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Abstract: The flexibility of the (e,2e) technique in obtaining information on
both structure and collision dynamics is demonstrated. Examples of structure
information are EMS studies of laser excited Na atoms and amorphous carbon
films. The role of post-collision effects and correlations is explored by mea-
surements in the autoionising region of heliumi and in innershell jonisation of
argon.

1. INTRODUCTION

The (e,2e) process, in which the momenta of the incident electron and two
emitted electrons in an ionizing collision are completely determined, is capable of
revealing a rich variety of information. Depending on the kinematics employed, it
is possible to investigate in detail either the dynamics of the jonizing collision or to
use the reaction to elucidate the structure of the target and the ion. When used for
structure determination, high energies and high momentum transfers are nonnally
employed to en-ure the clean knockout of a target electron. (e,2e) spectroscopy or
electron momentum spectroscopy (EMS) has recently been extensively reviewed by
McCarthy and Weigold (1988, 1991).

For most ionizing collisions, however, the kineinatics is asyinmetric, the two
outgoing electrons having very different energies and the momentum transfer to
the target is usually small. Such asymmetric collisions have generally been stud-
ied using simple targets such as hydrogen (Weigold et al. 1979) or helium (e.g.
Ehrhardt et al. 1969, 1972) whose structure is known or assumed to be known
in order to test our understanding of the ionization mechanism. As the momen-
tum transfer approaches zero, the (e,2e) reaction simulates photo-lonization, and
this kinematic region has been used to obtain much useful information on partical
oscillator strengths and structure information (e.g. Hamune.t et al 1976).

The (e,2e) reaction has also been used to investigate final state correlation
effects between the continuum electrons. This has mainly focussed on post collisio
interaction effects (PCI) in the ionization of inner shells resulting in the emission of
Auger electrons, particularly the ionization of 2p shell of argon (Sewell and Crowe
1982, 1984; Sandner and Volke! 1984; Stefani et al. 1986 and Weigold 1990). The
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reaction has also been used to study the correlations between resonance and direct
ionisation amplitudes in the autoionizing region of helium (Weigold et al. 1975,
Pochat et al. 1982 and Weigold 1990).

In this conunmunication I discuss briefly several (=,2e) studies recently carried
out at Flinders University. These include the first measurements of the electron
momentum distributions of an atom in an excited target state and of an onented
target, the application of the EMS technique to condensed matter targets, as well
as the measurement of correlation effects in the autoonizing region of helium and
in the Auger spectrum of argon.

2. NOTATION

The (e,2e) reaction can be wntten

¢0+A~+A}+c,+¢.. (1)

where the subscripts 0,5 and ¢ denote the incident scattered and ejected electron.
Although the two emitted electrons are indistinguishable, it is often convement to
call the fast outgoing electron the scattered one and the other the ejected one.
Conservation of cnergy and momentum requires

¢=Ey—E,-Ecand ky=k, +k. ~q, (2)

where ¢, the separation energy of the electron, is equal to the energy difference
between the initial target state A and final state | f > ¢f the jon, and —q is the jon
recoil momentum of the ion. In the plane wave ‘mpulse approximation q is the
momentum of the struck target electron. The ion recoil energy has been neglected.
The momentum transfer to the target is given by

K = ku - k,. (3)

In noncoplanar and coplanar symmetric (¢,2¢) experiments K is maximised by
choosing k. = k, and 8, = 0,.

At high enough energies and momentun transfer the (¢,2¢) differential cross
section is given by

ole,2¢) = Cfec Y |< fla(q) ] >f, (4)

where ), denotes the usual snun and average over final and initial degeneracies,
C contains kinematical factors and f,, is the half-off shell Mott scattering cross
section.  In the noncoplanar syminetric geometry f,, is essentially constant and
the cross section is simply proportional to the square of the target-ion overlap




amplitude resulting from the annihilation of an electron of momentum q in the
target state | 1 >. This is the EMS region of the {e,.2¢) reaction.

The weak-coupling ~xpansion of the target ion overlap is

<flaf@]i>=) < fl€><f]alq)|1>, (5)

’

where the orthonornal basis states | € > are linear combinations of configurations
formed by annihilating one electron in a target jon state.  Generally only a single
hole state | j > contributes to the expansion in (6).  We can define an experimental

orbital ¥)(q) and the spectroscopic factor S(l” by

Uy(q)=<jlalq)]i> and SP =|< f]) > (6)

3. ELECTRON MOMENTUM SPECTROSCOPY OF LASER
EXCITED ATOMS

Excited target atomns can be prepared in well defined states by optically pump-
ing atoms with a tuneable laser. By using polarised laser light it is possible to excite
specific magnetic substates. This offers the possibility of measuring momentum dis-
tributions for excited targets as well as for atoms in aligned and oriented states.
In the recent measurements of Zheng et al. (1990) and Bell et al. (1991a) sodium
atoms are optically pumped by right hand circularly polarized laser light tuned to
the 3251/2(F=")H 32P3/2(F' = 3) transition. The excited pumped atoms are in
the mg. = 3 state, or in terins of orbital momentum in the m, = +1 state.
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The kinematics is shown in fig. 1, which also shows schematically the 3p, and
3p, electron density distribution of the excited sodium. The scattering planc is the
zy plane and 8, = 8, = 45°, the azimuthal angle ¢ of the ejected eclectron is varied
to probe the different momentum components of the target. Thus the experiment
measures the (e 2e) triple differential cross section as a function of the r component
of momentum, ¢,. The z and y components of momenta are fixed and essentially
zero for small binding energies. Due to the finite resolution of the spectrometer, the
average values of ¢, and g, are not quite zero, being of the order of 0.06 a.u.

The momentum distributions obtained for the 3s ground state transition and
for the 3p(me = 1) excited state are shown in figs. 2(a) and (b) respectively
compared with calculated momentum distributions given by the Hartree-Fock 3s
and 3p wavefunctions. The finite momentum resolution has been included in the
calculations, its main effect is to fill in the 3p momentum distributions at momenta
close to zero. The momentum distribution for the excited state peaks at very small
momenta (~ 0.2 a.n.) because of the diffuse nature of the 3p orbital in coordinate
space.

4. THE SPECTRAL MOMENTUM DENSITY OF AMORPHOUS
CARBON

The (e,2e) technique can be used to obtain the spectral momentum density
of electrons in solids, that is the probability of an electron possessing a particular
value of binding energy € and momentum q. Ritter, Dennison and Jones (1984)
reported the first spectral momentum density measurement of the valence band of
a solid, the target material in this case being an amorphous carbon film. With an
(e.2e) energy resolution of approximately 6eV, they were barely able to resolve two
bands in the binding energy spectrum.

There has been considerable interest in determining the electronic properties
of amorphous carbon (see Gao et al. 1989 and references therein). Amorphous
carbon (a-C) films range from black, soft “graphite” films to hard, transparent
“diamond-like” films depending on the method of preparation and the oncentration
of hydrogen in the sample (Ritter et al. 1984). The structure of a-C films is still
not understood.

In order to obtain .«.:ther information on the electronic structure of a-C, we
have undertaken a scries of (e,2¢) measurements on evaporated films of a-C at
tnuch higher energy resolution than the above earlier work. In the present work a
primary electron beam of 10keV plus binding energy intersects a free-standing 80A
amorphous carbon film. Scattered electrons leaving the collision region at angles of
45 degrees with respect to the incident beam direction pass through two identical
hemispherical electrostatic analysers positioned on opposite sides of the beam. The
ar: iysers are used to determine the momenta and arrival times of each emitted
electron by means of position sensitive detectors (Lower and Weigold 1989). Each
analyser is adjusted to accept electrons in a 20eV band of energies centred around
5000eV. The combined energy resolution of each analyser and detector together is
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about leV. Different values of momenta ¢ perpendicular to the incident direction
and in the scattering plane are sampled by varying AE = E, - E, keepiug E, + E, =
Eq — ¢(q) constant. The values of ¢ are given by
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Fig.3  Spectral momentum density Fig.4 Momentum densities for
spectra for amorphous carbon the valence » and o bands
(Lower et al. 1991). of a-C (Lower et al. 1991).

Fig. 3 shows binding energy spectra obtained at different target electron mo-
menta (Lower et al. 1991). Thic is a plot of the spectral momentum density. The
low energy peak is attributed to the excitation of a graphitic x-band and the higher
energy peak to the excitation of graphitic o-bands.  The data has been deconvo-
luted to allow for the effects of energy loss by incident and scattered electrons within
the target material due to multiple scattering. The strongly dispersive nature of
the higher energy o band can be seen from the figure. The outer 7 band also shows
some dispersion. In addition to the dispersion, there is for both bands a marked
change in intensity as a function of g.  This is displayed in fig. 4, which shows the
inomentum density as a function of g for the two bands.
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The band structure of graphite as calculated by Gao et al. 1988 is shown in
fig. 5, and the momentum densities for the x and three o bands in fig. 6. The
lowest ¢ band is oy and its wavefunction is s-like, i.e. the momentum density is
maximum at ¢ = 0 and decreases 1monotonically as q increases. The wavefunctions
for the upper two o bands ave p-like, the momentum density being zero at ¢ =
0, and rising abruptly from zero near the Brillonin zone boundary to peak in the
second and third zones, and then falling as ¢ increases. Thus the 0, and 03 bands
are essentially unoccupied at small ¢ (< 0.5 a.u.). The momentum density for the
x band is zero for q in the I' — k' — M plane, since the 7 orbital has a node there.
For q along the C axis perpendicular to the basal plane the momentum density of
the 7 band displays p-wave character, it is zero at the origin and peaks at ¢ = 0.7
a.u. In the present work we expeet random orientations in the disordered phase of
the evaporated films. This would still preserve the p wave and s wave character of
the  and 0; bands, respectively.

Fig. 4 shows that the 7; band does indeed have s-wave character, havin
g i '
greatest momentum density at smaller ¢ The momentum density for the lower-
energy 7 band does increase somewhat with ¢, as expected from the predicted
p-wave character. There is some evidence that for diamond-like structures the
momentun density for the outer-valence band does not go to zero (Gao et al. 1989).
The spectral density for the # bhand is rather larger than expected for graphite. The
|3 |
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data are therefore not consistent with the film being completely graphitic.

5. CORRELATIONS IN INNER-SHELL IONISATION : AUGER
PROCESSES IN ARGON

The (e,2¢) technique has been applied to study the ionisation of the 2p core
level of argon by a number of groups.  These experiments, proposed by Berezhko
et al (1978), detect the decay Auger electron in coincidence with the scattered
electron, thus selecting momentum transfer and energy loss.  The reaction can be
written as

e +Ar sArY (I M)+ e + €

!
Artv I M') + e, (8)

Sewell apd Crowe (1982,1084), Stefan: et al (1986) and Sandner and Volkel
(1984) measured angular correlations between the Auger and scattered electrons
for the LyMy3;M,2('Sy) transition. Sanduner and Volkel (1984) and Stefani et al.
(1986) »bserved post collision interaction (PCl) effects close to threshold, the slow
ejected electron transferring energy to the decay Auger electron. These experiments
were all based on single parameter detection techniques, and the measurements
could only be carried out by using very large energy windows on the scattered elec-
tron detector with a corresponding large spread in the energy of the near .hreshold
ejected electron. In the present experiments we use a multiparameter coincidence
spectrometer to examine simnltancously with improved energy resolution the whole
argon Auger spectrum in the region 200-208eV in coincidence with scattered elec-
trons as a function of the energy and angle of emission of the Auger electrons at
several incident energies close to threshold. The spread in energy of the scattered
and ejected electrons was only 3eV in these measurements, compared with about
10eV in previous measurements.

In the large distance eikonal approximation (Kuchiev and Sheinerman 1989),
the energy shift AE 4 in the Auger electron spectrum is given by

)
2 .

where T" is the width of the interinediate state and

AEs = - (9)

1 1 1 1
R (10)

In all measurements v, << v,,v4 and £ ~ =1/v,.  Thus the shift in energy

AE4 = T' /20, is positive and decreases as E:'?. For v, ~ vs ~ vy the post

collision effects ace a strong function of the angle of emission of the three electrons.
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Fig. 7 shows a coincidence and noncoincidence Auger spectrum taken at just above
threshold (Bell et «l. 1991b). The coircidence spectrum shows an observable shift
to higher energy, showing the significance of post collision interactions. The shift
as a function of energy above threshold is shown in fig. 8 for the LaM23Mx('D,)
transition compared with AE = I'/2v,. The shape of thc Auger line also depends
sensitively on the parameter £ (Kuchiev and Sheinerman 1989).
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E, = 496eV, 8,4 = 135°, L;MnMg;‘Dz transition
6, =-18°. (¢). The square is the data

point of Stefani et al. (1986).

Berezhko et al. (1978) showed in the two-step plane-wave Born approximation
that the probability of Auger electron emission in the scattering plane is given by

J(04)al + Bcos 2(6,4 - ), (11)

where the anisotropy parameter 8 and the angle ¢ are related to alignment and
statistical tensors. In the Born approximatior ¢ = 8y, the direction of momen-
tum transfer. Thus angular correlations can lead to the determination of electron
correlation effects.
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Fig.9 Angular correlations for argon Auger electrons in coincidence with scattered
electrons E, = 496eV, 8, = -16°, Eg = 753eV.

Fig. 9(a) and (b) show respectively the angular correlations observed by Bell
et al. (1991c) for the L;M23M3;3(°P) and LyM2;M;3(* D;) transitions. The former
must be isotropic since J = 3 for the 2py shell and the initial state cannot be

aligned.

6. (e,2¢) COINCIDENCE MEASUREMENTS IN THE AUTO-
IONISING REGION OF HELIUM

The autoionisation of atoms by electron impact involves in general the interfer-
ence between the direct and the resonance ionisation amplitudes. This interference
depends on the momenta of the scattered and ejected electrons and on the mo-
mentum transfer . Therefore (e,2e) cross section measurements in the autoionising
region can provide very semsitive information on details of the excitation process
of the resonance as well as on the interference of the resonance process with direct
ionization.

Tweed (1976) showed that the triple differential (e,2e) cross section in the
vicinity of the rth autoionising resonance can quite generally be written in the
parameterized form onginally due to Shore (1967),

do = ap(kes, Kpey + bu(key, K,)
an,dst,dE, ~f<*~'<>+§ Tyl . (2)
where ¢, =2(E. - E,),", (13)

and E, and E, are respectively the energies of the rth autoionising resonance and
the energy of the ion plus continuum emitted electron (relative to the energy of the
residual ion) with total angular momentum and spin quantumn numbers denoted by
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p={r; L, M ,S}. fissunply the cruss section for direct ionization, a,, is a measure
of the asymmetry of the resonance profile andi b, of its contributions to the cross
section.

Fig. (10) provides some examples of the observed comcidence ejected electron
spectra (Lower and Weigold 1990). We see a senies of resonance profiles superin-
posed upon a background of direct 10mzation cvents. The final fitted function is
represented by the solid curve, whilst the fitted direct ionization background f and
the individual fitted resonance profiles (ae + b)/(¢? +1) convoluted with the instru-
mental response, are indirated by dashed lines. Both spectra were obtained in the
binary region with the only difference being 18° in the angle of the ejected electron.
This is a clear demonstration of how sensitive the cross sections are to the ejected
electron momentum.
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Fig.10 Coincidence ejected clectron  Fig.11  The direct (e,2e) cross section
spectra for He(e,2¢e)He?t. [ and parameters a, and b,
for the (252p)'P resonance in

He (Lower and Weigold 1990).

Values for a,, b, and f, deduced trom the fitting of individual ejected electron
spectra for the (2s%)'S, (252p)' P and (2p?)' D resonances show rapid variations as
a function of 8,. Fig. 11 shows the results for the (252p) P state for four different
combinations of incident energies and scattering angles. Since absolute cross sec-
tions were not obtained the results have been norinalized to the maximum value of
£ under the (25?)'S resonasice profile at cachk particular energy and scattering angle,
and this maximum has been set to 1 unity. The direct 1onization cross section f for
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each incident energy and scattered electron angle appears in essentially ¢wo lobes.
The major lobe (the binary lobe) occurs approximately in the momentum transfer
direction. The second occurs roughly 180° away and can be associated with recoil
collisions involving momentum transfer to the residual ion. For each resonance and
at each energy and scattering angle, the a, and b, parameters show smooth oscil-
lation betweer. positive and negative values as the ejection angle varies. Positive
-alues of b, correspond to constructive interference between direct and resonant
ionization amplitudes, resulting in localized increases in the (e.2¢) cross section.
Negative values of b, are related to a decrease in the cross section due to the effects
of destructive interference. Positive values of a, correspond to a profile showing a
minimum followed by a maximum in the sense of increasing ejection energy. whilst
the reverse occurs when ¢a, is negative.

The results for all three resonances show strong interference, both constructive
and destructive, between the direct and resonance amplitudes. The resonance pa-
rameters show even more rapid vanation in magnitude as a function of the ejected
electron angles than does the direct cross section. Although the peak structures in
a, and b, are correlated with the direction of the momentum transfer 8y, as is that
for the direct cross section f,. the correlation is not simple. Considerable amount
of theoretical effort is needed to explain the data. First order theories are inade-
quate since they would give the K directic:n as a symmetry axis, which is clearly in
violation of the measurements.

7. SUMMARY

The richness of information that can 1= nbtained by the application of the (e,2¢)
technique has been demonstrated by discussing four different types of experiments.
Two examples involve the determination of structure information in kinematic re-
gions where the (e 2¢) collision process is well understood. The other two exampies
involve the determination of subtle effects in the collision dynamics.
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