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We measured the excitation cross sections of the bands of the tirst negative system of the N, + ion (transitions 
B 2X, +-X2XI +) in excitation of N, molecules by protons of energy 0.2-10 keV and electrons of energy 0.8 
Lev. The me&rements have shown that the population of the vibrational levels with v' = 1, 2 of the state 
B2X, + increases with decreasing energy relative to the level with u' = 0 of this state. Anomalous 
population of the highly excited levels v' = 2. 3 of the state B2X,, + was observed when N, molecules were 
excited by fast (v 2 l b  cmlsec) protons. Even at a proton energy 10 keV, at which according to earlier 
investigations, the experimental results should agree with a calculation that follows from the Franck- 
Condon theory, the v '  = 2 level and the v '  = 3 level populations are higher than the calculated values by 5 
and 156170 times, respectively. It is also observed that the relative populations of the vibrational levels of the 
B2X, + state, upon excitation by 10 keV protons and by electrons, agree within the limits of the 
experimental error. The observed singularities are explained within the framework of an introduced model 
representation introduced that takes into account the quasimolecular behavior of the system of particles 
in the course of the collision process as well as the multichannel character of the processes of the 
excitation of the states. At low proton energies, E, < 5 keV, the excess population of the vibrational levels of 
the final electronic state is attributed to transition via quasirnolacular intermediate states of the system of 
particles. At high proton energies, E, 2 10 keV, the excess level population is attributed to virtual transitions, 
taken into account in second-order perturbation theory, through the intermediate state of the system of 
particles when the molecules are excited by electrons (virtual transitions through intermediate states of an 
isolated molecule). 

PACS numbers: 34.50.E~. 33.10.J~ 

1. INTRODUCTION molecule is excited by protons of energy E ,  .=, 5 keV 

Collisions of electrons and protons with N, molecules, 
which lead to formation of N; ions in excited states, 
were investigated in a number of studies (see, e. g., 
Refs. 1-7). Most attention was paid in these studies to 
excitations of the bands of the first negative system (NS) 
of the N;1 ion (the transition B~C;-PZ~) .  Theinterest 
in this system is due to the fact that measurements of 
the absolute cross sections for the excitation of the 
bands of the system, and the determination of the rela- 
tive probabilities of the population of the vibrational 
levels of the electronic state BaC:, permit a deeper 
study of elementary processes in the upper layer of the 
atmosphere, and particularly an explanation of the me- 
chanism of auroras. 

(Refs. 10,12,13) and by electrons of energy E , s  100 eV 
(Ref. 5) differs from the population that follows from the 
FC model, and with decreasing collision velocity the 
population of the excited vibrational levels increases 
relative to the ground level (vr =O). 

For a long time, practically up to the publication of 
Birely's paper," the deviation of the population of the 
vibrational levels from the population that follows from 
the FC model was explained within the framework of 
the concept of long-range polarization interaction, and 
was correspondingly connected with the distortion of the 
vibrational wave function of the molecule by the field 
of the incident ion.12'14 Measurements of the level pop- 
ulations following excitation of molecules by atoms have 
shown1° that this model representation does not agree 

The available experimental data on the cross sections 
with the experimental data. 

for band excitation by protons a re  not systematic or  
complete. At low proton energies, only the cross sec- 
tion for the excitation of the (0,O) A3914 band was 
measured. The lowest energy at which the measure- 
ments were made was 1.0-1.5 keV.8"1 One of the pur- 
poses of the present paper is to obtain the cross sec- 
tions for the excitation of the bands of the first NS at 
lower proton energies. 

Besides being of practical importance, measurements 
of the excitation cross section yield data needed for the 
development of a theory of ion-molecular collisions. A 
pressing problem is  the experimental investigation of 
the applicability of the Franck-Condon (FC) principle 
(theory) to processes of population of vibrational levels 
in transitions between electronic states. It was shown 
in a number of studies that the population of the vibra- 
tional levels of the state B2Ct of the N; ions when an N, 

At the present time there is no unified point of view 
concerning the mechanism of the vibrational excitation 
and concerning the causes of the deviation of the level 
populations from the FC model in slow collisions. To 
a certain degree this is connected with contradictions in 
the presently available experimental data. Thus, the 
relative population of the vibrational levels depends ac- 
cording to the data of Fogel' et 01 .'5 on the kind of inci- 
dent particles, while according to Moore and Doerings 
it is determined only by the charge of the particles and 
is practically independent of electronic structure. 

To obtain additional information of the mechanisms of 
the excitation of the vibrational levels and to develop 
on this basis model representations of the vibrational 
excitation, we have measured the excitation cross sec- 
tions of the beams of the first NS of the N', following 
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excitation of N, molecules by protons in the energy 
range 02-10 keV and by electrons of energy 0.8 keV. 

2. EXPERIMENTAL SETUP AND MEASUREMENT 
PROCEDURE 

In the experimental setup, an ion beam from a high- 
frequency source was focused and accelerated by an 
ion-optical system, mass-analyzed by a magnetic mass  
spectrometer, passed through collimating slits, addi- 
tionally focused by an electrostatic quadrupole doublet, 
and fed to the collision chamber. The emission pro- 
duced in the collision chamber a s  a result of the col- 
lisions of the ions with the gas molecules focused by a 
single lens on the input of an optical spectrometer. The 
light was gathered a t  an angle 90" to the direction of the 
ion beam. 

The emission spectrum was investigated with an ISP- 
51 spectrometer. The light was recorded photoelectric- 
ally with a cooled F ~ U - 7 9  photomultiplier operating in 
the current regime. 

The e r r o r s  in the measurements of the energy depen- 
dences of the spectral-line emission c r o s s  sections a r e  
connected, a s  shown by an analysis of the experimental 
studies, principally with e r r o r s  in the measurement of 
the beam current in the region where the light is gath- 
ered in the collision chamber. In the present study we 
used a current-receiver design that made it possible to 
decrease the current-measurement e r r o r  to several 
percent. The current receiver was a deep hollow cylin- 
der  with two openings. The entrance opening (6 x 8 mm) 
was in the immediate vicinity of the entrance slit of the 
collision chamber (4 x 5 mm). The second and lateral 
opening (10 mm diameter) was located 10 mm from the 
entrance in the direction of beam propagation and was 
used to  extract the light from the cylinder. The recor- 
ded current was determined by the ions that entered the 
cylinder and was independent of the subsequent change 
of their charge state. The attenuation of the beam on 
the path from the entrance region to the light-gathering 
region did not exceed 3%. 

The absolute calibration of the sensitivity of the in- 
stallation was carried out by comparing the c ross  sec- 
tion for the excitation of the band (0, O), A3914 with 
the area  of the corresponding structure in the initial 
spectrum. It was assumed that a t  a proton energy 10 
keV the cross  section for the excitation of the (0,O) band 
is 8 x 10-l7 cm2. This value agrees  with the data of 
Refs. 10 and 16 and corresponds approximately to the 
average value of the results of the measurements in 
Refs. 3 and 9. The systematic e r r o r  due to the indica- 
ted calibration procedure is estimated by us  a t  10%. 

The relative spectral sensitivity of the installation 
was measured with a standard SI-8 tungsten lamp. The 
relative e r r o r  in the determination of the spectral sen- 
sitivity in the wavelength region 4200-7200 A does not 
exceed 5%. It increases somewh$t when the wavelength 
is decreased from 4200 to 3850 A (to 10%). 

As follows from the tables of Refs. 17 and 18, the 
wavelengths of some of the investigated molecular bands 
and of a number of lines of the N+ ions and N atoms 

overlap. The spectral resolution of the spectrometer 
(2-10 A in the wavelength region 3900-4200 A) was not 
always sufficient to resolve them. In such cases  the in- 
tensity of the atomic line and accordingly the ensuing 
e r r o r  in the measurement of the bands were estimated 
by comparison with the intensities of the lines emitted 
in transitions from the same upper levels of the ions 
and atoms a s  of the lines that introduce the errors .  The 
resultant e r r o r  of the output measurements of the cross  
sections is estimated by us  (depending on the collision 
energy) a t  15-25%. 

All the measurements were made a t  an ion current in 
the collision chamber 1-10 pA and a t  a pressure not 
exceeding (5-9) Tor r ,  thus ensuring the production 
of single collisions. 

3. MEASUREMENT RESULTS 

The results of the measurements of the cross  sections 
for the excitation of the bands of the first  NS of the Nf 
ion a r e  given in Figs. 1 and 2 and in the Table. The 
band (0, O), A3914 A can be used, a s  proposed by Hoff- 
man, Lockwood, and Miller,'6 for absolute calibration 
of the sensitivity of the experimental setups. Since this 
band is furthermore included among the intense bands 
in the aurora spectra, the interest in the measurement 
of the c ross  section for i t s  excitation i s  understandable. 

The data of Refs. 8-10 a r e  shown in Fig. 1 in a form 
normalized to the measurement results of De Heer and 
Aarts: a s  was done by Birely in Ref. 10. At ion ener- 
gies 1 keV, a t  which the comparison i s  possible, our 
data on the form of the dependence agree well with the 
most accurate, in our opinion, data of Refs. 9 and 11, 
and differ from them by 2-7 % in the energy interval 2- 
8 keV. The difference may be due to failure to take in- 
to account in Ref. 9 the beam attenuation a s  a result 
of the charge exchange process when the ions travel 
from the light-gathering region to  the region where they 

I I 
u 1 1 0  10 

tp, keV 

FIG. 1. Dependence o! the cross section for the emission of 
the band (0, 0)= 3914 A of the first negative system of the N2+ 
ion on the proton energy: e-our data, +-from Ref. 11, 
0--.' A-:' TI-.' V-2. 

26 1 Sov. Phys. JETP 51(2), Feb. 1980 Lavrov eta/ .  26 1 



FIG. 2 .  Dependence of the emission cross sedions of the bands 
of the fmst NS of the Nz+ ion on the proton energy: 1-u[(0.1), 
A4278 A],  2-(r[(0.2), M709 A l ,  3-o[(1.2), A4236 A] ,  4- 
u[(l . l) ,  A3884 A], 5-a[(1.3), A4652 A ] ,  6-u[(0.3), A5228 A] ,  
7-u[(I.~),  A5149 A], 8-u[(2.3), A4199 A] ,  9-~[(2 .4) ,  A4600 
A]; O-data of Ref. 3 .  

*~alculation?~ * * ~ x ~ e r i m e n t . ~ ' ~ *  Excitation by electrons. 
* * * a r  data, excitation by electrons. 
****~xperirnent? Excitation by protons. ***** Our data, excitation by protons. 

TABLE I. 

o(u'.o-)lolo.fl 

r, 1 
,.=I1 1 I I 2 1 3 

are  registered. An indication of this causes the fact 
that the data of Refs. 9 and 11 are  too high, and pre- 
cisely in the energy region where the charge-exchange 
cross section is maximal. 

0 

We have measured also the polarization of the k3914 
line. The measurements have shown that the polariza- 
tion is small and amounts to +4% at an ion energy 0.5- 
1.0 keV and does not exceed *l?~  at 7 keV. These values 
agree with measurements at higher energies, 16.19 accord- 
ing to which the polarization i s  <2% at an ion energy 10 keV. 

13914 X 
2 . 7  * 
2.w ** 

2.9*0.3 *** 
3.1 "** 

2.8t0.3 "*** 

Figure 2 shows the cross sections for the excitation 
of the remaining lines of the first NS of the bands mea- 
sured by us. A comparison of the results of our mea- 
surements with those of Philpot and Hughes: performed 
a t  proton energies E,> 10 keV, shows that the dependen- 
ces of the cross sections complement each other, being 
in agreement in form, and for the intense line also in 
magnitude. 

The ratio o(v',v")/u(O, 1) of the cross sections of 
the emission of the bands of the first NS of the 
Ni ion upon excitation of the molecule by electrons of 
energy E,=0.9 keV are  given in the Table. To deter- 
mine the relative probabilities of the excitation of the 
various bands and for convenience of their comparison, 
the Table gives also data obtained by others on the ex- 
citation of bands by electrons of energy 1.5 keV,6-" our 
data on the excitation of the bands by protons of energy 
10 keV, the data of Ref. 3 on the excitation by protons 
of energy 20 keV, and the results of theoretical calcu- 
lations of the ratios of the cross sections for the band 
emission?' 

Figures 3 and 4 show the plots of the ratios of the 
band-emission cross sections against the proton energy 
in transitions from the vibrational levels v f  =1  and vt =2, 

FIG. 3. Dependence of the ratios of the cross sedions of the 
emission of.the bands of the first NS of the Nz' ion on the pro- 
ton energy for transitions from the level v t =  1: 

The points 0 and A show the data of Ref. 10, the dashed curve 
shows the data of Ref. 13 for the ratio u(1.2)/0(0 .I); FC-cal- 
culationzO of the ratio a(1.2)/u(0.1). 
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FIG. 4 .  Dependence of the ratios of the cross sections of the 
emission of the bands of the first NS of the N2+ ion on the pro- 
ton energy for transitions from the level v '=  2; curve 1-the 
ratio u[(2.3), h4200 AI/u[(o.I), 14278 A I  according to Ref. 13, 
curves 2, 3-d(2.3), M200 AI/O[(O.I), 4278 AI and d2 .4 ) .  
M600 Al/d(0.1),  M278 A]. The calculated values of these ra- 
tios are respectively 1.71 x 10' and 1.09 x 10' (see Ref. 20). 

respectively. The data a r e  given in a form normalized 
to the emission c ross  section of the (0 , l )  band, for the 
purpose of demonstrating the effect of the increase of 
the probability of population of the excited vibrational 
levels in comparison with the ground level when the 
collision energy is decreased. 

4. DISCUSSION OF RESULTS AND MODEL 
REPRESENTATIONS 

1. A comparison of the obtained experimental data 
with the results of a calculation within the framework of 
the FC model (Figs. 3 and 4, Table) shows that in the 
case of excitation by protons the experimental ratios of 
the intensities of the spectral lines differ from the cal- 
culated values in practically the entire investigated col- 
lision-energy region, particularly for transitions from 
highly excited vibrational levels. 

In the concrete case of the f i r s t  NS of bands, the FC 
factors were calculated both with Morse  potential^:^ 
and with Rydberg-Klein-Rees (RKR)  potential^.^^ The 
difference between the results of these calculations is 
small, s o  that we a r e  assured that the e r r o r s  in the 
calculated FC factors does not lead to  the indicated dis- 
crepancies. It follows from our measurements that 
there a r e  no grounds likewise for assuming that the 
dependence of G2 on the internuclear distance is sub- 
stantially stronger than would follow, for example, 
from the results of Brown and FandshoffSz3 It is thus 
seen from the Table that the relative values of the em- 
mission c ross  sections of the bands of the progres- 
sionwith vr =0, which a r e  equal to the corresponding 
relative decay probabilities, agree well with the cal- 
culated c ross  sections. We thus arrive a t  the conclu- 
sion that the discussed deviation is connected with pro- 
cesses  of excitation (population) of vibrational levels. 
This conclusion is confirmed also by the experimental- 
ly observed fact that the intensities of the bands (2,3) 
and (2,4), which have a common upper level, differ 
from the calculated values by the same number of 
times. 

When attributing the considered deviations primarily 
to the inadequacy of the theory, we started from the 
premise that the experimental results a r e  reliable. 
Two circumstances, besides control experiments, point 
in our opinion to the reliability of the observed anom- 
alous of the highly excited states in the case 
of excitation by protons: 1) the anomalous population 
observed in excitation by fast (v 2 lo8 cm/sec) protons 
is observed also in the case of excitation by electrons, 
2) the deviation from the calculations observed for all  
bands whose upper levels a r e  highly excited (211 =2,3). 
It should be noted that the f i rs t  to point out the anom- 
alous population of the highly excited vibration levels 
of the state B'c:, were Pendleton and O'NeilZ0 in excita- 

In the calculations of the probabilities of both the pop- tion of Nz m o l e c ~ l e s  by fast ( E  =1.5 keV) electrons. As 
ulation of the vibrational levels and of their decay, the seen from the Table, our data on electron impact agree 
f i rs t  born approximationz1 is used. In this approxima- with their results. 
tion, when the assumption that the electron a i d  nuclear 
motions a r e  independent and that the moments G2@) of 
the electronic transitions have a weak dependence on the 
internuclear distance r ,  the probabilities of the corres- 
ponding process a r e  proportional to the product of the 
FC factors q,,,, by the moments G2(7). When one speaks 
of the deviation of the measured populations of the vi- 
brational level from calculations that follow from the 

2. Inasmuchas the deviations of the relative intensities 
of the spectral lines in electron-vibrational transitions 
from the calculated values a r e  connected with inaccur- 
acies of the theoretical analyses of the processes of 
population of the vibrational levels in the collisions, we 
turn to consider the results and call attention to singu- 
larities connected with level-population processes. 

FC principle, or  even of "violation" of this principle, a) The populations of the excited vibrational levels of 
it is precisely calculations in accordance with the indi- the state N;(BZZ,) a r e  as a rule higher than the calcu- 
cated scheme that a r e  meant. lated values and increase with decreasing collision en- 

The discrepancy between the experimental data and the 
the calculation, which reaches a factor 150-170 in tran- 
sitions from the level =3 of the B ~ C ~  state (see the 
Table), raises the question of the reliability of primar- 
ily the calculated data. We shall show that this discrep- 
ancy cannot be attributed to e r r o r s  in the calculations of 
the decay probabilities of the excited states, and con- 
sequently i t  is due to their anomalous population. To 
this end, we discuss the reliability with which the cor- 
responding FC factors and the moments of the electron- 
ic transitions a r e  determined for the decay process. 

ergy. Our measurements of the population of the level 
with vl = 1 agree with the data of Birely" and point to a 
definite overestimate in the results of Moore and DO- 
e r i r ~ g ' ~  (Fig. 3). A comparison of the population of the 
vl =2 level with the data of Ref. 13 (Fig. 4) shows that 
in this case, too, the results in Ref. 13 a r e  too high, 
and quite appreciably. The measurements of the pop- 
ulation of the = 3  level were made for the first  time 
ever. 

b) The plots of the populations of the levels with vl = 1, 
2 relative to the vf = O  level against energy reveal a 
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minimum (Figs. 3 and 4). An important circumstance 
is that in the region of the minimum the relative popu- 
lations of the levels turn out to be lower than the calcu- 
lated values. 

c) Likewise unexpected is the observation of the 
anomalously large population of the highly excited states 
(v1=2,3; Fig. 4; Table). Even at the proton energy 10 
keV (v - 1.4 10' cm/sec), at which one should expect 
according to Moore and Doering13 agreement between 
experiment and calculation, the population of the vl =2  
level exceeds the calculated value by approximately five 
times, and that of the v1=3 level by approximately 150- 
170 times. 

d) With increasing vibrational quantum number up, the 
deviation of the populations of the levels from the calcu- 
lation increases. The slope of the plot of the deviation 
against energy also increases (Figs. 3 and 4). The plot 
of the population of the vf =2 level shows in the energy 
region 1-3 keV a singularity which is missing from the 
plots of the populations of the levels with vl = O  and 1. 

e) The deviations from the calculated values of the 
relative populations of the vibrational levels, practical- 
ly coincide for states excited by 10-keV protons and by 
electrons (see the Table). 

3. Proceeding now to a discussion of the results, we 
turn first to the electron-vibrational transitions in ion- 
molecular collisions; the transitions following electron 
impact will be considered later. 

In the latest studies the mechanism of additional pop- 
ulation of the vibrational levels in ion-molecule colli- 
sions is attributed to transfer of momenta to the mole- 
cule atoms by the incident A model-based 
analysis of this mechanism at collision energies much 
higher than thermal is presented in Ref. 29. Within 
the framework of this model, no quasimolecular analy- 
sis of the process of vibrational excitation is in fact 
carried out. The relative variation of the potential- 
energy surface of the system with changing internuclear 
distance, and the nonadiabatic interactions of the initial 
and final states of the system with other states, a re  
not considered. It is assumed that the population of the 
vibrational levels in the case of an electronic transition 
in the region of the pseudointersection of the potential- 
energy surfaces proceeds in accord with the FC princi- 
ple and i s  determined by the factors for the isolated 
molecule. It i s  assumed that the additional population 
of the vibrational levels takes place only in the process 
of the adiabatic development of the electronic state of 
the system. 

In the present paper we wish to call attention to the 
possible existence of other mechanisms of vibrational 
excitation, determined by the quasimolecular charac- 
te r  of the motion in the system of the colliding particles 
and associated with the nonadiabatic transitions between 
the potential surfaces. 

First, inasmuch a s  in the regions of the pseudo-inter- 
section of the surfaces the electronic transitions take 
place between quasimolecular states that differ from 
states of the isolated molecule, the relative population 

of the vibrational levels in these transitions will differ 
from the population determined by the FC factors for 
the isolated molecule. 

In the case when the electronic transitions take place 
between nonintersecting potential surfaces that interact 
nonadiabatically (the Rosen-Zener-Demkov mechan- 
ism30,31 ) there appears one other possibility of addition- 

ally populating the vibrational levels of the final state, 
connected with the exchange interaction of the colliding 
particles, as a result of which the population of the vi- 
brational levels of the initial and final states changes. 
Since the additional population of the vibrational levels 
via exchange interaction can take place in interaction of 
the initial and final states also with other states of the 
system, it is obviously necessary to take into account 
the interactions between all the states that participate 
in the transitions. 

Cases a r e  also possible when the system finds itself 
in the final electronic state a s  a result of several con- 
secutive transitions, both between nonintersecting sur- 
faces and in the case of pseudo-intersection. In these 
cases, the resultant population of the final state will 
differ from the calculated population determined by the 
FC factors for a direct transition from the initial to the 
final state, even if no deviation from the calculated pop- 
ulation is observed in any of the transitions. 

4. Quantitative estimates of the role of the considered 
mechanism in the excitation of the vibrational levels a re  
difficult. We confine ourselves therefore to a qualita- 
tive discussion and to a comparison with the experimen- 
tal data. We turn first to consideration of the relative 
variation of the quasimolecular terms of the system 
(H -N,)' (Fig. 5). It is seen from the figure that the 
system can reach the final state Ho - N',(B2CL) either a s  
a result of direct electronic transitions from the initial 
state H+ - N2(X1C*,) or  a s  a result of transitions via the 
intermediate quasimolecular state Ho - N:(X2C*,). 

Proceeding to the analysis of the mechanism of the 
direct transitions and of their influence on the popula- 
tions of the vibrational levels, we note that the excita- 
tion functions of the ground and excited vibration levels 
of the state B Z c  of the N; ion a re  different (Figs. 1 and 
2). The measured energy dependence of the cross sec- 
tion for the excitation of the zeroth vibrational level of 
the state B2z: was compared by us with the theoretical 
dependence obtained by Olson32 for the charge-exchange 
cross section in the case of nonintersecting terms: 

Distance 

FIG. 5. 

264 Sov. Phys. JETP 51(2), Feb. 1980 Lavrov eta/. 



FIG. 6. Experimental (.) and calculated (0) dependences of the 
excitation cross sections of the state B~z,+(v'= 0) of the N2+ ion 
on the proton energy. 

where o* is a tabulated3' function of the parameter 6-I 
=~xv~/~~H~,(R,),H~,(R,) is the off-diagonal matrix ele- 
ment of the exchange-interaction in the region of the 
non-adiabatic transitions R,, vo is the collision velocity 
and X is a parameter determined by the binding ener- 
gies of the electron in the atom and in the molecule. 
In the derivation of expression (1) for the transition 
probability we used Demkov's formula.31 Within the 
limits of the applicability of (I) ,  the energy dependence 
of the c ross  section of the process is determined com- 
pletely by the function o*(6"). After determining the 
parameter X from the relation33 X =&(mA + q) (where 
I, and I,  a r e  the energies of the ionization of the atom 
and of the ionization with excitation of the molecule), 
we obtain, by selecting the scale parameter R,, an en- 
ergy dependence that agrees  in the region of low colli- 
sion energies with the experimental dependence (Fig. 
6). Despite the discrepancy between the calculation and 
the experiment in the region of the maximum of the 
cross  section, due to the imperfection of the theory in 
this energy region, the behavior of the cross  section 
is on the whole correctly described by expression (1). 
This allows u s  to conclude that the mechanisms of pop- 
ulating the zeroth vibrational level of the B2C; state in 
slow collisions is determined by the non-adiabatic tran- 
sition between the non-intersecting potential surfaces. 

More complicated is the mechanism of population of 
the excited vibrational levels of the state B2C;. In this 
case an important role can be played by transitions via 
the intermediate quasimolecular state, a s  a result of 
exchange in direction, into the intermediate state H0 
- N;I(PCi) and then, owing to pseudo-intersection, to 
the final state. The assumption that this mechanism 
makes a contribution is based on the fact that, a s  fol- 
lows from Refs. 21 and 22, the products of the FC fac- 
to r s  of the transitions from the initial level to the levels 
of the intermediate electronic state HO- N;(X2Cf) and of 
the transitions from these levels to the excited levels 
of the final state a r e  larger than those of the corres- 
ponding F'C factors of the direct transitions. The prob- 
ability of the electronic transitions to the state H0 -N*, 
(X2C;) is also large, a s  follows from the fact that the 
transitions to this state determine the cross  section of 
the charge-exchange process. If we subtract from the 

total charge-exchange c ross  section:. 34. 35 which 
amounts to  -10-l5 cm2 in the 1-10 keV region, the con- 
tributions of the c ross  sections for  the population of the 
state HO - N;I(BZC',) and of the state H0 - N;I(A2nu), which 
according to our special measurements of the intensi- 
t ies  of the bands of the Meinel system [the transitions 
N,'(A2Hu) - N;I(X2Cc)] has a maximum in the region 4-6 
keV, then we find that the state H0 - Ni(X2Ci) is popula- 
ted with the maximum probability a t  proton energies 
1-3 keV. The position of this maximum coincides with 
the position of the singularity observed in the excitation 
function of the vibration level with v l=2  of the state 
B 'C~ (Fig. 2). This agreement can be regarded a s  a 
confirmation of the role of transitions via the inter- 
mediate quasimolecular state in the population of exci- 
ted vibrational levels. The presence of a singularity on 
the excitation curve of the level with vf =2, and i t s  ab- 
sence from the excitation curve of the levels with vl=O, 
1 i s  explained by the fact that the contribution of the 
transitions via an intermediate quasimolecular state 
in the population of the levels is significant predomin- 
antly in the cases  when the direct transitions a r e  un- 
likely because of the smallness of the FC factors. 

For  the confirmation of the role of multichannel mech- 
anism in the population of the vibration levels, an im- 
portant factor is the singularities observed in the pres- 
ent paper in the populations of the levels; these singu- 
lari t ies cannot be explained within the framework of the 
momentum-transfer model. They include the fact that 
the deviations of the relative populations of the vibra- 
tion levels from the calculated values a r e  close in val- 
ue when the B2Ct state of the N', ion is excited by 10- 
keV protons and by electrons. We note also that the 
relative populations of the highly excited levels (vl=2,3) 
upon excitation by both protons and electrons cannot 
be close to each other, but a r e  anomalously high com- 
pared with calculation. 

Proceeding now to discuss the effect, we recognize 
that in the case of charge exchange in ion-molecular 
collisions, the probability of transition to the final state 
in the region of the maximum of the cross  section is 
large even in the approximation wherein two states in- 
teract with each other non-adiabatically (it amounts to 
-0.5) .31 Within the framework of perturbation theory 
the large probability of the transition i s  due, besides 
that of the f i rs t  order to the contribution of higher or- 
d e r s  of the theory, and in particular (when only two 
states interact) to the contribution of the third and other 
orders. In the case of transitions from the state H+ -N2 
(X'C;) to the state H0 -N*,(B2C;) in the region of the 
maximum of the cross  section the probability of the 
transitions is determined by the interaction of not two' 
states but of a larger number of states, in view of the 
close values of their energy. In this case,  besides the 
population of the final state, the exchange interaction 
gives r ise  also to a possibility of i t s  population via vir- 
tual intermediate states.36 Such states a r e  H0 - N',(X2C;), 
HO -N;(A2H,),H0-N;(C2C*,) and H+-N2(C111u). The con- 
tribution of the transitions via virtual states, taking into 
account in second order of perturbation theory, can be 
larger than the contribution of multiple transitions in 
exchange interaction of two states. It is precisely with 
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transitions via virtual intermediate states that we con- 
nect the anomalous population of the highly excited lev- 
e l s  a t  high collision energies (in the region of the max- 
imum of the c ross  section we have E - 10 keV). Since 
the probabilities of direct population of the levels of the 
state B2Ct, determined by the FC factors q,,,,, de- 
crease drastically with increasing vibrational quantum 
number vr (thus, when the level with up =1 is populated 
we have go, = 1.07 while for the level with up = 3 we 
havez1 go, =2.7 -10'5), the deviation of the level popula- 
tions from the calculated values as a result of transi- 
tions via virtual states will be larger for  the more ex- 
cited states. 

When the molecule is excited by electrons, the anom- 
alously high population of the highly excited states can 
be explained if it is assumed that, just a s  in the exci- 
tation by protons in the region of the maximum of the 
cross  section, the cross  section is determined by tran- 
sitions via virtual states, in this case via the states 
N;(X2C;), N;(AZn,), N*,(CZC:), N2(C11T,), and N2(C31T,). 

The proximity of the relative populations of the levels 
and their deviation from the calculated values when ex- 
cited by electrons and protons with energy 10 keV is in 
this case not unexpected, since we assume in essence 
an identical level-population mechanism. A more de- 
tailed analysis shows that in order for the deviations to 
be close it is necessary that the virtual transitions de- 
termine the population of not only the highly excited 
states, but also the population of the ''zeroth'' vibration- 
al level. In this case, if we confine ourselves to the 
second-order approximation of perturbation theory, the 
relative populations of the levels do not depend on the 
collision velocity, but a r e  determined by the properties 
of the molecule. Obviously, when the levels a r e  excited 
by protons this condition is satisfied only in the region 
of energies close to the energy Em corresponding to 
the maximum of the cross  section. Thus, the indicated 
agreement should not be observed in slow collisions (as 
is confirmed by experiment) o r  a t  energies somewhat 
larger than Em, an assumption worthy of verification. 
With further increase of the energies of the protons and 
electrons, the populations of the levels will approach 
the calculated values that follow from the FC theory. 

The authors a r e  grateful to Professor V. V. Afrosimov 
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advice, and also to Professor Yu. N. Demkov for a dis- 
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