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A method for determining the excitation energy of molecular ions is described, based on 
measurement of the momentum transferred to the atom or molecule by the electron. 
Experimental values of the momenta of a number of ions and the respective values of their 
excitation energies are presented. The mean energy transferred to an atom by the ionizing 
electron was found to be surprisingly high for Ar+ ions, about 50 eV. 

IoNIZATION by a fast electron produces a posi­
tive ion having a certain momentum. Starting 
from the conservation laws, we can relate this 
momentum with the energy transferred by the 
electron to the atom or to the molecule and lost 
to ionization and excitation. It is necessary to 
use here the data on the energy and angular dis­
tributions of both secondary electrons. 

From the conservation laws we have for ion­
izing electrons of energy E0 and momentum Po 

where m-electron mass, p2-momentum of slow 
electron, p-momentum of ion, J-sum of the 
excitation energy and the ionization potential. 

We know that at sufficiently large values of 
E0, one of the two secondary electrons is faster 
and is emitted in a direction close to that of the 
incoming electron, while the second electron is 
slow, with energy on the order of 1-3 eV. The 
slow electrons have an approximately isotropic 
angular distribution [1]. 

In this connection we can assume that averaging 
yields p2 = 0 and low values for p~ and ?. We 
can then obtain J from (1), using the experimentally 
determined value of Px-the average projection of 
the ion momentum on the Po direction. 

At low primary-electron energies E0 (on the 
order of the ionization potential of the atom or 
the molecule) each secondary electron has an 
energy of several electron volts and both have an 
isotropic distribution [1•2]. In this case the aver­
age ion momentum will be close to that of the 
incoming electron (see the momentum of He+ for 
E0 = 30 eV in the table). By averaging (1) over 
the secondary-electron energy and angular distri­
butions given by the simplest collision theory of 
Thomson [3], we obtain for E0 » J 

Px = 0,85Jym /Eo. (2) 

From a comparison of (1) and (2) we see that, 
under the simplifications made in formula (1), 

the results obtained practically coincide. This 
means that, for given values of J and E0, the 
details of the angular distribution of the secondary 
electrons have little effect on the magnitude of 
the momentum transfer. 

By measuring the velocity acquired by the 
atomic or molecular ion we can thus determine 
the energy lost by the electron to excitation and 
ionization of the atom or the molecule. The 
velocity of the positive ions was measured with a 
mass spectrometer by a deflection method [4] 

consisting in registering the distribution of the 
ions over the velocity projections on a selected 
direction, in this case on the direction of the 
primary electron beam. The momentum trans­
ferred by the electron upon ionization is manifest 
essentially in a shift of the distribution function 
of the ion-velocity projections on the direction of 
the electron impact. In practice one records the 
relative shift of the distributions over the velocity 
projections for different ions from a mixture of 
two gases. The larger the mass difference of the 
mixture components, the more accurate the meas­
urement of the momentum of the lighter ions and 
the less stringent the requirement on the accuracy 
with which the momentum of the heavy ions is es­
timated by means of formula (2). As a rule the 
heavy ions of molecular N-hexane are used. The 
correction for the momentum of this ion amounts 
to not more than 20% of the measured value. The 
main results are listed in the table. The third 
column of the table shows the experimentally 
measured average momentum projections, i.e., 
the square roots of the corresponding energies. 
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Ion 
Electron energy I 

Eu, eV 

Ar+ 180 
He+ 30 
He+ 140 
H+ 

2 180 

CHt 9D 

CaR; 140 

The excitation energies calculated from (2) are 
listed in the fourth column of the table. The data 
obtained show that the fraction of the excited He+ 
ions is small and does not exceed 10-15 per cent 
of the total number. The unexpected large value 
of the argon-ion excitation cannot be completely 
attributed to inaccuracies in the calculation, since 
the angular distribution of the secondary electrons 
has the usual character for argon [5], and the ob­
tained momentum value in the absence of ion ex­
citation calls for the faster of the secondary 
electrons to be scattered, in the mean, at an angle 
of 40° to the primary beam direction. Although the 
accuracy of calculation by formula (2) does not 
make it possible to establish reliably the excess 
of the energy above the potential for double ioni­
zation of argon (43 eV), the data obtained offer 
definite evidence of the presence of large excita­
tion of the Ar + ions. The energy lost by the fast 
particle in the gas to the ion pair (28 eV [S]) can 
be attributed to transfer of excitation energy 
from the ion to the other atom with ionization of 
the latter. 

For the molecular ions H2 +, CH4 +, and C3Ha + 
the energy transfer is equal, within the limits of 
experimental error, to the ionization potential of 
these molecules. For H2 + ions this equality is 
obligatory [1]. 

The results obtained give only the energy 
transferred to the atom or to the molecule during 

Px·103 , eV1/2 J, eV 

9,5±1 56±6 
52±6 
20±3 33±5 
13±2 17.4±3 

4±2 10±5 

2±2 11±11 

the collision, and no information on the lifetime 
of the excited state. It was recently shown that 
10- 5 sec after the collision some fraction of the 
Ar + ions (approximately 1 per cent) still remains 
strongly excited [7 ,a]. 

The authors are grateful to L. A. Varnshte'ln 
and I. I. Sobel'man for a detailed discussion of 
the results, and also to V. G. Vasil'ev and S. E. 
Kupriyanov for many valuable remarks. 
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