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The total cross sections for the formation of negative ions have been measured for single 
collisions between H- and o- ions and 0 2, CC14 and SF6 molecules in the energy range 
from 10 to 50 kev. The slow negative and positive ions formed when H- and o- ions pass 
through these gases have been analyzed by a mass-spectrometer technique. An analysis has 
also been made of the negative ions formed in collisions between o- ions and H20 and C02 
molecules. The experimental data for ion collisions are compared with the corresponding 
data for electron collisions. 

INTRODUCTION 

SLoW negative ions can be formed as a result of 
two processes when fast negative ions move through 
a rarefied gas: 

(1) 

(BC-* is the excited ion). 
Although the analogous reactions that occur when 

electrons move through a gas have been studied, 
very little work has been done on the formation of 
slow negative ions due to the passage of fast nega
tive ions through a rarefied gas. We are acquainted 
only with reference 1, in which cross sections have 
been measured for the formation of slow negative 
ions in collisions between 0 2 molecules and Na -, 
K-, o-, CC, OH-, and 02 with energies of 720 ev. 
No mass analysis was made of the slow negative 
ions in this work. 

In order to obtain further data on the formation 
of slow negative ions in the interaction of fast neg
ative ions with gas molecules, we have measured 
the cross sections for the formation of negative 
ions in collisions of H- and o- ions with energies 
from 10 to 15 kev and the molecules 0 2, CC14, and 
SF6• In addition to measuring the total cross sec
tions for the formation of negative ions we have 
carried out a mass-spectrometer analysis of the 
negative and positive ions formed in the gas. 

8 

APPARATUS AND METHOD OF MEASUREMENT 

The experimental apparatus used to investigate 
the formation of slow negative ions has been de
scribed by the authors in detail in earlier papers2•3 

in which the ionization of gases by negative ions 
was investigated. 

The total cross section for the formation of 
slow negative ions ai is measured by the familiar 
potential technique. In order to distinguish slow 
negative ions from electrons produced by stripping 
a fast negative ion and by ionization of the gas 
molecules, we used a magnetic field parallel to the 
axis of the primary beam. The same field sup
pressed the secondary electron emission from the 
electrodes of the measurement capacitor. 

Before measuring ai, we obtained for each ion
molecule pair the characteristic curves iif/IQ 
= f(H) and iH:/IQ = f(V), where iii is the nega
tive current to the measurement electrode with 
the magnetic field on, and IO is the primary beam 
current. Using these characteristic curves we 
determined the magnetic field strength necessary 
for complete separation of the slow negative ions 
from the electrons, and the potential difference V 
between the electrodes of the measurement capaci
tor required to obtain saturation current. To find 
the conditions which must be satisfied to obtain 
single collisions, we studied the dependence of 
iH: /I0 for the investigated gas on the pressure in 
the collision chamber. For all gases studied 
(except SF 6 ) and for all beam energies, the curve 
iH:/I() = f ( p) is linear up to 1.5 x 10-4 mm Hg, 
indicating that we are dealing with single collisions. 
In the single-collisions region the cross section 
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a[ was computed from the formula 

o~ = i~ fl~nL, (2) 

where n is the number of gas molecules per cubic 
centimeter and L is the length of the measurement 
electrode. 

In SF 6, the i H /I0 = f ( p) curve is found to be 
parabolic, starting at low gas pressures. In this 
case ai was determined from the pressure de
pendence of the quantity ( iH:/10 )/p by a method 
which has been described earlier.4 The error in 
the measurement of a[, as estimated from the 
spread in the measured results, is ± 10%. The er
ror in the energy measurement is ± 3%. 

The slow negative and positive ions were ana
lyzed in a magnetic mass spectrometer with a beam 
turning angle of 60° and a mean trajectory radius 
of 16.4 em. The relative intensity of a mass spec
trometer line was computed from the formula 

an= hn I ~hi, (3) 

where hn is the height of the line corresponding to 
the n-th ion while L; hi is the sum of the heights 

i 
for all the spectral lines. 

The cross section for the formation of a given 
negative ion aii was computed from the intensity 
of the mass-spectrometer line and from the total 
cross section for the formation of slow negative 
ions, by means of the formula 

(4) 

Fedorenko and Afrosimov5 have shown that an 
gives the true composition of the slow ions in the 
zone of interaction between the primary beam and 
the gas only when it is independent of the mass 
spectrometer exit slit width, the extraction poten
tial V e• the acceleration voltage V a• and the 
focusing voltage Vf (cf. Fig. 1. in reference 1). 
For each ion-molecule pair and for each primary
ion energy we determined the dependence of an 
on the parameters given above. The operating 
values of V e• V a. V f and the slit width were then 
chosen to correspond to points on the plateaus of 
the appropriate curves. 

In order to find the gas pressure in the collision 
chamber necessary to ensure single collisions, we 
obtained the curve Iii./10 = f ( p ), where Iii is the 
current at the peak of a given mass-spectrometer 
line. Most of the measurements of an were car
ried out at a gas pressure of 1-1.5 x 10-4 mm Hg. 
The error in the measurement of an: is made up of 
the errors in ai and an and is ± 10% for high in
tensity peaks and ± 35% for low intensity peaks. 

RESULTS OF THE MEASUREMENTS 

The total cross sections for the formation of 
slow negative ions in oxygen are shown in Fig. 1 as 
a function of the velocities of the H-, n- and 
o- ions. The cross section for H- - 0 2 is ( 1-3) 
x 10- 17 cm 2; for 0--02 these cross sections are 
an order of magnitude larger. ll'in, Afrosimov, 
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FIG. 1. The cross sections for the formation of slow nega
tive ions ui in oxygen as a function of velocity (solid curve); 
the dashed curve is the function a~(v). 

and Fedorenko6 have estimated the cross sections 
for the dissociation of 0 2 molecules into positive 
and negative ions by collisions with protons with 
energies of 10 to 30 kev. These cross sections 
are of the order of 10-19 cm2• Since it is not very 
likely that the cross sections for the dissociation 
of the 0 2 molecules by impact with H- ions are 
much larger than the corresponding cross sections 
for the H+ ion, it is reasonable to assume that af 
for H- - 0 2 and o- - 0 2 represents the cross 
section for charge exchange of Ir and o- ions in 
oxygen. The following conclusions follow from an 
analysis of the curves in Fig. 1. 

1. The cross section ai is independent of ion 
mass, since the experimental points for Ir and 
n- ions lie on the same curve. 

2. The reduction in a[ with increasing ion 
velocity is fairly well described by the formula 
ai = a 0e-kv. The constant k in this formula is 
different for hydrogen and oxygen ions. It should 
be noted that the experimental point for o- - 02 
at 720 ev1 also lies on the curve ai ~ e-kv. 
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The mass spectrum for the slow negative ions 
from W - 0 2 and o- - 0 2 contains the 02 ion 
and, in very small quantities, the o- ion. This 
result indicates that when H- or o- ions pass 
through 0 2 the most important reaction is A- + 0 2 
-A+ 02; the reactions A-+ 0 2- 02*- 0 and 
A- + 0 2 - A- + o- + o+ are characterized by low 
probabilities. 

The formation of negative ions in collisions be
tween electrons and molecules exhibits entirely 
different characteristics. In this case the depend
ence of the negative ion formation cross section on 
the electron velocity is characterized by a reso
nance effect. In Fig. 1 we show this dependence in 
0 2, using the data reported by Buchel'nikova. 7 

When the electron "sticks" to the 0 2 molecule, 
the reaction 0 2 + e - 02 * - o- + 0 occurs, that 
is to say, the o- ion is formed only as a result of 
the dissociation of the excited 02 ion. 8 As has 
been noted above, charge exchange of H- and o
with 0 2 molecules results primarily in the forma
tion of 02 ions. This difference in charge ex
change of negative ions and attachment of electrons 
to molecules is completely reasonable. Since the 
radiation process 0 2 + e - 02 + hv is character
ized by a small probability, the attachment of the 
electron to the 0 2 molecule leads to the formation 
of the excited 02 ion. Because of the low gas 
pressure this ion cannot be stabilized by transfer 
of excitation energy to another particle so that it 
must dissociate. In the case of charge exchange, 
say for o- - 0 2, the resonance defect t.E is equal 
to the difference in the electron affinity for 0 2 and 
0, more precisely, to 0.15 - 1.48 =- 1.33 ev, so 
that t.E is negative;* therefore, energy is absorbed 
rather than released. A stable 02 ion can be 
formed in charge exchange because of this effect. 

In charge exchange of negative ions, as in elec
tron capture by singly-charged positive ions and 
neutral atoms, the maximum cross section as a 
function of velocity is determined by the well
known Massey adiabatic criterion; 11 •12 assuming 
that the quantity a which appears in the adiabatic 
criterion is the same for this process as for one
electron charge exchange in singly-charged posi
tive ions, i.e. 8 A, we find the peak for o- + 0 2 
- 0 + 02 at an energy of 5.5 kev. However, it is 
not very likely that the maximum value of ai ( v) 
for this process lies at 5.5 kev; the value of ai in 
the energy range 10-50 kev, obtained in the pres
ent work, and the value at 0.7 kev, obtained by 
Dukel' skil and Zandberg, 1 correspond to a smooth 
curve which increases monotonically between 0. 7 

*The electron-affinity values are taken from references 
9 and 10. 

and 50 kev. It is more probable that the maximum 
value of aJ: ( v) for o- - 0 2 lies at an energy 
lower than 0. 7 kev. If this is the case, then the 
condition for applying the Massey adiabatic criter
ion to charge exchange of negative ions means that 
the value of a for o- + 0 2 - 0 + 02 is consider
ably smaller than 8 A. The resonance defect for 
W + 0 2- H + 02 is -0.58 ev, which is still 
smaller than for o- + 02- 0 + 02; therefore the 
maximum cross section for the first process is 
also expected to be at a low energy. 

In Fig. 2 we show the ai ( v) curves for W 
- CC14 and o- - CC14• The cross section ai for 
H- - CC14 remains essentially constant over the 
velocity range studied; for o- - CC14 this cross 
section diminishes as the velocity increases, in 
accordance with the empirical relationship estab
lished for w - 02 and o- - 02. 
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The relative intensities of the mass-spectro
meter lines, for negative and positive ions pro
duced when H- and o- ions with energies of 
30 kev bombard CC14, are shown in the table. For 
purposes of comparison we also show in this table 
the corresponding data for electrons with energies 
of 75 ev. 13 The data in the table indicate that in 
the negative-ion spectra characteristic of collisions 
of negative ions and electrons with the CC14 mole
cule, the greatest relative intensity is to be as
signed to the Cr ion so that ai ~ acl· This result 
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CCI.++ - - 0.4 Sf+ 13.4 5.24 c+ 6.9 4.05 4.9 
CC12+ 9.2 12.5 12 SF2+ 7.1 3,47 f+ 7.5 4.18 0.65· 
CCI+ 18.8 15 14.2 Sf a+ 8.5 16.8 CCI++ 0.6 0.7 -

CC!s++ - - 0.8 Sf4+ 2.5 5.43 CF+ 14.3 17.2 10.8 
Ci.+ 1.0 1.26 0.18 Sfs+ 31,2 60.2 CI+ 20 18.35 10 
CCI a+ 23.5 38 51.3 SF~* - 0.82 CC!.F2++ - - 0.48 
CCI 4+ 0,05 0.09 0.01 Sf a++ - 0.22 CCI++CF2+ 39.3 40,5 -

c+ 7.1 3.8 7.4 SF4++ - 2.46 CCI+ - - 3.5 
c- 0.13 0.28 0.01 SFs- 63 96.1 CF2+ - - 8.1 
CI- 99.4 99.3 99,9 SF5- 3.5 3.9 CCI2F++ - - O.t. 
CCI- 0.09 0.18 0.005 F- 33.5 0.04 CC!f+ 8.4 12.3 2.3 
CI2- 0.2 0.24 0.1 CCI2F+ - - 4.3 
CCI2- 0.12 - - CCIF2+ 2.5 2.8 54 

f2+1 - - 0.21 
CI2+ - - 0.16 
CC12F2+ 0.1 - 0.16 
c- 4 4.1 0.22 
F- 73.5 74.6 30.4 

I CI- 22.6 21.3 69.4 I 

Note: For o- the velocity is 6 X 107 em/sec; for H- v == 2.4 X 10" em/sec; 
for the electrons v = 5.18 x 108 em/sec. 

has been verified by other authors .14• 15 On the 
other hand, the CC14 ion has not been observed in 
any of this work. Thus, charge exchange ( nega
tive ions ) and electron attachment in CC14 lead to 
dissociation of the CC14 ion which is formed. In
asmuch as a stable negative molecular ion can be 
formed in charge exchange (cf. above), the absence 
of such ions in the present case can be explained 
by the fact that the electron affinity of the CC14 

molecule is negative. Judging from the relative 
intensity of the mass lines in the negative-ion 
spectrum, at least for o- - CC14, we can say that 
this ion decays chiefly via the reaction CC14 * 
- cr + CC13• In the case of H- ions and elec
trons with higher velocities than the o- ion, a 
contribution to the formation of the cr ion arises 
from the well-known dissociation process CC14 
- cr + CCls. To some extent this interpretation 
is verified by the presence of a large number of 
CC13 ions in the positive-ion spectrum. It should 
be kept in mind, however, that these ions can be 
formed as a result of ionization and subsequent 
dissociation of the excited CC14 ion. It is inter
esting to note that the number of CC14 ions is very 
small. It is found that in CC14 both attachment 
and detachment of an electron lead to the forma
tion of unstable molecular ions. The absence of 
the CC13 i&n in the negative ion spectrum* indi
cates the small probability of the decay of the CC14 
ion via the reaction CC14 * - CC13 + Cl as com-

*The CC13 ion has been observed in work reported by 
Dibeler and Mohler, but the relative content was very 
small (approximately 0.1%).16 

pared with the decay reaction CC14*- Cl- + CC13• 

The situation which has been pointed out is under
standable because in the decay of the CC14 ion the 
excess electron will be attached to the shell with 
the higher electron affinity, that is to say, to the 
Cl atom rather than the CC13 radical. On the 
other hand, the absence of the ccr; ion indicates 
the small probability for the dissociation process 
CC14 - CC13 + Cl + whereas in electron impact the 
process CCl4- cr + CCla has a rather high 
probability .14 

Thus, in their general features, the spectra of 
the negative and positive ions are the same for H
and o- and for electrons. However, there is a 
big difference in the cross section for the forma
tion of negative ions as a function of velocity of 
the primary particles, as is apparent from Fig. 2; 
in this figure, we show the ai ( v) curves obtained 
in the present work and the a ( v) curve for the 
electron attachment process in CC14 taken from 
the work of Buchel'nikova. 7 

The cross sections for the formation of negative 
ions in SF 6 bombarded by H- and o- ions are 
weak functions of ion velocity in the velocity region 
which has been studied (Fig. 3). ai for SF6 is 
considerably smaller than for 0 2 and CC14, as is 
apparent from Fig. 4, in which we compare the 
ai ( v) curves for these three gases. Just as in 0 2 

and CC14, the ai ( v) curve for electron attachment 
in SF6 is very different from the curve for charge 
exchange between o- ions and the SF 6 molecule 
(cf. Fig. 3). 7 

In the table we give the results of a mass-spec-
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these excited ions have lifetimes which exceed the 
time-of-flight in the mass spectrometer. In charge 
exchange of o- ions with SF6 molecules, however, 
a large portion of the SF6 ions which are formed 
decay with the formation of F- ions ( SF6 * - SF 5 

+ F- ) while a considerably smaller part of these 
ions decay via the process SF6 * - SF5 + F. In 
this case, just as in decay of CC14 ion, the more 
probable decay process is the one in which the 
electron becomes attached to the shell with the 
higher electron affinity. Attention is merited by 
the fact that the positive ion spectrum does not 
contain the SF6 ion whereas SF6 exhibits the high
est intensity in the negative ion spectrum. This 
means that the detachment of the electron from the 
SF6 molecule always results in dissociation of the 

z L--------'-------.l------~- SF6 ion formed. Attachment of the electron to the 
.z _8 3 r SF6 molecule is much more likely, especially the 

70 ~em/sec attachment of a free low-energy electron, which 
FIG. 3. The cross sections for the formation of slow nega- * results in the formation of an excited SF6 ion 

tive ions in the gas SF6 as a function of velocity (solid curve). 
The dashes indicate the corresponding curves for the individ- with an appreciable lifetime. 
ual ions. For the ion sF; the cross section for bombardment The investigation of the spectrum of the nega-
by H- has been measured at only 30 kev. tive ions formed in collisions of H- and o- with 

trometer analysis of the negative and positive ions 
formed by passing 30-kev o- ions through SFs. 
For purposes of comparison, in this same table we 
give data on the composition of the positive ions 
formed in SF6 by electrons with energies of 50 ev.16 

The data on negative ions given in the table refer 
to electron energies close to zero, since it is at 
this energy that there is a maximum cross section 
for the formation of the ions SF6, SFfi, and F- .17 

It is apparent that there is a considerable differ
ence in the relative intensities for the SF6 and F
ions when they are formed by o- ions and by elec
trons. In electron collisions, excited SF(i* ions 
are formed in the overwhelming majority of cases; 
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the freon molecule CC12F 2 shows, that in addition 
to the ions F-, cr and c-, this spectrum con
tains a large number of H- ions ( approximately 
50%). Inasmuch as the water vapor is carefully 
removed from the freon in the collision chamber, 
we may assume that the H- ion appears as a con
sequence of impurities ( in the freon) containing 
molecules in which one or more halogen atoms 
are replaced by hydrogen atoms. It is well known 
that it is difficult to remove these impurities from 
freon. For this reason, a systematic investigation 
of af( v) was not carried out for CC12F 2• However, 
we have estimated a1(v) for H-- CC12F 2 for H
energies of 30 kev. This estimate yields a value 
of 2.5 x 10- 18 cm2, which is 25 times smaller than 

FIG. 4. The solid curves show the function 
ui(v) for H- while the dashed curves apply for 0-. 
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for H- - CC14 at the same ion energy. From this 
result we may conclude that replacement of Cl 
atoms by F atoms in CC14 causes a marked re
duction in aj_. 

The relative numbers of different negative and 
positive ions which appear in collisions of H- and 
o- ions with CC12F 2 molecules is given in the 
table together with the data on electron impact. 13 

It is apparent from these data that in charge ex
change with H- and o- and in electron attachment, 
the CC12F 2 molecule does not form the ion CC12F2; 
on the other hand, in ionization by these particles 
only a very small number of CC12Ft ions are 
formed. In this respect, CC12F 2 is similar to CC14 

(cf. above). We may note that electron impact re
sults in the formation of more Cr ions than F-. 
On the other hand, in ion impact, more F- is 
formed than cr. 

In addition to the investigation of 0 2, CC14, SF6 

and CC12F 2, attempts were made to measure ai 
in bombardment of CO, C02, H20, NO and NH3 

by H- and o-. In all these molecules ai was 
found to be much smaller than in 0 2, CC14, and 
SF 6• Furthermore, the characteristic curves for 
iH:/I0 = f(V) obtained in the bombardment of these 
gases by o- show that iH:/I0 increases contin
uously with increasing potential difference V; this 
effect is apparently caused by scattered ions from 
the primary beam, which strike the measurement 
electrode, or by the high initial velocities of the 
negative ions formed. In any case, because the 
iH:/IQ = f(V) characteristic does not have a plat
eau, it is impossible to obtain reliable values for 
ai in CO, C02, H20, CH4, NO and NH3• When 
H- ions pass through these gases, the iH:/I0 
= f ( V) characteristic does exhibit a plateau, but 
the value of iH:/I0 at the plateau cannot be meas
ured reliably because of the low sensitivity of the 
device used to measure the current iH:. In any 
case ai in these gases is smaller than 2 - 3 
x 10- 18 cm2• 

For the same reason ( small current at the 
mass-spectrometer collector) negative ion spec
tra could be analyzed only for the molecules H20 
and C02• In o- - H20 the spectrum exhibits H
ions (58%) and o- ions (42%). Judging from the 
relative intensity of the H- and o- peaks, the de
cay processes H2o- - I1 + OH and H2o- - o-
+ H2 have approximately the same probability. 
Similar results have been obtained in investiga
tions of the negative ion spectra for collisions of 
electrons with the H20 molecule.18•19 In the nega
tive ion spectrum for o- - C02 we observe o
(85%) and 02 ions (15%). Thus, the probability for 
the decay process C02 - CO + o- is appreciably 

greater than for the process C02 - C + 02. In 
the negative ion spectrum characteristic of elec
ton attachment to the C02 molecule, only the a
ions are observed. 20 The maximum electron at
tachment cross section is 5 x 10- 19 cm2• 

The experimental data reported in the present 
paper indicate that there is an important difference 
in the cross sections ai and the shapes of the 
ai ( v') curves for the attachment of free electrons 
in molecules and for charge exchange of negative 
ions with the same molecules. This difference 
arises because in the first case the negative ion is 
formed as a consequence of attachment of a free 
electron to the molecule. In this case the transi
tion from molecule into a negative ion proceeds in 
accordance with the Franck-Condon principle and 
the a[ ( v) curve must exhibit a resonance. 21 In 
the second case the negative ion is formed by elec
tron transitions between discrete states of the fast 
negative ion and the gas molecule, so that the gen
eral features of the ai ( v) curve are similar to 
these curves in other charge exchange processes. 

The data presented on the formation of negative 
ions in atomic collisions, point to the desirability 
of further investigations at low velocities, where 
the maxima of the ai ( v) curves are located. The 
locations of these maxima ( vmax) and the behav
ior of the ai( v) curves for v < vmax will allow us 
to examine the applicability of the adiabatic hypoth
esis to charge exchange of negative ions. 

We wish to thank A. F. Khodyachikh, who helped 
in these measurements. 

In conclusion the authors also wish to take this 
opportunity to express their gratitude to Professor 
A. K. Val'ter for his continued interest in this work. 
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