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The formation of N+ and N~ ions produced by collision of fast hydrogen, helium, neon, and argon ions 
and atoms (3-37 keV energy) with nitrogen molecules was investigated by a mass-spectrometer tech
nique. The relative populations of the first vibrational level of the B~~ state of the m ion are meas
ured simultaneously for the same elementary processes, by means of an optical-spectroscopy tech
nique. It is concluded on the basis of the experiments that the formation of N+ ions is the result of ex
citation of the N~-ion vibrational levels lying above the dissociation limit of the electronic states of this 
ion. 

INTRODUCTION 

THE measurement of the relative intensities of the 
spectral bands of the first negative system of the m ion 
(1 ns m)' excited by collision of different ions and slow 
electrons with N2 molecules, has shown that the popula
tion of the first vibrational level of the B2~~ state of the 
N2 ion proceeds with violation of the Franck- Condon 
principle, the population of this level being much larger 
than the value calculated in accordance with the Franck
Condon principle£1'21 . It has been previously sugges
ted£11 that the cause of this effect is the additional vibra
tional excitation of the nuclei of the m ion, due to the 
direct action exerted in the nucleus by the field of the 
incoming particle. If this suggestion is valid, then an 
increase of the population is to be expected also for the 
higher vibrational levels of the m ion. 

The increase of the population of the higher vibra
tional levels of the electronic states of the N2 ion may 
cause the dissociation of this ion to proceed not only as 
a result of excitation of electronic states with a poten
tial-energy curve of the repulsive type, but also as the 
result of population of vibrational levels lying above the 
dissociation limit of the bound states of this ion. 

An effect of similar kind was already observed in the 
number of investigations £3- 51 devoted to the formation 
of fragment N+ ions upon collision between slow elec
trons and N2 molecules. It is obvious that the ~ ions 
produced in the dissociation processes as the result of 
excitation of higher vibrational levels of the N2 ions 
will have a zero initial kinetic energy. A study of the 
energy spectrum of the N+ ions, carried out in the cited 
investigations, has shown that such ions appear at suffi
ciently low electron energies. The number of N+ ions 
with zero kinetic energy increases with decreasing 
velocity of the incoming electrons. These facts them
selves indicate the existence of a process of dissocia
tion of the N2 ion as a result of its vibrational excita
tion. A theoretical treatment of this process was pre
sented by Oksyuk£61 . In collisions of heavy particles 
with molecules, the process of fragment-ion production 
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is a result of vibrational excitation of molecular ions 
has not been observed by anyone as yet. 

We report here investigations aimed at observing 
the dissociation of the N~ ion, induced by vibrational ex
citation of its nuclei in collisions of fast ions and atoms 
with N2 molecules. To this end, a mass-spectrometer 
procedure was used to measure the relative values of 
the effective cross sections for the production of ~ and 
N2 ions in collisions of ions and atoms of hydrogen, 
helium, neon, and argon with N2 molecules. Simultane
ously, we measured the relative population of the first 
vibrational level of them ion in the B~~ state, produced 
upon collision of He, Ne, and Ar atoms with N2 mole
cules. These measurements were made with the setup 
described in£1' 71 , which was equipped with a neutralizer 
to obtain beams of neutral particles. 

APPARATUS 

The measurements were made with a double mass
spectrometer installation, the injector part of which is 
described in£81 , and whose magnetic mass-spectrometer 
for the analysis of the slow-ion composition is des
cribed in£91 . To carry out the present investigations, we 
replaced in the experimental setup the collision chamber 
and the system for forming the secondary-ion beams. A 
diagram of these units of the experimental setup is 
shown in Fig. 1. 

Primary _\ 0 

l To secondary -ion 
mass spectrometer 

FIG. I. Collision chamber and system for forming secondary-ion 
beams. 
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The collision chamber is separated from the remain
ing part of the setup by means of input and output chan
nels 1 and 6. The input channel 1 was collimated by a 
slit measuring 1.5 x 6 mm. The current of the primary 
charge beam was measured with removable Faraday 
cylinders, one located past the input channel (2) and one 
located past the exit from the secondary-ion beam 
formation system (5). The equivalent current of the 
primary atomic beam was measured with a scintillation 
counter 7. The primary charged beam trajectory was 
corrected by the electric field of a parallel-plate 
capacitor 3. 

The primary beam entered the region from which the 
slow ions were drawn out, between plates a and b of the 
parallel-plate capacitor, through slit 4' with dimensions 
1 x 4 mm, and left this region through slit 4" measuring 
1.5 x 7 mm; slit 4' was insulated from the grounded 
housing of the draw-off system and was under a poten
tial of + 300 V in order to suppress the secondary elec
trons knocked out by the beam from the edges of the 
slit 4'. 

The secondary ions produced in the ionization region 
were repelled by a weak electric field through the slit 
of plate b, accelerated, and focused by a system of three 
plane parallel plates with slits. All the slits in the 
plates of the draw-off system measured 1 x 7 mm. The 
formed beam of slow ions entered the input slit 9 of the 
mass spectrometer, with dimensions 0.2 x 12 mm. The 
parallel-plate capacitor 8 served as a corrector for the 
secondary-ion beam trajectory. The secondary-ion 
beam current past the output slit of the mass spectrome
ter was measured with the ion counter described in [10J. 

The counter made it possible to measure currents up to 
(1-2) X 10-18 A. 

The initial energies of the secondary ~ and N; ions 
produced upon passage of the primary beam through 
nitrogen are not equal; whereas the N; ions have thermal 
initial energies, the fragment N+ ions can be produced 
with energies on the order of several electron volts. It 
is known that a draw-off system with a narrow capture 
solid angle can have an essentially different efficiency 
for the gathering of ions with different initial energies. 
As a result, the relative content of the N+ and N~ ions at 
the spectrum may not equal the relative concentrations 
of the W and N; ions in the region of their formation. 

Detailed investigations were made for the purpose 
of selecting the geometry of the secondary-ion beam 
formation and the distribution of the potentials on the 
electrodes of this system, so as to obtain the same 
ratios of the N+ and N2 currents as were obtained in 
other investigations, in which other systems for drawing 
out the secondary ions were used. As a result of these 
investigations, which were made with protons and hy
drogen atoms, we were able to obtain N+ and N; ion
current ratios that coincided, within the limits of the 
measurement error (~ 10%), with the results of[9 ' 11J, in 
which the systems used to draw out the slow ions had 
significantly larger capture angles. The distribution of 
the electrode potentials of the draw-off system, which 
ensured equal efficiency of the gathering of the N• and 
N2 ions, was as follows: a positive potential 
(200 + 140 V) was applied to plate a, and +2000 V to 
plate b. Plates c and d were grounded, and a focusing 
voltage ~ + 1400 V was applied to plate e; the distances 

between the electrodes of the draw-off system were as 
follows: 8 mm between plates a and b, 3 mm between b 
and c, and 5 mm each between c and d and d and e. 

The mass spectrum of the slow ions produced in 
nitrogen by the passage of beams of ions and atoms of 
hydrogen, helium, neon, and argon revealed the presence 
of N2 and N+ ions and a very small amount of N2• ions. 
We measured, in relative units, the effective cross sec
tions for the production of the N2 and N+ ions. The meas
urements were made at nitrogen pressures and primary
particle beam currents such that single collisions were 
produced. 

MEASUREMENT RESULTS AND DISCUSSION 

Plots of the effective cross sections for the produc
tion of N2 and N+ ions against the velocities of the ions 
and atoms of hydrogen, helium, neon, and argon are 
shown in Figs. 2 and 3 respectively. Figure 3 shows, 
besides the aw(v) curves also plots of N1/No against v 
(N1 and No are the populations of the first and zeroth 
vibrational levels of the B2~~ of the N2 ion) for He+, Ne+, 
and Ar• ions, taken from[ 1J, and for He, Ne, and Ar 
atoms, as obtained in the present investigation. 
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FIG. 2. Plots of the effective cross sections for the production of 
Ni ions against the velocity of the ions and atoms of hydrogen, helium, 
neon, and argon. e -positive ions, 0 -neutral atoms. 

In collisions between ions and N2 molecules, the N2 
ions are produced as a result of the following processes: 

J++N2 -+J0 +N,+ charge exchange, (I) 

J+ + N2 -+ J+ + N2+ + e ionization. (II) 

In the case of collision of atoms with N2 molecules, 
the N2 ions are produced only as a result of the ioniza
tion process 1J 

An examination of Fig. 2 shows that the a w(Y) plots 
2 

(III) 

1 lin collisions of H atoms with the N2 molecule, charge exchange 
H0 + N2 --> H- + N; does occur, but the cross section of this process 
is small [8 ] and this process can therefore be disregarded. 
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Table I 

I 
~ H+ I He+ I Ne+ I ArT State of the c 

N; ion ~ j!!.EI,f Vmax· J!!.EI.I "max• J!J.EI.I "max• J!!.EI,I "max• o> eV em/sec eV em/sec eV em/sec eV em/sec "" ~ 

X21: -~ I 1S.58 1. 98 3.R2· 1(17 8 
A2fl~ 

i 
16.7 3.1 6·1U7 7.88 

H2ku.~ 18. 7;; ;),15 1·108 5,93 
(;21:u1 ~3.5 9. 9 1.91-1118 !.OR 

have a structureless form in the case of N;;-ion produc
tion by atomic collisions; this form is characteristic of 
ionization processes. Certain features observed on the 
aN;(v) curves, corresponding to the formation of N2 ions 

by ion collisions, can be explained by taking into account 
the fact that these ions are produced not only as a result 
of the ionization processes (process II), but also as a 
result of charge exchange (process I). 

It is possible to apply to the charge exchange process 
the Massey adiabatic criterion, which determines the 
value of the velocity Vmax at which the maximum of the 
effective cross section of a certain charge exchange 
process is obtained, by the condition 

,..,,""=a[ L'lE[ / h, (1) 

where a is the distance over which the interaction for
ces act between the colliding particles, LlE is the reson
ance defect of the process, and h is Planck's constant. 
In the case of single-electron charge-exchange proces
ses the value of a is 7-8 A[l2J. 

Table I lists the values of Vmax calculated by means 
of formula (1) at a = 8 A. In the calculation we took into 
account the fact that the N2 ion can be produced as a re
sult of charge exchange both in the ground state X2Z g 
and in the excited electron states A2Ilu, B2Z~, and 
C2Z~. 

Comparing the values of Vmax' given in Table I, with 
the shape of the aN2(v) curves in Fig. 2, we can explain 
in general outline the shape of these curves. Thus, for 
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FIG. 3. Solid lines-plots of the effective cross sections for the produc
tion of N+ ions against the velocity of the ions and atoms of hydrogen, 
helium, neon, and argon. e- positive ions, 0 -neutral atoms. Dashed 
lines-plots of the ratio NdN0 against the velocity of the ions and atoms 
of helium, neon, and argon. 0 -positive ions, 6-neutral atoms. 

1.74·11!' :1,98 1.1o.Hl' 0,18 3.48· 108 

1,52-108 4.86 9,35-107 0.94 1.81-107 

1.14-108 2.81 5.42·1U' 2.99 5.R-10' 
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example, in the case of the H+- N2 pair, the growth of the 
cross section aN+ with decreasing proton velocity is due 

2 
to the fact that maxima connected with charge-exchange 
processes are located in the velocity region 3.8 x 107-1 
x 108 em/sec. 

There are no singularities on the aN+(v) curve for 
the He+-N2 pair. Apparently the charge-2exchange proc
esses in which N;; ions are produced in the excited 
states B2Z~ and C2Zu have a low probability, and the 
maxima of the cross sections of the charge exchange 
processes in the ground state X 2Zg and in the first ex
cited state A2IIu are located outside the velocity interval 
investigated in the present paper. 

The structure on the aN;(v) curve for the Ne+-N2 pair 
is apparently connected with charge exchange processes 
in which the N2 ion is produced in excited electron 
states. 

Finally, in the case of the Ar+-N2 pair, the rise of the 
aN2(v) curve in the direction of low velocities is due to 
charge exchange with production of the N2 ion in the 
ground state, and the rise of this curve in the direction 
of high velocities is due to charge exchange with forma
tion of the N~ ion in excited electronic states21 . 

In collisions between ions with N2 molecules, the N+ 
ions result from the processes 

J+ + N2--+ ! 0 + (N+2) ·-+ ! 0 + N+ + N dissociative charge 

exchange, (IV) 

J+ + N2 -+ J+ + (N+2) • + e-+ J+ + N+ + N + e dissociative 
ionization. (V) 

In the case of atomic impact, the N+ ions are pro
duced only as a result of dissociative ionization 

(VI) 

As seen from Fig. 3, the aN+(v) curves corresponding to 
the formation of N+ ions in collisions between He, Ne, 
or Ar atoms with N2 molecules have a singularity which 
is not observed in the case of production of N~ ions by 
collision with the same atoms (see the curves of Fig. 2). 
This singularity consists in the fact that in the region of 
velocities v < 1.5 x 107 em/sec for Ar, v < 2.2 
x 107 em/sec for Ne, and v < 5 x 107 em/sec for He, an 
increase in the cross section aN+ is observed with de
creasing velocity of the atom. Usually for all the ioniza
tion processes that are endothermal, one observes in 
this velocity region a decrease of the cross section of 

2 lThe rise of the aN; (v) curve on the high-velocity side is partially 
due to the fact that theN! ions are produced also as a result of an ioniza
tion process, whose effective cross section in the investigated velocity 
region increases with increasing velocity, as can be seen from the aN;(v) 
curve for the Ar0 -N2 pair. 
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the process with decreasing velocity, as is the case, for 
example, for the process of production of N~ ions by 
atomic collision. 

This raises the question of how to interpret the rising 
branch of the aN+(v) curve in processes of dissociative 
ionization of the Nz molecule by atomic collision. We 
think that the only way to explain the increase of the 
cross section aN+ in the region of low velocities is to 
assume that in this region the production of the N+ ions 
occurs principally as a result of excitation of the vibra
tional motion of the nuclei of the N; ion produced in the 
ionization process. 

If the foregoing assumption is true, then in the case 
of dissociative ionization of the Nz molecule by ionic 
collision there should be observed, at low velocities, 
the production of N+ ions as a result of excitation of the 
vibrational motion of the nuclei of the N~ ion. An exam
ination of the aN•(v) curves for the ion-molecule pair 
shows that in this case in the region of low velocities 
there is observed on the aN•(v) curve either a rising 
branch (He• or Ar• ions), or else a maximum (Ne• ion). 
Only for the H•-Nz pair is a decrease of aN. observed 
with decreasing velocity. 

In a discussion of the form of the aN•(v) curves in 
the case of ion collisions it is necessary to bear in mind 
that the N+ ions are produced not only in the dissocia
tive ionization processes (IV), but also in dissociative 
charge exchange processes (V). As a result, maxima 
connected with the charge exchange processes should 
appear on the aN•(v) curves. The positions of these 
maxima can be determined by using the Massey adia
batic criterion (formula (1)). It is appropriate to as
sume here, just as in the discussion of the shape of the 
aN•(v) curves, that a is equal to 8 A. Table II lists the 
vafues of Vmax calculated from formula (1). 

As seen from the data of Table II, the rising branch 
of the aN•(v) curve for the He•-N2 pair in the velocity 
region v < 7 x 107 em/sec can be connected not only 
with the process of vibrational excitation of the N; ion, 
but also with the presence of a maximum in the charge
exchange process at a velocity Vmax = 5.4 x 106 em/sec. 
The maximum on the aN•(v) curve for the Ne• ion at 
v, 2 x 107 em/sec is apparently connected with the dis
sociation of the ion as a result of excitation of the vibra
tional motion of its nuclei, inasmuch as the maxima 
connected with the processes of dissociative charge ex
change are located at larger collision velocities (see 
Table II). Finally, the growing branch on the ow(v) 
curve for the Ar• ion, in the region v s 2 x 107 em/sec, 
can be attributed only to vibrational excitation of the 
N~ ion, inasmuch as the maximum connected with the 
charge exchange is shifted far away in the direction of 
larger velocities. 

Thus, in the case of production of N+ ions by ion 
collisions, the process whereby these ions are produced 
by vibrational excitation of the N~ ion determines the 
behavior of several aN•(v) curves in the region of 
small v. 

The assumption that the predominant contribution is 
made to the dissociation cross section of the N~ ion in 
the region of small velocities by processes wherein 
higher vibrational states of this ion are excited implies 
the conclusion that the corresponding vibrational levels 
have an anomalously high population, as can occur only 
if the Franck- Condon principle is violated. The fact that 
the population of the vibrational levels of the N~ ion in 
the processes investigated in the present paper proceeds 
with violation of the Franck-Condon principle in the low
velocity region follows from the data on the population 
of the first vibrational level of the B2L~ of the N~ ion. 
All the plots of N1/No against v, shown in Fig. 3, lie 
above the level N1/N0 = 0.1 corresponding to population 
of the level under consideration in accordance with the 
Franck- Condon principle. In addition, for all the pairs 
of colliding particles, with the exception of the Ne0-N2 

pair, an increase of the relative population of the first 
vibrational level with decreasing vector is observed in 
the investigated velocity region. The same tendency is 
observed also in aN•(v). 

It was emphasized in ClJ that excitation of the first 
vibrational level of the B2L~ state of the m ion has a 
resonant character (see the maximum on the N1/N0 = f(v) 
curve for the He•-N2 ) pair, i.e., the maximum of N1/N0 

should occur under the condition t = T (t-collision time, 
T-period of the vibrations of theN~ ion). As seen from 
Fig. 3, a similar resonant character is possessed also 
by the excitation of the higher vibrational levels, inas
much as the aN•(v) curves have branches that increase 
towards lower velocities, and in one case (the Ne• ion) 
a maximum is observed. Since the period of the oscilla
tions decreases with increasing energy of the vibrational 
motion, the maxima of the a~(v) curves should be 
shifted towards larger velocities relative to the maxi
mum of the N1/No = f(v) curve. This is clearly seen for 
the Ne• -N2 pair, and similar tendencies are observed 
also for all the remaining pairs with the exception of 
Ne0-N2. 

Thus, the results of the present measurements, 
which were made with the aid of mass-spectrometer and 
spectroscopic techniques, lead to the conclusion that at 
sufficiently slow collisions of the ions and atoms with 
the Nz molecules there are produced N~ ions with 
anomalously high population of both the high-lying and 
low-lying vibrational levels. This effect of vibrational 
excitation of the N; ion during the course of its forma
tion has two consequences: 1) formation of N+ ions as a 

Table II 

I.~~ I H+ I He+ I Ne+ I \r+ 
State ~ &_.-

N++N p.. 8·.3 I -'E I. I "max• I t>It 1.1 ''max· 1-'E [,1 "max• 1-'E 1.1 "max· 
~;;; ~ eV em/sec cV em/sec eV em/sec eV em/sec 

N('S')+ 24.3 ltl, 7 
I 

2 .OR·1U8 (),28 ;).4.1(16 2. 74 5.3.1()7 8.S/1 1 . {)5. t~ 18 

+ N+(3P) 
N(2D')+ 20,7 13.1 2Ji2.f08 2.4 4.G5· Hl 7 5.14 9.9-1117 10.9!1 ~.12·10~ 
+ N+( 3P) 

? .38•1CJH N \'S')+ 28.1) 14.4 2. 7R-lo8 :J. 7 7 .t:J. Hl7 6.44 1.24-108 12.24 
+N+ SP33SO) 
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result of dissociation of the N; ion and 2) redistribution 
of the intensities of the bands in the (1 ns N;) spectrum 
compared with the corresponding distribution at larger 
relative velocities of the colliding particles. 

It is of interest to investigate further the effect of 
vibrational excitation of the molecules by the field of the 
incoming particle. To this end it is necessary, first of 
all, to perform experiments at collision velocities that 
are lower than in the present investigation3 >. It is de
sirable to study the formation of the fragment ions of 
other molecules, particularly H2 , since the H~ ion has 
excited electronic states of only the repulsive type, and 
consequently H+ ions will be produced upon vibrational 
excitation of the m ion only in the electronic ground 
state. 
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