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LETTER TO THE EDITOR

Absolute triple differential cross section for
electron-impact ionization of helium at 50 eV

J Roderf, H Ehrhardtf, Igor Brayf §, Dmitry V Fursa{ and
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fFachbereich Physik, Universitat Kaiserslautern, D-67663 Kaiserslautern, Germany
{Electronic Structure of Materials Centre, The Flinders University of South Australia,
G.P.O. Box 2100, Adelaide 5001, Australia

Abstract. We present a combined experimental and theoretical study of 50 eV
electron-impact iouization of helium. The absolute coplanar triple differential cross
sections (TDCS) are measured for 4 eV and 10 eV slow electrons for fixed scattering
angles -20°, -25°, -30° and -.'!5° of the fast electron. The convergent close-coupling
(CC'O) theory is used to calculate these and is found to he in good quantitative
agreement with experiment for the •! eV case, but lower than the measurements for
the 10 eV case. The shape of the C'('C theory shows good agreement with previous
relative coplanar symmetric TDCS measurements.
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It is our aim to study detailed electron-impact ionization processes at a broad
range of projectile energies and kincmatical regions. In recent years there has been
considerable experimental and theoretical effort in the study of these processes in the
case of the helium target. The helium atom provides a comfortable compromise between
the needs of experimentalists and theorists. In the experiment the target density is
much higher than in the case of atomic hydrogen, which would he the preferred system
for theorists. Nevertheless the theoreticjil treatment of helium may readily rely on
the frozen-core model which yields accurate wave functions assuming that one of the
electrons is described by the He+ Is orbital.

The understanding of electron-impact ionisation of helium at the higher energies
may be considered satisfactory (Ehrhardt el al 1986, Schlemmer cl al 1991, Jones el al
1993). We therefore wish to investigate the lower energy region. We began with 100 eV
incident electrons (Bray and Fursa 19956) and now present results at .r)0 eV. There
already exists a substantial amount of data in this energy range willi primarily equal
energy of the outgoing electrons (Murray et al 1993). We concentrate in the asymmetric
kinematics region which provides for a better starting point for testing the reliability of
the convergent close-coupling (CCC) approach to (e,2c) collisions.

The CCC theory treats ionization of helium by electron impact essentially in the
same way as it does excitation (Fursa and Bray 1995). The close-coupling equations are
formed by expanding the total wave function in a large set. of square-integrable states
obtained by diagonalising the target Hamiltonian in a Laguene basis. Upon solution
of the close-coupling equations T-matrix elements arise corresponding to inelastic
scattering to positive-energy target states. These are used to define the ionization
T-matrix elements by simply multiplying them by the overlaps of the target state and
the true continuum eigenfunction of the same energy (Bray and Fursa 1995n). Having
formed the ionization 7'-matrix elements for all positive-energy stales we interpolate
them onto a fixed final energy as measured in experiment. In particular, in this work
we shall present the 87- and 99-state calculations. The energy levels of the states in the
two calculations are given in figure 1. The required ionization '/'-matrix elements arc for
the energies EB = '1, 10, Ej'l eV, where E = 25.4 eV is the total encigy of the system.
The primary difference between the two calculations is that the former includes target
states with orbital angular momentum / < -I and the later has / < 5 states. These two
calculation are close to the limit of our computational resources. We use them to give
us an indication of the level of convergence of our results.

The measurements were performed using the coincidence method and electron
spectrometers which have been described in detail previously (see MSsel rl al (1992)
and references therein). The electron beam was aligned using a Faraday cup with
divided inner and outer electrodes. It was moved out of the region of the scattering
centre during the measurements. A second large-scale Faraday cup was used to collect



the unscattered electrons to reduce the background of low energy secondary electrons.
This Faraday cup is located at a distance of about 60 cm from the scattering centre
and it is shielded by a grounded higii transmission net. The measurable angular region
for the two 1"27° cylindrical condenser analysers is limited by the primary beam and
the electron gun to l(>° < 0 < 150°. The minimal angle in between the two analysers
is about '15°. Heating of the relevant systems up to 1SO°C leads to a good stability of
the system, so that readjustments were not necessary during the measurement of the
angular dependence for a fixed 0,\, the detected angle of the fast electron.

The maximal angular range for the slow electron was measured by initially having
both detectors on either side of the beam, and then rotating the analyzer of the fast
electron from 0,.\ to —0.\. This was done as the analyser for the slow electron is
constrained to be in between the electron gun and the other analyser. The symmetry
condition TDCS(—0..|, — 0y) = TDCS(0.4,0g), where 0A and OB are measured relative to
the incident beam, allows us to obtain measurements equivalent to moving the analyzer
of the slow electron to the other side of the electron beam. Therefore, the measurements
depend strongly on a very good angular adjustment of the whole system. To avoid
possible errors we have made double differential cross section measurements of the fast
electron at both sides of the beam before each measurement of the triple differential
cross section. Identical DIK'S were achieved on either side by tuning the electron gun
optics.

A detailed prescription of the method \ised for the normalisation of the cross sections
to absolute scale is given by Rosel tt al (1992). For the cases where no absolute
double differential cross sections of Miiller-Fiedler et al (19S6) have been available at
the required energies, the calculated cross section of Bray and Fursa (19956) have been
used. These are in good agreement with the experimental data (Muller-Fiedler et al
1986) at all secondary energies for the primary energy of 100 eV.

We have measured in-plane angular correlations of the slow electron having
EB =•! eV and ICB = 10 eV energy for 50 eV impact energy and fixed scattering
angles 0A = -20°, -25°. -30°, -35°. Figure 2 shows the triple differential cross
section for an outgoing electron having 4 eV energy. The 3-dimensional picture gives
the results of the 9!)-state calculation in the full scattering plane together with the
experimentally-determined points. The 2-dimensional cuts showing detailed comparison
with experiment are also given. Positive values of the scattering angle 0B correspond to
the situation where the two electrons emerge on either side of the primary beam. The
small error bars indicate the statistical errors of the experiment. The error (30%) in
determining the absolute values is indicated by the large error bar at 0g = 75°. The four
sets of tneasuieineiits for fixed 0^ have been internormalised and have been placed on
the absolute scale by determining the cross section for the case 0\ = —20° and 0B — 75°.
The estimated error in the internormalisation is less than 10%.



The agreement between theory and experiment is excellent in shape and also ill
absolute values. Only for fixed 0A = —35° there is a little difference in Ihe absolute
size, which is covered by the experimental error bars. The sharp rise of the cross .section
for smaller 0,\ is particularly well reproduced by the ('('('(99) theory, indicating Un-
importance of / = 5 states. Generally, the two calculations are very similar, giving us
considerable confidence in the accuracy of the (•(!('(!)!)) results. Most of tin- scattering,
appears in the angular range from —10° < 0A < 0°. Thus for this kinematic region
forward scattering is dominant. An interesting Feature that is only evident on the 3-
dimensional plot is that the theory predicts that the peak around On — 7o°,t),\ = —20°
vanishes as 0,i —» 0. For backward scattering of the fast electron (0,\ = -180°) the
calculation shows a peak for the cross section at On = 0°, which means (hat the slow
electron emerges in the forward direction.

Figure 3 shows the triple differential cross section for the case En =10 eV. The
situation at this energy for the slow electron is different from the one discussed before.
Theory and experiment agree now only qualitatively in shape and absolute size of the
cross section. The differences in absolute values are not covered by I lie experimental
uncertainly. Also agreement in shape is not as good, since the experiment shows a
steeper rise of the cross section in the angular region around On = —100°. The theory
suggests that Ihe largest value of the cross section is nearly a factor of 10 less lliau in
the case of En =-l eV. Backward scattering of the fast electron is now much more likely.
Generally more structure is predicted than was the case for smaller En-

A further enhancement of the structure is evident in the symmetric energy-sharing
case, presented in figure 1. The relative measurements of Kosel el ill (li)!)l) have been
normalised to the theory. The backward scattering of the electrons is quite substantial.
From the3-dimensional plot, surprisingly we find that the coplanar symmetiicgeometry
misses most of the st.iuclurc predicted by the theory. For this reason we have given two
cases 0,i = — 50°, —150°, where the cross section is predicted to be surprisingly large.
Given that the energy of the two outgoing electron is relatively large (12.7 eV), we find
it interesting that the shape of the coplauar symmetric cut is reproduced reasonably
well. We would expect that / 3> 5 expansion in target space would be necessary to
take into account electron-electron correlation at forward angles, which is necessary to
ensure that the cross section falls to zero in this region. Another consideration is that
the value we obtain for -0,\ = On = 90° is approximately a factor of 2 limes lower than
that predicted by the theory of Pan and Starace (1993).

In summary, we have presented new measurements and calculation of absolute triple
differential cross sections for 50 eV electron impact ionization of helium. The agreement
between the CCC theory and experiment is best for the most asymmetric energy sharing
conditions. However, even in the symmetric energy sharing case the CCC theory appears
to predict qualitatively accurate results. To test this further we shall undertake a study



of this geometry where there is a great deal more experimental data. In addition, we
shall move lowrr in incident energy and test the CCC theory in ont-of-plane geometry.
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Figure 1. One-electron exciled-state energy levels arising from tile 99- and 87-state
CCC calculations. The total energy E = 25.4 eV of the <>-lle system for SO eV incident
electrons is denoted by the dashed line. Only states helow lhj<; line lead to open
channels. The roquired ionization T-matrix elements are formed hy interpolating those
at. the given discrete energy levels to EB = 4,10, £/2 eV.
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Figure 2. The coplanar triple differential cross sections for 50 eV incident energy and
EQ =4 eV at a range of scattering angles of the slow (On) and fast (OA) electrons.
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Figure 3. The coplanar triple differential cross sections for 50 eV incident energy and
Eg = 10 eV at a range of scattering angles of the slow (0a) and fast (0A) electrons.
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Fignro 4. The coplanar triple differential cross sections For 50 eV incident energy and
symmetric energy sharing EQ = EA ~\'2.7 eV at a range of scattering angles of the
Mow {On) and fast (6A) electrons. The relative measurements of Uo3e\ et al (1991)
havi» htvn normalised to the theory.




