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We report the results of an experiment on electron ejection by fast electrons in thin free-standing carbon 
and collodion films at primary electron beam energies of 10-11 keY. The energy spectrum reveals peaks 
due to ejection of K electrons of carbon, nitrogen, and oxygen, and also weakly bound outer electrons. For 
the K shells of carbon and oxygen we have measured the angular correlations of the ejected and scattered 
electrons, detected in coincidence. Analysis of the experimental data was carried out in terms of the 
impulse approximation, in which the behavior of the (e,2e) cross section is determined by the shape of the 
momentum distribution of the electrons of a target with a given binding energy. The momentum 
distributions calculated by means of Hartree-Fock wave functions are in agreement with the measured 
angular correlations within experimental error. 

PACS numbers: 34.50.Hc 

Measurement of the differential cross section for 
quasi-elastic knockout of an electron by a fast electron 
(e, 2e) is a new and promising method of studying the 
electronic structure of atoms, molecules, and crystals. 
As has been shown by Smirnov and Neudachin,[l,2] who 
first proposed the (e, 2e) method, complete kinematic 
information on the scattered and ejected electrons re
corded in coincidence permits measurement of the mo
mentum distributions of the electrons of the target. 
Here, in contrast to traditional methods (Compton pro
files, positron annihilation, inelastic electron scatter
ing at large angles), in which the integral distribution 
in momenta of all electrons of the target is studied, in 
the (e, 2e) method the binding energy of the ejected 
electron is measured simultaneously with its momen
tum. The nature of the electron momentum distribution 
in a given orbit is determined by the behavior of the 
corresponding Single-electron wave function in the 
momentum representation. It is therefore possible to 
compare directly with experiment the various forms 
of wave functions proposed theoretically. 

At the present time a number of experiments have 
already been carried out with the (e, 2e) method, both 
on solid-state[3] and gaseous[4,S] targets. In gas-target 
studies at comparati vely low primary electron beam 
energies Eo :s 1 keY and a resolution ~E "" 2-4 eV the 
momentum distributions and binding energies have 
been measured for electrons of the outer orbitals of a 
number of atoms[4] and molecules,csl The high sensitiv
ity of the method to the details of the behavior of the 
Single-electron wave functions has been demonstrated, 
and also the possibility of studying finer effects associ
ated with correlations of electrons in the target. 

Experiments in solid-state targets require energies 
Eo ~ 10 keY. This is due to the fact that at lower ener
gies the interpretation of the experimental results is 
complicated as the result of multiple scattering effects 
even when the thinnest possible self-supporting films 
are used (~100 A.). At the same time the smallness of 
the cross section at these energies (~1O-22 cm2j eV _sr2) 
does not permit use of small apertures for analYSis of 
the electrons, which leads to a comparatively low ex
perimental resolution. However, this is no obstacle in 
study of electrons of the inner shells with sufficiently 
high binding energy E. In addition, for such problems 
solid-state films which provide a high density of parti-
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cles are a more suitable target than a gas. Some 
groups[31 have used solid-state targets to study the 
momentum distribution of the K electrons of the carbon 
atom. 

In this paper we present (e, 2e) experimental results 
in thin carbon and polymer films of thickness 200-300 
A. for Eo = 10-11 keY. We have used a symmetric ex
perimental arrangement in which the momenta of the 
incident, scattered, and ejected electrons po, PI, and P2 
are coplanar, and electrons emitted at equal angles 
61 = 62 = 6 with respect to the primary beam direction 
and having identical energies El = E2 are detected in 
coincidence. In the case of ejection of K electrons of 
carbon and oxygen we have measured the angular cor
relations of the final electrons in the range of angles 6 
from 39 to 51°. The results obtained are compared with 
a calculation of the (e, 2e) cross section in the impulse 
approximation. 

EXPERIMENTAL METHOD 

A diagram of the apparatus is shown in Fig. 1. An 
electron beam was produced by a three-electrode long
focal-length directly heated electron gun 1, which was 
supplied with voltage from a highly stabilized power 
supply variable in steps of one volt in a working range 
of 10-15 kV. The beam current was varied over the 
range 10-12_10- 6 A. During the course of the measure
ments the current was monitored by means of a Faraday 
cup 2. The films studied were placed in 18 recesses in 
a special drum 3 located in the center of the chamber. 
The diameter of the region bombarded was 2.5 mm. 

FIG. I. Experimental arrangement. 
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Target changing was accomplished by rotation of the 
drum without breaking the vacuum. The chamber was 
pumped by a carbon sorption pump and then by magnetic 
ion pumps. The working pressure was 5>< 10-6 torr. 
Analysis and detection of the scattered and ejected elec
trons was carried out in two identical channels, each of 
which included a movable electrostatic energy analyzer 
4, a detector 5, and an amplifier-shaper 6. The ana
lyzers could be rotated around the center of the cham
ber in a range of angles from 0 to 60" relati ve to the 
primary beam direction. 

The electrostatic analyzers consisted of hemispheri
cal capacitors with Rav = 100 mm whose inner surfaces 
were blackened. The analyzing voltage was applied 
symmetrically with respect to ground potential. The de
tectors used were electron multipliers of the spiral 
channel type with a funnel at the input, which had a gain 
of ~ 107 • To reduce the background produced by second
ary electrons, the multipliers were supplied with vol
tage in such a way as to produce a retarding field 
Umult = 3.6 kV which prevented arrival at the detector 
of electrons with lower energy. The intrinsic dark
current counting rate of a multiplier was 2-4 
counts/ sec. The signals at the multiplier anodes were 
fed to wide-band amplifiers with a gain K = 300, whose 
outputs were connected to shaping stages. Then the 
pulses were fed either to a coincidence circuit 7 and 
then to a scalar 8, or directly to the scalar in the case 
of measurements in one channel. The resolving time 
of the coincidence circuit was 20 nsec, which made it 
possible to overlap the asymmetry of the two detection 
channels, which was due mainly to the spread in the 
multiplier characteristics. 

The targets were self-supporting films of carbon, 
collodion, and aluminum of thickness 180-350 A. The 
carbon and aluminum films were obtained by evapora
tion onto a substrate which was then dissolved in water. 
The polymerized collodion films were prepared from a 
solution of collodion in amyl acetate. The film thickness 
was measured in a UM-2 monochromator with a special 
wedge attachment.[6] As a result of the fact that the 
method used did not guarantee either uniformity of the 
target in thickness or the absence of microcracks, the 
suitability of each sample was checked in practice by 
measurements in one channel of electrons scattered by 
a given target at an angle e ~ 45°. In each such spec
trum a narrow intense peak due to elastic scattering of 
electrons by nuclei was observed at E1>:::J Eo, and also 
a broader peak with a maximum at E1>:::J Eocos2 e corre
sponding to quasifree scattering by electrons in the 
target. A film was considered suitable for further 
measurements if the electron peak was at least twice 
background. 

To clarify the role of multiple collisions we used the 
results of experiments on transmission through alumi
num films of different thicknesses. The distributions 
obtained for Eo>:::J 10 keY are shown in Fig. 2. It follows 
from these results that on passage through films of 
thickness less than 340 A. the intensity of the primary 
beam drops by several times but the spreading of the 
beam in energy and angle are no greater than 20 eV and 
9>< 10-4 rad, respecti vely. We can expect that these re
sults are valid in order of magnitude also for the poly
merized and carbon films. In the COincidence measure
ments the energy resolution was 140 eV and the angular 
resolution 3 >< 10-2 rad. Therefore we did not take into 
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account these spreads in interpretation of the (e, 2e) 
experimental results. 

EXPERIMENTAL RESULTS AND DISCUSSION 

In the range of angles 39° ~ e ~ 51° we measured 
the dependence of the coincidence counting rate on the 
primary beam energy Eo for fixed values of final elec
tron energy. Figure 3 shows typical results obtained 
in carbon films of thickness 250 A at e = 45 and 51° , 
El = E2 = 5025 eV, and a primary beam current 10 
= 10-7 A. From the conservation of energy it follows 
for the process considered Eo = El + E2 + E that the 
maximum at Eo = 10 330 eV corresponds to ejection of 
K-shell electrons of carbon with a binding energy 
E = 280 eV. As a result of the inadequate resolution, the 
single combined peak at Eo>:::J 10 050 eV = El + E2 cor
responds to ejection of the remaining electrons, which 
have significantly lower binding energies. For the K 
electrons of carbon, Fig. 4 shows the dependence of 
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FIG. 2. Energy distribution (a) and angular distribution (b) of elec
trons which have passed through aluminum films: to) target thickness 
340 A (Imax = 1.2 X 10-9 A); 0) target thickness 180 A (Imax = 4.3 
X 10-9 A); 0) primary beam (Imax = 5.5 X 10-9 A). Irel = Idet/Imax. 
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FIG. 3. Dependence of coincidence counting rate on primary beam 
energy, obtained in a carbon film of thickness 250 A for EJ = E2 
= 5025 eV, 10 = 10-7 A: a) e = 45°, b) e = 51 0. N is the number of co
incidences. 

FIG. 4. Angular correlations of final electrons for K shell of 
carbon: 0) measurements in carbon films, 0) measurements in col
lodion targets, solid line~caJculation with Hartree-Fock wave func
tion, [7] dashed line~ca1culation with Slater type function, ZISe 
= 5.67. 
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the cOincidence counting rate on the emission angle of 
the final electrons. Since the intrinsic width of the hole 
levels of the K electrons is significantly less than the 
energy resolution of the apparatus, the various points 
in Fig. 4 were obtained by calculation of the areas of 
the corresponding peaks in the energy dependence of the 
coincidence counting rate, measured at various values 
of 8. 

In Fig. 5 we have shown the coincidence energy spec
trum obtained in a collodion film of thickness 250 A at 
8 = 48", EI = Ez = 5150 eV, and 10 = 2 X 10-8 A. The 
polymerized collodion film is an incomplete cellulose 
ether [C 6H70z(ONOzh ln in which 20-3Wo of the mole
cules have an (OH) group instead of an (ON02) group. 
Therefore it is clear that the peaks observed in the co
incidence spectrum at Eo = 10 580, 10 700, and 10 830 
eV are due respectively to ejection of K electrons of 
atoms of carbon (E = 280 eV), nitrogen (E = 400 eV), 
and oxygen (E = 530 eV). The single common peak at 
Eo ;::; EI + Ez corresponds to ejection of the remaining 
electrons with smaller binding energies. 

Unfortunately, as a result of the relatively small 
percentage content of nitrogen in the target, the K level 
of nitrogen did not appear very clearly. The large un
certainty in the area of the corresponding peaks (at (J 

= 48° in Fig. 5 we can see a flattening, and at smaller 
angles this peak appears even more weakly) did not 
allow us to obtain the angular dependence of the coinci
dence counting rate for ejection of nitrogen K electrons. 
The corresponding angular dependence for ejection of 
oxygen K electrons is shown in Fig. 6. Some results 
for K electrons of carbon, which enters into the com
position of the collodion target, are shown in Fig. 4, 
where they can be compared with the data obtained in 
carbon films. We note that they agree within the ex
perimental error. 
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The experimental data can be analyzed in terms of 
the impulse approximation,[Z,3] which is applicable un
der our conditions, since even the strongly bound elec
trons of the targets used satisfy the relations 

where (q) is the average momentum of electrons with 
a given binding energy E. In this approximation the 
cross section for the (e, 2e) reaction is written in the 
form[2] 

da 

dQ,dQ,dE, 

(1 ) 

(2 ) 

where liq = PI + pz - Po; (da/dnhab is the cross sec
tion for free scattering of an electron by an electron in 
the laboratory system; F( q) is a form factor, which in 
the self-consistent-field approximation for the many
electron wave functions of the atom and the residual 
ion reduces to the Fourier transform of the single
particle wave function of the ejected electron 

'l'nl .. (r) =Rn,(r) Ylm(;) ' 

Fn, .. (q)= (2~)'.s e-'" 'l'n'm(r) dr-(jlnlm (q). (3) 

Here the quantity I F( q) IZ takes the form 

__ 1 1 2 ~ , 
IFn,(q)I'=--,E1'I'n, .. (q)I'=-1 J ;,(qr)Rn, (r)r'dr I ' (4) 

21+1 m __ 1 11 

where jz (x) is the spherical Bessel function. In this 
way, by measuring the cross section (2), we obtain the 
distribution of electrons in momentum in an orbit with 
a given binding energy Enl = Eo - EI - Ez. In the sym
metric variant of the experiment which was used, the 
contribution to the cross section is only from target 
electrons whose momenta are parallel to the primary 
beam. From the conservation laws we have for the 
value of this momentum 

Iiq=¥2mE, (2 cos 8-y2+elE,). (5) 

The results of calculation of the angular correlations 
of the final electrons with Eqs. (2) and (4) are shown in 
Figs. 4 and 6. For the wave functions of the K electrons 
of carbon and oxygen we used the functions of the 
Hartree-Fock approximation[7] (solid curves) and the 
simpler functions of the Slater type with effective 
charges ZIs = 5.67 and Z?S = 7.66 (dashed curves) . 
For convenience in comparing the theoretical and ex
perimental data, we have shown on the abscissa of the 
plots scales of angles and momenta, which are related 
by expression (5). We note that the asymmetry of the 
angular correlation curves with respect to the value 
q = 0 (the corresponding angle is 80 = arccos 
x J (1 + d2E,)j2) is due to the nature of the dependence 
of the cross section (da/ dO) lab which enters into Eq. 
(2), on the scattering angle 8. 

From the figures it is evident that the calculation 
with the Hartree-Fock functions agrees with the meas
urements within the experimental error. At the same 
time, the use of the Slater functions leads to some dis
agreement of the theoretical and experimental results, 
which is appreciable for 8 oS 41°. This indicates that 
even with comparatively poor energy resolution the 
(e,2e) method permits us to judg.e the quality of the 
various wave functions used for description of the 
single-electron states. 

Substantial interest is presented by measurements 
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of the momentum distributions of the electrons located 
in an outer energy level, and also of the free electrons 
in the crystal,csl In order to be able to carry out such 
experiments, work is going on at the present time to 
increase the energy resolution of the apparatus without 
significant loss in aperture. 

In conclusion the authors express their gratitude to 
V. G. Neudachin and Yu. F. Smirnov for their constant 
interest and their attention to this work, and to S. V. 
Gubin and Vo A. Tugarev for assistance in performing 
the experiments. 

lyU. F. Smirnov and V. G. Neudachin, ZhETF Pis. Red. 
3,298 (1966) [JETP Lett. 3, 192 (1966)]. 

2V. G. Neudachin, G. A. Novoskol'tseva, and Yu. F. 
Smirnov, Zh. Eksp. Teor. Fiz. 55, 1039 (1968) [Sov. 
Phys. JETP 28, 540 (1969)). 

3V. Amaldi, Jr., Rend. 1st. Super. Sanita (Ital. Ed.) 5, 
680 (1969). R. Camilloni, A. Giardini Guidoni, R. 
Tiribelli, and G. stefani, Phys. Rev. Lett. 29, 618 
(1972). 

799 SOy. Phys.-JETP, Vol. 42, No.5 

4 E . Weigold, S. T. Hood, and P. J. O. Teubner, Phys. 
Rev. Lett. 30, 475 (1973). A. Giardini Guidoni, 
G. Missoni, R. Camilloni, and G. Stefani, Proc. Intern. 
Symposium on Electron and Proton Interactions with 
Atoms, Stirling, July 16-19, 1974. 1. E. McCarthy, 
A. Vgbabe, E. Weigold, and P. J. O. Teubner, Phys. 
Rev. Lett. 33, 459 (1974). 

5 E . Weigold, S. T. Hood,!. E. McCarthy, and P. J. O. 
Teubner, Phys. Lett. 44A, 531 (1973). S. T. Hood, 
E. Weigold,!. E. McCarthy, and P. J. O. Teubner, 
Nature Physical Science 245, 65 (1973). 

6S. Tolansky, Introduction to Interferometry, London, 
Longman, Green, 1955. Russ. trans!., IlL, 1955. 

7 E . Clementi, C. C. Rootaan, and M. Yoshimine, Phys. 
Rev. 127, 1618 (1962). 

aV. G. Levin, V. G. Neudachin, and Yu. F. Smirnov, 
Phys. Stat. Solid. (b) 49,489 (1972). ': 

Translated by Clark S. Robinson 
168 

N. A. Krasil'nikova et al. 799 


