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The ionic species N2+ B, C0+ A, C0+ B, and 0 2 + b have been produced by irradiation with the 
He I resonance line. Franck-Condon-factors both for excitation and deexcitation have been deduced 
from the fluorescence of the molecular ions. Most of them agree with calculated values of the 
Franck-Condon-factors. Measurements at different pressures ranging from 0.005 to 5 Torr lead to 
the deactivation cross sections for collisions with the parent molecule. N2+ B also is deactivated in 
collisions with 0 2 . Cross sections vary between 50 Ä2 and 250 Ä2 depending upon the ionic species 
and its vibrational quantum number. The deexcitation is described as a radiationless transition 
where electronic energy is transfered into vibrational energy. 

Introduction 

P h o t o e l e c t r o n s p e c t r o s c o p y h a s b e c o m e a stan-
d a r d m e t h o d f o r the d e t e r m i n a t i o n o f u n k n o w n 
states o f exc i ted m o l e c u l a r i ons . It is also wel l suit-
ed f o r the eva lua t i on o f F r a n c k - C o n d o n - f a c t o r s 
( F C - f a c t o r s ) o f i o n i z a t i o n p r o c e s s e s . In m o s t cases 
the v i b r a t i o n a l levels c a n easi ly b e r e s o l v e d . R e s o l u -
t ion is l imi ted , h o w e v e r , b y the t h e r m a l m o t i o n o f 
the m o l e c u l e s . In c o m p a r i s o n to p h o t o e l e c t r o n spec -
t r o s c o p y there is n o such res t r i c t i on in opt i ca l spec -
t r o s c o p y , w h e r e i o n i c spec ies are ident i f i ed b y their 
fluorescence. D o p p l e r l ine b r o a d e n i n g is o n l y small 
c o m p a r e d to the d i f f e r e n c e b e t w e e n t w o a d j a c e n t 
ro tat ional l ines. It is o f n e g l i g i b l e i m p o r t a n c e f o r 
near ly all invest igat ions . R e s o l u t i o n is genera l l y li-
m i t e d o n l y b y the a m o u n t o f p r i m a r y l ight intensity 
ava i lab le . F l u o r e s c e n c e spectra p e r m i t eva luat i on o f 
the F C - f a c t o r s i n c l u d i n g the e l e c t ron i c t rans i t ion 
m a t r i x e lements no t o n l y f o r the e m i s s i o n itself , but 
also f o r the p r i m a r y a b s o r p t i o n step w h i c h led to 
i on i za t i on . C o n t r a r y to the a b o v e - m e n t i o n e d p h o t o -
e l e c t ron spectra , op t i ca l spectra o n l y i n f o r m a b o u t 
fluorescing spec ies . 

M o l e c u l a r fluorescence d e p e n d s u p o n the part i c le ' s 
e n v i r o n m e n t a l c o n d i t i o n s . E lec t r i c and m a g n e t i c 
f ie lds cause the Stark- and Z e e m a n - e f f e c t , respect i -
ve ly . A l s o chemica l r eac t i ons — g e n e r a l l y speak ing 
co l l i s i ona l p r o c e s s e s — can change the f l u o r e s c e n c e 
o f exc i t ed i ons . K n o w i n g the natural l i f e t ime o f the 
exc i ted spec ies o n e c a n even d e t e r m i n e the k inet ics 
o f the co l l i s i ona l p r o c e s s whi ch m i g h t o c c u r o n l y 
1 C T 8 s a f ter exc i ta t i on . T h e intensity o f f l u o r e s c e n c e 
has f o r that p u r p o s e t o b e m e a s u r e d as a f u n c t i o n 
o f gas pressure . 

T h i s p a p e r desc r ibes m e a s u r e m e n t s o f F C - f a c t o r s 
f o r exc i ted C O + and N 2 + m o l e c u l a r i ons . Co l l i s i ona l 
deac t iva t i on c r o s s sec t ions are d e t e r m i n e d f o r var i -
ous states o f d i f f erent e l e c t r o n i c a n d v i b r a t i o n a l en-
e r g y o f C O + , N o + , a n d 0 2 + . P r i m a r y i o n i z a t i o n is 
a c c o m p l i s h e d b y the H e I r e s o n a n c e l ine (2 = 5 8 4 Ä 
^ 2 1 . 2 1 e V ) . A fu ture p u b l i c a t i o n wi l l deal with 
the d e p e n d e n c e o f the c r o s s s e c t i o n u p o n the trans-
lat ional k inet i c e n e r g y o f the i o n s . 

Experimental 

Unlike electron impact ionization, photoionization 
produces only a small number of known electronic 
states of the molecular ion. That is because photon en-
ergy does not have to exceed the required energy need-
ed for the product ion of the fluorescing state. T h e He I 
resonance line produces various known fluorescing 
ionic states of diatomic molecules . Their photoioniza-
tion cross section at 21 .21 eV is large enough to garan-
tee sufficient ion intensity necessary for the experiment. 
The H e I resonance line can be produced without the 
need for a monodiromator in a microwave discharge. 
Whereas in the present experiment relatively many 
photons of 21 .21 eV reach the reaction chamber (1.5 
x l O 1 2 photons / s ) , intensity is negl igibly l ow for other 
emission lines such as the H e l l resonance line (A = 
304 Ä ^ 40 .41 eV) or further lines of the H e Lyman 
series (537 Ä ^ X 504 Ä ) . T h e microwave discharge 
is operated at 100 W , 2 4 5 0 m c and at a gas pressure 
of 1 Torr . Figure 1 shows a block diagram of the ap-
paratus. 

Measurements at different gas pressures are needed 
for the determination of the deactivation cross sections. 
These measurements in turn need an absorption path 
which is well defined both in respect to length and 
pressure. Therefore a window of thin uv-transmitting 
co l lodium film separates the light source f r om the ab-
sorption, fluorescence and col l is ional deactivation cham-
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Fig. 1. Block diagram of the apparatus. 

ber. The average thickness of the film was found gravi-
metricly to be 1 5 0 Ä ± 1 0 Ä . It is supported by a fine 
nickel mesh of 85% transmittance, which is 5 mm in 
diameter. There is a differential pumping section be-
tween the light source and the film in order to prevent 
the film f rom being burned by the discharge, to avoid 
deposition of impurities on its surface and to reduce 
resonance absorption of the He I line. Figure 2 shows 
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Fig. 2. Transmission of the collodium uv-window as a func-
tion of wavelength. 

the transmission (%) of the window f o r uv light be-
tween 9 0 0 Ä and 450 Ä . The absorption coeff icients 
coincide with the values of LUKIRSKII, FORMICHEV, and 
BRYTOW 1 who measured the absorption for smaller 
wavelengths (Table 1 ) . Our experiment also requires 
that the film seal off the chamber tightly. At a reaction 
chamber pressure of 0.1 Torr no more than 101 2 par-

Table 1. Absorption coefficients /x [cm - 1 ] for collodium (di-
nitrocellulose) at wavelength X [A]. 100 A A 415 A : 

LUKIRSKII et al. 1 ; 450 A X 900 A : this work. 

A [A] [x [cm - 1] X [A] [i [cm - 1 ] 

100 5.0 ( + 4 ) * 415 8 . 0 ( + o ) 
150 1.1 ( + 5 ) 450 7.3 ( + 5 ) 
200 2.2 ( + 5 ) 500 8.1 ( + 5 ) 
250 3.3 ( + 5) 600 1.0 ( + 6 ) 
300 4.8 ( + 5 ) 700 1.2 ( + 6 ) 
350 6.3 ( + 5 ) 800 1.3 ( + 6 ) 
400 7.4 ( + 5 ) 900 1.3 ( + 6 ) 

5 . 0 ( + 4 ) = 5 . 0 - 1 0 4 . 

t i d e s per second leak through the film into the diffe-
rential pumping section. The leak rate increases linear-
ly with increasing chamber pressure up to 30 Torr . At 
about that pressure the film is destroyed. Leakage 
through the film does not influence the measurements. 
Af ter about 5 hours of exposure to uv radiation the 
film becomes increasingly less transmitting. A l l series 
of measurements were started with unused films. 

A Ni-cathode photo cell at the bottom of the chamber 
measures the pr imary radiation intensity when no ab-
sorbing gas is present (Fig. 1 ) . The fluorescence whidi 
is emitted into the direction of the analysing mono-
chromator passes through a suprasil window and is fo-
cussed by a col l imating lens system onto the entrance 
slit of a grating monochromator. Light which is emitted 
in the opposite direction also contributes to the total 
measured intensity through reflection at an aluminum 
coated concave mirror. The monochromator operates at 
a foca l length of 0.5 m with a minimal bandwidth 
of 1.5 Ä . A n additional suprasil lens at the mono-
chromator exit focusses the light onto the cathode of 
a photomultipl ier . Depending upon wavelength an 
E M I 6 2 5 6 S A or E M I 9 5 5 8 A was used. A high signal 
to noise ratio is achieved by a counting method employ-
ing a discriminator stage and a ratemeter with a re-
corder . T h e multiplier is coo led to — 8 0 ° C in order to 
reduce noise to 1 — 3 counts per second. A separate 
vacuum chamber prevents the photomultiplier f rom 
frosting. 

Measurement and Calibration 

Photoionization produces various excited molecular 
ions in the reaction chamber. Due to their final l i fet ime, 
there exists a certain probabil i ty that they encounter 
deactivating coll isions with other particles instead of 
loosing their excitation energy by natural fluorescence. 
T h e fluorescence signal is lowered by these deactivat-
ing coll isions. The fluorescence of different excited 
states is measured as a function of pressure. A c c o r d -
i n g to STERN a n d VOLMER 2 the i n v e r s e fluorescence 
intensity per unit of absorbed radiation is plotted 
against pressure, normalized to unity for zero pressure. 
T h e presence of a linear dependence indicates the bi-
molecularity of the deactivating process. The slope 
equals the product of rate constant and natural life-
time. If the latter is known the rate constant (or cross 
section) can be calculated. FC-factors are calculated 
f rom fluorescence intensity ratios which have been ex-
trapolated to p = 0. 

The knowledge of the relative wavelength depen-
dence D(X) of the detector system sensitivity is a pre-
requisite f or the determination of relative fluorescence 
intensities. D (A) includes window transmittance, mono-
chromator effectiveness, and photomultiplier sensitivity. 
It is only needed for the system as a whole, not for 
the individual components . 

1 A .P .LUKIRSKII , V . A . F O R M I C H E V , and I . A . BRYTOV, Opt . 2 O . STERN and M . VOLMER, Physik . Z . 2 0 , 1 8 3 [ 1 9 1 9 ] . 
Spectr. 20, 202 [1966]. 



In the visible and near uv region a tungsten band 
lamp ( O S R A M ) served as a standard for calibration. 
D o w n to 2 3 0 0 Ä the calibrated line intensities of a 
Rössler Standard Lamp (Phil ips) 3 ' 4 were employed . 
Lack of cal ibrated lines made a different method ne-
cessary in the region of 2300 Ä to 2100 Ä . Here the 
transmittance of the windows and the sensitivity of the 
photomultipl ier is taken from manufacturer 's data. The 
transmission of the monochromator with the col l imating 
lens system was found by moving both pieces in and 
out of a path of light which passed through a second 
static mnochromator tuned to the same wavelength. 

The entrance slit is adjusted so that the ionizing 
radiation is parallel to it and passes in front of it. 
Wi th increasing gas pressure the absorption of light 
is concentrated close to the point where the light enters 
the chamber (exponential l aw) . Correspondingly the 
origin of f luorescence also is increasingly concentrated 
around there. Since this concentration results in un-
even il lumination of the entrance slit, it is necessary 
to measure the degree to which detector system sensi-
tivity is dependend on the source of the fluorescence. 
This has been accomplished with a movable point light 

Franck-Condon-Factors 

If s o m e a p p r o x i m a t i o n s are a c cep ted , F C - f a c t o r s 
c a n b e e m p l o y e d f o r the d e s c r i p t i o n o f t rans i t i on 
p r o b a b i l i t i e s o f d i a t o m i c m o l e c u l e s 5 . S o the e lec -
t r o n i c part o f the transi t ion m o m e n t Re is taken to 
b e i n d e p e n d e n t o f the internuc lear d is tance r . A l s o 
the in f luence o f ro tat ion u p o n F C - f a c t o r s is n o r -
m a l l y a s s u m e d to b e neg l ig ib l e . It is in f a c t v e r y 
small f o r C O , N 2 , and 0 2 6 d u e t o the small rota-
t i ona l constants . 

T h e s u m ru le f o r the F C - f a c t o r s qv'v" requests 

2 Qv'v" = 2 Qv'v" /-i \ 
v' v" (, i; 

= 2 [ / ' i V 3 V d r ] 2 = I [ / Tv> ' i V d r ] 2 = 1 . 
v' v" 

A l l F C - f a c t o r s b e l o n g i n g to a c o m m o n u p p e r o r 
l o w e r v ibra t i ona l level a d d up to unity . T h e fluores-
c e n c e intensity 0 V ' V " ( p h o t o n s / s e c o n d ) o f i o n i c 
states is 

- A { v ) ' K ' l " - D { K ' v " ) - q v ' v " . ( 2 ) 

A(v') c o n t a i n s the constants o f the e x p e r i m e n t a l 
setup, the e l e c t ron i c part o f the transi t ion m o m e n t , 

a n d the F C - f a c t o r s qv~ f o r the i o n i z i n g transit ion 
f r o m the v ibra t i ona l g r o u n d state o f the neutral 
m o l e c u l e into the state v o f the m o l e c u l a r i on . T h e 
p o p u l a t i o n o f the p r i m a r y i on i c spec ies which de-
p e n d s u p o n qv' is ca l cu la ted b y s u m m a t i o n o v e r all 
fluorescence o r i g i n a t i n g f r o m the u p p e r state v . 
qv' is thus 

^V'V" 
. nn.. R V0/ 

with 

v" D(kv'v") B 

B = l l D a ' : ' ) v' v" UV-V'V") 
( 4 ) 

T h e s e va lues qv' wi l l b e c o m p a r e d with results o f 
p h o t o e l e c t r o n s p e c t r o s c o p y e x p e r i m e n t s which a lso 
e m p l o y a H e I r e s o n a n c e l ine l ight s o u r c e . 

T r a n s i t i o n p r o b a b i l i t i e s have been m e a s u r e d f o r 
N 2 + a n d C O + . T h e H e I r e s o n a n c e line ion izes 
g r o u n d state N 2 X into the states X 
A 2 2 7 u , a n d B T h e necessary exc i tat ion ener-
g y i s 1 5 . 5 7 6 e V , 1 6 . 6 9 4 e V , and 1 9 . 7 4 5 e V , respec-
t ively . T h e s e c o n d a r y transi t ions 7 A — > X ( M e i n e l 
b a n d s ) and B - > X ( 1 . negat ive sys tem) o c c u r with 
e m i s s i o n o f r a d i a t i o n . M e i n e l b a n d s appear on ly 
w e a k l y b e t w e e n 6 1 0 0 Ä and 9 5 1 0 Ä . D u r i n g the 
l o n g natural l i f e t ime o f 1 2 f i s 8 m o s t o f the A-state 
i ons are c o l l i s i o n a l l y deact ivated w i t h o u t e m i s s i o n 
o f r a d i a t i o n even at a l o w g a s pressure . A l s o the 
de tec tor sensi t iv i ty decreases c o n s i d e r a b l y a b o v e 
6 0 0 0 Ä . T h e M e i n e l b a n d s were n o t m e a s u r e d . 

T h e potent ia l e n e r g y curves o f the states N 2 X , 
N 2 + X , and N 2 + B s h o w m i n i m a at near ly the 
s a m e internuc lear d is tances , n a m e l y at 1 . 0 9 7 6 Ä , 
1 . 1 1 1 6 Ä , a n d 1 . 0 7 8 Ä , r e s p e c t i v e l y 7 . ( 0 , 0 ) - t r a n s i -
t i o n s are t h e r e f o r e expec ted to d o m i n a t e p h o t o -
i o n i z a t i o n as wel l as f luorescence . T a b l e s 2 and 3 
c o n t a i n o u r m e a s u r e d F C - f a c t o r s f o r the transit ions 
N 2 X + A v - > N 2 + B + e - and N 2 + B N 2 + X + h v 
a l o n g wi th theoret i ca l va lues 1 2 and exper imenta l re-
sults o f o ther authors w h o e m p l o y e d di f ferent tech-
n iques . W e c o u l d n o t separate the ( 1 , 1 ) - e m i s s i o n 
l ine f r o m the s tray l ight o f an e m i s i o n l ine o f the 
H e l ight s o u r c e s p e c t r u m . In this c a s e the sum rule 
is sat is f ied a s s u m i n g the c o r r e s p o n d i n g theoret ical 
F C - f a c t o r 1 2 t o b e c o r r e c t . This p r o c e d u r e can o n l y 
have a l imi ted e f fect u p o n other va lues . 

3 J. P. MEHLTRETTER. Dissertation, Univ. Heidelberg 1962. 
4 F. RÖSSLER. Ann. Physik (VII) 1 , 1 2 2 [1958]. 
5 G. HERZBERG, Molecular Spectra and Molecular Structure, 

I. Spectra of Diatomic Molecules, v. Nostrand. New York 
1950. 

6 J. B. SHUMAKER, J. Quant. Spectr. Rad. Transf. 9, 153 
[1969]. 

7 A. LOFTHUS, Spectroscopic Rept. No. 2, Dept. of Physics, 
Univ. of Oslo, Blindern, Norway 1960. 

8 M . HOLLSTEIN, D . C . LORENTS, J. R . PETERSON, and J. R . 
SHERIDAN, Can. J. Chem. 47, 1858 [1969] . 



Table 2. Franck-Condon-factors for the transition N2 X 1Ig++h v N,+ B 2 2 V + e ~ . 

(v\ v") TURNER a n d THOMAS AARTS This work NICHOLLS 1 2 

M A Y 9 et, al.10 et al.11 theoretical 
photoelectrons fluorescence excitation with 

P + e~ hv 

(0,0) 0.90 0.907 0.886 0.878 ± 0.015 0.891 
(0,1) 0.10 0.091 0.112 0.118 ± 0.015 0.105 

Table 3. Franck-Condon-factors for the transition N«+ B 2JFU+ —> N,+ X 22g+ + h v'. 

(•v', v") THOMAS AARTS JUDGE a n d This work NICHOLLS 1 2 

et al.10 et al.11 W E I S S L E R 1 3 

p + impact e~ impact photon impact photon impact theoretical 

(0,0) 0.641 0.644 0.57 ± 0.04 0.628 ± 0.012 0.651 
(0,1) 0.259 0.269 0.30 ± 0.05 0.274 4- 0.014 0.259 
(0,2) 0.083 0.067 0.10 ± 0.06 0.078 4- 0.010 0.070 
(0,3) 0.016 0.016 0.03 ± 0.02 0.016 ± 0.005 0.016 
(1,0) 0.233 0.281 0.19 ± 0.06 0.224 ± 0.012 0.301 
(14) 0.210 0.246 0.29 ± 0.04 — 0.223 
(1,2) 0.296 0.292 0.33 ± 0.06 0.326 ± 0.030 0.286 
(1,3) 0.190 0.123 0.20 ± 0.06 0.169 ± 0.035 0.132 
(1,4) 0.056 — — — 0.043 

C O is i soe lec tron ic to N 2 . T h i s results in s imi lar 
exc i ted states. T h e y d i f f e r , h o w e v e r , wi th respect 
to s y m m e t r y o p e r a t i o n s . T h e H e I r e s o n a n c e rad ia -
t ion p r o d u c e s the i o n i c states C O + X 2 2 + ( 1 4 . 0 1 e V ) , 
A 2 n { ( 1 6 . 5 3 e V ) , a n d B 2 2 + ( 1 9 . 6 7 e V ) 1 4 . E x -
c i tat ion is f o l l o w e d b y e m i s s i o n o f the b a n d s A - > X , 
B — > X , and B — A . T h e first negat ive sys tem B - > X 
cons ists o f very s t r o n g l ines be tween 2 0 0 0 Ä a n d 
3 1 0 0 Ä . It has a l r e a d y b e e n p o i n t e d o u t that it is 
d i f f i cu l t to ca l ibrate a d e t e c t o r sys tem in this r e g i o n 
o f wave length . AARTS a n d DE HEER 1 5 p r o p o s e d that 
the C O + 1. negat ive sys tem s h o u l d b e used f o r cal i -
b ra t i on . O n l y the exac t F C - f a c t o r s n e e d t o b e k n o w n . 
Ca l ib ra t i on c o u l d m o s t eas i ly b e rea l i zed wi th elec-
t ron i m p a c t i on izat ion . It is thus v e r y i m p o r t a n t to 
check exper imenta l e l e c t ron i m p a c t data wi th a m e -
thod which d o e s no t a l l o w the o c c u r e n c e o f c a s c a d e s 

9 D. W. TURNER and D. P. MAY, J. Chem. Phys. 45, 471 
[ 1 9 6 6 ] , 

1 0 E . W . THOMAS, G. D . BENT, and J. L . EDWARDS, Phys. Rev. 
165, 32 [1968]. 

11 J. F . M . AARTS, F. J. DEHEER, and D . A . VROOM, Physica 
40, 197 [1968]. 

1 2 R . W . NICHOLLS, J. Res . A 6 5 , 4 5 1 [ 1 9 6 1 ] . 
13 D. L. JUDGE and G. L. WEISSLER, J. Chem. Phys. 48, 4590 

[1968], 
14 P. H. KRUPENIE. The Band Spectrum of Carbon Monoxide, 

NBS, NSRDS-NBS 5, Washington 1966; J. Chem. Phys. 
43,1529 [1965]. 

that m i g t h p o p u l a t e the C O + B state. P h o t o i o n i z a t i o n 
is wel l sui ted . I f b o t h m e t h o d s lead to ident ica l F C -
f a c t o r s the easier e l e c t ron i m p a c t i o n i z a t i o n m a y 
wel l b e a p p l i e d f o r ca l i b ra t i on . 

T a b l e s 4 a n d 5 list F C - f a c t o r s f o r the transi t ion 
C O X + A r - > C O + B + e " and C O + B - > C O + X + A / . 
T h e y agree in near ly all cases wi th theoret ica l data 
a n d F C - f a c t o r s f r o m e l e c t ron i m p a c t i on i za t i on . 

T h e B a l d e t - J o h n s o n system B —> A o c c u r s s o 
w e a k l y be tween 3 0 0 0 A a n d 4 3 0 0 A that n o F C -
f a c t o r s w e r e m e a s u r e d . T h i s transi t ion , h o w e v e r , 
changes the p r i m a r y C O + A p o p u l a t i o n . F o r t w o 
r e a s o n s this e f fect is o n l y a n e g l i g i b l e s o u r c e o f er-
r o r . F irst , 9 9 % o f the B-state i ons emit a c c o r d i n g 
to the B —> X t rans i t i on rather than a c c o r d i n g to 
the B A t rans i t i on . S e c o n d , the p r i m a r y p o p u l a -
t i on o f the A-state d u e t o p h o t o i o n i z a t i o n is v e r y 

1 5 J. F . M . AARTS and F. J. DEHEER, J. Opt . Soc. A m e r . 5 8 , 
1666 [1968]. 

1 6 J. F . M . AARTS and F . J. DEHEER, Physica 4 9 , 4 2 5 [ 1 9 7 0 ] . 
1 7 M . C. POULIZAC, J. DESESQUELLES, and M . DUFAY, A n n . 

d'Astrophysique 30, 301 [1967]. 
18 R. W. NICHOLLS, J. Phys. B 1,1192 [1968]. 
1 9 F . STUHL, D . KLEY, and H . NIKI, to b e published. 
20 D. C. JAIN and R. C. SAHNI, J. Quant. Spectr. Rad. Transf. 

6 ,705 [1966]. 



Table 4. Franck-Condon-factors for the transition CO X 1 2 * + h v CO+ B e~ . 

(V", V) TURNER a n d AARTS a n d Poulizac This work NICHOLLS1 8 

M A Y 9 D E H E E R 1 6 et al.17 theoretical 
photoelectrons fluorescence excitation with 

e~ P+ hv 

( 0 , 0 ) 0 . 6 3 0 . 6 8 4 0 . 7 3 2 0 . 6 8 ± 0 . 0 1 0 . 6 8 7 
( 0 , 1 ) 0 . 2 8 0 . 2 5 3 0 . 2 0 5 0 . 2 5 ± 0 . 0 1 0 . 2 4 9 
( 0 , 2 ) 0 . 0 8 — — 0 . 0 6 4 - 0 . 0 1 0 . 0 5 3 

Table 5. Franck-Condon-factors for the transition CO+ B 22+ —*• CO+ X 2JE+ + h v'. 

(v\ v") STUHL e t a l . 1 9 AARTS a n d POULIZAC This work JAIN a n d (v\ v") 
D E H E E R 1 6 et al.17 SAHN I 2 0 

collisions e - P + photon theoretical 
2ND impact impact impact 

( 0 , 0 ) 0 . 5 1 0 . 5 5 0 . 6 0 0 . 5 1 ± 0 . 0 2 0 . 5 3 8 
( 0 , 1 ) 0 . 3 8 0 . 3 4 0 . 2 5 0 . 3 6 ± 0 . 0 2 0 . 3 3 5 
( 0 , 2 ) 0 . 0 9 7 0 . 0 9 6 0 . 0 5 2 0 . 1 0 ± 0 . 0 1 0 . 1 0 2 
( 0 , 3 ) 0 . 0 1 6 0 . 0 1 7 0 . 0 1 6 0 . 0 2 0 ± 0 . 0 0 5 0 . 0 2 0 
( 1 , 0 ) 0 . 2 8 0 . 3 4 0 . 2 9 0 . 2 8 ± 0 . 0 2 0 . 3 1 5 
( U ) 0 . 0 5 5 0 . 0 6 0 0 . 0 7 5 0 . 0 6 6 ± 0 . 0 1 0 0 . 0 6 5 
( 1 , 2 ) 0 . 3 3 0 . 3 2 0 . 3 9 0 . 3 5 ± 0 . 0 2 0 . 3 1 9 
(1 ,3 ) 0 . 2 4 0 . 2 0 0 . 1 5 0 . 2 1 ± 0 . 0 2 0 . 2 1 2 
( 1 , 4 ) 0 . 0 5 9 0 . 0 6 3 0 . 0 7 5 0 . 0 7 5 ± 0 . 0 1 0 0 . 0 7 0 
( 2 , 1 ) 0 . 2 8 — 0 . 3 2 0 . 2 5 ± 0 . 0 2 0 . 2 7 3 
(2 ,3 ) 0 . 2 0 — 0 . 1 5 0 . 1 6 ± 0 . 0 1 0 . 1 6 0 
(2 ,4 ) 0 . 2 9 — 0 . 2 2 — 0 . 2 5 5 
(2 ,5 ) 0 . 1 3 — 0 . 1 4 0 . 1 4 ± 0 . 0 1 0 0 . 1 3 8 

s t r o n g and is thus no t a f fected b y a smal l c o m p o -
nent o r i g i n a t i n g f r o m the c a s c a d e . 

T h e Comet- ta i l system C O + A —> X extends f r o m 
2 3 0 0 Ä to the in f rared . 7 5 % of the total e m i s s i o n 
intensity l ies outs ide the range o f the detec tor system 
sensit iv i ty . T h e r e f o r e the values in T a b l e 6 are n o 

F C - f a c t o r s , but e m i s s i o n p r o b a b i l i t i e s which have 
b e e n n o r m a l i z e d to uni ty f o r the ( 3 , 0 ) - t r a n s i t i o n . 
T h e va lues are p r o p o r t i o n a l t o the FC- fac to r s f o r 
a b s o r p t i o n qv• a n d e m i s s i o n qv'v" as well as to the 
th i rd p o w e r o f the emitted r a d i a t i o n energy . T h e 
C O + A states 2 /7?,/2 a n d 2 I J y 2 d i f f e r c o n s i d e r a b l y in 

Table 6. Emission probabilities for the transition CO* A 2Z7; —<- CO+ X 22+ + h v'. 

{v',v") AARTSand POULIZAC This work NICHOLLS18, 
D E H E E R 1 6 e t a l . 1 7 JAIN, S A H N I 2 0 

e~ impact p + impact photon impact theoretical 

(0 ,0 ) — 0 . 2 6 0 . 0 4 ± 0 . 0 1 0 . 0 5 2 
(1 ,0 ) — 0 . 8 4 0 . 4 2 ± 0 . 0 5 0 . 3 9 3 

(1 ,1 ) 0 . 5 4 0 . 9 2 0 . 3 9 ± 0 . 0 5 0 . 4 8 8 
(2 ,0 ) 1 . 0 8 1 . 3 5 0 . 9 7 ± 0 . 1 0 0 . 8 6 4 
( 2 , 1 ) 0 . 4 2 0 . 6 7 0 . 4 5 ± 0 . 0 5 0 . 3 8 1 
( 3 , 0 ) 1 . 0 0 1 . 0 0 1 . 0 0 ± 0 . 1 0 1 . 0 0 0 
(3 ,2 ) — 0 . 2 7 4 0 . 1 9 ± 0 . 0 5 0 . 2 2 8 
(4 ,0 ) 0 . 6 9 0 . 6 8 0 . 7 5 ± 0 . 1 0 0 . 7 6 7 
( 5 , 0 ) 0 . 3 8 0 . 2 4 0 . 4 6 ± 0 . 0 5 0 . 4 4 1 
(5 ,2 ) — — 0 . 1 1 ± 0 . 0 3 0 . 1 0 9 
( 5 , 3 ) — — 0 . 0 6 ± 0 . 0 2 0 . 0 5 5 
(6 ,0 ) 0 . 1 6 — 0 . 1 7 ± 0 . 0 4 0 . 2 0 4 
( 7 , 0 ) 0 . 0 5 6 — 0 . 0 7 ± 0-02 0 . 0 7 8 
( 7 , 1 ) 0 . 0 8 2 — 0 . 1 4 ± 0 . 0 4 0 . 1 1 4 
(8 ,0 ) — — 0 . 0 2 ± 0 . 0 1 0 . 0 2 8 
(8 ,1 ) — — 0 . 0 5 ± 0 . 0 2 0 . 0 6 3 



energy. Mostly the transitions with the longer wave-
length, namely 2i?3/2 are more intensive 
than those corresponding to 2i7i/2 2 ̂ 1/2 . The 
emission intensities shown in Table 6 are based 
upon the total intensities integrated over both tran-
sitions. 

Deactivation Cross Sections 

Determination of FC-factors is falsified if the 
primary population of excited states is changed by 
secondary effects. As pointed out, cascades are one 
such secondary effeot, collisions of the excited par-
ticles are another. Particularly in the case of ionic 
species collision cross sections are expected to be 
large, because electric attractive forces caused by 
polarization play a role. The deactivation cross sec-
tions can, however, be calculated from collisional 
quenching, if the natural lifetime r of the species 
is known. Collisional processes can thus be examin-
ed for excited particles. Luminescence measurements 
are therefore valuable supplements to beam experi-
ments which, because of the inherent time of flight, 
are restricted to non excited or at least long living 
particles. 

Collisional deactivation cross sections were mea-
sured for the following ionic species: 

N2+ BI;' = 0 and 1 in collision with N2 and 0 2 , 
CO+ B v = 0,1, and 2 in collision with CO , 
CO+ A v = 0 to 8 in collision with CO , 
0 2 + b Av = 1 and 2 in collision with 0 2 . 

Production of 0 2 + b needs a photon energy of 
at least 18.2 eV21". 

The first negative system leads to the 0 2 + a 
state. The fluorescence has been measured. The ro-
tational distribution is very wide whereas the band 
heads of different transitions are very close together. 
Therefore part of the luminescence can not be re-
solved. This is the case for all transitions of equal 
difference Av in vibrational quantum numbers. So, 
e .g . the transitions with Av = 1, i .e . (1,0) , (2 ,1) , 
(3,2) etc. overlap. The same is true for Av = 2, 3, 
etc. 

Figures 3 and 4 show the measured deactivation 
cross sections o. It has been assumed that the col-
lision partner is neutral and in its ground state. 

21 F. R. GILMORE, J. Quant. Spectr. Rad. Transf. 5 ,369 [1965]. 

—-v' —-V' —-av 
Nj B CO* B 0 j b 

Fig. 3. Collisional deactivation cross section TT d- as a function 
of vibrational quantum number v' for N2+ B colliding with N2 

and 0 2 , and for CO+ B and 0 2 + b colliding with their parent 
molecules, respectively (see also the data of 23' 24' 3 3). 

0 1 2 3 I 5 e V' 3 e 

Fig. 4. Collisional deactivation cross section 71 dr as a function 
of vibrational quantum number v' for CO+ A colliding with 

CO (see also the data of 23' 24' 33). 

A bimolecular collision can affect an excited mo-
lecular ion (A B+) * which has been produced ac-
cording to (5 a) and would if no collision partner 
were present radiate according to (5 b ) . 

AB + A f — (AB+) * + e~, (a) 

(AB+) * AB+ + li v , (b) 

(AB+) * + M products without (5) 
luminescence of h v', (c) 

(AB + )* + M — AB+ + M + hv'. (d) 

The collision can lead to induced fluorescence 
(5 d ) . Also the excitation energy can be used for a 
reaction or can be transduced onto the collisional 
partner (5 c ) . Equation (5) does not include pro-
cesses which result in emission other than at fre-
quency v . In case there are higher excited ions that 
may populate the state (A B+) * (cascades) Eq. (5 a) 



has to b e c o m p l e t e d b y ( 6 ) . 

( A B + ) * * - > ( A B + ) * + A / ' , ( a ) 

( A B + ) * * ( A B + ) * + M + h v". ( b ) ( 6 ) 

E q u a t i o n ( 7 ) s h o w s the i n t e r d e p e n d e n c e o f the m e a -
sured fluorescence intensities 0 E ( p h o t o n s / s ) a n d 
the rate constant kc if w e a s s u m e that ( 5 b ) and 
( 5 c ) c o m p l e t e l y d e s c r i b e the deac t ivat i on . O A a n d 

are the n u m b e r o f a b s o r b e d o r emitted p h o t o n s 
per unit o f t ime. 

&A/&E=l+kcCPx/kh. (7) 

If the i o n is deact ivated b y the parent m o l e c u l e A B 
the part i c le dens i ty [ M ] = C p M o f the c o l l i s i o n part -
ner m a y a p p r o x i m a t e l y b e r e p l a c e d b y the par t i c l e 
dens i ty C p o f A B . W i t h 

kh = 1/t. 
( 7 ) l eads t o 

&A/$E=1+Cpkcr (8) 

and Cpkc=(<PA/&E-1)-1/t. ( 9 ) 

C pkc is the m e a n l i f e t ime o f the part i c le ( A B + ) * 
with respect to co l l i s i ona l deac t ivat i on . T h e m e a n 
f r ee path I with respect t o c o l l i s i ona l d e a c t i v a t i o n 
d e p e n d s u p o n the m e a n speed v0 o f the part i c les . 

X = r v 0 y f j T j ( ^ A / ^ E — 1 ) • ( 1 0 ) 

T h e k inet i c t h e o r y e x p r e s s i o n f o r I is 
I = 0 . 9 5 7 / 1 / 2 n n dr. ( 1 1 ) 

T h e dev ia t i on o f the n u m e r a t o r f r o m u n i t y takes 
into a c c o u n t T a i l ' s c o r r e c t i o n 2 2 w h i c h has t o b e 
a p p l i e d in this case . T h e c r o s s s e c t i o n TI dr f o r c o l -
l i s ional deac t iva t i on is there f o re 

TI d
2

 = 0 . 9 5 7 ( ^ A / ^ E - 1 ) h V2 n v0 VT/T0 . ( 1 2 ) 

E q u a t i o n ( 1 2 ) is va l id f o r a thermal d i s t r i b u t i o n 
at t emperature T. 

A l l va lues o f F igs . ( 3 ) and ( 4 ) a re c a l c u l a t e d 
f r o m S t e r n - V o l m e r - d i a g r a m s b a s e d u p o n E q u a t i o n 
( 8 ) . $ A / & E i s p lo t ted as a f u n c t i o n o f p r e s s u r e p . 

T h e b i m o l e c u l a r i t y o f the deac t ivat ing c o l l i s i o n s f o l -
l o w s f r o m the exact l inearity w h i c h e x t e n d s o v e r 
t w o to t h r e e o r d e r s o f m a g n i t u d e . A s an e x a m p l e 
F i g . 5 a a n d b s h o w the S t e r n - V o l m e r - d i a g r a m f o r 
the t rans i t ion C O + A(v' = 2 ) C O + X ( v " = 0 ) + h v. 
T h e s l ope is a m e a s u r e f o r kc a n d thus the c o l l i s i o -
nal deac t iva t i on c r o s s se c t i on n dr. T h e l i f e t imes r 

22 P. G. TAIT, Trans. Roy. Soc. Edinb. 33. 65 [1886]. 
23 J. E. HESSER, J. Chem. Phys. 48, 2518 [1968]. 

Fig. 5. Stern-Volmer-diagram for the transition 
C O + A ( I / = 2 ) C O + X ( I / = 0 ) + h v , 

a) low pressure, b) high pressure. 

have b e e n a c c e p t e d f r o m v a r i o u s authors . ( N 2 + B 2 3 , 
C O + A 2 4 , C O + B 2 3 , 0 2 + b 2 4 . ) 

L i f e t i m e s o f C O + A v = 0 and v — 8 have n o t yet 
b e e n m e a s u r e d . T h e va lues 2 7 6 0 + 2 0 0 ns and 1 4 6 0 
+ 4 0 0 n s w e r e taken f r o m a l inear e x t r a p o l a t i o n o f 
the va lues f o r v = 1 to 7 2 4 . T h i s p r o c e d u r e appears 
to b e v a l i d b e c a u s e the m e a s u r e d values l ie o n a 
stra ight l ine. W h e n p o s s i b l e the c r o s s sec t i on o f o n e 
par t i cu lar state w a s m e a s u r e d f o r transit ions into 
v a r i o u s l o w e r states, e. g . ( 1 , 0 ) and ( 1 , 1 ) . A s ex-
pec ted the results w e r e equa l within the l imits o f 

2 4 E . H . FINK and K . H . WELGE, Z . Naturforsdi . 2 3 a , 3 5 8 
[ 1 9 6 8 ] . 



e r r o r . T h e results a l so d id n o t d i f f e r w h e n the 
7 = 3 / 2 o r 7 = 1 / 2 states w e r e invest igated . T h e ex-
tent o f e r r o r i n d i c a t e d in the figure o r ig inates m o s t -
ly f r o m the u n c e r t a i n t y in l i fe t ime. 

O n l y a l i m i t e d p a r t o f the c h a m b e r l ies within 
the r a n g e o f the spec t rometer . A c c o r d i n g to the 
L a m b e r t - B e e r - l a w the f r a c t i o n o f the inc ident rad ia -
t i on w h i c h is a b s o r b e d h e r e , d e p e n d s u p o n 
pressure . T h e r e f o r e the a b s o r p t i o n c o e f f i c i e n t fx o f 
the gases at 1 = 5 8 4 Ä is o f p r i m a r y i m p o r t a n c e . 
C o n s i d e r a b l e d i f f e r e n c e between the results r epor ted 
b y d i f f e rent a u t h o r s , m a d e a n e w de terminat i on ne-
c e s s a r y . T h e c o e f f i c i e n t s c o n t a i n e n d in T a b l e 7 re-

Table 7. Absorption coefficients at A = 584 A. 

CO N 2 0 2 

610 ± 40 cm- 1 700 ± 40 cm"1 670 ± 40 cm" 1 

suit in l inear S t e r n - V o l m e r - p l o t s f o r all t rans i t ions 
o f the gases in q u e s t i o n . T h e fa c t that the Stern-
V o l m e r - p l o t s f o r all e x a m i n e d transi t ions c a n b e 
l inear ized b y a su i tab le cho i ce o f the a b s o r p t i o n c o -
e f f i c i ent , a lso m a k e s sure that the deac t ivat i on o f the 
e x c i t e d i o n s is c o m p l e t e l y d e s c r i b e d b y E q s . ( 5 b ) 
a n d ( 5 c ) . P r o c e s s e s l ike ( 5 d ) l ead to dev iat ions 
f r o m l inear i ty w h i c h v a r y f o r d i f f erent v ib ra t i ona l 
and e l e c t r o n i c states. T h r e e - b o d y - c o l l i s i o n s even 
b e n d S t e r n - V o l m e r - p l o t s in such a w a y that they 
c a n b y n o m e a n s b e l inear ized b y a d i f ferent c h o i c e 
f o r ft. T h i s p r o c e s s s h o u l d b e e x c l u d e d , as well as 
p r o c e s s ( 6 ) . 

Discussion 

T h e size o f the deac t iva t i on c r o s s sec t ions s h o w s 
c l e a r l y that it is n e c e s s a r y to ex t rapo la te m e a s u r e d 
f l u o r e s c e n c e in tens i ty rat ios to p = 0 , in o r d e r t o 
r e c e i v e c o r r e c t F C - f a c t o r s . D i s c r e p a n c i e s between 
the results o f th is w o r k and other authors are there-
f o r e f a v o u r e d to ar ise espec ia l ly f o r transit ions 
w h i c h o r i g i n a t e in l o n g l i v ing states, as e . g . f o r 
C O + A 2 7 7 —>• C O + X 2Z+ + h v . C O + A has a m e a n 
l i f e t i m e o f 2 fxs 2 4 . A t a p r e s s u r e o f 0 . 1 T o r r al-
r e a d y a b o u t 9 0 % o f the f l u o r e s c e n c e is quenched . 
F o r F C - f a c t o r m e a s u r e m e n t s wi th an inc ident rad ia -
t i o n e n e r g y f a r a b o v e the r e q u i r e d exc i ta t ion e n e r g y 

2 5 F. J. COMES and F. SPEIER, Chem. Phys. Lett. 4, 13 [1969]. 
2 6 E . W . MCDANIEL, V . CERMÄK, A . DALGARNO, E . E . FERGU-

SON, and L. FRIEDMAN, Ion-Molecule Reactions, J. Wiley 
& Sons, Interscience, New York 1970. 

another e r r o r is c a u s e d b y c a s c a d e s f r o m h i g h e r 
states whi ch change the re lat ive l u m i n e s c e n c e inten-
sities. E v e n f o r 1 0 0 e V e l e c t rons c a s c a d e s c a n no t 
b e e x c l u d e d . 

F o r m o s t o f the invest igated t rans i t i ons t h e F C -
f a c t o r s o f this w o r k a g r e e wi th theoret i ca l results . 
T h i s i s e spec ia l l y true f o r the p h o t o a b s o r p t i o n p r o -
cess . F C - f a c t o r s f o r a b s o r p t i o n a n d e m i s s i o n are 
b a s e d u p o n the s a m e l u m i n e s c e n c e s p e c t r u m and 
thus i n c o r p o r a t e the s a m e e x p e r i m e n t a l e r r o r s . FC-
f a c t o r s f o r a b s o r p t i o n s t e m f r o m a s u m m a t i o n o f 
all fluorescence intensit ies o r i g i n a t i n g f r o m a c o m -
m o n u p p e r v i b r a t i o n a l state. Sys temat i c e r r o r s in 
the d e t e r m i n a t i o n o f the d e t e c t o r w a v e l e n g t h depen -
d e n c e D(X) m i g h t c a n c e l f o r these s u m s which ex-
tend o v e r a l a r g e r a n g e o f the s p e c t r u m . Such e r r o r 
wil l f a l s i f y , h o w e v e r , F C - f a c t o r - d e t e r m i n a t i o n f o r 
the e m i s s i o n p r o c e s s . A c c o r d i n g l y e x p e r i m e n t a l F C -
f a c t o r s f o r a b s r o p t i o n a re f o u n d to agree c l o s e r with 
theoret ica l va lues than e m i s s i o n F C - f a c t o r s , though 
even m o s t o f these also p r o v e the va l id i ty o f the 
theoret ica l va lues w i t h i n the e x p e r i m e n t a l l imits o f 
e r r o r . 

T h e d e a c t i v a t i o n o f N 2 + B-state i o n s in c o l l i s i o n 
with N 2 w a s a l r e a d y d i s c u s s e d i n a p r e v i o u s pub l i -
ca t i on 2 5 . W e a r g u e d that the d e a c t i v a t i o n mecha-
n i s m w h i c h results in qu i te d i f f erent c r o s s s e c t i o n s 
f o r v = 0 and i / — l , i s g o v e r n e d b y a rad ia t i on -
less t rans i t i on o f the i o n into the c losest l y i n g v ibra -
t ional level o f the l o w e r A-state . T h e c o l l i s i o n was 
r e g a r d e d as a p e r t u r b a t i o n b y which the t rans i t i on 
is m a d e p o s s i b l e . B i m o l e c u l a r reac t ive c o l l i s i o n s are 
e x c l u d e d at t h e exc i ta t i on e n e r g y used i n the exper i -
ment . T h e l o w e l e c t ron dens i ty d o e s n o t a l l o w elec-
t ron - i on r e c o m b i n a t i o n t o b e o f i m p o r t a n c e . T h e 
n e w results o b t a i n e d f o r N 2 + B deact ivated in co l l i -
s i ons wi th 0 2 ( F i g . 3 ) s t r o n g l y s u p p o r t s the argu -
ment . O b v i o u s l y b o t h gases , N 2 a n d 0 2 , are equa l ly 
e f fec t ive in the c o l l i s i o n a l d e a c t i v a t i o n o f N 2 + B . I o n 
m o l e c u l e r e a c t i o n s are k n o w n to o c c u r f o r N 2 + 

with 0 2 2 6 b u t h a v e o n l y b e e n o b s e r v e d f o r N 2 + A . 
F i g u r e 3 s h o w s , h o w e v e r , that the i r p a r t i c i p a t i o n in 
the d e a c t i v a t i o n is o n l y little. T h e equa l e f fec t iveness 
o f No a n d 0 2 in the d e a c t i v a t i o n o f N 2 + B is v e r y 
s imi lar t o the results o f MOORE and DOERING 2 6 A 

in charge e x c h a n g e c o l l i s i o n s , w h o f o u n d their p r o -

26A J. H . MOORE, JR. and J. P . DOERING, P h y s . Rev . 1 7 7 , 2 1 8 
[1969]. 



cesses to b e i n d e p e n d e n t o f the chemica l nature o f 
the p r o j e c t i l e s . 

F o r the invest igated m o l e c u l a r i ons the results 
f a v o u r a d e a c t i v a t i o n m e c h a n i s m which e x p l a i n s de-
act ivat ion b y c o l l i s i o n i n d u c e d rad ia t i on less transi-
t i ons into o ther e l e c t r o n i c states. T h e i o n in the re-
sult ing state d o e s e i ther no t rad ia te (e . g . g r o u n d 
state) o r r a d i a t i o n o c c u r s in a spectra l r e g i o n w h i c h 
is not o b s e r v a b l e in the e x p e r i m e n t . D e a c t i v a t i o n 
has to b e r e g a r d e d as a c o l l i s i o n i n d u c e d t rans i t i on 
o f internal e n e r g y w i t h i n the exc i t ed m o l e c u l a r i o n . 
A t the exc i ta t i ona l and trans lat ional e n e r g y avai l -
ab le in this e x p e r i m e n t n o reac t ive c o l l i s i o n s are 
k n o w n f o r the sys tems ( C O + ; C O ) and ( 0 2 + ; 0 2 ) . 
T h e p r o b a b i l i t y f o r v i b r a t i o n a l r e laxat i on has b e e n 
f o u n d to b e o n l y smal l f o r sys tems s i m i l a r to the in-
vest igated o n e s 2 7 . T h e y are a lso s t r o n g l y e x c l u d e d 
b y the l inear i ty o f the S t e r n - V o l m e r - p l o t s . 

C h a r g e e x c h a n g e f o r c o l l i s i o n s o f N 2 + g r o u n d 
state i ons wi th N 2 has b e e n m e a s u r e d t o o c c u r with 
near ly equa l c r o s s sec t i ons 2 8 as c o m p a r e d wi th the 
results o f this w o r k . F i g u r e 3 , h o w e v e r , d o e s not 
m a k e charge e x c h a n g e s e e m t o b e v e r y p r o b a b l e . 
T h i s statement is f u r t h e r s u p p o r t e d b y the m e a s u r e d 
d e p e n d e n c e o f the c r o s s se c t i on as a f u n c t i o n o f the 
kinet ic e n e r g y o f the i ons , wh i ch is t o b e d e s c r i b e d 
in a f u t u r e p u b l i c a t i o n 2 9 . I f the t h e o r y 3 0 wh i ch 
has been d e v e l o p e d f o r g r o u n d state a t o m i c i o n s 
c a n also b e a p p l i e d to m o l e c u l a r s y s t e m s 3 1 , the 
deac t ivat i on c r o s s sec t ions s h o u l d f irst increase wTith 
kinet ic e n e r g y o f the i o n s in c a s e o f n o n - r e s o n a n c e . 
Instead, an e x p o n e n t i a l d e c r e a s e has a l w a y s been 
m e a s u r e d . A l s o , a s t r o n g e r d e p e n d e n c e o f the c r o s s 
sect ion u p o n v i b r a t i o n a l e n e r g y s h o u l d b e e x p e c t e d . 

In detail the f o l l o w i n g trans i t ions are e x p e c t e d 
to contr ibute essent ia ly t o the d e a c t i v a t i o n o f the 
invest igated exc i t ed m o l e c u l a r i o n s : 
f a ) N 2 + B 2 2 " u + + N 2 N 2 + A 2 i 7 u + N 2 , 

( b ) N o + B 2 2 V + 0 o - v N o + A 2 I7 U + O o , 
( c ) C O + B 2 2 , + + C O C O + A 2 77j + C O , 
f d ) C O + A 277i + C O - > C O + X 2 2 " + + C O , ( 1 3 ) 
( e ) O ^ b ^ ' + O , - > O o + A 2 n u + 0 , , 
( f ) 0 2 + a 4 7 7 u + 0 2 . 

D i f f e r e n c e s in e l e c t r o n i c e n e r g y wi l l l ead to v i b r a -
t ional e x c i t a t i o n o f the final state. R o t a t i o n w h i c h 

27 H. SHIN, in: Ion Molecule Reactions in the Gas Phase, 
p. 44, ed. P. J. AUSLOOS, American Chemical Soc., Wash-
ington D.C.1966. 

2 8 J .J .LEVENTHAL. T . F . MORAN, and L .FRIEDMAN, J. C h e m . 
Phys. 46,4666 [1966]. 

is de f in i te ly o f i m p o r t a n c e f o r these p r o c e s s e s is 
no t d i s cussed here b e c a u s e the m e a s u r e m e n t o f r o -
tational exc i ta t i on is n o t p o s s i b l e w i th the a v a i l a b l e 
intensity . 

T h e c r o s s sect ions f o r the deac t iva t i on o f the ex-
c i ted m o l e c u l a r i ons wi l l b e p r e d o m i n a n t l y g i v e n 
b y the interact ion o f the i ons with the i n d u c e d d i -
p o l e o f the c o l l i s i o n partners . O b v i o u s l y , c r o s s sec -
t ions b e c o m e larger w h e n the potent ia l e n e r g y c u r -
ves f o r the or ig ina l a n d the final states a re c l o s e 
to each other . E x a c t e n e r g y r e s o n a n c e d o e s n o t s e e m 
to p lay an impor tant r o l e . N o c o r r e l a t i o n c o u l d b e 
f o u n d be tween the s ize o f c r o s s s e c t i o n s a n d the 
energet i ca l d i f f e rence be tween the p r i m a r y i o n i c 
states a n d v a r i o u s p o s s i b l e final states. Q u a s i - r e s o -
n a n c e w h i c h inc ludes ro ta t i ona l exc i ta t i on c a n , h o w -
ever , n o t str ict ly b e e x c l u d e d . 

T h e present a r g u m e n t a t i o n that the c o l l i s i o n c a n 
be d e s c r i b e d b y inspec t ing the potent ia l e n e r g y cur -
ves o f the isolated part i c les , is a c r u d e a p p r o x i m a -
t ion . O n the other h a n d , an exact d e s c r i p t i o n in 
terms o f a m a n y b o d y p r o b l e m is e x t r e m e l y d i f f i -
cult . 

T h e repuls ive l i m b s o f the potent ia l e n e r g y c u r -
ves f o r the B - and A-state o f N 2 + are c l o s e t o each 
o ther a n d c r o s s f o r v ' = 3 under a smal l ang le 2 1 . 
T h e co l l i s i ona l c r o s s se c t i on is t h e r e f o r e e x p e c t e d 
to increase s t rong ly f o r v > 0 . T h e potent ia l e n e r g y 
curves f o r the A - and X-s ta te of C O + , h o w e v e r , c r o s s 
at internuc lear d istances R>R0 w i t h a m a x i m a l 
o v e r l a p at v = 7 1 4 . In a c c o r d a n c e wi th this F i g . 3 
and 4 s h o w a rap id r ise in the d e a c t i v a t i o n c r o s s 
sect ion f o r N 2 + B but o n l y a s l o w e r inc rease f o r 
C O + A . 

T h e potent ia l e n e r g y c u r v e s f o r the C O + B - a n d 
0 2 + b-states are re lat ive ly f a r a w a y f r o m p o s s i b l e 
final s t a t e s 1 4 ' 2 1 . O n l y little, if any , d e p e n d e n c e o f 
the c r o s s sec t i on u p o n v ibrat i ona l e n e r g y is e x -
pec ted , and also f o u n d as F i g . 3 s h o w s . 

O u r hypothes i s is s u p p o r t e d b y m e a s u r e m e n t s o f 
the c o l l i s i ona l deac t ivat i on o f exc i ted m o l e c u l e s in 
neutral states, r epor ted b y other authors . HARTFUSS 
and SCHMILLEN 3 2 f o u n d m a x i m a l q u e n c h i n g o f the 
N 2 B 3 77 g - s tate f o r v = 4 . T h i s c o i n c i d e s e x a c t l y 
w i th m a x i m u m over lap o f the states N 2 B 3 Z 7 g and 

2 9 F . J. COMES and F . SPEIER. to be published. 
3 0 D . RAPP and W . E. FRANCIS, J. C h e m . Phys . 3 7 , 2 6 3 1 [ 1 9 6 2 ] . 
3 1 M . J. HAUGH and K . D . BATES, Phys. Rev . A 2 , 1 7 7 8 [ 1 9 7 0 ] . 
3 2 H . J. HARTFUSS and A . SCHMILLEN, Z . Naturforsch. 2 3 a , 

7 2 2 [ 1 9 6 8 ] . 



A 32"u+ 21. Their measurements for the a' 3^+-state 
can equally be interpreted. BROCKLEHURST and 
DOWNING ( N 2 C 377U) 3 3 report equivalent results. 

The selection rules should also be discussed in 
this connection. If the process can be handled as a 
radiationless transition, the selection rules u < — u , 
3 3 B . BROCKLEHURST and F. A . DOWNING, J. Chem. Phys. 4 6 , 

2976 [1967]. 
* Note added in proof: To Fig. 3 and 4 see also: G. DAVID-

SON and R. O'NEIL, Report AFCRL-67-0277 [1968] ; M. 
JEUNEHOMME, J. Chem. Phys. 44, 4253 [1966]; K. B. MIT-
CHELL, J. Chem. Phys. 53, 1795 [1970] ; M. N. HIRSH, E. 
POSS, and P. N. EISNER, Phys. Rev. 1A, 1615 [1970]. 

g — > g and AS = 0 hold 5. They are, however, less 
strict for heavy particles. Furthermore, polarisation 
results in electric fields of such, a high strength that 
the symmetry of the states involved is destroyed. 
It is therefore well understandable that collisional 
deactivation processes occur even when violating the 
above-mentioned selection rules *. 
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Die Beeinflussung der optischen Absorption von Molekülen 
durch ein elektrisches Feld 

X. Erweiterung der Theorie unter Berücksichtigung der Fluktuationen der effektiven elektrischen Felder * 

W . LIPTAY u n d G. W A L Z 

Institut für Physikalische Chemie der Universität Mainz 

(Z. Naturforsdi. 26 a, 2007—2019 [1971] ; eingegangen am 27. Juli 1971) 

The optical properties of molecules may he affected by an electric field. With suitable molecules, 
these effects allow to determine the electric dipole moments and certain components of the polariza-
bility tensors in the ground state and in excited electronic states, the directions of transition mo-
ments and certain components of the transition polarizability tensors. The magnitude of the electro-
optical effects depends on the effective electric field acting on the molecule. In preceding papers 
the representation of the effective field was based on the Onsager model. More recent experimental 
investigations have shown that this approximation is not sufficient when using polar solvents. Here, 
local fluctuations of the electric field have to be taken into account. Basing on previous theories, 
an extension including these effects is developed which agrees with the experimental results, as 
will be shown in the following paper 7. Also, an approximate expression is derived for the mean 
square of the effective electric field. 
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