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(e, 3e) observation of the angular correlation between ejected and Auger electrons
in the double ionization of magnesium
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Electron-impact excitation of the L, 3M&M& Auger process in magnesium has been observed in a
triple-coincidence experiment. A 3.5-keV incident electron is used and the scattered electron, the ejected
2p electron, and the 35-eV Auger electron are detected. The experiment was performed for ejected elec-
tron energies of 35, 45, and 100 eV. Three-dimensional angular distributions for the ejected and Auger
electrons were recorded for a fixed scattered-electron direction. A model is presented which describes
the angular distribution by additive terms representing the anisotropy in the distribution of ejected and
Auger electrons relative to the momentum transfer direction, and the angular correlation between the
ejected and Auger electrons. Three corresponding parameters are extracted from the data and compared
with the results of a calculation based on a two-step model of ionization and Auger emission.

PACS number(s): 32.80.Hd

INTRODUCTIQN

When inner-shell vacancies are created in a randomly
oriented sample of atoms or molecules as a result of ion-
ization by a beam of electrons or photons, the decay
products, Auger electrons, or fluorescent radiation will,
in general, be polarized and have an anisotropic angular
distribution about the axis of the incident beam [1]. The
reason for this is that the angular momentum vector of
the decaying ion will be aligned relative to the incident
beam direction if angular momentum is transferred to the
ion in the initial ionization process. Furthermore, if the
ejected electron is detected in coincidence with an Auger
electron, the fragmentation pattern for ejected and Auger
electrons becomes more complicated since the doubly
charged ion has, in addition to its alignment relative to
the incident beam direction, an alignment with respect to
the ejected-electron direction. It follows that there will
be an angular correlation between the Auger and ejected
electrons [2].

The eFect of core alignment on the angular distribution
and polarization of products following the creation of a
core hole has been demonstrated for both photoioniza-
tion and electron-impact ionization. In the photoioniza-
tion experiments, angular distributions of photoelectrons
and Auger electrons [3] as well as fluorescent photons [4]
have been measured. The polarization of emitted elec-
trons [5] and photons [4] have also been recorded. For
electron-impact ionization, there have been experiments
in which the scattered electron was detected in coin-
cidence with ejected or Auger electrons [6—8]. Recently,
Kammerling and Schmidt reported the observation of the
angular correlation between Auger and ejected electrons

in an experiment where Auger electrons from xenon were
detected in coincidence with photoelectrons following the
creation of a 4d hole by 94.5-eV linearly polarized radia-
tion [9]. Here we report the observation of the angular
correlation between ejected and Auger electrons follow-
ing electron-impact ionization. The scattered, ejected,
and Auger electrons are detected in triple coincidence-
an (e, 3e) experiment.

We have investigated the Mg L2 3M&M& Auger pro-
cess, which proceeds by the electron-impact ejection of a
2p electron and the emission of the Auger electron with
35-eV energy. A beam of 3.5-keV electrons is crossed
with a jet of magnesium atoms. Inelastically scattered
electrons are detected within a small solid angle in the
forward direction in order to select events with small
momentum transfer. Two secondary electrons are detect-
ed at angles between 45' and 135' with respect to the in-
cident electron direction, one with 35-eV energy, the en-
ergy of the Auger electron, and one with an energy of ei-
ther 100, 45, or 35 eV. The energy lost by the inelastical-
ly scattered incident electron is chosen in each case to
correspond to a final state of the system, which consists
of two secondary electrons of the specified energy and a
doubly charged magnesium ion in the ground state. The
coincident detection of three electrons, a scattered and
two secondary electrons, assures that all three originated
in the same event. The choice of energies assures that the
event corresponds to the Auger process since the direct
ejection of two 3s electrons is much less probable than
the resonant Auger process. The independent variables,
illustrated in Fig. 1, are 0& and 02, the angles between
each secondary-electron trajectory and the incident elec-
tron direction, and 0&2, the included angle between the
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FIG. 1. The geometry of the experiment in terms of the mo-
menta of the incident electron (kz), the scattered electron (ko),
the ejected electron (k„), and the Auger electron (kA„~„): 8&

de6nes the direction of an ejected electron relative to the direc-
tion of the forward-scattered incident electron, 02 is the angle
between the Auger and scattered electron directions, and 0» is
the angle between the ejected and Auger electrons.

two secondaries. When the two secondary-electron ener-
gies are unequal, the 35-eV electron can be identified as
the Auger electron and the other secondary as the ejected
2p. In this case, 0& is taken to be the angle of the ejected
electron and Oz the angle of the Auger.

EXPERIMENT

A schematic diagram of the apparatus is shown in Fig.
2. Electrons from a cathode-ray-tube type electron gun
intersect, at a right angle, a jet of magnesium atoms
emanating from the oven. Scattered incident electrons
falling within a solid angle of 2.0X 10 sr in the forward
direction are decelerated by a factor of about 17 and
those of the desired energy are selected with a hemispher-

ical electrostatic analyzer (the "primary electron
analyzer"; the decelerating lens system is not shown in
the schematic). Transmitted electrons are detected with
an Optotechnik KBL 408 electron multiplier. Secondary
electrons of the desired energy are selected with a pair of
doubly truncated spherical electrostatic analyzers (the
"secondary-electron analyzers" ) located on opposite sides
of the scattering volume on an axis perpendicular to the
incident electron direction. An array of four Optotech-
nik electron multipliers on the output of each of these
analyzers detect secondaries of the desired energy. The
position of each detector defines the angle of emission of
the detected electron within a solid angle of acceptance of
0.04 sr. The energy resolution of each of the three
analyzers is about 4 eV. The joint resolution for the
detection of three electrons is sufficient to discriminate
the ground state of the ion from all excited states, but not
sufficient to distinguish between the two components of
the 35-eV Auger doublet (34.86 and 35.13 eV). When one
of the ejected-electron analyzers is set to transmit 45-eV
electrons, several satellite Auger lines near 45 eV present
a potential interference, but they are sufficiently weak
(6%%uo of the L2 3M&M, Auger doublet [10])as to be unim-
portant in the present analysis. The angle and energy
resolution in these experiments assures that the momen-
tum transfer in the Auger exc|tation process does not
exceed 0.29 a.u.

The events of interest give rise to the arrival of three
electrons, correlated in time, one at the primary analyzer
detector and two at secondary analyzer detectors. When
the secondary analyzers are set to transmit different ener-
gies, an (e, 3e) event can be observed with the primary
detector and one detector on each of the secondary
analyzers. For equal energy secondary electrons, an
(e, 3e) event may give a signal at two of the detectors on
one of the secondary analyzers. With the arrangement of
detectors shown in Fig. 2, (e, 3e) events can be observed

ECTRON MULTIPLIER
(1 of 4)

FIG. 2. Schematic illustration
of the apparatus. A detected
(e, 3e) event gives rise to a signal
at the primary analyzer electron
multiplier and two of the secon-
dary analyzer electron multi-
pliers.

ELECTRON MULTI
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with 0& or 02 equal to 45', 60, 90', or 135'. For unequal
secondary-electron energies, the possible values of 0,2 are
90', 98', 120', 149', and 180'. For equal secondary-
electron energies, the possible values of 0,2 are 31, 60',
82', 90, 98, 120', 149, and 180 .

An (e, 3e) event does not give three truly coincident
signals owing to differences in Aight times and electronic
processing times for each of the three electrons, rather
the three signals arrive with a fixed time correlation. The
rate of arrival of a pair of pulses, one from the primary
analyzer and one from one of the secondary detectors is
recorded as a function of arrival-time difference over a
range of 200 ns. Similarly the rate of arriva1 as a function
of time difference is recorded for the primary detector
and another of the secondary detectors. These data are
stored as a three-dimensional array, an (e, 3e) time spec-
trum. An example is shown in Fig. 3. The x and y axes
give the two time differences and the z axis the corre-
sponding rate. The true, time-correlated (e, 3e) events
appear as a peak in the middle of the time spectrum.
Other important features include (i) a uniform back-
ground caused by the random, accidental arrival of three
uncorrelated electrons within the time interval covered
by the spectrum and (ii) "walls", which are the result of a
pair of electrons originating from the same event [an
(e, 2e) event] in accidental coincidence with a third elec-
tron from some random event. There are three such
walls that arise from two-electron events, which produce
a signal at each of the secondary detectors, or at the pri-
mary detector and one of the secondary detectors, or at
the primary and the other secondary detector. The am-
plitude of the uncorrelated accidental background and
the amplitude of each of the walls under the central peak

must be subtracted from the peak amplitude to give the
rate of true (e, 3e) events. The rate of (e, 3e) events for
the primary detector in combination with two of the
secondary detectors is a measure of the differential Auger
emission cross section for the corresponding values of 0„
0~, and Oi2

Our multidetector apparatus permits us to make many
(e, 3e) measurements simultaneously. With the secondary
analyzers set at different energies this arrangement allows
for the simultaneous performance of l6 (e, 3e) measure-
ments corresponding to all combinations of the scattered
electron detector with an ejected-electron detector and an
Auger detector. %'ith both secondary analyzers set to the
same energy, 28 measurements are carried out. In fact,
the orientation of detectors is such that certain sets of in-
dependent variables (0&, Oz, 8,z) are sampled by more than
one combination of detectors. This reduces the size of
the (e, 3e) data set but provides an important check on
the symmetry of the apparatus. Run-to-run variations in
the results were within the statistical uncertainty of the
data. A small correction was applied to account for a
systematic variation in sensitivity associated with the
orientation of the rectangular multiplier apertures rela-
tive to the beam direction; otherwise, no corrections were
necessary.

RESULTS AND DISCUSSION

Equal-energy secondary electrons

Analysis of the data is complicated by the fact that the
cross section is measured as a function of three angular
variables; however, for equal-energy, 35 eV, secondary

C3
&D

FKJ. 3. (e, 3e) time spectrum recording the number of occurrences of a primary electron signal and two secondary electron signals
within an interval of 200 ns. One horizontal axis corresponds to the time difference ~& between the arrival of a primary electron and
one of the secondaries, and the other horizontal axis gives the time difference ~2 between the primary and the other secondary elec-
tron. The spectrum was recorded over a period of 20 h with an incident current of about 1 pA and a target density of approximately
10' cm
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FIG. 4. The relative cross section for the emission of two 35-
eV secondary electrons as a function of 0», the included angle
in degrees between the direction of the two electrons. The data
are plotted without regard for the direction of either secondary
electron with respect to the direction of the forward-scattered
incident electron.

FIG. 5. The relative cross section for the ejection of a 45-eV
electron and the emission of a 35-eV Auger electron as a func-
tion of 0,2, the included angle between the direction of the two
electrons. The data are identified according to 0&, the angle be-
tween the directions of the ejected electron, and the forward-
scattered incident electron.

electrons, where Auger and ejected electrons cannot be
distinguished from one another, the measured relative
cross section appears to be a strong function only of the
included angle 0&2. This is evident in Fig. 4 where the
data are plotted as a function of 0&2 without regard for
the direction of either secondary electron with respect to
the incident electron direction. The solid curve in Fig. 4
is only to guide the eye, although for consistency with the
analysis given below, the form of this curve was chosen to
be a linear function of cos 0&2. It is important to note
that the cross section is large for both small (30 ) and
large (180') values of 8&2 and tends to be small near 90'.
This implies that Coulornbic repulsion between the two
secondaries is not an important factor in the relative an-
gular distribution of the low-energy electrons.

cordingly, we have chosen to describe our (e, 3e) observa-
tions of the joint angular distribution of ejected and
Auger electrons in terms similar to the formalism
developed by Kabachnik [12] to describe an equivalent
photoionization experiment, such as was carried out by
Kammerling and Schmidt [9]. This is justified since
electron-impact ionization is equivalent to photoioniza-
tion if the momentum transfer in electron-impact ioniza-
tion is suf6ciently small and in the forward direction.

A model

Assuming a two-step Auger process within an
independent-particle model, Schmidt [13],with reference
to Kabachnik, has given the following expression for the
joint angular distribution of Auger and photoelectrons
for the ejection of a 2@3/2 electron from magnesium:

Unequal-energy secondary electrons
d 0'

dQ, dQ~

Ot
[1+P&P2(cos8& )+P2P2(cos82)

4m.

The situation is more complex for unequal secondary-
electron energies where the ejected and Auger electrons
can be distinguished from one another. The angular dis-
tribution of secondaries is then a function of more than
one of the angular variables. This can be seen in Fig. 5,
where the data for 45-eV ejected electrons are plotted as a
function of 0&2. Although there is a dependence on 0,2, it
can be seen that the data are segregated according to the
value of 0&, the angle of the ejected electron relative to
the incident direction. The cross section is large for ejec-
tion in the forward (8, =45') or backward (8, =135')
directions and small for ejection at right angles to the in-
cident direction (8, =90'). This implies an angular distri-
bution of ejected electrons similar to what would be ob-
served in the photoionization of a 2p electron [11]. Ac-

+P'(8i 0i 82 02)]

where 0, and 02 define the directions of the photoelectron
and Auger electron, respectively, relative to the axis of
polarization and 0& and Qz are the corresponding solid
angles over which electrons are detected, o, is the total
cross section for 2p3/2 ionization, P, and P2 are, respec-
tively, the parameters describing the degree of anisotropy
in the angular distribution of photoelectrons and Auger
electrons in a noncoincident experiment, Pz(cos8) refers
to the second Legendre polynomial, and the last term de-
scribes the angular correlation between photo- and Auger
electrons. For 2p, &2 ionization, the expression is the
same with P2 and F identically zero. An analysis of the
formalism of Ref. [12] revealed that the last term of Eq.
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(1) can be approximated to within a few percent by a
term proportional to P2(cos8, 2), thus suggesting the fol-
lowing expression to model the joint angular distribution
measured in our experiment:

[1+P,P2(cos8, )+P~Pz(cosL92)dndn, 4~

+p, 2P2(cos0, 2) ],
where P, 2 describes the anisotropy in the relative angular
distribution of the ionized electron and the Auger elec-
tron. P,z is a measure of the extent of the correlation be-
tween the ionized electron and the Auger electron. As
discussed in Refs. [11]and [13],the parameters P, and Pz
depend only upon two dipole matrix elements and the
phase difFerence between s and d waves. Within the two-
step independent particle model of Ref. [12],Pi2 also de-
pends only on these parameters and is simply equal to
P, /3.

For each set of energy conditions, a multiple linear re-
gression analysis was employed to fit the data to the form
of the bracketed expression on the right side of Eq. (2).
The values of the P parameters thus obtained are given in
Table I along with the statistical uncertainty (related to
that in the data) and the multiple-correlation coefficient
R (as a measure of the quality of fit) [14].

For comparison with experiment, P parameters were
calculated using the formulas given in Ref. [12]. Values
for P, and P2 were obtained from a Herman-Skillman
(H S) central-pote-ntial calculation [15,16]. An addition-
al set of values for P, were obtained from a calculation
employing the relativistic random-phase approximation
(RRPA) [17]. Account must be taken of the fact that the
experiment does not distinguish between 2p3/2 and 2p, &z
ionization; hence the results of the calculations reported
in Table I are the appropriately weighted average of the P
parameters for the two cases.

As shown in Table I the values of the parameters ob-
tained in fitting the data to Eq. (2) are in qualitative
agreement with those from the theoretical calculations.
The experimental values for Pi decrease with decreasing
ejected-electron energy as predicted, but are somewhat
smaller than the theoretical values. This is similar to
what was observed in the photoionization experiment of
Ref. [11] where P, was measured to be 0.74+0.02 for a
photon energy of 80 eV and an ejected-electron energy of
26 eV, whereas the Herman-Skillman value at this energy
is 0.96. The value of P2 from the analysis of the data was
found to be much smaller than P, as predicted theoreti-
cally and as observed in the photoionization experiment.
The result is the determination of Pi2, a measure of the
angular correlation between the ejected and Auger elec-

TABLE I. The anisotropy in the angular distribution of elec-
trons in the Mg L2 3M &

M
& Auger process excited by 3.5-keV

electron impact in terms of the model defined by Eq. (2). P, de-
scribes the anisotropy in the distribution of ejected electrons rel-
ative to the incident electron direction; P2 the anisotropy in the
distribution of Auger electrons relative to the incident electron
direction; and P, z the angular correlation between the Auger
electron and the ejected electron. Experimental values (Expt. )
obtained from a fit to the measured relative cross sections.
Theoretical values are from the Herman-Skillman (HS) and
RRPA calculations. The cited uncertainties reflect the statisti-
cal uncertainty in the data and R is the multiple-correlation
coefficient of the fit of the data to the model.

Expt.
HS
RRPA

Expt.
HS
RRPA

100-eV ejected electron; 35-eV Auger electron
1.11+0.15 0.07+0.14 0.31+0.09

1.45 0.09 0.48
1.39 0.46

45-eV ejected electron; 35-eV Auger electron
0.85+0.09 —0.26+0. 11 0.26+0.06
1.20 0.09 0.40
1.12 0.37

0.87

0.96

trons. Within the precision of the experiment P,2=Pi j3,
as obtained from theory.

SUMMARY

Electron-impact excitation of the I.p 3M &
M

~ Auger
process in magnesium has been investigated in an experi-
ment in which all three product electrons are detected in
coincidence. For the case of equal-energy ejected and
Auger electrons, we find the cross sections for the process
to have a strong dependence on the angle between the
direction of these two electrons. A silnilar result is ob-
served when the kinetic energy of the ejected electron
exceeds that of the Auger electron. For the latter cases, a
parametrization scheme has been employed to compare
the results of the experiment with a calculation based on
a two-step model of ionization and Auger emission.
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