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We presen t  abso lu te  total  c ross  sect ions  for  e lec t ron  and  ion p roduc t i on  in C s - N O  a n d  C s - O  2 coll isions.  T h e  lab.oratory 
energy  o f  the  ces ium a t o m s  var ied  be tween  30 and  3000 eV. T h e  b r anch ing  rat io be tween  e lec t ron  a n d  ion  p roduc i i on  in these  
sys tems p r o v i d ~  a direct  measure  for  the  a m o u n t  o f  molecular  ard, ons  which  are  p roduced  in s table  o r  ,-iutoionizing v ibra t ional  
states.  T h e  abso lu te  magn i tude  Of the  obse rved  cross  sect ions  shows  that  the  ionizat ion process  is d u e  to a curk'e c ross ing  
be tween  the  potent ia ls  o f  the  covalent  a n d  ionic  g round  states.  T h e  exper imen t  shows  tha t  C s - N O  coll is ions p r e d o m i n a n t l y  
lead to  p roduc t ion '  o f  N O -  i o n s  in t he  v ibra t ional  g round  s ta te .  F o r  b o t h  C s - N O  a n d  C s - O z  coll isions the  d i s t r ibu t ion  over  
v ibra t ional  s ta tes  o f  the  molecu la r  an ions  is a func t ion  o f  the  coll is ion energy.  T h e  exper imenta l  results  a re  d i scussed  o n  the  
basis  o f  several  models .  

1. Introduction 

Collisions between an a tom and a molecule 
which result in vibrational excitation of  the mole- 
cule are subject to a considerable amount  of  scien- 
tific research. The  main reason for this is that such 
collisions play an important  role in many different  
physical processes like gas discharges, quenching 
processes and laser physics. 

Two mechanisms can be respons ib le  for the 
vibrational excitation of  a molecule when it col- 
lides with an atom. The first one is direct momen-  
tum transfer. In this case the force between the 
molecular nuclei is affected by the vicinity o f  the 
a tom during the collision, but  the system remains 
in the same electronic, state. These collisions can 
be described = by  calculating the mot ion of  the 
molecular nuclei, along only one  potent ia l -energy 
surface. T h e  other  i m p o r t a n t  mechanism occurs 
when there.is a change of  the electronic state of  
the sys tem_dur ing- the  collision. Then  the force 
between the molecu la r  nuclei? changes suddenly 
because t he r e  is a-chang e .in-the p0tential-energy 
surface along which they move. Because in general 
this Will result i n  a k simultaneous change of  t he  
vibrational a s w e l l  as t h e  electronic-state o f  the 

molecule, this is called a "" vibronic" transition. 
Vibronic transitions also occur in photon  ab- 

sorpt ion processes. T h e  vibrational state of  a mole- 
cule generally changes when the .abs0rPt ion of  a 
pho ton  results in an electronic transition. Al- 
though there exists some analogy between vibronic 
transitions in photon  absorpt ion processes and  

t h o s e  occurring in a tom-molecu le  collisions, one 
m a y n o t  push this analogy too far because of  two 
reasons. The  first one  is that the law of  conserva- 
t ion of  the total energy imposes di f ferent  boundary  
condit ions on thevibronic  transitions in both  cases. 
A second difference between vibronic transitions 
due to pho ton  absorpt ion and those occur r ing  in 
a tom-molecu le  collisions is that the transition time 
is very short  compared  to a vibrational pe r i od  of  
the molecule for po ton  absorption, while this t ime 
depends o n  the condition energy in atom-mole-  
cule collisions. I n  a tom-molecu le  collisions the 
transit ion time can b e  a considerable fract ion of  a 
molecularv ibra t iona l  Period. In other  words: p h o -  
ton absorpt ion always gives rise to vertical t ransi-  
tions, whi le  the transit ion may be non-vert ical  in 
a tom-molecu l e  Collisions. • 

The-a im of  thi~ paPer  is :to presef ivs0me m e a -  
surements which:clearly illustrate t henon-ve r t i ca l  
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character of vibronic transitions in Cs-NO and 
Cs-0, collisions. Measurements of total and dif- 
ferential cross sections for ion-pair formation in 
CslOz collisions provide information about the 
motion of the molecular nuclei after an electronic 
transition took place [1,2]. In addition. we mea- 
sured the branching ratios between electron and 
ion production in collisions between cesium atoms 
and 0, or NO molecules. These measurements are 
a direct probe for the final distribution over vibra- 
tional states of the produced NO- and 0; anions. 

Hubers et al. [3] did analogous measurements 
by determining the branching ratios between XT 
and X- production in collisions between alkali 
atoms and halogen molecules (X,). They showed 
that, to a good approximation. the transitions could 
be considered to be vertical in this case. From our 
measurements we will deduce that this is certainly 
not true for Cs-NO and Cs-0, collisions. 

2. Experimental 

The experiments have been performed with a 
molecular beam machine which was especially de- 
signed for measuring absolute total cross sections 
for electron and ion produc:ion in atom-molecule 
collision [4]. In principle, the vacuum part of this 
machine consists of four differentially pumped 
vacuum chambers. For a schematic overview of 
the apparatus see fig. 1. 

2. I. Prepararion of rhe primary beam 

The cesium beam, which will be called the 
primary beam throughout this paper, is generated 
by a conventional charge-exchange source which 
has been described previously [5]. It is placed in 
the first vacuum chamber. Besides the primary 
beam, which consists of fast neutral cesium atoms, 
the source also generates a beam of Csi ions and 
thermal atoms. The ions were removed by means 
of deflection plates, while a rotating disk velocity 
selector purged the primary beam from thermal 
atoms. In front of the source and the collision 
chamber siits were mounted in order to collimate 
the primary beam. The laboratory energy of the 
beam varied between 30 and 3000 eV during the 

Fig. 1. A schematic diagram of the apparatus. It consists of 
four di:ferentially pumped vacuum compartments_ The first 
one contains the primary-beam source (S). This beam passes a 

rotating disk velocity filter (v). and is collimated by two 

rectangular apertures (S,) and (Sz)_ before it enters the colli- 

sion chamber (G). The primary-beam strength is measured by 

means of a hot surface ionization detector(D). 

experiments. Between these energies the beam in- 
tensity increased from 0.01 nA to 1 nA. 

2.2. Calibration of the primary-beam energv 

The rotating disk velocity selector was also used 
for calibrating the beam energy. The selector was 
aligned in such a way that effectively the beam 
passed through grooves carved in a rigidly rotating 
drum. The rotation axis was directed along the 
primary-beam direction. For this configurations 
the transmission of the primary beam decreases 
linearly with increasing rotation frequency. When 
we define F, as the rotation frequency at which the 
transmission vanishes, then the beam energy can 
be calculated according to the formula: 

E = Fc'MA , 

where E denotes the beam energy and M stands 
for the mass of the atom. A is a constant which is 
fixed by the dimensions of the velocity selector_ A 
small misalignment of the selector with respect to 
the beam direction can be corrected by measui-ing 
F, for opposite rotation directions of the velocity 
selector. 

The beam energy proved to be 10.5-11.5% less 
than could be expected from the acceleration volt- 
age put on the source. This relative energy deficit 
was constant throughout the whole energy region 
in which we did the ineasurements. This effect has 
been discussed by Aten and Los [5]. 



~. -A surface ionization: detector-was used for mea- 
--. 

suiin~:-.the ‘pnmaryrbeam-mtensity. _This;het~ector 
consists.of a-hot rhenium ribbon surrounded.by. a 
cylindrical collector. -When the. primary beam im- 
pingeson the rhenium ribbon the atoms are ionized 
due to surface ionization: To ensure that all ionized 
cesium ‘atoms:reach the. collector $ve maintained-a 
potential difference betweenrthe ribbon. and the 
collector. Moreover, in order to collect ions which 
are reflected from .the ribbon‘:&h a high kinetic 
energy, the &gle of incidence of the -primary beam 
on the-ribbbn was chosen to be 4ri” so that these 
ions were directly scattered towards the collector. 
The ion current on the collector was measured 
with a Keithly electrometer:The working tempera- 
ture of the ribbon &as 1700 K. 

The efficiency of the detector must 5e known in 
order to measure. the cross sections in absolute 
units. The detection efficiency was measured in an 
indirect way. The primary beam passed through 
the collision chamber which was alternately 
evacuated or filled with Br, vapour. It is well 
known that elastic collisions between cesium atoms 
and bromine molecules predominantly lead- to for- 
ward scattering of the Cs atoms [3;6]. Therefore we 
assume that the attenuation of the primary beam, 
when it passes through the bromine vapour, is 
equal to the ion current in the collision chamber_ 
From this equality we can obtain the detection 
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Fig. 2. A piot of,the detection efficiency versus-the primary- 

beam energy. 
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eificiency ;:-by : &id&g --;thg %eti ,.atte&ation 

~lt_h&ugh the ion current:IIn~fig ~221we~how-a~~qt.:~f 
the:- detections.. efficiency: .as~<a Ifunc.tion:- --of’ :the 
primarykbkam -energy: .-This . . . detection efficiency 
proved to beunity- up to .lOOO e~..The.decrease at 
high-.energies.~which can b.e observed ,in :fig..-2. .jvas 
only reproducible within lo%,, -It depended&; the- 
age of the-ribbon -and the nature of :the gases to 
which-the detector was.exposed in previous experi- 
ments. 

2.4. The collision chamber 

In our experiments we-used a collision chamber 
which was previously .used by Baede and Los [4], 
in a modified way. It was differentially pumped in 
order to obtain background pressures of less than 
8 X 10r7 Torr. Typical inlet pressures of the-target 
gas were around 8 X 10:’ Torr _during the experi- 
ments. It can be seen in fig. 3 that the.collision 
chamber merely consists. of two parallel plates 
between .which a set of grids has ~been mounted. 
One of the plates is divided into. three parts and 
the middle electrode C acts as the collector plate. 
This division ensures that -the effective collision 
length is independent of the beam energy and the 
scattering angle. A potential difference of 300 V, 
applied between the collector and grid B, deflects 

MANOMETER 

INLET 

Fig. 3. A schematic diagram of the collision chamber. Electrons 

and negative ions are measured at the colkcior (C). by applying 

a voltage _ktween the two opposite electrodes. The grids ,(A) 

and (B) are biased in such a way that secondary electrons 
produced it th&e &ctrod~ cam&t leaie‘the electrddes~ The .- 
electrohs produced, in the intekxioh region by the collision 

procesk can b6 prevented from reaching~the kollectoi by-apply- .. 

ing a magnetic field pointing alotig the beam axis. 



the electrons and .negative ions which are pro- 
duced in the collision process towards the collec- 
tor. Grid A is biased at a potential of -30 V with 
respect to the collector in order to prevent sec- 
ondary electrons from leaving ihe collector. These 
secondary electrons may be produced when the 
extracted ions and electrons impinge on the collec- 
tor_ A coil surrounds the collision chamber so that 
a homogeneous magnetic field can be applied in 
the collision region. The magnetic-field direction 
points along the primary-beam direction. When 
this magnetic field is switched on. electrons which 
are produced in the collision process cannot reach 
the collector. Because of the large mass of the ions, 
the magnetic field does not influence the collector 
current due to ion production_ In case of the 

rmgnetic field to be switched off. both electrons 
and ions reach the collector. In order to test if this 
way of discrimination between electron and ion 
production worked in the proper way, the primary 
beam was led respectively through inert gases and 
bromine vapour. Collisions between cesium atoms 
and inert-gas atoms can only produce electrons_ In 
this case the total current disappeared when the 
magnetic field was switched on. This indicates that 
no electrons were measured as ions. On the other 
hand, to ensure that no ions were measured as 
electrons. we let the cesium beam pass through 
bromine vapour. The magnetic field had no in- 
fluence on the collector current in this case. This is 
in agreement with the espectation that ccsium- 
bromine collisions do not lead to electron produc- 
tion 

Considerable care was taken that a!1 the mea- 
sured currents were in saturation with the voltages 
applied. It has been confirmed that the collector 
currents were proportiona! to the primary-beam 
intensity and the target-gas pressure. 

-7.5. Pressure meflsurenlem 

During an experimental run the pressure has 
been monitored with a calibrated ionization 
manometer_ The calibration has been performed 
by comparing the readings on the ionization gauge 
with a Baratron manometer, which was directly 
connected with the collision chamber. The calibra- 
tion was done in the 10-j Torr region in which the 

ionization manometer. proved to -be-. linear -in 
target-gas pressure. This made an extrapolation 
into the low5 Torr region, in which we did the 
measurements, readily possible_ 

2.6. Experimenral procedure 

The experimental procedure in order to obtain 
the cross sections was as Follows:_ 

(1) The primary-beam intensity I(E) was mea- 
sured as a function of the beam energy E. During 
this measurement the collision chamber was empty. 

(2) Hereafter the target gas was introduced into 
the collision chamber. We measured the currents 
on the collector which are caused by the ionization 
process during the collision as a function of the 
beam energy. When the magnetic field was 
switched on we measured the current due to ion 
production G,(E)- Without the magnetic field the 
sum of the currents caused by ion and electron 
production was measured: G,+,(E). Care has been 
taken that the target-gas pressure was constant 
during these measurements_ 

(3) Measurement 1 was repeated in order to 
control that the beam intensity did not change 
during the time in which the collector currents 
were measured. 

(4) The ionization manometer was calibrated 
with the aid of the Baratron in order to obtain the 
absolute target-gas density N. 

Using the following formulas we could calculate 
the cross sections for ion production Qi(E) and 
electron production Q,(E) as a function of the 
collision energy: 

Q_(E) = Gi(E)f(E) 
I I(E)NL ’ 

Q 

c 

cE) =f(E)[Gi+e(E)--i(E)I 
I(E)XL. ’ 

wheref( E) denotes the detection efficiency and L. 
is the length of the collision region which is equal 
to the length of the collector. We took the values 
of the detection efficiency to be equal to those 
plotted in fig. 2. The formulas for the cross sec- 
tions Qi are valid only if the beam attenuation is 
very small. This attenuation was on the order of a 
few percent in all cases. 
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Two independent processes may’ lead to pro- 
duction -of electrons in- collisions- between Cesihm 

_ .._-- 
atoms and NO or q2 molecules. The first IS elec- 

tron detachment from vibratidnally excited-anions 

which are formed by a curve-crossing process. The 
second process that may lead to electron-produc- 
tion is direct ionization. It -is known- that. this 

process becomes important at -high collision en- 

ergies. In our experiment we cannot distinguish 
between the two processes_ 

In order to obtain an impression of the magni- 

tude of the direct-ionization contribution to the 
electron cross section, we measured the electron 

production in collisions between cesium and inert- 

gas atoms. That these collisions lead -to electron 

production via a curve crossing seems improbable. 

We observed that the thresholds for electron pro- 
duction in these collisions depended on the mass 
of the inert-gas atom. The lowest threshold had 

been measured for the Ca-Xe system. It occurred 
at a laboratory energy of = 300 eV. From the 

experiments on collisions between cesium atoms 
and the other inert-gas atoms it could be con- 
firmed that the threshold for electron production 

was higher in energy if the mass of the inert-gas 

atom was smaller. The absolute magnitude of the 
cross sections for electron production did rise to a 

few A at a collision energy of 3000 eV. In order to 
be sure that only electron -production due to auto- 
ionization of vibrationally~ excited molecular an- 

ions is measured, we report no electron production 

data for collision energies higher than 300 eV. 

2.8. Error estimates 

The error in the absolute magnitude of the cross 
sections is a cumulation of errors made in the 

pressure, current and detection-efficiency measure- 

ments. The pressure measurement is reliable within 
a few percent-which is the maximal deviation of a 
calibrated Baratron memb&e manometer. The 

currents measured on the collector of the collision 

chamber and the detector were at least a few times 
lo-‘* A; Currents- with this magnitude .can be 

measured ,with considerable accuracy. This means 

that the main error- in-the n&x&de of- the cross 

section is due to the_ uncertainty in .the detection. 

efficiency.- As has been stated‘before; the. magnii 
tude of the detection-- efficiency -is reliable~~within 

16% _for energies higher than lOdo eV. From fig:2 

it can be seen that- the standard deviation of the 
detection efficiency is = 5% for energies low& 

than 1006 eV. Instead- of using the calibration 
points in fig. 2 directly, we con&ucted a calibra- 
tion table by drawing.a smooth line through these 

points. It should be noticed that (due to the small 
beam attenuation) the scattering in the points of 
the measured detection efficiency is much larger 

than the scattering of the measured (uncalibrated) 

cross sections for ion and electron production. For 
this reason we claim an accuracy of the absolute 

magnitudes of the cross sections of 10% for en- 

ergies lower than 1000 eV, and of 15% for higher 

collision energies. 

3. Results 

The absolute total cross sections for ion and 

electron production in collisions between cesium 
atoms and NO or OZ molecules are shownin -figs. 

4A (Cs-NO) and 4B (Cs-0,) as a function of the 

(center-of-mass).collision energy. The relative total 

cross section for ion production in Cs-0, colli- 
sions has been measured before by Kleyn et al. [2]. 

Although they applied a different technique, there 
is good agreement between their and our measure- 

ments. The position of the maxima and minima in 

this cross section are the same for both experi- 

ments. Also the overall shape of the cross section 

as a function of the collision energy coincides in 

both experiments. We measured, however, a 

smaller absolute magnitude of the cross section 
than has been calculated by Kleyn. With respect to 

this quantity our experiments-are reliable because 

we took considerable care in determining the de- 

tection efficiency,- absolute target-gas pressure and 
the length of the scattering region in a direct way. 

It can be seen in fig. 4.that there is a-difference 
between the ion-pair formation cross section for 

collisions between cesium-atoms and 0, molecules 
and that for CslNO collisions: The cross section 

for. ion production in Cs-0;. collisions- exhibits 
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some structure while no such feature can be ob- 
served in the corresponding cross section for 
Cs-NQ c&iisions. The absolute magnitude of the 
cress section is larger for the Cs-NO case than for 
C:;-0, collisions_ Another difference appears in 
the fractioa of ionizing coIIisions which leads to 
electron production for both systems. This fraction 
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Fig. 5. The fraction of ionizing collisions between cesium atoms 
and 0, molecules which lead to the production of stable 0; 

ions as a function of the c.m. collision energy. The experimen- . 
tal fraction is indicated by dots. The solid line is the fraczion 
calculated according fo the modified Franck-Condon model. 

The dashed line is the fraction expected by the pure 

Franck-Condon model. 

could be measured very ticcurately because only 
the ion current G,(E) and the total current 
G,+,(E) have to be known in order to obtain the 
value of this fraction. The measurement is inde- 
pendent of the target-gas pressure and, more im- 
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Fig. 6. The fraction of <on&g Cs-NO collisions which pro- 

duce stable NO- ions. The experimental fraction is indicated 
by dots. The solid and dashed lines represent the fractibns 
calculated by means of the modified and pure Franck-Condon . 
models respectively. : _.-._ 



t&en cesmm .atoms &id~~~~~inolecules l&d to’ion’ 
pro-dudtion;S. :w.& tIie _~~cjties~~~.& _g& ; f& 

Cs-NO‘-c0hision.s .is ’ = 33% (fig_: 6),tZ$r collision 
energies higher. thti 60.. ev- th&se~‘~ fractions ‘-are 

relative& iweak: functions -of the +lision energy. 
Nevertheless it :canbe observed-that they. do not 

remain completely constant at these energies. / - _- 

4. Discussi& 
.- 

Collisions between alkali.. atoms and electro- 
negative molecules like NO or 0, are known to be 
attractive. The positi+e electron affinity of these 

molecules causes the curve crossing between the 

potentials of the covalent and ionic ground states 
of the atom-molecule system to occur at large 
atom-molecule distances. The consequence of such 
a large crossing radius is that the absolute magni- 

tude of the total cross section for ion-pair forma- 

tion is so large that the -contribution of small-im- 

pact-parameter collisions is negligible. -Another 
consequence of this large- crossing radius is that 
vibrational excitation of --molecular ions which are 
produced in such collisions is due to a curve-cross- 

ing prcccss rather than-to direct momentum trans- 

fer. This is because the force between the two 
molecular nuclei is not -:affected by the nearby 
atom at atom-molecule distance which are outside 
ths repulsive part of the interaction potential.- 

4.1. The infi’uehce of vibration on the cross -section 
for ion-pair formation -. 

The ~structure which can be observed in the 
cross section-for ion-pair formation in Cs-0, colli- 
sions_ (fig. 4B)- has been successfully..explained by 

Kleyn et-al. [2].=We briefly-recahthe-model which 
they usedin’ order. to -explain this. structure: The 
simple. assuniptions they made “for :.the potent&& 
energy surfaces: belonging: to the:iome and cova- 
lent ground-states of the Cs-0; system are justi; 

-in&ction between. th-e .atom,and -~hi:kiiAecuk ai 
: alli Thel~interaction.--betweenI.th$.:~irGo--molecuiar 

nuclei is c&al to’ that for.-the-isolated r&e&e.-:‘.--. 
(2) The ionic grtiund~state can be considered’@’ 

consist. of an atomic ion and -a molecular anion.‘. 

The interaction-.-between I- these ions is- entireiy- 
coulombic, -while the force between the mole&&r 
nuclei is equal to that occurring in an isolated 

molecular anion [7]. I -- 
These assumPtions yield very simple expres- 

sions for the potentials of the covalent (V,) and 
the ionic (y ) ground states: 

v,(P)= VA(P), . 1 .O) 

V;:(R, p) = V,,-(p) -l/R + IP. (2) 

Vxu(p) and vxy-(p) denote respectively the 
potential energy of the isolated neutral molecule 

and of the isolated molecular anion as a function 
of the bond length p. The potentials V&(p) tid 
V,,(p) are defined with respect to the same. zero 

point of-energy. IP stands for the ioriization:poten- 

tial of. the alkali atom and R denotes the distance 
beteen the atomic nucleus and the molecular center 
of mass. From eqs. (1) and (2).we can easily de&e 
an expression for the crossing radius R,: 

(3) 

We see that -the crossing radius depends on the 

bond lengths of the molecule.. During a collision 
the system has to pass the crossing~radius twice. 
Before the first crossing is reached the molecule 

may be~considered to be in its equilibrium posi- 

tion: At the first crossing the,molecule may be- 
come ionic and because the equilibnum distance 
of a neutraf molecule (in general) is smaller. than 
that of the ccrrespcnding. anion, the molecular 
nuclei start to vibrate. Because the bondlength in 

many cases will be a periodical. function of -time, 
the. crossing radius will Ialso vary _periodicahy in 
time, The diabatic transition probabiliiy isstrongly 
dependent -on the -niagnitude bf the crc&ing radius 
be&u& the coupling m&ixelement de&c&es~ex- 

ponentially with incrpemg crossing r&t,&@I]. ‘it 
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will be clear that the reneutralisation probability 
at the second crossing is a function of the time the 
system spends between the two crossings during 
the collision. When the second crossing radius is at 
a maximum we expect a minimal reneutralization 
probability_ On the other hand, if the second cross- 
ing radius is at a minimum the reneutralization 
probability is maximal. This feature causes the 
structure in the total cross section for ion-pair 
formation_ For a detailed description we refer the 
reader to ref. [6]. Our measurements confirm the 
results of Kleyn et al. 

The basic conclusions which can be drawn from 

Kleyn’s analysis are: 
(1) The motion of the molecular nuclei is well 

described by classical mechanics. 

(2) The transition at a curve crossing is given 

by the “generalized” Landau-Zener model. The 
time needed for the transition from the covalent to 

the ionic surface, or vice versa, is assumed to be 
infinitely short in this model. 

The observation that the molecular nuclei may 
be treated classically in order to explain the minima 

and maxima in the total cross section for ion-pair 
formation raises the question if the forementioned 
model is suitable to calculate the vibrational en- 
ergy of the molecule after the collision. Apart from 
the fact that the vibrational energy of the molecule 
must be quantized, what may raise some problems 
in applying the classical model. we have to analyze 
if a measurement of the time-dependent behaviour 
of the molecular bond length a priori yields some 
information about the vibrational energy of the 
molecule. Classically, a vibrational period of a 
particle moving in a harmonic potential is inde- 
pendent of its energy_ Quantum mechanically. any 
superposition of time-dependent vibrational eigen- 
states of a harmonic potential exhibits a classical 
behaviour of the expectation values of position 
and momentum, regardless the vibrational energy 
of the system. In order to get information about 
the vibrational-energy distribution one must de- 
termine the time evolution of the probability den- 
sity at all intemuciear distances. A measurement 
of the structure in the total cross section, which in 
principle is a measurement of the expectation value 
of the molecular bond length as a function of time, 
is too crude for this purpose. 

4.2. Measurements of vibrational ekitotion of the 
molecular anion 

More informat& about the vibrational energy 
of the produced ions can be obtained by measur- 
ing the total cross section for ion production as 
well as the total cross section for electron produc- 
tion. it is_ well known [lo] that vibrationally ex- 
cited molecular anions eject an electron if their 
total energy exceeds the zero-point energy of 'the 
neutraI molecule. For NO- molecules this is the 
case if the vibrational quantum number is larger 
than zero, whiIe an 0~ ion ejects an electron if its 
vibrational quantum number is larger than three 
[lo]. The foilowing reaction schemes can be set up: 

Cs+02’Cs*+0~(v,(3) 

+ ion production, 

Cs+00,4Csf+0,-(0>3) 

--* C.s++ OZ + e-+ electron production, 

Cs+NO-,Cs++NO-(v=O) 

- ion production, 

Cs+NO+Cs+NO-(u>O) 

- Cs++ NO + e--, electron production. 

In Cs-O2 and Cs-NO collisions, eiectron produc- 
tion which is due to autoionization during the 
collision is negligible. For Cs-0, collisions, auto- 
ionization is possible when the total energy (elec- 
tronic plus vibrational) of the ionic system Cs++ 
OF< u 2 4) exceeds the energy of the system Cs+-t- 
O,( v = 0) + e-. This may occur in two cases: 

(1) At large atom-molecule distances. 
When assuming a coulombic force between the 

Cs+ and the 0; ion. while no interaction is as- 
sumed between the Cs+ atom and the 0, molecule, 
the vibrational quantum number of the 0, mole- 
cule should be larger than 25 for autoionization of 
the 0; molecule to take place at an atom-mole- 
cule distance of 5A. It is unlikeIy that the 0; 
molecule can be vibrationally excited so high. 

(2) At small atom-molecule distances. 

At small atom-moIecuIe distances, there could 
be a crossing between the potentials of the systems 
Cs++O,- (~24) and Cs’+OZ (v=O), although 

such a crossing seems improbable, due to the 
considerable polarizabiIity of the 0; ion com- 
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pare,&‘to 0;. In : &se 1 of idi a crossing. to ;&cur 
anyhow, -autoionization -at--small -atom-molecule 

dista+es seems i&brobable because of thee lifetime 
ofthe 0;. ion-which iscom&rable to-a-vibrational 
period of the molecule:-The system-spends a much 
shorter: time in the, repulsive region than this. life-, 
time of vibrationally:excited 0,. :- .: 

-A similar reasoning can be applied for the case 

of Cs-NO collisions. ~. -. 
It will be clear. that B measurement of the 

c’(i) - tly Franck_C&&n ~mqdei,~, --- -. -. -_ --z :-‘: 

(iij the-modified-Franck+Condon model; ’ .-.c I 
-(iii). the Batter-Fisher&Gilmore mod& ,: -.~ _’ ; 

-. -IWe’ confi@e_ ourselves- to- models which describe 

the population distribution. over quantized vibrai- 
tional states of the molecular ion. :This -excludes 
models which describe the vibrational classically 
from our discussion. An example of such a model 

is the surface hopping trajectory method: 

” 
branching ratio between electron and ion forma- 
tion directly is a measure for the vibrational en- 
ergy of’the produced ions. .The fraction of Cs-NO 
or Cr.-O2 collisions which leads to formation of 
stable anions has been plotted in figs. 5 and 6. The 
total cross section for O- production, has been 

shown to be small in comparison to the total cross 
section for 0~ production [2]. 

(i) The Franck-Condon’model _. 
The simplest model which leads to a final distri- 

4.3. The experimental resuits in connection with 
some models 

Models which describe vibrational excitation of 
the molecular anion in collisions between an alkali 
atom and 0, or NO should explain the following 
features which can be observed by experiment: 

The. expectation value of the molecular inter- 
nuclear distance has to be a function of time which 
is more or less corresponding with the classical 
motion of a particle over the potential of the 

molecular anion. This implies that the vibrational 
wave packet representing the motion of the molec- 
ular nuclei has to oscillate back and forth with the 
classical vibration frequency of the molecular an- 

ion, and moreover, this wave packet must be con- 
fined to a small region of internuclear distances 

during all time. The wave packet may not exhibit 
considerable.dispersion during the collision. 

bution .over quantized vibrational states of the 
molecular anion in atom-molecule collisions is the 
Franck-Condon model. ~The. model assumes that 
the transition from the covalent to the ionic state, 
or the reverse, occurs so fast that the molecular 

nuclei cannot move during this transition. A tran- 
sition which fulfills this condition is called vertical. 

When the system reaches the first crossing -the 

vibrational wavefunction of the neutral molecule is 
given by u,(p), which is the zeroth-order. vibra- 

tional wavefunction of the neutral molecule. Just 

at the time at which the molecule becomes ionic, 
the vibrational wavefunction of the molecular an- 
ion must have an identical shape as u,(p) because 
the molecular nuclei are not supposed to -change 

their position during a vertical transition. If the 

electronic transition’probability is given by P, then 
the normalization condition leads to the follow&g 
expression for the vibrational wavefunction of the 

molecular. ion at the time at which the transition 
occurs [ll]: 

gg(p, t = 0) = P’r-u,(p). 

The fraction-of electrons produced in collisions 

between an alkali atom and 0, or NO has to bL: in 
agreement with the experimental .data. A special 
feature which has to be explained is- that tiris 
fraction is a function of the collision energy. 

Three models have heen proposed previously-in 

order. _to describe- vibrational: excitation of the 
molecular ion, -in &pair formation. -processes 
which we will discuss in this paper. These models 

are: 

* There might rise some confusion about the term 

“Franck-Condon modei”. We refer to the Franck-Condon 
model when all electronic transitions which may occur in a 

collision are vertical, i.e. the molecular vibration is frozen 
during the elect&ic transition. This does not exclude molec- 

ular vibration during the colfision time which can be much 

longer than the transition time. In such a case-we still speak 

about the Franck-Condon model if just the electronic transi- 

tions are vertical, even when the collision time is as long as 2 

few vibrational periods of the molecule. In such a situation 

~&son et-al. [ll] adopted the nomenclature of the “di- 

abatic moving wave packet” ~rriodel. The’ modified 
Fr&ck-Condon model which is discussed in this paper is 

called the “adiabatic moving-wave packet” model by. Gila- 

sonetal. _- - 
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The t&e evolution of this wavefunction can he 
calculated by expanding the vibrational wavefunc- 
tion at t = 0 in an infinite set of vibrational eigen- 
functions of the molecular anion, u,, each having 
their proper time-dependent phase [ll]: 

+$;(p, f) = P”‘Cj U,)(U,]UO) 
I 

Xexp[-iw(/+$)t]. (5) 

The probability to populate the Ith vibrational 
state of the molecular anion is given by: 

P, = P](o,]u,)j’. (6) 

The fraction of ions which are produced in a 
vibrational Ievel which is stable against electron 
detachment can be calculaicd according to the 
formula: 

Fi = P f (LJ,~~~)~/P g (u,~u,$ 
66 I=0 

,,I 

= [zzO (4uo)‘- (7) 

F>I is the vibrational quantum number of the highest 
vibrational state which is stable against electron 
detachment. 

The transition probability P is given by the 
Landau-Zener formula. The crossing radius R, at 
which the transition occurs is assumed to be iden- 
tical with R, calculated from formula (3) in which 
one replaces p by the expectation value of the 
position calculated from formula (5). For the first 
crossing p is taken as the equilibrium distance of 
the neutral molecule p,_ 

The time-dependent vibrational wavefunction 
in (5) has the property that the expectation value 
of the internuclear distance is a periodical function 
of time. and the length of a vibrational period is 
just a classical period. Moreover it can be deduced 
that the vibrational wave packet remains confined 
to a small region of internuclear distances in the 
case of a harmonic potential. The crossing radius 
at the second crossing can be calculated by taking 
the expectation value of the internuclear distance 
at the time the system passes the second crossing. 
The reneutralisation probability at the second 
crossing can be calculated in a complete analogous 
way as has been done for the first crossing. 

This model fulfils the condition that the _expec- 
tation value of the internuclear distance evolves in 
a classical way, and therefore it is abie to expIain 
the structure in the ionproduction cross section for 
Cs-0, collisions. On the other hand, if we analyse 
our measured branching ratios between electron 
and ion production we must conclude that there-is 
poor agreement between the model and experi- 
ment. According to formula (7) we expect an ion 
fraction of = 60% for Cs-Oz collisions, while we 
measure a value of - 77%. For collisions between 
cesium atoms and NO molecules the situation is 
even worse. An ion fraction of 16% is expected 
from the Franck-Condon model while the experi- 
mental vaIue ranges between 100 and 90%. More- 
over, according to the Franck-Concon model this 
branching ratio cannot depend on the collision 
energy (formula (7)). We observe an ion fraction 
which depends on the collision energy. This be- 
haviour is even more pronounced in collisions 
between K or Na atoms and NO or 0, molecules 

IL31. 

iii) The modified Franck-Condon tnodel 
The Franck-Condon model has been revised by 

Gislason et al. [ll] in order to explain the feature 
that low energetic collisions between an atom and 
a molecule lead to production of molecules which 
are less vibrationally excited than expected by the 
Franck-Condon model. The basic idea of the revi- 
sion of the Franck-Condon model is that in real- 
ity the electronic transition takes a finite time 
during which the molecular nuclei can move. The 
transition time was defined by Gislason et al. to be 
the time during which the system passes through 
the static width of the coupling region, and there- 
fore it is inversely proportional to the collision 
velocity_ During the transition time the molecular 
nuclei are supposed to move classically along the 
adiabatic potential-energy surface. This will result 
in an increase of the bond length of the molecule. 
The second assumption which was made is that 
the center of the vibrational wavefunction of the 
neutral molecule follows the classical motion of 
the molecular nuclei along the adiabatic surface 
without any dispersion of the vibrational wave 
packet itself. For this reason we know both the 
shape and the position of the vibrational wave 



in which I+, denotes the.vibrational. wavefunction 
of -the neutral molecule--which. is shifted by an 
amount pd -towards Ieger internuclear. distance. 
This wavefunction may be expanded into vibra- 
tional- eigenstates- of the molecular .anion, just as 
has been done in. formula (5). --The fact that the 
Franck-Condon. overlap factors are strongly de- 

pendent on p,, causes the probability of finding the 
molecular ion in a certain vibrational state to be 
shifted towards lower-lying states in comparison to 

the Franck-Condon model. At high velocities the 
modified Frank-Condon model tends to the pure 
Franck-Condon model because pd becomes small 
due to the short transition time during which the 
molecule may stretch its bond. 

The effect of an increase in effective bond 
length of the molecule at a curve crossing has been 
observed experimentally by Aten and Los 1131 in 
low energetic alkali-halogen collisions_ At higher 
energies this effect, which is called prestretching, 
became negligible. 

The modified Franck-Condon model expIains, 
just like the pure Franck-Condon model, the 
structure in the ion production cross section in 
cs-o2 collisions. This model also predicts a 

branching ratio between electron and ion produc- 
tion which is a function of. the collision velocity. 

Using this model we did a calculation for the 
passage through only one curve crossing in colli- 
sions between cesium atoms and 0, and NO mole- 
cules. As ions or electrons are produced by a 

single-electron transfer, bond stretching does not 
affect the vibrational state of the molecular anion 

according to the.modified Franck-Condon model. 
Therefore according to this model the branching 
radio between electron and ion production is the 
result of a singIe .passage- through a crossing re- 
gion. The fact that only crossing is taken-into 
account, while in real collisions two crossings have 
to be. passed, neglects the detailed influence of 
orientational effects in these collisions_ The. cou- 
phng.matrix element which determines the width‘ 
of the static-coupling region and thereby the tran- 
sition time depends on. the orientation of the 

__ -- 
molecular. axis refative. to. t_h_e.,radius.vector. c0.n~~ 
x&tiiig :. the moleCtilar.-:center of_ ?mass with .-\I@ 

~atomic nuclkus~]l4]. -We. took a m+@ue df ha!f 
the couphng_matrix element- in order to c_orre_ct ,for_ 

the orientation effect. Moreover the radial..velocity 
at-.- the . curve crossing depends.. on the impact 
parameter. -We chose-an -effective impact pat&e,.. 
ter which is equal to R,/2r_fl. 

Although we. are aware of the fact that- this. 

calculation only gives an approximate value for 
the branching ratio, we think that it is accurate 
enough to decide if the model can predict the right 

value for real collisions. In figs. 5 and 6 we -have 
plotted the branching ratio between electron and 
ion production as a function of the collision en- 
ergy. The modified Franck-Condon model gives a 
good explanation for the branching ratio in Cs-O2 
collisions *. For Cs-NO collisions there is some 
improvement with respect to the Franck-Condon 
model, but still there is severe disagreement with 
the- experimental results. UnIess we assume un- 
physically large coupling matrix elements (> 1 
ev), which is doubtful because the maximum of 
the cross section for ion-pair formation lies at a 
rather low collision energy, the modified 
Franck-Condon model cannot predict more than 
30% of ions to be formed in CSLNO collisions_ 
Our ‘conclusion concerning the modified 

Franck-Condon model is that this model is in 

good agreement with the experimental results for 
Cs-Oz colhsions but that it cannot explain the 

anomalous branching ratio between electron and 

ion formation in Cs-NO collisions. The general 
conclusion for this model can be that it may be a 
valuable improvement of the pure Franck-Con- 

don model in certain cases. 

(iii) The Bauer-Fisher-Gilmore model 

We discuss the Bauer-Fisher-Gifmore model 
[15] in order to -see if this model can predict a 

branching ratio between electron and ion produc- 
tion, which is velocity dependent, together with the 
motion of the molecular nuclei during the colli- 

sion. That the BFG model predicts a branching 
ratio which is velocity dependent is obvious: At 

* The value of the coupling- matrix element in our Cs-0, 
calculations is taken from the-work of Kleyn et ai. 121. - 

1 
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the lowest collision velocities only ions should be 
produced while considerable vibrational excitation 
can be expected if the collision velocity is very 
high: The Bauer-Fisher-Gilmore model. however. 
cannot explain an oscillatory behaviour of the 
total cross section for ion-pair formation in Cs-0, 
collisicns as a function of collision energy. For this 
reason we abandon the BFG model for explaining 
our measurements. 

4.4. Tile absolute magnitrrde of the total cross section 

The total cross section for ion production in 
Cs-O2 collisions reaches a maximum value of 4.2 
ii’ at a center-of-mass collision energy of 130 eV. 
This absolute value can be compared with some 
theoretical approaches. The first model from which 
we obtain an estimate for the absolute magnitude 
of the total cross section for ion production is the 
rigid-molecule model. In this cast: the effect of 
bond stretching is completely ignored. The cou- 
pling matrix element is taken to be of the form 
N: sin 20. where B denotes the angle between the 
molecular center of mass with the atomic nucleus_ 
The electronic transition is assumed to be vertical 
and to occur at the diabatic crossing point be- 
tween the potentials of the covalent and ionic 
ground states. The transition probability is given 
by the Landau-Zener formula. Using this model 
we expect a maximum value of the cross section 
for ion-pair formation of 6.9 A\‘. Taking an elec- 
tron fraction of = 25% we expect that the total 

Table 1 
Listing of the most important products that may be formed in 
Cs-O2 and Cs-NO collisions (column I). the number, symme- 

tries and multiplicities of the electronic states of the tempor- 

arily formed triatomic molecule leading to these products (col- 
umn 2). and the threshold energies (+V) for their production 

Cs(3)+02(3H-) 4Ao + 2x 0 
Cd2S)+Of(‘A) 2.4’ + 2r 0.982 
Cs*(‘P)to2(‘T-) Zx’A”+ 2X’A”+‘A’+dA’ 1.34 
cs+(‘s)+o; (%I) zAs+‘A” 3.45 

Cs(‘S)tNO(‘rI) 3A’+3ci s*** IA” 0 
Cs’(*P)+NO(‘II) 3X~A”+3x3A’+3x’A”t3X’A’1.34 
Cs+(‘S)+NO-(“Z-) 3A## 3.89 
Cs+(‘S)+NO’-(‘A) ‘A” + IA’ 4.64 
Cs’(‘S)+NO’-(‘):+)‘A’ 5.05 

cross section for= ion production will be 5.2 2. 
which is larger than observed experimentally. The 
classical model used by Kleyn et al. [2] predicts a 
maximum value of = 9.2 2 (when the election 
fraction is taken to be 25%) for the cross section of 
ion production. The larger value is due to the fact 
that bond stretching is taken into account in this 
model which decreases the averaged reneutralisa- 
tion probability at the outgoing crossing which has 
to be passed during the collision. Applying the 
Magnus approximation Hickman [16] calculates a 
maximum value of 11 2. 

The relatively small absolute magnitude of the 
cross section migh: be due to coupling with excited 
states. Kempter et al. [17] have shown that the 
cross sections for alkali excitation in collisions 
between K or Na atoms and 0, or NO molecules 
are appreciable with respect to the estimated mag- 
nitudes of the ion-pair formation cross sections. In 
table 1 we give a list of the possible exit channels 
in collisions between cesium atoms and NO or 0, 
molecules. It can be seen that for the Cs-O2 case 
coupling may occur to an electronic state which 
results in production of excited oxygen molecules. 
Because this state crosses with the ionic ground 
state at a relatively small atom-molecule distance, 
coupling between these states will be appreciable. 
In our calculations it has been taken into account 
that only l/3 of the incoming Cs-0, collisions are 
having the proper electronic symmetry for cou- 
pling with the ionic ground state to be possible. 

The cross section for ion-pair formation in 
Cs-NO collisions reaches a maximum value of 6.9 
2 at a collision energy (c.m.) of 45 eV. Because 
predominantly NO- (u = 0) is produced, and 
moreover, there is not any structure observed in 
the total cross section for ion production, it seems 
reasonable to assume that bond stretching is unim- 
portant in Cs-NO collisions. Using the 
rigid-molecule model, and neglecting coupling 
with electronically excited states we obtained a 
maximum value for the ion-pair formation cross 
section of 6.4 AZ. From table 1 we can see that 
only 3/8 of the entrance channels have the proper 
symmetly to couple with the ionic ground state. 
The calculated maximum value is somewhat 
smaller than the observed one. In addition the 
maximum value of the cross section is calculated 
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by assuming :+at tbe~_ele&o& &n&ion~ &urs 

at an atom-molecule -distance- for__ which.. _the 
vibronic energies- of -the states jcov,u_z 0) and 

]ion,u 7 6).&e resonant (the BFG mode]). We find 
a value of 7-7 A? which is. larger than observed 
experim_entally,‘ Like in. the Cs-0, case_c&piing 

can occur_between the iom_c ground state and the 
states !eading to production of excited cesium 

atoms. Coupling to excited estates which lead to 

production of excited neutral NO molecules is, 
however, improbable as can be seen from table 1. 

This might be the explanation for the smaller 

discrepancy between the experimental and theoret- 
ical value of the total cross section of ion produc- 

tion in Cs-NO collisions. 

5. Conclusion 

As a conclusion we may state that there exists 
not any model to date which can describe the total 
cross sections for electron and ion production in 

Cs-NO or Cs-Oz collisions completely. Especially 

the experimental observation that Cs-NO colli- 

sions lead predominantly to the production of 

NO-( u = 0) ions gives rise to theoretical problems. 

The role of coupling to electronicaliy excited states 
in Cs-NO and Cs-0, collisions has to be investi- 

gated in order to explain the observed magnitudes 

of the total cross sections for ion and electron 

production in these collisions. In the following 
paper total cross sections and vibrational distribu- 

tions of molecular ions will be calculated applying 

a close-coupling model. 
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