~ 6 x l O - 3 0 

(3.5 * 0.6) x IO" 1 2 

T. 0K 

3 0 0 

i . 

195-600 

3 0 0 

130 

210 

280 

465 

575 

296 

3 0 0 

113 - 300 

>300 

3 0 0 - 5 2 5 

3 0 0 

296 

300 - 400 

300 

3 0 0 

3 0 0 

300 

300 

3 0 0 

300 

3 0 0 

300 

195 

300 

3 0 0 

3 0 0 

" 

PM< T o " 

1. 2 

1 - 150 

O. 5 - 2. 

7 . 6 - 54 

10- 100 

1 - 10 

1-20 

3 - 100 

O. 5 - 10 

O. 9 - 5 

4 .3 - 700 

-
3 - 187 

3. 1 - 11 

1 .25- 18 

-
200 - 800 

4 0 - 80 

-

24.6 

400 - 900 

35 - 190 

30 - 191 

10 - 200 

4 - 2 8 

3 - 70 

10 - 100 

3 - 7 0 

8.8 - 15.9 

3 - 70 

6.3 - 20, 5 

O. 2 - 0. 7 

O. 03 - O. 15 

O. 15 - O.9 

10 - 100 

10 - 160 

3 - 160 

O. 8 - 3.2 

R E F 

63 a, g 

30 b 

31 b 

28a, 3 2a, 36a 

33 c 

17 c, g 

40 b 

39 b 

43a, b, i 

42 b, g 

This survey 

28a, 34a, 36a 

38 a 

39 b 

34 a, 36 a 

35 a 

38 a 

35 a 

38 a 

80 a 

87 a 

91 a, j 

92 b 

38 a 

89 b 

92 b 

95 b 

96 b 

95 b 

97 b 

95 b 

97 b 

61 b , g 

38 a 

96 b 

93 a 

99 a 

' 

COMMENTS 

See Fig. 2 

Continuous I r radia t ion 

Ext rap . from 
< e > = 0.042 eV 

See Text &Fig. 2 

Ext rap . from 
< e > • 0. 18 eV 

k „ . See Text 

'' " 

M 

3 -1 k in cm - sec 

Data r e - in t e rp re t ed 
k in cm - s e c " 

k in cnv* - s e c * 

Data r e - in t e rp re t ed 
k in c m 3 - Bee" * 

Deduced from Di s s . 
Att. DaU 

. . 3 -1 k in cm - see 

i . • 3 - 1 k in cm - sec 
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V(O2") 
4 5 6 7 8 9 IO Il 

6I i i i i i i i r 

REF 27o,ARBITRARY 
NORMALIZATION 

0 2 4 .6 8 IO 

ELECTRON ENERGY, eV 

Figure 1. The rate constant for the reaction e + O2 + O2 —>• O2- + 
O2 vs. electron energy. The symbols correspond to a theoretical 
prediction while the solid and dashed lines are experimental data. 
The data of ref 28 are plotted vs. "mean" electron energy. 

tion for O2. Their result is easily reduced to the one level 
Breit-Wigner formula, and furthermore the resonance widths 
are expressed in terms of matrix elements which may be 
evaluated directly. Their theoretical prediction for the width of 
the lowest resonance is 4 X 1O - 6 eV. Thus it would appear 
that at least for the lowest resonance in O2 the approximation 
which leads to expression 19 is quite reasonable. Further
more, this resonance width corresponds to an autodetach-
ment lifetime of order 1O - 1 0 sec which in turn may be used to 
define the range over which attachment to O2 should have a 
three-body pressure dependence. 

The remainder of this section is concerned with a review of 
the available data on electron attachment to diatomic mole
cules. The data base is summarized in Table II. Comparisons 
between the experimental data and theoretical predictions will 
be made where possible. 

1. O2 

a. The Data Base 

The process of thermal electron attachment to the oxygen 
molecule has been studied by a large number of experimen-
talists27-46 for a variety of third bodies and is perhaps the 
best documented of all negative ion reactions. The experi
mental methods used generally fall into two categories: (a) 
drift tube techniques and (b) stationary afterglows. As can be 
seen by reference to Table II, the rate constant has a strong 
dependence on the nature of the third body, the trend being 
that the larger the third body the larger the rate constant. 

Note that the rate constant for M = O2 is much larger than 
that for M = N2. It has been suggested32 that this may result 
because stabilization by O2 could occur via a charge-transfer 
reaction 

( O 2 " ) , * + ( 0 2 ) 2 ^ ( 0 2 - ) 2 + (O2) , (20) 

Other mechanisms47,48 involving electronic state transitions 
have also been postulated to explain the large stabilization ef
ficiency of oxygen molecules. 

b. Electron Energy Dependence 

The validity of Herzenberg's analysis, as applied to attach
ment to the oxygen molecule, has recently been clearly veri
fied in the temperature range 300-8000K by the experimen-
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tal study of Spence and Schulz.27a In this work a high-resolu
tion electron beam, with half-width of «100 meV, was used 
to measure the cross section for electron attachment to oxy
gen in the electron energy range of 0-1 eV. The cross sec
tion was observed to rise from zero to a peak at an electron 
energy corresponding to the fourth vibrational level of O 2

-

(the lowest resonance) and then to have additional peaks at 
energies corresponding to the higher vibrational levels of O 2

- . 
The results of this experiment at 3000K are shown in Figure 1 
along with the drift tube measurements of Pack and Phelps28 

and a prediction by Chapman and Herzenberg.270 As can be 
seen, the agreement between the three is excellent. (It should 
be noted that the measurements of Pack and Phelps were 
performed in a drift tube, and thus the energy scale for their 
data corresponds to a "mean" electron energy deduced 
under the assumption that the electron velocity distribution is 
Maxwellian.) The rate constant data plotted in Figure 1 are an 
effective three-body coefficient 

K(E) = (T(E)V(E) (21) 

where E is the electron energy, a the cross section, and vthe 
electron velocity. 

The Chapman-Herzenberg prediction shown, based on the 
modified Bloch-Bradbury mechanism as illustrated by eq 10 
and 11, was evaluated from a modified version of eq 18. The 
Maxwellian electron distribution function has been replaced 
with a Gaussian distribution with half-width of 110 meV, in line 
with the electron distribution in Spence and Schulz's experi
ment. Only transitions from the ground vibrational state of 
oxygen were considered, and f, the stabilizing probability, 
was taken to be unity. 

c. Pressure Dependence 

At room temperature, transitions involving vibrational^ ex
cited O2 are relatively unimportant, and the dominant contri
bution to the thermally averaged rate will be the v" = 4 reso
nance, and thus the simpler mechanism which results in rela
tionships 12 and 13 may be used in examining the experimen
tal data. Attachment to oxygen molecules with O2 as the sta
bilizing partner has been demonstrated to manifest a F^ de
pendence up to pressures of 150 Torr30 at room tempera
ture. This result may be used to deduce an experimental 
lower bound of 1.0 X 1O - 1 1 cm3 s e c - 1 for Zc10 since this rate 
cannot be smaller than the "effective" two-body attachment 
coefficient, kaN. This value is two-thirds of Herzenberg's pre
diction, as defined by eq 15, for a resonance energy of 79 
meV (see below) and a resonance width of 4 X 1O - 6 eV.26 

Thus, given the validity of Herzenberg's analysis, electron at
tachment to O2 should become a saturated three-body reac
tion at ~225 Torr for the collision partner O2 and ~150 Torr 
for the collision partner CO2. The saturation pressure is, of 
course, linearly proportional to the resonance width, and thus 
the validity of the above assertion depends upon the accura
cy to which that latter quantity is known. Indeed, attachment 
to O2 with CO2 as a stabilizing partner has been shown to 
scale as P2 up to 700 Torr in one drift tube study28 and con
versely has been found to diverge from a P2 dependence at 
pressures above 220 Torr in another.29 

Furthermore, McCorkle et al.,43 in a drift tube experiment, 
have studied three-body attachment to O2, with N2 as a stabi
lizing partner, over a pressure range of 300-10,000 Torr. The 
monoenergetic attachment cross sections were deduced 
from their data by a swarm unfolding technique.49 In the pres
sure range of 300-500 Torr the sharp resonance peak, cor
responding to the fourth vibrational level of O 2

- , was ob
served; however, at the higher pressures it disappeared and 
the peak cross section gradually shifted toward thermal ener
gy with increasing nitrogen pressure. 
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It is interesting that the observed attachment rate in this 
work showed virtually no deviation from a three-body pres
sure dependence up to 7000 Torr (except for a small kink at 
about 500 Torr). McCorkle et al. determined that the reso
nance width, r4 , was >4.9 X 1 0 - 6 eV, at 7000 Torr, corre
sponding to a lifetime, r ( 0 2

- * ) < 1.3 X 1 0 - 1 0 sec. The stabi
lizing probability for N2, TN2. has been found to be 0.03 (see 
Table II); thus the time between stabilizing collisions at 7000 
Torr would be 1.3 X 1 0 - 1 0 sec, and therefore the start of 
saturation should have been observed. The authors suggest 
that either T(O 2

-* ) is much less than 1.3 X 10~10 sec or that 
the N2 is involved in "sticky," as well as stabilizing, collisions; 
i.e., the N2 perturbs, through "st icky" collisions, the O 2

- po
tential curve with a net downward shift. This effect becomes 
more pronounced with increasing N2 density. It should be em
phasized that the resonance peak corresponding to O 2

- (v = 
4) was not observed in the cross-section data at 7000 Torr, 
and thus the "resonance width" deduced from the cross-sec
tion data taken at this pressure may not be meaningful. 

Recently Christophorou44 has suggested a kinetic scheme, 
involving both stabilizing and "st icky" collisions, to explain the 
observations of McCorkle et al.4 3 The lifetime of O 2

- * was 
determined to be < 4 X 1O - 1 2 sec from this analysis. The key 
reaction in determining the lifetime of O 2

- * in this scheme 
was collisional detachment of O 2

- * . It has been suggested50 

that if this reaction is included in an attachment scheme the 
reverse reaction must also be included. If this is done, Chris-
tophorou's scheme no longer explains the data (see the dis
cussion on direct attachment to NO2). If both these reactions 
are excluded, the upper bound on the lifetime of O 2

- * be
comes 1.3 X 1 0 - 1 0 sec, again determined at 7000 Torr. 

Goans and Christophorou have also studied attachment to 
O2 highly diluted in ethylene for pressures up to 18,000 
Torr.45 From the analysis of these data, which required postu
lating only the capture and stabilization reactions 10 and 11, 
he deduced the lifetime of O 2

- * to be 2 X 1O - 1 2 sec, appre
ciably lower than the estimates of Herzenberg22 and of Koike 
and Watanabe.26 Thus the work of Christophorou and co
workers seems to indicate that there are fundamental differ
ences between attachment processes occurring at high and 
at low pressures. A definitive determination of the resonance 
energy width of O 2 - * would be of great value in under
standing these observations. 

d. Temperature Dependence 

The temperature dependence of the rate constant for at
tachment to O2 has been studied over a limited range for the 
stabilizing partners O2, N2, CO2, and H2O. The largest data 
base is for O2 and is shown in Figure 2. The dashed line in the 
figure is the rate estimation of Phelps,36 i.e. 

/(a ,o2 = 1.4 X 1 0 - 2 9 ( 3 0 0 / r ) e - 6 0 0 / ' / ' c m 6 s e c - (22) 

Although the Herzenberg theory22 involves a series of res
onances, each with a distinct activation energy, it may be 
roughly characterized for low temperatures with the activa
tion energy of the lowest resonance. This corresponds to the 
fourth vibrational level of the O 2

- (X2II3Z2) state which has 
recently been shown by Land and Raith51 to lie 79 meV 
above the ground state of O2. This value is in good agreement 
with other recent determinations.52-54 A direct evaluation of 
eq 19 for this resonance energy, with f = 1 and C = 4, g = 
6, as suggested by Herzenberg,22 results in the attachment 

, rate constant expression 

T*. K 

^a,o2 = 4 - 2 X 1 0 " 2 9 ( 3 0 0 / r ) 3 / 2 e 3 / 2 e - 9 0 0 / T (23) 

This rate is shown as the dash-dot line in Figure 2 and is little 
different from the Phelps value in the temperature range plot-

Figure 2. The rate constant for the reaction e + O2 + O2 —* O 2
- + 

O2 vs. gas temperature. 

ted. Choosing this form for the attachment rate, the low-tem
perature detachment rate becomes 

*<d,02 = 7 - 7 X 1 0 " 1 0 e _ 6 0 0 ° / T <24> 
This value is in excellent agreement with the data28 and, as 
expected since f = 1, the frequency factor is just the "orbit
ing" rate constant, eq 1. 

It is noted that both of the rates listed above provide values 
below 3000K much lower than that observed in the experi
mental work of Truby42 and Van Lint et al .4 0 Their results 
cannot be explained in terms of the resonance theory dis
cussed above. Truby42 has suggested that the low-tempera
ture data may be due to dissociative attachment of the dimer 
O4, i.e. 

e + O4 — O 2
- + O 2 (25) 

Such a process would still exhibit a three-body pressure de
pendence since the dimer's concentration would scale as the 
square of pressure. The dimer has recently55,56 been ob
served at low temperatures and has been assigned a bond 
strength of 0.53 kcal/mol. It may be that the dimer thermo
chemistry is such that its formation is much more highly fa
vored at 1000K than at 3000K so that the dimer's effect on 
the overall attachment rate would only be important at the 
lower temperature. For example, a crude estimate of the par
tition function for O4, assuming the molecule to be nonlinear, 
would suggest that the ratio of [ O 4 ] / [ O 2 ] 2 could decrease by 
a factor of 50 between 100 and 3000K. 

It can be seen that Truby's expression for /ca,o2, shown as 
the solid line on Figure 2, is the best fit of the data between 
100 and 6000K and should be preferred for low-temperature 
applications. For applications involving temperatures greater 
than 3000K, the rate formulation 23 is recommended since it 
is in agreement with theory as well as the data. Of course it is 
not clear that the temperature dependence listed in relation
ship 23 will hold at higher temperatures where transitions 
from vibrationally excited states of O2, as well as those in
volving higher resonances, begin to be important. If one as
sumed that the rate for detachment given by eq 24 is valid at 
higher temperatures, then microscopic reversibility using the 
detailed equilibrium constant would imply that the rate con
stant representation 23 would be valid up to temperatures of 
at least 20000K. However, reference must be made to the 
recent work of Freeman et al.4 6 who examined the electron 
capture coefficient for attachment of oxygen molecules in the 
temperature range of 350-8250K. In this work they observed 
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a variation in the rate constant temperature dependence 
which they explain by proposing an additional electron cap
ture mechanism resulting in the creation of a stable excited 
state of the ion, the O 2

- (2S9) state, with an activation energy 
of 1.04 ± 0.22 eV. 

e. Overview 

As mentioned earlier the process of three-body electron 
attachment to oxygen molecules is perhaps the most studied 
of all electron attachment processes, and yet the data base 
exhibits a number of conflicting features. 

The work of Spence and Schulz27" validates Herzen-
berg's22 picture of electron attachment in O2 occurring via a 
discrete series of resonant states. Furthermore, for pure O2, 
the data base for temperatures between 250 and 6000K is 
quite adequately represented by the theory with the only ad
justable parameter f set to unity. Below 25O0K the data fall 
more slowly than the theory; however, this may be due to the 
advent of an additional reaction, eq 25. Additional studies of 
both low-temperature attachment to oxygen molecules and 
the thermochemical properties of O4 would be of value in un
derstanding this phenomenon. 

The most perplexing feature of the data base relates to the 
pressure dependence of the attachment process. Herzen-
berg's analysis would imply that pressure saturation should 
occur at a given pressure dependent upon the stabilization ef
ficiency of the collision partner. A number of drift tube experi
ments43"45 have shown that saturation does not occur at the 
predicted pressure. These results may be interpreted to imply 
that the lifetime of the resonant state is much shorter than 
anticipated,22,26 or that the lifetime is a function of foreign 
gas pressure. 

It should be emphasized that the analysis of high-pressure 
drift tube measurements can be quite complicated. For ex
ample, Grunberg29 examined the pressure dependence of at
tachment in pure O2 for electron energies somewhat above 
thermal and found that the apparent attachment rate faltered 
from a P2 dependence at pressures as low as 66 Torr. Upon 
analysis of his data he found that this was not due to pressure 
saturation but rather to the fact that attachment was pro
ceeding so rapidly that the electron energy distribution could 
not replenish itself; i.e., in an attaching gas such as O2 the 
electron energy distribution in a drift tube is determined by the 
same type of collisions as provide attachment. 

This particular phenomenon did not occur in the studies of 
Christophorou and coworkers4 3 - 4 5 since their measurements 
were performed in O2 strongly diluted in a nonattaching gas. 
Their studies have raised serious questions concerning a fun
damental attachment process at high pressures. It is clear 
that a more precise definition of the resonance widths must 
come from electron scattering experiments and their like 
rather than high-pressure drift tube measurements. (For ex
ample, in a scattering experiment, Under and Schmidt53 re
cently determined the lifetime of the O 2

- (v = 9) resonance 
to be ~ 1 0 - 1 2 sec, in good agreement with the prediction of 
Koike and Watanabe.26) It is just as clear that such measure
ments should not be blindly applied to high-pressure condi
tions where effects such as the "sticky" collision phenome
non suggested by Christophorou and coworkers may occur. 

2. NO 

a. The Data Base 

Thermal electron attachment to NO has also been studied 
in a number of experiments,38,46 ,57-65 and an apparent three-
body attachment process has been observed over the pres
sure range of 0.2 to 160 Torr. However, in the majority of ex-
periments,46,57"61 the deduced attachment rate was incorrect 
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Figure 3. The rate constant for the reaction e + NO + NO —* NO -

+ NO vs. characteristic electron energy. 

since the effects of detachment and clustering processes 
were not considered. The inclusion of these processes has 
been shown62,63 to be of fundamental importance in the anal
ysis of attachment data in pure NO. The only reported unam
biguous measurements are those of Parkes and Sugden,63 

made in a drift tube with mass filter at pressures of ~ 2 - 3 and 
~60 -160 Torr, and the collisional detachment measurements 
of McFarland et al .6 2 The high-pressure results of Parkes' ex
periment are shown in Figure 3 where the attachment rate is 
plotted vs. the characteristic electron energy, (e) (this quanti
ty is equivalent to kTe if the electron distribution is Maxwel-
lian). There is some uncertainty in the relationship between 
the reduced field and the characteristic energy for NO at low 
energies. The attachment coefficient is plotted using both the 
(e) vs. reduced field data of Bailey and Somerville66 and of 
Skinker and White.67 Parkes and Sugden suggest that Bai
ley's values should be preferred. The linear extrapolation 
used is based both upon the comparison between the highl
and low-pressure results of ref 63 as well as the flowing af
terglow measurements of the reverse reaction. The value of 
the attachment coefficient as determined by detailed balanc
ing of the detachment measurements of McFarland et al .6 2 

and by Parkes and Sugden are also shown for comparison. 
(In the evaluation of the equilibrium constant the electron af
finity of NO was taken to be 24 meV in accord with the ob
servations of Siegel et al.68) 

b. Data Reanalysis 

Earlier measurements38,57"61 of the room-temperature at
tachment rate in pure NO were up to an order of magnitude 
lower than those shown in Figure 3. Parkes and Sugden have 
pointed out that a sequence of three reactions are important 
in analyzing attachment data in pure NO, these being 

+ NO (26) e + NO + NO •NO-

N O " + 2NO -*• stable ions (27) 
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TABLE I I I . Reanalysis of Electron Attachment Data for NO (T = 3000K) 

e + N O + NO- N O - + NO 

cm6 sec - 1 

4 
2.2-3.3 

1.3 
2.2 
2.2 
0.68 

X 10: NO, parts/cc k, cm6 sec - 1 X 1031 Ref 

1.4-5.6 X 10" 
1-5 X 10" 
0.75-1.9 X 10" 
1.4 X 10" 
3.8-10 X 10" 
0.75-2.1 X 1016 

2.2-5.3 X 1018 

11.5 
8.8 
7.8 

12.5 
4.3 

32 
6.6 
8.0 

57, b 
58, b, g 
59, b 
60, b 
38, a, j 
61, b, g 
62, c, i 
63, a, g, j 

where /c-26 and k27 have been measured63 to be 5 X 1O - 1 2 

cm 3 s e c - 1 and 7.6 X 1O - 3 0 cm 6 sec - 1 , respectively. In a 
system without diffusive effects and where recombination is 
not important, the governing differential equations become 

d [ N O " ] / d f = k 2 6 [e ] [NO] 2 -
/C-Z 6 [NO - ] [NO] - /C 2 7 [NO-J [NO] 2 . (28) 

d [e ] /d f = - /< 2 6 [e ] [NO] 2 + / C 2 6 [ N O - J [ N O ] (29) 

where the bracketed quantities are number densities. Making 
the steady-state assumption for N O - results in 

- W / « - . - ^ a i w ; ^ , (30) 
where /ceff is the quantity measured in the earlier experi
ments. Thus 

/<2G = K 
/C-2 6 + /C27[NO] 

e f f /C27[NO] 
(31) 

Listed in Table III are the determinations of /ceff from vari
ous experiments, the NO density range in each experiment, 
and the value of Zc26 deduced from eq 31 using the values of 
k-26 and Zr27, as determined by Parkes and Sugden, and the 
average number density of NO in each experiment. Consid
ering the uncertainties in the various rate constants it is grati
fying that all the values of Zc26 so deduced fall in the range 8 
± 4 X 1O - 3 1 cm 6 s e c - 1 with the exception of that of Puckett 
et al . ,6 1 to which the largest correction wasappl ied. (In this 
latter experiment, the electron decay is not monitored direct
ly, but rather the time of transition from electron-positive ion 
to negative ion-positive ion ambipolar diffusion is related to 
the rate constant. This transition occurs at-very low electron 
densities where the steady-state assumption for N O - is pre
sumably invalid.) 

Both McFarland et al .6 2 and Parkes and Sugden63 ob
served a relatively weak temperature dependence for the at
tachment rate between 200 and 5000K, whereas the Gunton 
and Shaw58 measurements of /ceff implied that the rate varied 
as T - 3 between 200 and 4000K. The latter observation is 
consistent with the mechanism described by relationship 31 
since at lower (higher) temperatures than 3000K /c_26 will de
crease (increase) and Zc27 will increase (decrease) and thus 
/ceff would be expected to increase (decrease) if Zc26 were rel
atively constant. Lastly, in those of the above experiments 
where mass analysis was performed,58-61-63 the negative ion 
observed was N O 2

- , rather than N O - , as would be expected 
if the reaction sequence (26)-(27) controlled the electron 
decay. In all then, it appears that attachment in pure NO oc
curs at a rate of approximately 8 X 1O - 3 1 cm 6 s e c - 1 at 
room temperature. 

c. At tachment Mechanism 

The results of McFarland et al .6 2 demonstrate that the NO 
attachment rate behaves much like that of O2 in both temper

ature dependence and relative third-body efficiencies at least 
for low temperatures. However, the attachment mechanism 
in this case is not well established. If a mechanism such as 
(10)—(11) were proposed for attachment to NO, the reso
nance at N O - (v = 1) should appear at 0.156 ± 0.040 eV68 

above the ground state of NO. Parkes63 suggests the expect
ed energy variation of the attachment rate constant should be 
(see eq 19 in the limit of only one open channel) 

^a a 7 e
_ 3 / 2 e " £ ' / * ' / ' e (32) 

where 7"e is the electron temperature and E is the resonance 
energy. For NO this would have the shape of the solid curve 
shown in Figure 3. Here it has been assumed that the elec
tron velocity distribution in the drift tube is Maxwellian and that 
therefore (e) = kTe. While this form is in qualitative agree
ment with the data at higher energies, it falls off much too 
rapidly at lower energies. This observation is in agreement 
with McFarland's work where the activation energy as deter
mined from detailed balancing of the detachment rate con
stant is ~0 .08 rather than 0.156 eV. Two additional mecha
nisms which have been suggested to explain the data are dis
sociative attachment of the dimer, N2O2, and direct three-
body capture with zero resonance energy. Parkes and Sug
den63 suggest the latter to be more probable since the at
tachment rate remains relatively constant between 300 and 
5000K whereas the dimer concentration would be expected 
to decrease notably over that temperature range. An addi
tional argument against dissociative attachment to the dimer 
is that McFarland et al. examined the detachment rate for a 
variety of detaching partners and found that in all cases the 
deduced activation energy for attachment was significantly 
less than 0.156 eV. 

It should be pointed out that expression 32 is only valid 
when r a " « kT. This is not the case for NO at room temper
ature where the lowest resonance has been shown to have a 
width of 0.02 eV69 and the proper evaluation of eq 18 results 
in a rate constant whose effective activation energy at low 
temperatures is less than 0.156 eV and more in line with the 
observations of Parkes and of McFarland et al. 

However, it would appear that Herzenberg's22 theory 
should not be applied to NO in any case. In his analysis it is 
assumed that the time between capture and stabilization is 
sufficiently large so that the two processes may be consid
ered independent. For the case of attachment to O2 this is 
quite reasonable since the lifetime of the resonant state is of 
order 1 0 - 1 0 sec, corresponding to distances of order 1O - 5 

cm for thermal velocities. However, in the case of NO the life
time of the lowest resonance69 is 3 X 1O - 1 4 sec, which cor
responds to an average distance of ~ 1 0 - 9 cm between cap
ture and stabilization. Thus for this case it would appear that 
a two-stage process cannot occur. 

A further complication in analyzing the attachment phe
nomena in NO is the observation of Freeman et al.4 6 that 
their study of the temperature dependence of the electron 
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capture coefficient suggests that an additional process oc
curs, involving an excited state of N O - with an activation en
ergy of ~0 .4 eV. 

3. OH 

The only other diatomic molecule for which three-body at
tachment information is available is OH. Calcote and Jen
sen7 0 have pointed out that at temperatures of approximately 
200O0K an attachment rate of « 1 0 - 3 0 cm6 s e c - 1 would give 
qualitative agreement with some flame observations and 
have suggested that the attachment rate for OH may be simi
lar to that for O2. This estimate is somewhat speculative be
cause of the complicated negative ion kinetics of flames. 

Although the molecular parameters of O H - are not known 
in the same detail as those of O2 - and N O - , the available ex
perimental evidence71,72 indicates that the potential energy 
curves of OH and O H - differ only by a vertical displacement 
and thus that the vibrational spacings of the two are approxi
mately equal. If this were the case the lowest resonance level 
would be the fifth vibrational level of O H - lying ~0.18 eV 
above the ground vibrational' state of OH. Assuming that the 
resonance width were small enough so that Herzenberg's22 

theory would apply, this high activation energy would imply 
that the room temperature attachment rate constant for OH 
would be much smaller than that for O2. 

4. Other Diatomics 

The remaining diatomics important in the 02/N2 /H20/C02 
system, i.e., N2, H2 and CO, do not form stable negative ions. 
The halogen diatomic molecules do form stable negative ions; 
however, direct electron attachment to these species is un
likely since dissociative attachment (see section III) is an exo
thermic channel. The values listed in Table Il for I2 and Br2 are 
deduced from Truby's73-75 observations of dissociative at
tachment and should be considered strong upper bounds. 

Christophorou et 'al . ,7 6 in a combined electron beam-drift 
tube study, observed an attachment process at near-zero 
electron energy for the molecules HCI, DCI, HBr, and DBr. 
The observed attachment cross section scaled with the 
square of the hydrogen halide pressure; however, the prod
ucts were not identified. Stable negative ions of these species 
have not been observed; furthermore it was suggested in the 
above work that although it appears likely that HCI - possess
es a potential minimum, this minimum may lie above the 
ground state of HCI. 

Davidow and Armstrong77 found that a thermal attachment 
process involving HCI, i.e. 

e + H C I + H C I - p r o d u c t s (33) 

was required to explain their data on the yield of H2, produced 
from the radiolysis of HCI in the presence of SF6. From their 
observations they deduced a rate constant for process 33 of 
2.6 X 1O - 3 0 cm6 s e c - 1 at an HCI density of 1.6 X 1019 

parts/cc. Johnson and Redpath,78 in a similar study, found 
that the electron loss rate at thermal energies scaled as the 
cube of HCI density, over the density range of 2.5-10 X 1019 

parts/cc. They suggested the two-stage mechanism 

e + H C I + H C I ^ ( H C I ) 2 - * (34a) 

( H C I ) 2 - * + H C I - * products (34b) 

to explain their results. The overall rate constant for process 
34 was deduced to be 1.7 X 1O - 4 9 cm9 sec - 1 . At an HCI 
density of 1.6 X 1019 parts/cc, this would result in an effec
tive three-body rate of 2.7 X 1 0 - 3 0 cm 6 sec - 1 , in agreement 
with the result of Davidow and Armstrong. 

It should be noted that process 34 would not be inconsist
ent with the observations of Christophorou et al.76 since 

these latter measurements were made in mixtures of HCI 
highly diluted by N2. In this case N2 would be the stabilizing 
partner in reaction 34b, and the overall attachment process 
would appear to scale with the square of HCI density, as was 
observed in the drift tube measurements. 

C. Triatomics 

Attachment data are available for a number of triatomic 
molecules. Again a two-step model, such as reactions 10 and 
11 is generally invoked to explain the various observations. In 
general the lifetimes of the excited states are expected to be 
long, ^ 1 O - 1 0 sec, since there will typically be a number of 
low-lying states over which the excess energy can be distrib
uted. A long lifetime implies the possibility of three-body satu
ration at pressures below an atmosphere, given efficient sta
bilizing collisions. 

1. CO2 

C O 2
- has been observed to be formed in the gas phase 

via charge exchange reactions;79 however, it does not ap
pear to be created by a low-energy electron attachment pro
cess.80 Ferguson et al.81 have proposed a geometrical argu
ment against the formation of C O 2

- by such a mechanism. 
They point out that nonhydrogen bearing triatomic molecules 
containing 16 valence electrons, such as CO2 and N2O, are 
linear in their ground electronic states while molecules with 
17 valence electrons are bent in the ground state (Walsh 
rules).82 Thus the formation of C O 2

- and N 2 O - would require 
a substantial deformation from the neutral configuration, and 
this could well produce a hindrance to electron attachment. 

2. H2O 

H 2 O - has not been observed in the gas phase although ev
idence has been presented for its having a positive electron 
affinity.83 Several experimenters84-87 using either drift tubes 
or stationary afterglows have published lower bounds for at
tachment to H2O, the lowest of these being listed in Table II. It 
has been suggested87 that impurities were the cause of finite 
H2O attachment rates deduced in earlier experiments.84,85 

3. N2O 

There have been a number64 '88-92 of experimental studies 
of attachment to N2O in recent years, and in all cases an ap
parent three-body attachment rate has been observed in con
tradiction to the expectations based on the geometrical argu
ment presented by Ferguson et al .8 1 This process has recent
ly been studied by Parkes64 via a drift tube with mass filter. 
He has demonstrated that at low pressures the apparent 
three-body attachment rate can be explained by a sequence 
of reactions initiated by dissociative attachment of N2O, i.e. 

e + N 2 O - O - + N2 (35) 

followed by 

O - + N 2 O - N O " + NO (36) 

N O " + N 2 O - N O + N 2 O + e (37a) 

- N O 2 - + N2 (37b) 

N O - + 2 N 2 O - N 3 O 2 - + N2O (38) 

O - + 2 N 2 O - N 2 O 2 - + N2O (39) 

This reaction sequence provides reasonable agreement 
with the observations of Moruzzi and Dakin90 as well as those 
of Parkes, and the various reaction rate constants deduced 
by Parkes have been confirmed in part in recent work by 
Warman et al.92 and Marx et al.65 Parkes has demonstrated 
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that the reaction sequence 35-39 should exhibit an overall 
third-order pressure dependence at low pressures but be
come second order above 30 Torr, whereas in the observa
tions of both Phelps and Voshall88 and Warman and Fessen-
den89 the apparent attachment reaction was found to be third 
order up to pressures of 200 Torr. To explain this observation 
Parkes has postulated that an additional reaction must be in
cluded in the sequence 35-39, that being 

e + N2O + N2O —* a detaching ion (40) 

with a rate constant of about 6 X 1O - 3 3 cm 6 sec - 1 . The 
product of this reaction must either detach or produce a de
tachable ion in a subsequent reaction in order for sequence 
35-40 to manifest a third-order pressure dependence over 
the full range of the observations, 1-200 Torr. Parkes has 
suggested that this ion is O - created in a two-step process 
involving excited N2O, i.e. 

e + N 2 O ^ - N 2 O " (41) 

N 2 O - + N 2 O * - O - + N2 + N2O (42) 

where the excited N2O population arises from the Boltzmann 
distribution of states. Assuming this sequence Parkes has 
shown that the overall effective attachment rate remains third 
order with a rate constant of 6 X 1 0 - 3 3 cm 6 s e c - 1 over the 
pressure range 1-200 Torr. It can be shown that this remark
able result arises because k3S/k40 = ^73Zk38- This is quite 
coincidental, and if a product ion other than O - were pro
posed for reaction 40 it would be quite unlikely that the resul
tant effective attachment rate would have a similar behavior. 

Two measurements91,92 are available for the effective rate 
constant of attachment to N2O with N2 as the third body. 
These measurements differ by a factor of 6, and it is possible 
that neither is representative of the actual room-temperature 
attachment rate. The measurement of Chaney and Christo-
phorou91 was made at N 2 /N0 2 ratios of 300 and greater 
where the reaction sequence 35-39 should be unimportant 
relative to direct attachment; however, the attachment rate 
was only measured at characteristic energies («) > 0.18 eV 
and the extrapolation to room temperature, (e) ~ 0.027 eV, 
could be in error considering the complicated nature of the 
reaction. On the other hand, the measurement of Warman et 
a l .9 2 was made with thermal electrons, but the N2 /N20 ratio 
in this work was only 7 and the effect of the reaction se
quence 35-39 on the electron decay should be included in 
the analysis of the experimental data. 

In any event the negative ion N 2 O - has not been observed 
in thermal energy electron attachment studies of N2O. It 
would appear that the geometrical argument presented by 
Ferguson et al .8 1 is valid and that the observed apparent 
three-body attachment rate constant in N2O is due to a se
quence of reactions. 

4. O3 

Three-body attachment to O3 has never been observed. 
The value listed in Table II is an upper bound deduced from 
the dissociative attachment measurements of Stelman et 
al . ,9 3 i.e. 

e + 0 3 O- +O2 (43) 

It should be pointed out that in this work the dissociative at
tachment reaction could not be distinguished from a saturated 
three-body attachment reaction 

e + O3 ( + M) - O 3 - ( + M). (44) 

However, the results of this experiment were in reasonable 
agreement with the low-pressure, mass-analyzed electron 
beam measurements of Chantry,94 and on this basis it is as
sumed that the former process (eq 43) was indeed observed. 

5. NO2 

A number of electron attachment measurements have 
been made in NO2 .3 8 '6 1 '9 5"9 7 The attachment reaction has 
been found to be second order down to pressures as low as 
0.2 Torr; however, the magnitude of the rate is found to vary 
with the nature of the third body. Mahan and Walker95 sug
gested the following mechanism to account for these obser
vations 

e + N O 2 ^ N O 2 - * 

N O 2 - * + M — N O 2
- + M 

N O 2 - * + M — NO2 + e + M 

(45) 

(46) 

(47) 

Making the steady-state approximation for NO2 * results in 
the equation 

Ve)/*=-^™^) (48) 
" T45

 1 + (ki6 + A47)A/ 
When T 4 5

- 1 < (Zc46 + A47)W, the effective attachment rate is 
given by 

Aoff — 
fc45k46 

e f f " A46 + A47 
(49) 

and the reaction will scale as second order in pressure. The 
observed variation of the rate with nature of the third body 
was then attributed to variation of the ratio A46/A47 for differ
ent M (which implies that this ratio is of order 1). Their mea
surements were made over the range of 3-70 Torr and, as
suming that the rates for reaction 41 and 47 could be as large 
as the orbiting limit, would suggest that T45 > 1 0 - 8 sec. 
Klots50 has recently suggested that this mechanism is invalid. 
He pointed out that microscopic reversibility requires that 
A_47/A47 = T45A45 and that therefore the reverse of reaction 
47 must be included in the analysis. In this case eq 48 be
comes 

.. . . . , A45A46(e) (NO2)ZV(I + T45A47N) 
d ( e ) / d f = X 4 5 - 1 + (A46 + X 4 7 ) N (50) 

It can be seen that when T 4 5
- 1 < (A46 + A47)W, a condition 

which in eq 48 implies a second-order dependence, eq 50 
could require that the effective attachment rate be third order 
in contradiction with the observations. 

Freeman98 has pointed out that the situation is actually 
more complicated than indicated by Klots. He suggests that 
there is no reason that the excited state produced in the two-
body reaction 45 be the same as that produced in the three-
body reaction (the reverse of reaction 47). Indeed, in general, 
there may be a manifold of such states. While this point adds 
a constraint to Klots' criticism, it would appear that his main 
point, i.e., that the mechanism of Mahan and Walker is in
valid, is still correct. 

Van Lint et al .9 8 have also studied attachment in NO2. In 
this work the rate of electron decay in the afterglow of a 
pulse of ionization produced by high-energy electrons was fol
lowed via microwave techniques. The first measurements 
were made in pure NO2, and it is not clear whether the ob
served attachment occurred before the electrons were ther-
malized. In the pressure range of 0.03-0.15 Torr the attach
ment was characterized by a third-order pressure depen
dence with a rate coefficient of 1.6 X 10 27 cm 6 sec but 
at higher pressures (0.15-0.9 Torr) the data appear to drop to 
second order with a rate coefficient of approximately 1O - 1 0 

cm3 sec - 1 . While the scatter in the measurements, as well 
as the possibility of the electrons being suprathermal, leave 
the interpretation of these data open to question, the results 
would imply that the attachment reaction becomes saturated 
at about 0.15 Torr. Interpreting this within the framework of 
the simple mechanism (45)-(46) would imply T48 5: 1 0 - 7 sec 
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and /(45/C46 5: 1O - 2 0 cm 6 sec - 2 . Van Lint et al. also examined 
the attachment rate vs. pressure in several NO2-M mixtures. 
They demonstrated that the electrons were thermalized be
fore attachment only in their N02-He mixture. In this case 
they observed the attachment reaction to be second order at 
pressures of 10-100 Torr and third order at higher pressures. 
While the cause of this behavior is not known, one could con
jecture that an impurity was present in the gas which at
tached via a third-order mechanism and thus became the 
dominant attacher at high pressures. The NO2 attachment 
rate deduced from the 10-100 Torr data with He as a third 
body would be approximately 5 X 1 0 - 1 1 cm 3 s e c - 1 about 2.5 
times larger than the rate observed by Mahan and Walker.95 

(It should be noted that Van Lint et al. interpreted the higher 
pressure data to be due to three-body attachment to NO2 and 
the results at 10-100 Torr to be due to an impurity. In the light 
of the more recent measurements38,61 '95-97 it now appears 
that the reverse was true.) 

It is clear that there is still much uncertainty in both the 
mechanism and rate for attachment to N02. For instance, the 
rate measurements of Hasted and Beg97 (listed in Table II) are 
more than an order of magnitude lower than those of Mahan 
and Walker.95 In the absence of other measurements with N2 

and Xe as collision partners the latter rates must be preferred 
solely on the basis that the rates measured in other experi
ments38,61 with different third bodies all fall in the range 
1 0 - 1 1 - 1 0 - 1 0 cm3 sec - 1 . In any event all observations to 
date imply that the attachment reaction maintains second-
order pressure dependence to pressures less than a torr at 
room temperature even for relatively inert collision partners. 

6. SO2 

Bouby et al.99 have recently presented measurements for 
attachment in SO2 which display a similar behavior except 
that for some of the collision partners studied a third-order 
dependence was observed. No mechanism has been sug
gested to explain these results. 

D. Larger Molecules 

Electron attachment has been observed for a large number 
of complex molecules. The attachment reaction is typically 
second order since the lifetimes of the excited ions are ex
pected to be long, > 1 0 - 7 sec, and the attachment rates can 
be quite large, as high as 10"~7 cm 3 sec - 1 . A discussion of 
this data base is beyond the scope of this work, and the read
er is referred to the recent text by Christophorou2 and review 
by Christophorou and Blaunstein.100 

///. Dissociative Attachment 
Electron attachment may also occur via a dissociative pro

cess. The general form of this type of reaction is 

e + A B - A ~ + B (51) 

where A and B may be either atomic or molecular fragments. 
Such processes are generally considered to proceed in two 
Steps, first an electronic transition of the system to the state 
A B - * , i.e. 

e + A B - A B " * (52) 

which may then autodetach 

A B " * - A B + e (53) 

or dissociate 

A B - * - A " + B (54) 

The basic difference between this process and that suggest
ed by Herzenberg for direct attachment (section II) is that the 
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Figure 4. (a) Representative potential curves for exothermic disso
ciative attachment; (b) schematic potential curves for halogen mole
cules. 

resonance occurs about an autoionizing rather than a bound 
state of the system (see Figure 4a). 

The process of dissociative attachment (DA) has been 
studied for a large number of molecular species and has at
tracted some theoretical effort.101 -108 Much of the data base 
has been reviewed in recent books by Christophorou2 and 
Massey et al. ,1 0 9 although the main thrust in these works was 
toward reporting the cross-section measurements of endoth-
ermic reactions. The available data on exothermic or slightly 
endothermic reactions are reported in Table IV and discussed 
below. 

A. Diatomics 
O'Malley101 has developed a theory for dissociative attach

ment of diatomic molecules which has been successfully ap
plied to predicting both the electron and translational temper
ature dependence of the dissociative attachment cross sec
tion for the oxygen molecule.103,110 

In his analysis O'Malley treated the process as a Fesh-
bach111 type resonance, behaving as shown by reactions 
52-54, and used a projection-operator decomposition, based 
on the resonance state, and valid under the assumption of 
Born-Oppenheimer separation to develop the following gen
eral form of the cross section 

47T2g r « « l - / ' T=M 2 

*v.r(£) = " T 2 ^ T f Xî Ae - T j j e'P <55> 

where E is the electron energy, the subscripts v and r refer to 
the vibrational and rotational states of the target molecule, k 
is the incident electron wave number, g is a statistical factor, 
r a x and Td are the partial widths for autoionization and disso
ciation respectively, T3 is the total autoionization width, and 
Xv is the initial normalized wave function. These quantities 
are evaluated at Re, the turning point of final state motion 
(see Figure 4a). The factor e~p is the survival probability de
fined approximately as 

where R0 is the crossing point between the potential curves 
for the resonant electronic state A B - " and the initial state AB 
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TABLE IV. Dissociative Electron Attachment 
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e + AB - A +B 

Reaction 

1) e + Br 2 - Br" + Br 

2) e + C l 2 - C l " + Cl 

3) e + DBr - B r ' + D 

4) e + DI - I ' + D 

5) e + F 2 - F - + F 

6) e + H B r - B r ' + H 

7) e + HI - T + H 

8) e + I j - I ' + I 

9) e + N2O -. O - + N2 

10) e + O 3 - O" + O 2 

l l ) e +HBO 2 - B O 2
- + H 

12) e + H 2 O 2 - O - + H2O 

- OH - + OH 

AHI 2 9 8 , eV 

-1 .43 

- 1 . 17 

O. 43 

O. 02 

-1 .83 

O. 37 

-0 .033 

-1 .56 

+0.20 

-0 .43 

-0 .05 

+0.37 

T ,°K 

2 9 8 

300 

300 

3600 - 6000 

300 

300 

300 

250 - 520 

400 - 1040 

278 - 355 

300 

2800 

300 

112 - 361 

200 - 300 

1700 - 2450 

i . 3 - 1 k, cm - sec 

(8, 2 _+_ 0. 8) x 1 0 " 1 3 

2. 2 x 1 0 ' " 

9 .6 x 10" 8 

2 - 0. 2 x 10"7 

3 X l O - 1 1 

2. 0 x IO"7 

4. 1 x IO"9 

8 . 4 X l O - 9 ^ f ) « ( - 1 1 5 0 / T ) 

- i o - " - i o - 7 

7. 3 x IO" 8 e ( - 4 8 0 0 / T Y 

4 x IO" 1 5 

2 . 5 x l 0 - 1 0 

<1 x 1 0 " U 

2 - 3 x IO" 1 1 

(3. 2 +_ 1. 6 ) x l O " ' ° e / - 1 0 , 600/TJ 

Ref. 

7 3b 

76a, b 

76a, b 

125e,i 

76a, b 

76a, b 

131b 

74a,75a 

139d 

9 2 b 

64a, g 

144 

146c 

94d 

93a 

149f 

Comments 

See text 

Deduced from c ross - sec t ion data. 
Onset 0. 11 eV. 

Deduced from c ros s - sec t ion data. 

See text and Fig. 5. 

Deduced from c ros s - sec t ion data. 
Onset 0. H e V , See text. 

Deduced from cross-sec t ion data. 

See text. 

Fit to data. See Fig. 7, 

Deduced from c ro s s - s ec t i o n data. 
See Fig. 8, 

See Fig. 8, 

See text. 

Deduced from c ro s s - s ec t i o n data. 
See Fig. 9. 

See Fig. 9. 

See text. 

(see Figure 4a) and v(r) is the classical velocity of the disso
ciating particles. 

The cross section defined by (55) is fully determined if the 
potential curves of the initial and final states are known, in
cluding the width, T3 , of the latter. The attachment rate con
stant for temperature T is determined by first Boltzmann av
eraging the cross section over the rotational-vibrational distri
bution of the molecule and then integrating the product of this 
result and velocity over the electron distribution. 

The problem here, of course, is that generally the shape of 
the relevant excited state potential curve is not known. (Con
versely, however, the theory has been used in conjunction 
with cross-section data to deduce information about the excit
ed state potentials of O 2

- 1 0 3 and I2
-.112) Furthermore, as 

pointed out by Shipsey,112 the arguments104 '105 which have 
been presented to justify the assumption of Bom-Oppen-
heimer separation require that the vibrational spacing be 
small relative to the electron energy, which condition is not 
met for thermal processes. Because of this, while the phe
nomenology of the process is the same at thermal energies, 
expression 56 cannot be used to describe the survival proba
bility. 

Nonetheless, it is clear from the theoretical work that, al
though the rate constant for dissociative attachment will be 
characterized by an activation energy, ~EC, the general ex
pression for the rate constant can be a complicated function 
of temperature and need not generally be expressible in 
terms of a simple Arrhenius expression. Furthermore, the 
rate constant will be strongly dependent on the vibrational 
rather than just the translational temperature since the pro
cess involves a curve crossing. 

In the case of a diatomic molecule AB, dissociative attach
ment will be an exothermic process only if the electron affini
ty of A is greater than the bond strength of AB. None of the 
diatomics in the 02 /N2 /H2C7C02 system come close to satis

fying this stringent requirement. For instance, dissociative at
tachment of oxygen molecules is some 3.5 eV endothermic 
and has been shown110 to have a rate constant of less than 
1O - 1 6 cm3 s e c - 1 at 2000oK\ 

As a group the halogen atoms have the highest atomic 
electron affinities, and molecules containing these atoms are 
most likely to have exothermic dissociative attachment chan
nels. Indeed dissociative attachment of the halogen molecules 
Br2, Cl2, F2, and I2 is an exothermic process. Exothermicity, 
of course, does not guarantee that the attachment reaction 
will proceed with a meaningful rate constant at low tempera
tures as this will depend upon the energy at which the repul
sive potential curve crosses that of the ground state. The 
halogen molecules are particularly interesting in that they also 
form stable molecular ions,113 and it is possible that dissocia
tive attachment could proceed via resonance excitation to the 
repulsive portion of the potential curve of the molecular ion 
rather than via resonance excitation to a purely repulsive 
electronic state. If DA proceeded via the aforementioned 
mechanism, the DA cross section would probably be small 
since the overlap between the repulsive portion of the poten
tial curve of the ground-state molecular ion and the potential 
curve of the ground-state halogen molecule would be limited. 
This can be seen by reference to Figure 4b where schematic 
potential curves for a halogen molecule are shown. 

Low-temperature dissociative attachment rate constant 
data are available for several of the halogen molecules. 
These measurements have typically been performed in sta
tionary afterglows by monitoring electron density decay in the 
presence of halogen molecules via microwave techniques. 
Supplementing this work are other observations of the varia
tion of the dissociative attachment cross section with electron 
energy. These latter measurements are usually performed ei
ther in a drift tube or with a narrow energy width electron 
beam. 
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It should be noted that there is a basic difference between 
the unfolded cross sections as determined by these latter two 
techniques. In the drift tube work the cross section at energy 
E is an average value over the electron energy distribution, 
which need not be Maxwellian, about the energy E. For the 
electron beam the cross section represents an average over 
the beam energy distribution. 

Although the onset potential of a dissociative attachment 
reaction can be quite sensitive to the temperature, in princi
ple some information about the activation energy of the pro
cess can be deduced from the cross-section data. In practice 
this is not the case since there is a wide disparity between 
the available cross-section data for the halogen molecules as 
is discussed below. 

1. Br2 

The only measurement of the rate constant for dissociative 
attachment of Bromine is Truby's75 value of 0.82 X 10~12 

cm3 s e c - 1 at 296 'K determined in a stationary afterglow 
system. This corresponds to an average cross section, a = 
k/v, of 0.75 X 1O - 1 9 cm2 , where v is the average electron 
velocity. This process was first examined by Blewett114 (elec
tron beam with mass identification) who observed the peak 
cross section to occur at 2.8 eV and the cross section at 
~0 .5 eV to be approximately a factor of 10 lower. The uncer
tainty in the energy scale and the magnitude of the cross sec
tion were not defined in this work. These measurements were 
shortly followed by those of Bailey et a l .1 1 5 (drift tube) who 
observed the peak cross section to occur at 1.95 eV and the 
onset to occur at less than 0.7 eV. While the observed cross 
section fell off very rapidly for electron energies above 2.3 
eV, the variation was very slow between there and 0.7 eV, 
being 1.46 X 1O - 1 8 cm 2 at the peak and 1.1 X 1Q - 1 8 cm2 at 
the onset. It should be mentioned that recently Razzack and 
Goodyear116 have made a drift tube study of DA in bromine at 
higher energies. While the energy range of their work does 
not quite overlap with that of Bailey et al., their cross section 
at ~3 .2 eV (using Bailey et al.'s relationship between electron 
energy and reduced field) is approximately a factor of 6 high
er. Razzack and Goodyear suggest that the neglect of ioniza
tion in the analysis of Bailey et al. may be the major contribu
tion to this discrepancy. 

More recently Frost and McDowell117 (electron impact with 
mass identification) have found the cross section to peak at 
0.03 ± 0.03 eV and vanish at 0.72 ± 0.05 eV. Their result is 
not only in disagreement with the earlier observations of 
Blewett and of Bailey et al., but also it is doubtful that their ob
servation could be consistent with the thermal cross section 
observed by Truby. Christophorou118 has demonstrated that 
the data base for dissociative attachment cross sections 
manifests an inverse relationship between peak cross section 
and the energy at which the peak cross section occurs. In
deed molecules which have peak cross sections near zero 
electron energy typically have cross sections greater than 
10~15 cm2 . Based on the available data and the magnitude of 
Truby's rate constant, it would appear that dissociative at
tachment of Br2 does involve an activation energy which is 
probably S=O.3 eV (this upper bound being based upon the 
magnitude of Truby's room-temperature measurement). 

2. Cl2 

The thermal rate constant for dissociative attachment of 
chlorine has not been measured. Bradbury119 (drift tube) ob
served the attachment probability to increase with increasing 
electron energy at low reduced field. His work was shortly fol
lowed by Bailey and Healey120 (drift tube) who found the 
cross section to be fairly constant at 1 0 - 1 8 cm2 for electron 
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Figure 5. The rate constant for the reaction e + F2 —* F + F - vs. 
gas temperature. 

energies between 0.31 and 1.43 eV and to fall off rapidly at 
higher energies. This is equivalent to a rate constant (k = av) 
of 3.3 X 1 0 - 1 1 cm3 s e c - 1 at 0.31 eV. Recently, Bozin and 
Goodyear121 (drift tube) examined electron attachment to 
chlorine at higher energies and found that where their data 
overlapped those of Bailey and Healey, at approximately 3.4 
eV (using the electron energy vs. reduced field data of Bailey 
and Healey), their measured cross section was approximately 
a factor.of 9 higher. Again it was suggested that the discrep
ancy may be due to the neglect of ionization effects in the 
earlier work. 

Thorbum122 (electron impact with mass identification) ob
served that the onset potential for dissociative attachment in 
Cl2 was less than 2 eV, the lowest energy employed. This 
work was shortly followed by that of Frost and McDowell117 

where an onset potential of 1.6 eV and peak cross section at 
2.4 eV was observed. As in the case of Br2, these measure
ments of Frost and McDowell are in disagreement with the 
earlier observations. Furthermore Dunkin et a l1 2 3 (flowing af
terglow) have recently observed dissociative attachment of 
Cl2 to proceed with thermal energy electrons. This observa
tion would seem to preclude an onset potential as high as 1.6 
eV. 

3. F2 

There had been no measurements of the rate constant for 
dissociative attachment of fluorine until quite recently. The 
earlier observations were those of Burns124 (electron impact 
with mass identification) who reported DA of F2 with thermal 
electrons and Thorburn122 who reported that the onset poten
tial for this process occurred at electron energies less than 2 
eV, the lowest energy available to him. Recently Mandl,125 in 
a shock tube experiment (see section II), has measured the 
rate constant for the reverse reaction, i.e. 

F - + F — F 2 + e (57) 
between the temperature range of 3600 and 5600°K. De
tailed balancing has been applied to Mandl's data in order to 
determine the DA rate constant, and these results are shown 
in Figure 5. These results seem to imply a very strong tem
perature dependence, of order 7~4, for the rate constant. 
This may not be the case, however, both because shock tube 
rate constant data typically are uncertain to within a factor of 
2, and, perhaps more importantly, the equilibrium constant for 
reaction 57 varies by a factor of 35 over this limited tempera-
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Figure 6. Measurements of the cross section for the reaction e + b 
-» I + I - plotted vs. electron energy. 

ture range and thus the effect of any misassignment in shock 
temperature could be greatly magnified. 

DA of F2 is not of general interest at the elevated tempera
tures of Mandl's experiment because of the low dissociation 
energy of F2. The important conclusion that can be drawn 
from Mandl's data is that since the DA rate constant is of 
order 1O - 7 cm 3 s e c - 1 at 36000K, one would expect the acti
vation energy for the process to be small, less than a few 
tenths of an electron volt. This result is in agreement with 
Burns' observations.124 

It should be mentioned here that, in general, dissociative 
attachment rate constants determined by the detailed balanc
ing or associative detachment rate constants may not be reli
able. The reason for this is that the products of an associative 
detachment reaction may be created in an excited state, in 
which case detailed balancing using equilibrium partition func
tions could be invalid. In the case of Mandl's data on F2 the 
translational temperatures are so high that such nonequilibri-
um effects should be relatively unimportant. 

4. I2 

Off all the halogen molecules, iodine has been studied in 
the most detail; however, once again there are wide dis
crepancies between the various measurements. In early ob
servations both Mohler126 (electron beam with mass identifi
cation) and Hogness and Harkness127 (electron beam with 
mass identification) observed dissociative attachment of I2 

with low-energy electrons. The first quantitative measurement 
of the cross section was made by Healey128 (drift tube) who 
observed the onset to occur at electron energies of less than 
1 eV and the peak cross section to occur at 2.4 eV. The 
cross section was found to vary from 3.2 X 1O - 1 8 to 1 X 
1O - 1 7 cm 2 over that energy range. Shortly thereafter Bu-
chdahl129 (electron beam) observed onset to occur at <0.13 
eV with peak cross section at ~0 .4 eV. These data, out to 
1.0 eV, are shown in Figure 6. Buchdahl also observed sub
sidiary peaks at higher energies. Frost and McDowell117 ,130 

performed a similar investigation and found onset to occur at 
0.03 ± 0.03 eV and peak cross section to occur at 0.34 ± 
0.07 eV. While the magnitude of the cross section was not 
determined in this investigation, the shape of the resulting ion 
current curve is very similar to Buchdahl's observations as 
can be seen by reference to Figure 6. No subsidiary peaks at 

higher electron energy were observed in this experiment; 
however, it was found that such peaks could be caused by in
strumentation effects, and this may account for Buchdahl's 
earlier observations. 

The thermal rate constant for DA of I2 was measured by 
Biondi131 by following the rate of electron decay in I2-He 
mixtures via microwave techniques in a stationary afterglow. 
The measured rate constant was 4.2 X 1O - 9 cm 3 s e c - 1 or 
an average cross section of 3.9 X 1O - 1 6 cm2 . Simultaneous
ly Fox132 (electron beam with mass identification) observed 
the cross section variation at low electron energies and found 
it to peak at essentially zero energy. In this work the electron 
energy distribution of the electron beam could be deduced 
and the actual cross-section variation was obtained by a de-
convolution of the measured cross section.133 This resulting 
cross section was found to be very strongly peaked near zero 
electron energy as is shown in Figure 6. The magnitude of the 
cross section was determined by use of Biondi's room-tem
perature measurement of the rate constant. Both Biondi's 
and Fox's experiments suffered from contamination by HI. 
This can be a serious problem since it has recently been 
shown76 that dissociative attachment of HI has a very large 
cross-section peaking at essentially zero electron energy. 
Mass spectrometry was available in Fox's experiment, and it 
was demonstrated that although HI was not initially present in 
his system its concentration increased slowly with time upon 
the addition of I2. Fox pointed out that in his experiment the 
shape of the I - current vs. electron energy did not change 
with increasing HI concentration, although it did increase in 
magnitude, and therefore he concluded that the energy de
pendence of the DA cross sections for I2 and HI were quite 
similar. 

Recently Truby,73 '74 employing a stationary afterglow de
vice, has measured the DA rate constant for I2 over a limited 
range of translational temperature and electron energy. In this 
work the electron energy was varied by microwave heating. 
Truby's measurements of "average" cross section are 
shown in Figure 6 and vary only by some 50% between elec
tron energies of 0.04 to 0.27 eV. The thermal rate constant 
deduced in this work is some factor of 20 below that ob
served by Biondi. One basic difference between the two ex
periments is that Truby employed a single ionization pulse 
technique whereas Biondi's experiment utilized a repetitive 
ionization pulse. Truby73 has demonstrated that, at an iodine 
pressure of 1O - 3 Torr, the application of repetitive pulses re
sulted in a factor of 6 increase in the electron decay rate over 
that for a single pulse. Given this observation, as well as the 
possible impurity effects in Biondi's experiment, Truby's mea
surement must be preferred.134 Therefore, the absolute value 
of Fox's132 cross section, which was originally scaled from 
Biondi's results, should be decreased by a factor of 23 in 
order to bring it into agreement with Truby's work. 

The variation of Truby's rate constant with translational 
temperature is shown in Figure 7. The solid curve is a fit to 
the data and involves an activation energy of ~0 .1 eV. There 
is no theoretical justification for the functional form of the rate 
constant shown, and it should not be liberally extrapolated to 
other temperature ranges. Shipsey112 has analyzed Truby's 
data in terms of O'Malley's10 theory and finds that a best fit 
results for a crossing energy, E0, of 0.066 ± 0.007 eV above 
the ground-state energy of I2. This interpretation of Truby's 
results is, of course, inconsistent with Fox's observations. 

It is clear from the above discussion that there is still much 
uncertainty concerning dissociative attachment of the halo
gen molecules. Experimental work would be valuable in this 
area not only because the halogen molecules represent a 
fundamental system amenable to theoretical analysis but also 
because halogen dissociative attachment cross-section data 
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Figure 7. The rate constant for the reaction e + I2 —* I + I - vs. gas 
tennperature. The solid curve is a curve fit of the experimental data. 

could be of immediate use in the analysis of electrical dis
charge laser systems presently under study.135 

A last point with reference to section II. The halogen mo
lecular negative ions have also been observed in several of 
the experiments discussed above,1 1 4 1 1 6 , 1 2 7 '1 2 9 and in at least 
one case116 it has been suggested that these were created in 
a three-body attachment process. Blewett,114 in the case of 
Br2, and Buchdahl,129 in the case of I2, have shown that ap
proximately half the energy released in the dissociative at
tachment process is converted to translational energy of the 
negative ion. (Assuming no excited states are created, this is 
expected based on momentum considerations.) What this 
implies is that, with the exception of Cl2, dissociative attach
ment, even if by thermal electrons, would create negative 
halogen ions with sufficient translational energy to allow the 
endoergic charge-transfer reaction, i.e. 

X - + X 2 - * X 2 - + X (58) 

to occur. The extent of X 2
- production in a given experiment 

would, of course, depend on the cross section for process 58 
as well as the density of the buffer gas, as this gas would act 
as a thermalizing agent for the atomic ions. It would appear 
that process 58 would be a more reasonable production 
source for the observed halogen molecular ions than direct 
attachment. 

To the author's knowledge the only other diatomic mole
cules with exothermic (or slightly endothermic) dissociative 
attachment channels which have been studied are the hydro
gen halides HI and HBr and their deuterated analogs. The ab
solute DA attachment cross section vs. electron energy, cor
rected for the experimental electron energy distribution, were 
measured by Christophorou et al.76 using a combination of 
drift tube and electron beam techniques. The relevant cross 
sections were quite large and in the case of HI/DI peaked at 
zero electron energy. The thermal rate constants for these 
processes are listed in Table IV and were obtained by inte
grating the observed cross section multiplied by the electron 
velocity over a Maxwellian velocity distribution at T = 3000K. 
In the case of HBr/DBr the published cross sections76 were 
adjusted so as to fall to zero at 0.11 eV.136 (It should be 
pointed out that this observed onset is well below the reaction 
endothermicity of 0.37 eV. The cause of this is not under
stood and the listed rate constant should be used with cau
tion.) 

B. Triatomic and Larger Molecules 

Several of the larger molecules in the 0 2 /N 2 /H 2 0 /C0 2 sys
tem have exothermic or slightly endothermic dissociative at
tachment channels. The most studied of these is N2O, involv
ing the reaction 

e + N 2 O ^ O - + N2 (59) 

which is endothermic by 0.21 eV. 
The impetus for detailed study of this process involved 

early observations that the onset for this reaction occurred at 
electron energies of 0.0-0. i d eV.137>138 Not only was this low 
onset disallowed energetically, but Ferguson et al.81 have 
pointed out that the production of N 2 O - ( [N 2 O - ] * in the case 
of reaction 59) should require a substantial deformation of the 
geometry of neutral N2O. If this were the case an activation 
energy larger than the endothermicity would be expected. 
Lastly the reverse reaction, associative detachment, could be 
an important aeronomic process, and its rate constant might 
be related to that of DA via detailed balancing (see, however, 
discussion on F2). 

There is also an apparent three-body attachment process 
involving N2O (see section II), and early observations of the 
DA rate constant were obtained by plotting the effective two-
body attachment rate constant vs. pressure and setting the 
zero pressure intercept of this line equal to the DA rate con
stant. 

Phelps and Voshall88 (drift tube) and Warman and Fessen-
den89 (stationary afterglow) both found the thermal DA rate 
constant to be less than 3 X 10~15 cm3 s e c - 1 using this 
technique. More recently64 it has been demonstrated that 
these results are invalid since in actuality a sequence of reac
tions occur simultaneously, i.e., eq 60, which are rapid and 
have the effect of detaching electrons and thus reducing the 
apparent overall attachment rate. 

e + N 2 O - * O - + N2 

O - + N 2 O - ^ N O - + NO 

N O - + M — NO + e + M 

(60) 

Chaney and Christophorou,91 using complementary drift 
tube and electron beam techniques, reexamined the variation 
of cross section vs. electron energy for process 59 and found 
that the cross section below 1.5 eV was quite sensitive to 
gas temperature. This result was quantified in a definitive 
electron beam study performed by Chantry139 in which the 
gas temperature was varied between 160 and 10400K. In this 
work it was found that the low-energy cross section was very 
sensitive to temperature and that with increasing temperature 
a peak in the cross section occurred very close to zero elec
tron energy. The DA rate constants, as deduced by Warman 
et al .9 2 from Chantry's data, are shown in Figure 8. These re
sults imply that vibrational excitation of N2O can strongly en
hance the DA cross section, and the theoretical implications 
of this are discussed in some detail by Chantry139 and Bard-
sley.140 

Wenthworth et al . ,1 4 1 employing the thermal electron cap
ture technique, examined dissociative attachment of N2O 
over the temperature range of 207-4880K and found the rate 
constant to be characterized by an activation energy of 0.45 
± 0.02 eV, which they demonstrated to be consistent with 
Chantry's observations. 

Recently Warman et al.92 studied process 59 in a station
ary afterglow over the temperature range of 278 to 355°K 
using the zero pressure intercept technique described above 
to determine the DA rate constant. Reaction sequence 60 
was circumvented in this experiment by using saturated hy
drocarbons (RH) as the diluent gas. These molecules, as a 
class, allow a rapid reaction of the form 
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O " + R H - - O H " + R (61) 

which effectively prevents the formation of N O - and thus its 
subsequent detachment. Their resulting rate constant data 
are shown in Figure 8 and are best fit by the relation 

k = 7.3 X i o - 8 e - 4 8 0 0 ' T cm 3 sec " 1 (62) 

corresponding to an activation energy of 0.42 ± 0.04 eV. 
Warman et al. point out that, although this activation energy is 
in good agreement with that determined by Wentworth et 
a l . , 1 4 1 the latter measurements were made in the presence of 
a large excess of argon gas and there is the possibility that 
those measurements were effected by the three-body pro
cess. It should be noted that the extrapolation of relationship 
62 to higher temperatures falls an order of magnitude below 
Chantry's139 observations. 

Parkes64 has measured the thermal rate constant for pro
cess 59 using drift tube techniques and accounting for the 
reaction sequence 60 in his analysis. His result is in good 
agreement with that of Warman et al. 

There is an additional high-temperature measurement of 
the DA rate constant which has been made by Mullen et 
a i 142-144 v i a m a s s spectrometric observations of negative 
ions in an expanding jet of a high temperature plasma. Unfor
tunately the data interpretation on this experiment appears 
complicated, and it is difficult to evaluate the validity of the 
published rate constants. 

Initially, a rate constant of 1.8 X 1O - 1 0 cm 3 s e c - 1 was re
ported,142 deduced at conditions corresponding to a gas tem
perature of 30000K and electron temperature of 53000K. In 
the following year analysis of additional data resulted in rate 
constants of 3 X 1O - 9 cm 3 sec""1 at 25000K and 8 X 10^ 9 

at 29000K.1 4 3 These values were in reasonable agreement 
with an Arrhenius extrapolation of the data of Warman et 
al.9 2 Most recently, however, the experimental results were 
found to be affected by the geometry of the experimental 
system.144 The system was modified and an analysis of the 
most recent data resulted in a rate constant of 1.3 X 1 0 - 1 0 

cm3 s e c - 1 at a temperature of 2800°K. This rate constant 
may well be a lower bound inasmuch as the effects of col-
lisional detachment were not included in the data analysis. 

The available rate constant data for dissociative attach
ment of N2O are summarized in Figure 8. At low tempera
tures the data of Warman et al .9 2 appear quite reasonable 
considering the agreement with Parkes' 64 room-temperature 
result. However, at higher temperatures the discrepancy be
tween the extrapolation of the results of Warman et al. and 
Chantry's139 data remains to be resolved. 

Ozone has two dissociative attachment channels, the first 
of these 

e + O 3 - O - + O2 

being exothermic by 0.43 eV and the second 

e + O3 + O 

(63) 

(64) 

being endothermic. 
The thermal rate constant for reaction 63 was first re

ported by Fehsenfeld et al .1 4 5 to be 4 X 10~11 cm3 s e c - 1 ; 
however, shortly thereafter Fehsenfeld and Ferguson146 re
ported that they had found that the electrons in the former ex
periment had not thermalized and that the rate constant was 
quite sensitive to electron temperature. The thermal rate con
stant was reported to be less than 1 0 - 1 1 cm 3 s e c - 1 in this 
latter paper. 

Chantry94 (electron beam with mass analysis) studied dis
sociative attachment of O3 and found that at low electron 
energies the cross section for both dissociative attachment 
channels was independent of gas temperature over the tem
perature range of 112-3610K. Chantry's cross-section data 
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Figure 8. Measurements of the rate constant for the reaction 
N2O —* O - + N2 plotted vs. the reciprocal of gas temperature. 
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Figure 9. Measurements of the rate constant for the reaction e + O3 
—»• O - + O2 plotted vs. electron temperature. 

for process 63 has been converted into rate constants by 
Stelman et al . ,9 3 who accounted for the width of the electron 
beam in their conversion. The resulting rate constant vs. elec
tron temperature is shown in Figure 9. The rate constant for 
gas temperatures between 112 and 3610K is the same as 
that for the respective range of electron temperatures. 

Stelman et al.9 3 have measured the rate constant for pro
cess 63 vs. characteristic electron energy (kTe if the electron 
energy distribution is assumed to be Maxwellian) and found 
the distributions to be identical at temperatures of 200 and 
3000K. These results are also plotted in Figure 9 under the 
assumption that the drift tube energy distribution was indeed 
Maxwellian. The agreement between these data and Chan
try's is reasonable although the two sets of data begin to di
verge at the lowest temperatures. The data of Stelman et al. 
are to be preferred both because of the agreement between 
their measurement and Fehsenfeld and Ferguson's146 upper 
bound at room temperature, and also because of the electron 
beam width of ~0 .1 eV in Chantry's experiment. 

The solid line on Figure 9 is Stelman et al.'s fit to their data 
and is given by 

K = 9 X 1 0 - 1 2 ( T e / 3 0 0 ) 3 / 2 cm 3 sec" (65) 

The available measurements demonstrate that, in the range 
of 100-4000K, Te may be replaced by the translational tem
perature f i n expression 65. 

The last of the a i r /H 2 0/C0 2 molecules to be considered is 
H2O2 which has two DA channels. 
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e + H 2 O 2 - O - + H2O AHf298 = -0.05 eV (66) 

- - O H - + O H AHf298 = +0.38 eV (67) 

Processes 66 and 67 have been examined by Curran147 

(electron beam with mass identification) who found that the 
onset potentials for both O - and OH - production occurred 
very close to zero electron energy, with the OH - current 
being an order of magnitude higher than that of O - even 
though the former is produced in an endothermic reaction. 
The beam width in this experiment was 0.3 eV. 

Dissociative attachment has been studied for a number of 
larger molecules (five or more atoms) particularly that class 
containing halogen atoms. Some of these have been shown 
to have quite large cross sections at thermal electron ener
gies. For example, the reaction 

e + CCI 4 - * CCI3+ Cl" (68) 

has been shown118 to have a large low-energy cross section 
similar to that for HI. A discussion of the DA data for such 
molecules is beyond the scope of this work. The reader is re
ferred to the Christophorou's text2 and to the recent work by 
Spence and Schulz.148 

The rate constant for DA of HBO2
149 has been included in 

Table IV even though this reaction is endothermic by close to 
1 eV. This reaction has been included because to the au
thor's knowledge it is the only example of an endothermic dis
sociative attachment reaction whose rate constant has been 
measured. As mentioned earlier such rate constants should 
not be estimated by detailed balancing of the reverse asso
ciative detachment rate (which is typically only known at 
room temperature). 
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IV. Addendum 

There have been several studies of electron attachment 
reactions since this review was first prepared. These are dis
cussed briefly below. 

A. Three-Body Electron Attachment 

Three-body attachment to SO2 has recently been exam
ined by Guillerez and Bouby150 and by Rademacher et al.151 

in drift experiments. The former study was performed over 
the pressure range of 20-160 Torr and was in agreement 
with the earlier work of Bouby et a l . " with the exception of 
measurements performed with C2H4 as the carrier gas. The 
basic conclusion was that electron attachment to SO2 with N2 

as the third body appeared to be a bimoiecuiar reaction for 
pressures between 20 and 160 Torr with a rate constant of 
~3.6 X 1O-12 cc/sec. On the other hand, with C2H4 as the 
third body, the attachment reaction appeared termolecular 
over the same pressure range with an apparent third-body 
rate constant of ~6.4 X 1O-30 cm6/sec. 

Rademacher et al.151 examined electron attachment to 
SO2 with N2 and C2H4 carrier gases over the pressure range 
of 200-2500 Torr and found that in both gases the attach
ment reaction was initially termolecular in the lower pressure 
range, becoming bimoiecuiar at higher pressures. Their re
sults extrapolated uniformly into the low-pressure data of Guil
lerez and Bouby.150 

Rademacher et al. have developed a kinetic mechanism to 

explain these observations. This scheme involves a set of 
three reactions: (1) the two-body attachment/autoionization 
reaction 10; (2) collisional stabilization, reaction 11; and (3) 
radiative stabilization. They suggest that at low pressures 
radiative stabilization will dominate collisional stabilization, 
and thus the attachment rate will appaar bimoiecuiar. With in
creasing pressure the reaction will become termolecular and 
subsequently bimoiecuiar as discussed previously for the 
reaction sequence 10-11. 

From an analysis of the data in terms of this reaction se
quence it was found that the initial attachment reaction 10 
proceeded with a rate constant of ~8 X 1O-11 cc/sec, the 
ratio of autoionization to radiative stabilization lifetimes was 
~0.03, the product of the collisional stabilization rate con
stant times autoionization lifetime was 2.0 X 10 - 2 1 cc for N2 

and 60 times larger for C2H4, and the autoionization lifetime 
was > 1.8 X 1O-10 sec. 

B. Dissociative Attachment 

(1) Br2. Sides and Tiernan152 have recently examined DA 
of Br2 in a flowing afterglow device and reported that ka » 
1O-12 cc/sec in contradiction with Truby's73 earlier measure
ment. 

(2) F2. Sides and Tiernan152 also have examined DA of F2 

and report an attachment rate constant of (7.5 ± 1.9) X 1O-9 

cc/sec for an electron temperature of 5000K. This result 
would be consistent with an extrapolation of Mandl's shock 
tube results.125 

(3) HCI. Burdett and Hayhurst153 have examined DA of HCI, 
producing Cl - , in a flame experiment at temperatures be
tween 1800 and 26590K. In this work detailed balancing was 
applied to a measurement of the reverse (associate detach
ment) rate constant resulting in ka = 2 X 1O-5 7~1/2 

exp(-9500 • T) cc/sec. 
(4) HNO3. Fehsenfeld and Howard154 have observed room-

temperature dissociative attachment of HNO3, producing 
NO2

-, in a flowing afterglow device. The rate constant for this 
process is ka = (5 i3) X 1O-8 cc/sec. 
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