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The angular and energy distributions of electrons scattered in thin polycrystalline copper films have been 
investigated experimentally. The results cannot be explained by the existing theory of inelastic electron 
scattering by atoms. The theory must apparently be modified to take into account the scattering of the 
electron in the Coulomb field of the nucleus of the atom being ionized. 

PACS numbers: 73.60.Dt, 72.15.Qm 

It is well known that the angular distribution of fast stvedt attributed this discrepancy to multiple scattering 
charged particles scattered by a Coulomb potential is due to the finite thickness of the target and to the use 
described by the Rutherford formula or ,  in the case in of approximate wave functions in the calculation. 
which the scattered particles a r e  electrons and re -  
lativistic and spin corrections must be taken into ac- 
count, by the Mott formula.' Morse2 showed that scat- 
tering accompanied by excitation of the scattering atom 
is also described approximately by the Rutherford for- 
mula. A number of authors have treated the scattering 
of fast electrons with ionization of the scattering atom 
(see the monograph by Mott and Massey3). If the energy 
E, of the incident electron is substantially higher than 
the binding energy of the electron in the atom, the scat- 
tering can be treated in the first  approximation a s  scatter- 
ingby a f r e e  electron. This case was treated theoretically 
by Mbller4'5 who showed that the angular distributions and 
energy spectra of the scattering electrons have peaks at 
scattering angles 6, and scattered-electron energies E, de- 
termined by the kinematics of the electron-electron scat- 

The results  of the present work show that the theory 
of Cooper and Kolbenstvedt requires qualitative cor- 
rections; in particular, it i s  apparently necessary to 
take into account the scattering of the incident electron 
in the field of the nucleus of the atom being ionized. 
Such scattering could probably account for the increase 
in the scattering intensity observed in the present work 
at scattered-electron energies above E,, and in parti- 
cular, near the elastic scattering peak at E, (this part 
of the scattered-electron energy spectrum was not in- 
vestigated in Ref. 6). The same correction could also 
apparently account for the shape of the angular distri- 
bution of the electrons scattered inelastically at angles 
greater than O,, which turns out to be close to the shape 
given by the Mott formula. 

tering process. We measured the angular and energy distributions of 
the scattered electrons, using the apparatus diagram- Even at fairly high energies (E, of the order of hun- 
med schematically in Fig. l a .  The electron beam was 

dreds of KeV), however, significant differences from 
formed by the illuminating system 1 of a type of 

the simplified ~ b l l e r  picture a r e  found in the angular EG-100M electron diffraction camera and, after passing 
and energy distributions of the scattered electrons. the magnetic deflection coils 2 and through the opening 
The most detailed measurements in this energy range in the integrator collector 3, struck the target 4, which 
were made by Missoni et a1.6 These authors showed was mounted at the center of the scattering chamber 5. 
that the energy spectra of the scattered electrons ex- The scattering chamber was cylindrical in shape, 540 
hibit not only the previously known broadening of the mm in diameter, and 240 mm high. The magnetic 
electron-electron scattering peak (the Mbller peak), but 
also a r i se  in the low-energy region. 

To HV block 
The results of Missoni et a1.6 were analyzed theoreti- 

cally by Cooper and ~olbenstvedt, '  who calculated the 
differential cross  section for elastic scattering of fast I, 

electrons by an atom in the first  Born approximation 
with allowance for relativistic and spin effects. The 
ionization was treated as a two-body process, the in- 

ID 
cident, scattered, and ejected electrons being described 
by plane waves. A nonrelativistic hydrogenlike wave 
function was used to describe the bound state of the 
electron in the atom. Satisfactory agreement with the 
experimental resultss was obtained, but with one ex- 
ception: in the case of the smallest incident-electron 
energy used in the experiments6 (E, = 100 keV), the 
measured intensity of the electrons scattered a t  small 
angles ( 8 <  20") with energies exceeding E, was much a 

higher than its calculated value. Cooper and Kolben- FIG. 1. Diagram of the apparatus. 
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spectrometer 6 was mounted within the scattering 
chamber; it could be moved so  a s  to cover the scatter- 
ing-angle range from 0 to 160" without breaking the 
vacuum. The target holder was so designed a s  to per- 
mit the target to be arbitrarily moved and oriented. 
The scattering chamber also contained a fluorescent 
screen 7 for use in adjusting the apparatus. The elec- 
tron source 1 from the diffraction camera provided 
electron beams for electron energies from 10 to 100 
keV; the beam had a convergence angle 5 rad and, 
when focused on the target, covered a circular spot - 100 pm in diameter. 

The design of the double focusing magnetic spectro- 
meters that we used is illustrated schematically in Fig. 
lb. The vertex angle of the spectrometer sector was 
made 120" so that when one of the foci of the system was 
put at the point of intersection of the electron beam with 
the target, its conjugate focus would lie in the plane of 
the slit 8, which is outside the magnetic field and de- 
fines the energy resolution of the spectrometer. The 
surfaces of the spectrometer pole pieces were so taper- 
ed a s  to ensure a field decrement index close to 0.5 
(within a percent o r  so) in the vicinity of the equili- 
brium orbit (radius 40 mm). To reduce the background 
of electrons scattered by parts of the chamber and 
spectrometer, the spectrometer pole pieces were 
covered with beryllium foil and the beam was carefully 
collimated at  the spectrometer entrance and exit with 
the aid of the collimators 9 and 10. 

During the course of the work it was necessary to 
alter the energy resolution of the spectrometer with- 
out breaking the vacuum. To make this possible the 
jaws of the slit 8 that determines the resolution were 
fastened to bimetallic plates in such a manner that the 
width of the slit could be altered by heating the plates. 
This made it possible to vary the energy resolution of 
the spectrometer from 0.05 to 0.5%. 

A one-to-one relation between the current in the wind- 
ing 11 and the field strength in the spectrometer can be 
achieved only be eliminating hysteresis effects. We 
therefore demagnetized the spectrometer before each 
run, using a device that automatically reduced the 
current in the spectrometer windings in discrete steps 
and changed its direction at  each step. The electron 
detector 12 was a type VEU-6 channel electron multi- 
plier mounted at the spectrometer exit. The spectro- 
meter was enclosed in the case 13 for shielding. 

The measured angular and energy distributions of the 
scattered electrons should be reduced to a constant 
primary-beam intensity for presentation. Such normal- 
ization can be effected either by stabilizing the primary- 
beam intensity or by monitoring that intensity. In our 
case, in which the inelastic scattering differential 
cross section was being measured, the scattered-elec- 
tron intensity varied by up to nine orders of magnitude, 
depending on the scattering angle and the energy of the 
scattered electron, and in order to accumulate the 
necessary statistics in the available time it was neces- 
sary also to change the intensity of the primary beam 
by the same amount. We therefore chose the second 
method of relating the measured results to the primary- 

beam intensity. The electron beam was periodically 
directed into the collector of an integrator by means of 
the deflecting magnets 2 (Fig. l a )  and the charge reach- 
ing the collector was measured by a current integrator. 
A measuring cycle was initiated by the starting of the 
integrator. When a specified charge had accumulated 
the integrator sent a control pulse to the scaling cir-  
cuit to stop the recording of signals. The gate pulse, 
entering the signal-transmission circuit simultaneously 
with the deflection of the beam, ensured that no signals 
from the detector would be recorded while the beam was 
deflected. Our monitoring system enabled us to make 
measurements at all  scattering angles, including zero 
scattering angle. 

The targets were free copper films " 300A thick ob- 
tained by vacuum deposition of copper onto a polished 
cleavage face of a rocksalt crystal. The film was re-  
moved from the crystal by immersing the latter in dis- 
tilled water. 

In the work reported here we were measuring absolute 
values of the electron inelastic scattering differential 
cross section. This made it necessary to measure a s  
accurately a s  possible the target thickness, the de- 
tector efficiency for electrons of various energies, the 
energy width of the spectrometer slit, and a number of 
other parameters. The target thickness was measured 
during deposition with an e r ro r  no greater than 5%, 
using a quartz thickness gauge. The efficiency of the 
channel electron multiplier for electrons of various 
energies was determined with an e r r o r  of about 10% 
(the method used for this measurement is described in 
detail elsewhere0). The e r ro rs  in measuring the other 
quantities were smaller. We estimate the over-all 
e r ro r  in measuring the absolute cross sections a s  15%. 
The methods used in testing the apparatus, making the 
measurements, and processing the data a r e  described 
in more detail elsewhere.'' 

In presenting the experimental results we shall begin 
with the angular dependences of the electron inelastic 
scattering differential cross sections. First  let us 
justify our earlier assertionthat the inelastic scattering 
of electrons cannot be described over the entire range 
of scattering angles within the limitations of the model 
used by Cooper and Kolben~tvedt.~ Figure 2 shows the 
experimental (1) and theoretical (2) angular distribu- 
tions of electrons with initial energy E, = 98.6 keV after 
being scattered by copper atoms with the energy loss 
AE = 24.8 keV. The theoretical differential cross sec- 
tion (curve 2) was calculated by us  using a formula 
taken from the theory employed in Ref. 7. The figure 
reveals a large discrepancy between the theoretical and 
experimental curves, which reaches several orders of 
magnitude in the scattering-angle region to the right of 
the Mbller peak (the calculated position of the peak is 
marked by an arrow above the curve). 

We examined in detail the possibility of explaining the 
above discrepancy a s  a result ~ f ~ m u l t i p l e  scattering in 
a target of finite thickness (300 A) o r  a s  a result of 
processes associated with bremsstrahlung. In treating 
multiple processes we took into account only two-fold 
scattering (the target was thin enough) in which the 
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FIG. 2. Differential cross section for inelastic scattering of 
98.6-keV: electrons by copper atoms with the energy loss 
AE = 24.8 keV: 1-experiment, 2-calculated in accordance 
with allowance for multiple scattering, 4--calculated with al- 
lowance for losses by bremsstrahlung. 

electron suffers two successive independent interactions 
in one (either the first  o r  second) of which it loses 
energy a s  a result of electron-electron scattering, and 
in the other it is scattered elastically through some 
angle. The electron-electron interaction was described 
by the differential cross  section for scattering of elec- 
trons by f ree  electrons, and the Rutherford formula 
without allowance for screening was used to describe 
the elastic scattering (the corresponding expressions 
a r e  given in Landau and Lifshitz's book"). Since 
screening was neglected, the result must be regarded 
a s  too high. The differential cross  section for scatter- 
ing with energy loss by bremsstrahlung emission was 
calculated on the basis of expressions given in Mott and 
Massey's booP [formula (22.66), p. 7401. The calcula- 
ted cross sections for these two processes a r e  shown 
in Fig. 2 by curves 3 and 4, respectively. In view of 
these results, it would not seem possible that these 
processes could account for the observed discrepancy 
between theory and experiment. 

Our experimental results  show that the angular dis- 
tributions of electrons scattered inelastically a t  angles 
greater than 0, a r e  very close in shape to the angular 
distribution of elastically scattered electrons. The ex- 
perimental angular distributions of electrons scattered 
with various energy losses a r e  accordingly presented 
in Fig. 3 in normalized form. Curve 1 corresponds to 
virtually elastic scattering (energy loss less  that 100 
eV) and i s  normalized to the Mott cross section. The 
presence of the horizontal section in the scattering- 
angle region 20" 6 0 < 160" attests to the good agree- 
ment with the theory. The sharp fall of the curve in the 
region 0 <  20" is due to  the effect of screening of the 
Coulomb field of the nucleus by the atomic electrons, 
which is not taken into account in the Mott formula. 
Curves 2, 3, and 4 a r e  for scattering with various 
energy losses, which a r e  given in the caption to 
the figure. In order to exhibit the differences between 
the elastic- and inelastic-scattering cross  sections 
more clearly, we have normalized curves 2-4 to the 
experimental elastic scattering differential cross  sec- 
tion (curve 1). 

A primary characteristic feature of curves 2-4 i s  

FIG. 3. Differential cross sections for inelastic scattering 
of electrons with Eo = 98.6 keV by copper atoms with the fol- 
lowing energy losses AE : 1-<I00 eV, 2-1.4 keV, 3- 
24.8 keV, 4-75.7 keV. All the results are normalized to 
the elastic scattering differential cross section. 

the presence on each of them of the electron-electron 
scattering peak (the expected value of 0, for scattering 
by f ree  electrons is marked on each of the curves by 
an arrow). As is evident from the figure, each of the 
curves 2-4 has a prominent horizontal section in the 
region of scattering angles greater than 8,; this in- 
dicates that the scattering of electrons with various 
energy losses is sti l l  virtually Mott scattering, In our 
opinion the presence of these horizontal sections can be 
reasonably explained by the fact that a large deflection 
of the electron in the field of the atomic nucleus is as- 
sociated with a small  impact parameter, s o  that ioniza- 
tion of one of the atomic shells with a corresponding 
energy loss by the scattered electron is likely. In a quan- 
tum mechanical treatment of electron inelastic scattering, 
this process of simultaneous ionization and deflection in 
the field of the nucleus of the same atom appears in the 
second born approximation and therefore becomes more 

FIG. 4. Differential cross sections for inelastic scattering 
of electrons with Eo = 98.6 keV by copper atoms at the fol- 
lowing scattering angles 8: 1-lo, 2-30", 3-45", 4-60", 
5- 90". 
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important a s  the atomic number of the target material in- 
creases. 

In the present work we also investigated the energy 
dependence of the differential cross section over the 
wide range of scattered-electron energies from 1 keV 
clear up to the initial energy. The corresponding re- 
sults a re  presented in Fig. 4. Figure 4a shows the 
energy spectra of the scattered electrons over the en- 
t i re  range, while Fig. 4b shows the right-hand branches 
of the curves of Fig. 4a out to the elastic peak on an 
expanded scale. As is evident from Fig. 4, all the cur- 
ves a r e  of the same general type. Not only do all the 
curves r ise  sharply in the regions of low and high en- 
ergy loss (the right- and left-hand branches, respective- 
ly), but the Mplller peaks can be clearly seen on three 
of them (those for scattering angles B of 30, 45, and 60"; 
the calculated positions of E, for scattering by free 
electrons a r e  marked on these curves by arrows). Of 
the fine details of the curves we note the presence on 
the right-hand branches at  AE = 8.9 keV of jumps due to 
K-shell ionization of copper (these jumps a re  clearly 
evident in Fig. 4b) and the presence of Auger peaks at 
E z  8 keV on the left-hand branches. We also note that 
it was difficult to obtain reliable data for the scattering 
angle 8 = lo (curve 1) in the range 30 < E  < 70 keV be- 
cause of the relatively high background due to electrons 
scattered from parts of the spectrometer. 

In the region E<E,  and in the vicinity of E, the ob- 
served trend of the cross section is in agreement with 
other s t~dies , ' .~  but in the region E > E,, which was not 
investigated experimentally in Ref. 6, it is in conflict 
with the theoretical results of Ref. 7. Specifically, the 
theory7 predicts that the scattering cross section will 
decrease monotonically in the region to the right of the 
Mplller peak (see curve 2 of Fig. 2), whereas actually, 
a s  is evident from Fig. 4a, the scattering intensity to 
the right of the Mbller peak is high, and for all  scat- 
tering angles it r ises  rapidly a s  the elastic scattering 

peak is approached (Fig. 4b). We note in passing that 
the scattering intensity near the elastic peak is well 
approximated by a (AE)-4 law for the scattering angle 
0 = lo andby a (AE)" law for the other scatteringangles. 

As shown by the analysis presented above, this rise,  
which is due to scattering with low energy losses, c y -  
not be attributed in our case (target thickness = 300 A, 
initial energy E,= 100 keV) to independent ionization and 
elastic scattering events taking place at  different target 
atoms. At the same time, we feel that the trend of the 
cross section finds a consistent explanation within the 
framework of the hypothesis discussed above that the 
electron is deflected in the field of the nucleus of the 
atom being ionized in a single interaction event. A cal- 
culation of this process is evidently needed to supple- 
ment theexistingtheory of electron scatteringby atoms. 
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