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Chapter 1

Introduction and summary

.../ think it is safe to say that no one under-
stands quantum mechanics...

R.P. Feynman [J]

I
I

1.1 General
The physical process we study in this thesis concerns the electron-impact ex-
citation of helium. Fundamental to the quantum mechanical description of
all collisions between two particles is the principle of non-separability. That
is, if two systems have interacted in the past it is, in general, not possible to
assign to either of the two subsystems a single-state vector, even if the two
systems can be described by single-state vectors before the interaction [2]. We
may explain this principle as follows. Suppose one prepares two completely
known systems (described by their single-state vectors) prior to any inter-
action, then the subsequent interaction between the two systems introduces
a correlation. When the systems have separated after the interaction so far
that the interaction is negligible, the correlation is still present. This cor-
relation causes a loss of coherence for the one system, if the other system
is not also observed. So neither of them can be described by a single-state
vector. For instance, if in our case of an electron-helium collision only the
excited atom is observed, we do not know in which direction the electron has
been scattered. The excitation process yields an incoherent contribution to
the excited atomic state for every different scattering angle. Consequently
the excited atomic state can not be described by a single-state vector.

Having noted the principle of non-separability we may now formulate a
general experimental goal: 'One should perform an experiment in such a

I,



Introduction and summary

way that as little as possible coherence is lost'. In fact the electron-photon
coincidence technique, which has now been available for about two decades
[3,4], provides us with just such an opportunity. This technique involves the
observation of a scattered electron and of the atom that electron has excited.
For some observed scattering direction and energy of the projectile electron
the excited atom is observed by a measurement of the photon emitted in
the decay of the excited atom to a lower lying state. With the coincidence
technique all quantum mechanical information may in some cases be gained
from the scattering process, and what is sometimes called a 'perfect scatter-
ing experiment' can be performed. However, every day experience teaches
us that for everything one gains one looses something else. In this case we
loose a lot of time, because the chance of measuring two particles produced
in the same process is very small and one needs to accumulate data for a
long period.

From the fundamental point of view we are now in a position to answer
the question, 'Why is this type of experiment interesting?'. The answer is
that we might obtain physical insight in the mechanism behind the process
of electron-helium excitation, because all information which could possibly
be extracted from this process is in fact extracted from such an experiment.
Since we would like to obtain 'physical insight' it is useful to elaborate some-
what on that phrase. We mean by physical insight that one must be able
to answer the question, 'On which physical properties does the excitation
process depend sensitively?'. It may be so that such a question in some cases
can not be answered, because many properties could be about equally impor-
tant for the process. If so, one is more or less forced to be satisfied with the
mere direct comparison between theoretical models and experiment. This
will eventually lead either to satisfactory models or to a point beyond which
further improvement of the models becomes tedious. Otherwise physical in-
sight may provide guidelines along which to develop models and to perform
experiments. As we will see in the following sections this physical insight is
poor for the excitation process we study here as well as for the excitation
of other target atoms. Even for the most rigorous models to date serious
discrepancies between experiment and model exist. In view of the elemen-
tary nature of this process in the context of quantum mechanical scattering
theory, we feel that this process needs to be investigated further.
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Why the electron-helium system?

1.2 Why the electron-helium system?

There are several reasons that make the electron-helium system a very in-
teresting choice. The choice of the projectile is related to the small mass
and the structurelessness of the electron. For the chosen kinetic energy of
the light projectile electron, which is a few times the threshold energy for
ionisation of helium, the de Broglie wavelength of the electron is of the same
order as the size of the target atom. For this reason one would not expect
models, in which in some sense classical trajectories for the projectile are
defined, to work for electron-atom scattering. As a matter of fact the re-
gion of impact energies used in our experiment is called the intermediate
energy region. Scattering processes at impact energies up to a few eV above
the ionisation threshold must be treated by fully quantum-mechanical cal-
culations. In this energy region coupled-channel calculations such as the
R-matrix method [5] are available. At high impact energies one would ex-
pect the first Born approximation (FBA) to be valid. Efforts to describe
the process at intermediate energies are either attempts to push coupled-
channel calculations to higher energies, involving an ever increasing number
of states to participate to the scattering process [6], or attempts to push the
FBA to lower energies, as is done in the distorted wave Born approximation
(DWBA [7]), the first order many body theory (FOMBT [9]) and the dipole
multichannel eikonal theory (DMET [10]).

Contrary to the case of the electron projectile semi-classical models are
applicable for an atomic or ionic projectile in the keV range [8]. On the other
hand the additional structure of the projectile atom (ion) complicates the
description of an atom(ion)-atom scattering as compared to electron-atom
scattering.

Also a very interesting choice for the projectile would be the positron [11].
However, this lies beyond the scope of the present experimental possibilities.

For the choice of the target we would like to take the simplest atom pos-
sible. Hydrogen, however, introduces several experimental problems. For
instance, the hydrogen molecule H? first has to be dissociated to produce
atomic hydrogen. Another problem is that the different angular momen-
tum Z-states of hydrogen are experimentally indistmguisable. Furthermore,
in the analysis of hydrogen results one needs to analyse the electron spin
in order not to loose some coherence. Namely, for helium, where in the
ground state the two atomic electrons have opposite spins, one can not dis-
tinguish the scattering of an electron with spin 'up' from the scattering of
an electron with spin 'down'. For hydrogen with only one atomic electron
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this distinction can be made. We find ourselves therefore in the somewhat
strange situation that performing a 'complete' experiment is experimentally
more readily achieved for helium than for hydrogen. Finally, we remark that
hydrogen is of course the only atom in which electron-electron interactions
are absent.

1.3 Survey of previous results

In this section we intend to give a short survey of results, obtained before
the start of our work, which seem in some way interesting to us. Based on
this survey we have chosen which experiments to perform. We also elaborate
some points which are of importance in later chapters of this thesis. We do
not by any means strive to be complete or to give a representative selection
of the work that has been done in this field. For an extensive and excel-
lent review concerning electron-photon coincidence experiments we refer the
reader to Andersen et al. [12].

1.3.1 The behaviour of the orbital angular momentum trans-
fer as a function of scattering angle

A lot of data both experimental and theoretical is available for the excita-
tion of the lowest lying /"-states of hydrogen and helium. Agreement between
model calculations and experimental data is in general good for these states.
For helium the excited P-states can be completely characterised by the trans-
fer of orbital angular momentum to the atom, and the alignment angle 7 of
the excited charge cloud. Note that because of reflection symmetry in the
scattering plane, which is defined by the incident and scattered electrons, no
orbital angular momentum can be transfered to the atom other than per-
pendicular to the scattering plane. Therefore the orbital angular momentum
transfer is usually denoted by Lx- Up till now we still do not have much
physical insight in the behaviour of the parameters Lx and 7 (for instance
as a function of the scattering angle or the incident energy).

The behaviour of Lx as a function of the electron scattering angle 0e

has been the subject of a lot of discussion. The drive behind this discussion
stems from the simple and general behaviour of Lx as a function of the
electron scattering angle 0e, as observed in the experiments. Experimental
and theoretical studies indicate that Xj. is positive at small scattering angles
and negative at large scattering angles if the impact energy is not too close
to the ionisation threshold (see fig. 1.1). This general behaviour is found



Survey of previous results
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Figure 1.1: The angular momentum transfer to the atom L±. is shown as a function
of the scattering angle for both electron and positron scattering.

experimentally for the excitation of the 2XP, 3*P and 33P states of helium
and for the excitation of the 2P state of hydrogen [12]. In theoretical ab
initio calculations this general behaviour is also found for the excitation of
the nlP and n3P (n = 1,2,.., 8) states of helium and for the excitation of the
IP state of hydrogen using distorted wave models [13] and for the excitation
of P-states of hydrogenic ions using a Coulomb-Born approximation [14].

Steph and Golden have suggested a classical grazing incidence model to
explain the observed behaviour of L± [15]. An incoming electron which is
scattered over a small angle has passed the atom at a large distance and has
felt an attractive polarisation force. An incoming electron which is scattered
over a large angle has penetrated more deeply into the atom and has felt
a repulsive electron-electron force. As a classical grazing collision gives a
positive sign for L± in the case of an attractive force and a negative sign for
L± in the case of a repulsive force, the general behaviour of L± for different
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atoms seems to be understood qualitatively. However, there are several
reasons why this physical picture is incorrect. First of all it has been shown
that inclusion of a polarisation potential does not change the behaviour of
L± within a distorted wave model [13]. Secondly it has been shown that
interference effects between different partial waves of the scattered electron
are important for the sign of L± at large scattering angles [13]. Finally, we
may compare the results for electron impact with those for positron impact
(see fig. 1.1). Since the polarisation potential which a positron experiences
near a neutral target is also attractive, one would expect the sign of L± to be
positive fc -all angle positron scattering. This appears not to be the case;
distorted \ - ulca'ations give a negative sign [11]. Also for electron and
positron scai ig from hydrogenic ions, for which the polarisation potential
is respectively attractive and repulsive, the classical grazing incidence model
gives an incorrect result, compared to the Coulomb-Born approximation.
From this intuitive, simple model we must thus draw no further conclusions.
It seems clear by now that no simple model can explain the behaviour of
Lx- Nevertheless one expects the behaviour of Lx to depend critically on
the sign of the interaction.

1.3.2 The influence of the projectile charge on Lx

A clear argument, presented by Madison and Winters [11], connects the sign
of the projectile charge to the sign of the transfered angular momentum Lx-
In the general theoretical description of the helium excitation process (see
Andersen et al [12] and references therein), the scattering process is described
completely by the scattering amplitudes a. The influence of the projectile
charge can be investigated by considering the scattering amplitudes within
the Born expansion;

a = < 4f\V\4i > + < <t>s\VG+V\<t>i > +..., (1.1)

where <f>j and fa are the final and initial asymptotic states of the combined
electron-helium system, G+ is the free particle Green's function and V is
the Coulomb potential between the projectile and the target atom. As the
charge dependence of the scattering amplitude is only present in the Coulomb
potential, this dependence may be factored out of the amplitude;

a - qpi + q2p2 + - , (1.2)

e
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where q is the charge of the projectile. In the case of P-states L± can be
—• written in terms of the scattering amplitudes UM,

I x = |a 1 | 2 - |a . 1 | 2 , (1.3)

where M is the orbital angular momentum quantum number of the final
excited state. Substituting equation (1.2) in equation (1.3) one finds

Lx = q3pin + q\pl + PIPS) + ••» (1.4)

Since the FBA gives the well known result that L± = 0 at all scattering
angles [12], the term containing p\ is zero. As the strength of the interaction
between the electron and the atom increases with the scattering angle, one
expects the lower order terms to be important for small angle scattering
and higher order terms for large angle scattering. The q3 dependence of the
lower order terms causes the sign of L± for electron and positron scattering
to be opposite for small scattering angles and the q* dependence of higher
order terms causes the sign of Z>x f°r electron and positron scattering to be
the same for large scattering angles (see fig.1.1). Going to larger scattering
angles we also see that L± for electron scattering changes sign, while for
positron scattering L± does not change sign. This qualitative explanation
of the behaviour of L± has motivated the formulation of a semiclassical
trajectory model as discussed in section 1.3.3.

1.3.3 An intuitive model for L±

j; Andersen and Hertel [17] have suggested a semiclassical trajectory model
i which appears to correspond with the experimental observations for the
I electron and positron impact excitation of hydrogen, helium and hydrogenic
./ ions. Suppose that we look from the positive z-direction upon the scattering
| process. The positive scattering angle 8e is defined in the x-y plane and the
I incoming electrons are moving along the positive x-axis. For the two cases
| of small and large angle scattering we consider the force of the scattered
* electron on the charge cloud of the atom in both the x- and y-direction as
I the electron passes the atom. Supposing that the charge cloud of the atom
| responds adiabatically to the passage of the electron, we may predict the

sign of L j . .
We first consider the case of small angle scattering (see fig.l.2a). The

electron passes at a large distance from the nucleus (a classical notion) and
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may on either side of the atom be scattered in any direction (a quantum
mechanical notion). Considering only those electrons which are scattered in
a certain direction, we call the trajectories repulsive or attractive depending
on which side of the atom the electron has passed. Note that the interaction,
which causes the scattering of the electron, is not identical with the force
the elect on and the charge cloud exert on each other. The latter force is
solely due to the electrostatic Coulomb interaction between the projectile
and the charge cloud. The force the electron exerts on the charge cloud in

y

"He

•A + R

•v

Figure 1.2: a. Small scattering angles; for repulsive (R) and attractive (A) trajecto-
ries the forces felt by the charge cloud of the atom as the projectile electron passes
the atom along the x-axis are shown, b. Large scattering angles; for electron and
positron scattering the forces are shown.
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the x-direction, will gradually change from positive to negative, while the
-^ electron passes the nucleus. This behaviour is the same for attractive and

repulsive trajectories. The force in the y-direction has a maximum while the
electron passes the nucleus, which is positive for the attractive trajectory
and negative for the repulsive trajectory. Therefore the repulsive trajectory
results in a negative L± whereas the attractive trajectory results in a positive
L±. The question now is which of the two possible trajectories (the attractive
or the repulsive) are the most important ones in the case the electron passes
at relatively large distances from the nucleus? The answer is: 'the attractive
ones'. However, not for the expectedly obvious reason: 'due to the attractive
polarisation force', because Madison has shown that polarisation forces are
not important to the qualitative behavior of L± [13]. The reason is that an
electron near an unperturbed atom always feels a net attractive force from the
screened nucleus. We finally have to reconcile the assumptions that on the
one hand the atom is unperturbed, while on the other hand the charge cloud
of the atom starts to rotate because of the presence of the projectile. This
can be done via the interpretation that the former assumption is a first order
approximation and the latter assumption a second order approximation to
the scattering process. The overall attractive force results in a net positive
L±. For 0° scattering both kinds of trajectories equally contribute so that a
net L± = 0 results, in accordance with symmetry considerations.

This description is consistent with the Born expansion discussed in sec-
tion 1.3.2. To find a non-zero L± in the above trajectory model, we need
distortion of the trajectories, while in the Born expansion the second order
approximation is needed. For positron scattering both the forces in the x-
direction and y-direction change sign as compared to electron scattering for

', repulsive as well as attractive trajectories. The resulting L± is the same
f; for attractive and repulsive trajectories as compared to the case of electron
• impact. The overall net repulsive force between the positron and the unper-

turbed atom yields a net negative L±.
Next we consider large scattering angles (seefig.l.2b). At a 90° scattering

| angle the penetration into the atom must be rather deep. Again sorting out
i the forces in the x and y direction now leads to a negative L± for a projectile
I electron. Because in the case of a projectile positron the force in the x-
f: and the y-direction both change sign as compared to the case of a projectile
I electron, L± is also negative for positron scattering at large scattering angles.

Although the nature of the above model is purely intuitive, it yields re-
sults, which qualitatively agree with experiment and correspond, as pointed
out, in some aspects with a quantum mechanical expansion. The advantage
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of the argument of Madison and Winters discussed in section 1.3.2 and of the
trajectory model is that it draws our attention to some interesting questions.
For instance, 'Is the behaviour of L±. for electron impact de-excitation the
same as for positron impact excitation?' Recall that the first-order Born
approximation changes sign and the second order aproximation does not
change sign when the momentum transfer Ak changes sign. The reversal
of the sign of Ak can be interpreted as a time reversal. Such time reversed
processes have been investiged with optical pumping of sodium [18]. An-
other interesting question is, 'What happens if a D state is excited in stead
of a P state?' Because the interaction leading to the excitation of a D state
must be stronger than for a P state, we expect higher order Born terms
to become more important at smaller scattering angles. Or in terms of the
trajectory model, 'Is for Z?-excitation the dominating influence of the at-
tractive trajectories at small scattering angles confined to a smaller angular
range?'. In that case one would expect the zero crossing of L± to occur at
smaller scattering angles. 'Or cou!d it be even so that attractive trajectories
are not dominating anymore?' In this case one would expect L± to start
off negatively from 0e = 0°. Therefore we measured the parameters which
determine the behaviour of the Z1D excitation process in the small angle
scattering region (chapter 3 and 6).

1.3.4 The alignment angle 7

Experimentally it has been found that the behaviour of the alignment angle
7 in the small angle scattering region is well described by the FBA for P-
state excitation of H, He and other rare gases. The FBA result for 7 can be
derived easily. The scattering amplitude, which determines the excited state
is given by a =<<f>j\V\<f>i>. This expression can be simplified on account of
the plane wave approximation for the wavefunction of the electron and the
r-dependence of the Coulomb potential V; a « < ^/|e lAk 'r |#« > . Because
the ground state V-V of helium is spherical symmetric and Ak-r is axially
symmetric around Ak, the excited state wavefunction V/ is aligned along
the direction of Ak. The direction of Ak is easily found from figure 1.3. The
result is,

tan 7 = —r —. (1.5)

For scattering angles larger than the angle where 7 attains a minimum
value, the FBA fails completely. As discussed for the behaviour of L± the

10
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Figure 1.3: The alignment angle 7 as given by the FBA can be found easily from
the initial (kin) and the final momenta (kmt) of the scattered electron.

higher order terms become more important at larger scattering angles. Al-
though experiment and the best models quantitatively agree for the be-
haviour of L±, there is a discrepancy between experiment and those models
for 7 at large scattering angles. Around a scattering angle of 100° the value
of 7 is underestimated by the model calculations. This is the case both for H
and He excitation and becomes even worse at smaller impact energies. There
is a speculative suggestion as to the cause of this underestimation [12]. Be-
cause the alignment angle 7 predicted by model calculations is much larger .
for 3P excitation than for lP excitation, the exchange contribution in the '
1 P calculation might be underestimated relative to the direct contribution.
Recall that a triplet state of helium can only be excited via exchange whereas ;

: a singlet state can also be excited directly. The larger underestimation at
I smaller impact energies connects nicely with this speculation. Namely, the
( maximum of the total cross section for 3P exctation lies at about 40 eV, ;
7' while for 1P excitation the maximum lies at about 100 eV.
'• Although there is formally no difference between the treatment of the • '
k direct and exchange excitation process in, for instance, the DWBA model of -'
I Madison et al [19], one expects the exchange interaction to be come more <
I, important at shorter distances than the direct interaction because the atomic •
i; electron has to be knocked out of the atom. This expectation is reflected 1

in some additional assumptions often made in distorted wave models [16]. '••'
This could make the calculations very sensitive to the choice of the atomic
wavefunctions. To test the speculation that exchange is underestimated, we
have extended some previous measurements for 33P excitation of helium at

11
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60 eV to measurements at 40 eV. At this energy we expect a large 7 around
a scattering angle of 100°.

The previous section 1.3.3 showed that studying the excitation process
of a D-state is interesting in view of the model of Andersen [17]. Combining
this notion with the expected interesting behaviour of the 33P excitation
discussed above, we have also performed measurements on the 332? excitation
process.

1.3.5 Negat ive ion resonances

In the excitation cross section of the 3 3D state strong resonances are present
at energies near 60 eV. These resonances are due to the formation of negative
ion states. As the direct excitation process of the 3 3D state and the indirect
excitation process via a negative ion resonance are indistinguishable, these
processes interfere. We performed measurements near the resonance energies
to investigate the influence of the resonances on the excitation process.

1.4 Summary

In chapter 2 we give a brief description of the experimental apparatus. As
coincidence measurements at small scattering angles for D-states are partic-
ularly interesting, not only the angular range had to be extended to smaller
angles, but also the efficiency of the existing apparatus had to be improved,
because the excitation cross sections for D-states is much smaller than for P-
states. The first objective is realised by repositioning the electron detector,
the second by introducing a beam splitting polariser in the optical system.

We also describe a newly built apparatus equipped with six photomulti-
pliers. The intention is to use this set-up for the measurements on heavier
rare gases. Up till now measurements on the heavier rare gases were re-
stricted to detection of decay radiation in the vacuum ultraviolet (VUV).
Some preliminary results obtained with the old apparatus showed that mea-
surements in the optical region, where polarisation measurements are much
easier to perform, are very well possible.

Chapters S, 4, 5 and 6 have been published previously with some minor
changes and can be read independently from each other.

In chapter 3 it is shown that results of measurements on 3 lD excitation
with photon detection perpendicular to the scattering plane do not agree
in the small scattering angle region with any of the model calculations cur-
rently available. Remarkable is the sign of the transfered angular momentum
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L±, which appears to start of negatively at 60 eV. The sign is determined
unambiguously contrary to previous measurements [20,21].

In chapter 4 we show that for Z3P excitation the predicted large value
of the alignment angle 7 is indeed found experimentally. This supports the
suggestion that exchange scattering is underestimated in model calculations
for lP excitation, brother interesting result is that for 1P and 3P excitation
the behaviour of I i as a function of the scattering angle can be related at
different impact energies with the help of a partial wave expansion. Finally,
a scaling relation can be formulated for the behaviour of L± [14].

In chapter 5 the influence of a negative ion resonance to excitation of the
33.D state is investigated. Both in coincidence and non-coincidence measure-
ments the presence of the resonance yields information on both the direct
and indirect excitation of the 3 3D state. It is shown that the coincident mea-
surement gives an unique opportunity to determine the excited 33Z? state
completely.

Results of measurements with photon detection in the scattering plane
are given in chapter 6. The results supplement previous ZXD and 33Z? results
and allow physical parameters such as L± and 7 to be obtained.
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Chapter 2

Experimental set-up

2.1 General
Most of the experimental results reported on in this thesis have been obtained
utilising the by now well-known electron-photon coincidence technique. This
technique has been available in atomic physics for about two decades. The
literature concerning this subject is vast. We refer the reader to some re-
view articles which describe the electron-photon coincidence technique and
the current technical details of this technique [1-4]. Most of the experiments
described in this thesis have been performed with an apparatus designed and
built by Westerveld [5]. This apparatus has been used by Westerveld and van
Linden van den Heuvel [6] to measure the angular correlation of the emitted
decay radiation, resulting from the electron impact excitation of the lower
helium states. With the angular correlation technique the region of vacuum
ultra violet decay radiation is accessible. The apparatus has been modified

I by Beijers [7] in such a way that polarisation correlation experiments can be
and have been performed. With the polarisation correlation technique the

' optical region is accessible. We have further modified the apparatus to facil-
itate simultaneous instead of sequential measurements of the two orthogonal

I polarisation components of the emitted decay radiation. We have also ex-
j tended the angular range of the electron detector at small scattering angles
? from 30° down to 15°. For completeness we summarise the experimental
| design and working conditions of the apparatus. We give a more extensive

description of the modified part of the apparatus. Finally we describe a new
electron-photon coincidence apparatus we have built. The introduction of
three detection directions instead of one should reduce the measuring time
considerably. Measurements in the optical region on heavier rare gases and

15
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Experimental set-up

in particular on neon are planned. Such measurements have not been per-
formed to date and, as in the helium case, allow many additional excited
states to be studied, as compared to VUV-measurements. A preliminary
measurement with the first apparatus on neon shows the feasibility of these
measurements.

The first apparatus consists of four major parts. An electron gun, a he-
lium gas needle, a hemispherical analyser and an optical system. A schematic
overview of the set-up is shown in fig. 2.1. The electron gun (A) was man-

HnPLlfiERS
DISCRIn

Figure 2.1: A schematic view of the apparatus is shown. For a description see text.
The gas pipe (not shown) is placed perpendicular to the plane of drawing. The axis
of the optical system is either directed as indicated in the drawing (see chapter 6)
or directed perpendicular to the plane of the drawing (see chapters 3,4 and 5).

ufactured after a design of Harting and Burrows [8]. A Pierce extraction
system is used to extract electrons from an indirectly heated cathode. Elec-
trostatic lenses are used to produce a well-collimated electron beam with a
beam current of 1 to 10 /xA. We have operated the gun from a minimum

16



General

energy of 40 eV to a maximum of 80 eV. Operating the gun at 40 eV intro-
duces a substantial amount of background electrons, which are probably due
to scattering from the front of the Faraday cup (D). We estimate an upper
limit of 0.04 rad for the divergence of the electron beam.

The electron beam is cross-fired with the helium beam, which effuses
from a gas needle. The density in the scattering centre is determined exper-
imentally at approximately 4 x 10ls/m3.

The kinetic energy of the scattered electrons is selected with a hemispher-
ical analyser (B). The purpose of the energy selection is to reduce the back-
ground of accidental coincidences. No additional state selectivity is needed
since the upper and lower states of the observed transitions are determined
optically. By positioning the electron analyser and the Faraday cup farther
away from the scattering centre, smaller scattering angles could be reached.
Electrostatic lenses and diaphragms of the analyser define the acceptance
angle for the scattered electrons, which is estimated to be 0.004 sr. The
accepted electrons are focused on the entrance slit of the energy dispersing
element, which consists of two concentric hemispheres kept at different elec-
tric potentials. The energy-selected electrons, which have passed through
the hemispheres, are focused with some additional electrostatic lenses on a
channeltron (C). The overall energy resolution of the coincidence apparatus
is determined by the energy distribution of the electrons emanating from
the gun, the velocity distribution of the helium target atoms and the energy
resolution AEa of the hemispherical analyser. From energy loss spectra the
overall energy resolution AE° is found to be 0.52 eV. The thermal velocities
of the helium atoms yield a negligible contribution to this overall energy
resolution. From the He~(2s2j»2)2I> resonance profile in the excitation of
the 3 3 D state around 58.3 eV the energy distribution width AE9 of the
electrons emanating from the gun is found to be 0.30 eV. Assuming that
both the energy distribution of the gun and the analyser are Gaussian, the
energy resolution of the analyser is AEa = y/{AE°)2 - (AE')2 =0.42 eV.
The overall energy resolution can be improved to about 0.2 eV at the cost of
the transmitted current. The overall time resolution At, which is determined
largely by the characteristics of the hemispherical analyser [9], is obtained
experimentally from the coincidence spectra: we find Ins < At < 12ns.
This time resolution is to be compared with the decay time of the excited
state and the fine-structure precession time. Depending on the excited state
the decay time can take on values between 1 and 100 ns. From the coinci-
dence results one can therefore obtain the decay time of those excited states
which have a decay time larger than the time resolution. The fine-structure
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precession is usually much faster than the time resolution and cannot be
observed with the present experimental set-up.

Pulses from the photon detectors and electron detector are analysed with
a TAC-PHA combination. The two coincidence spectra corresponding to the
orthogonal polarisation components are separated by upper and lower level
discrimination of the two TACs. The two signals from the TACs are joined
in such a way that the original pulse height of the signals is conserved. Some
of the present measurements have been performed with a modified electronic
circuit. It is a test version of the circuit planned for the new apparatus. Its
purpose is to reduce the number of TACs needed to one (see fig. 2.6).

2.2 The optical system

lensc

lens

pol.filter
RB.S.C.

interf. filter

tens

condenser
lens

Figure 2.2: A schematic view of the original optical system (left) and the modified
optical system (right).
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We treat the optical system in some more detail since an important modifi-
cation has been made to this system (see fig.2.1 and 2.2). With two lenses
(£) (see fig.2.1) as much of the emitted radiation as possible is collected .
The acceptance angle of the first condenser lens is 0.57 rad. A second lens
is used to focus the radiation on the analyser-detector combination outside
the vacuum chamber. An interference filter (F) selects the wavelength. In
the converging beam the maximum angle of incidence on the interference
filter (and the other components) is about 10°. The resulting shift in wave-
length is so small that it can be neglected compared to the bandwidth of the
interference filter. The polarising properties of the interference filter at inci-
dence angles smaller than 10° can also be neglected. The reason for placing
the interference filter in the converging part of the light beam and not in
the parallel part between the first and second lens is the ease of replacing
the filter when it is mounted outside the vacuum chamber. A retractable
A/4-plate and linear polariser (G) are used to analyse the linear and circular
polarisation components of the emitted radiation. For the A/4-plate we used

1/4-X
plate P.B.S.C.

interference
niter

•J-fr

photomultipliers

Figure 2.3: Incident unpolarised light is separated into two orthogonal polarisation
components. In this example the circular polarised light is transformed into linear
polarised light by the A/4-plate. Subsequently the linear polarised light is separated
into two orthogonal polarisation components. The complete system can be rotated
around the drawn horizontal axis.

zero-order plates as the performance of this type with regard to the angle
of incidence is far superior to multiple-order plates. For the detection of the
photons we used either S20 or Bi-alkali photomultipliers (H), depending on
the detected wavelength. None of the optical components is coated so that
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polarisation effects are prevented.
The important modification is that a polarising beam splitting cube

(PBSC, Oriel 26350) is used instead of the usual sheet polariser . The
cube separates the incident light into two orthogonally linearly polarised
beams (see fig.2.3). The most important advantage of using the PBSC is
that it allows for a simultaneous detection of the two orthogonal polarisa-
tion components. In addition to the reduction of the measuring time by
roughly a factor of two, the simultaneity of the measurement makes it possi-
ble to measure under varying experimental conditions (drifts). In view of the
extreme long measuring times for coincidence measurements this simplifies
the experimental demands substantially. Other advantages are the higher
transmission of the PBSC as compared to the sheet polariser (roughly a
factor of 1.7) and the fact that no extra A/4-plate is needed in front of the
photomultipliers (cf. fig.2.2.a and 2.2.b). In the first apparatus the extra
A/4-plate is used to avoid the influence of the polarisation dependence of
the photomultiplier sensitivity. When the PBSC is used the incident polar-
isation on the photomultiplier is always the same and the extra A/4-plate is
not needed. The use of the PBSC introduces, apart from advantages, also
some problems. However, these could either be shown to be unimportant
or removed. The problems of the introduction of the PBSC are that (t) the
extinction of the PBSC for the reflected beam is poorer than the extinction
of the PBSC for the transmitted beam, («) the 3ZP - • 235 (389 nm) and
the 3 ID —> 2 *P (668 nm) transitions lie outside the specified spectral range
(440-650 nm) of the PBSC and (in) the sensitivity of the two photomulti-
pliers, detecting the transmitted and reflected beam, have to be calibrated
to each other. To deal with the problems (t) and (it), we performed a series
of controlled polarisation measurements (see for more details Appendix A).
The errors introduced by (t) and (ft) in the coincidently measured reduced
Stokes' parameters P,-, i = 1,2,3,4, are given in table 2.1. These errors are
all smaller than the statistical error. The statistical errors are given in the
subsequent chapters.

To deal with problem (Hi), introduced by the different sensitivities of the
two photomultipliers used, we measured the relative sensitivities of the two
photomultipliers before and after each separate coincidence measurement.
A non-coincident measurement of P-i and/or P% will give this relative cal-
ibration since these two reduced Stokes' parameters equal zero because of
cylindrical symmetry.

Apart from the errors introduced by the PBSC, there are also some
other potential systematic error sources due to the optical system. We have
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calculated the consequence of a misalignment of the A/4-plate relative to
the PBSC, a misalignment of the PBSC relative to the electron beam and
of internal reflection in the PBSC. To calculate these errors we used some of
the formulae given by Westerveld [10]. The results are shown in table 2.1.
The errors are again smaller than the statistical errors in the Pi.

Table 2.1: The absolute errors AP in the reduced Stokes' parameters are given
together with their causes. The subscript i (i = 1,2,3,4) of AP is suppressed, since
ail four reduced Stokes' parameters contain the same errors. All values are upper
limits. For an explanation of the Mueller matrix elements Jtf2.1t see Appendix A.

AP Error in the reduced Stokes1 parameters is due to:
0.009 extinction of the PBSC (M2,n and Af2,i2)
0.03 linear polarisation properties of the PBSC (M243)
0.03 circular polarisation properties of the PBSC (3/2,14)
0.035 misalignment of the A/4-plate relative to the PBSC
0.006 misalignment of the PBSC relative to the electron beam
0.001 internal reflections in the PBSC

We also investigated the polarisation properties of the window of the
vacuum chamber and the interference filters by placing these objects between
crossed polarisers and measuring the intensity of transmitted light. The
intensity did not vary by more than 2-3°/oo when the azimuthal angle of the
window or the filter relative to the crossed polarisers was changed or when
the angle of incidence (i.e. an angle smaller than 10°, which is the upper limit
in our coincidence apparatus) was changed. Special attention should be paid
to both window and filters because their edges affect the polarisation. This

1 is probably due to stresses induced in the glass structure when the window
and filters were mounted. Evacuating the vacuum chamber will cause extra

I stresses in the window. Therefore we tested the polarisation properties of
I the window of the vacuum chamber at zero pressure and at 1 atm., but were
I unable to find a significant pressure dependence.
I We could not determine the signs of all the systematic errors. For in-
I stance, the misalignment of the A/4-plate cannot be measured when the
§ A/4-plate is mounted inside the coincidence apparatus. So we did not cor-
| rect for all the systematic error sources described above, but were instead

satisfied with the fact that the statistical error appeared to be dominant.
The only systematic error for which we did correct is the depolarisation
introduced by the finite optical acceptance angle. The calculation of this
systematic error is given in later chapters.
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2.3 Data analysis
The pulses of the electron and photon detectors are fed into a coincidence cir-
cuit as shown schematically in figure 2.1. The resulting coincidence spectra
are fitted with an exponential decay function convoluted with a Gaussian
apparatus profile. We developed a fitting program based on the simplex
method [11]. The purpose of the fitting is twofold. Firstly, the fitted curve
is used to determine the area T under the coincidence peak. As a check,
this value is compared with the area T under the coincidence peak deter-
mined directly from the measured spectrum. For the latter determination,
the background coincidences are substracted from the true peak coincidences
(see fig. 2.4) according to,

T = C - (A + B)-^-r. (2.1)

u
c
d>
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o

A c B

H.

a c b "
channel number('vttme)

Figure 2.4: The background of the coincidence spectrum is determined from the
areas A and B and subtracted from area C to obtain the area under the coincidence
peak. The widths of areas A, B and C are given by a, b and c.

The error in the area T under the coincidence peak is determined on the
assumption that the coincidence spectrum has a Poisson distribution. The
reduced Stokes' parameters Pi (i = 1,2,3,4) are of the form

P = Ti-T2 (2-2)

The resulting error AP, in the reduced Stokes' parameters is consequently
called one-standard deviation in the following chapters. Secondly, the fitting
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of the measured coincidence spectrum serves as a test of the shape of the
measured spectrum. For instance, the corresponding fits of the measured
spectra should have a value of chi-squared (x2) that does not deviate much
from one. The value of x 3 equals one for a perfectly Poisson distributed spec-
trum. For some measured spectra \2 deviates considerably from one. One
reason for such deviations are disturbances caused by electric appliances,
which introduce time-correlated pulses into the sensitive coincidence circuit.
Another possible reason for a deviation is the fine-structure precession in the
case of 3 3D excitation, which may cause oscillations in the measured coinci-
dence spectra (see also chapter 4). The value of x 2 is clearly a limited source
of information about possible causes of deviations from the expected expo-
nential decay. To obtain more information about the measured spectra, we
developed programs to calculate the Fourier transform, the autocorrelation
function and the Kolmogorov-Smirnov D-statistics. The Fourier transform
may be helpful when looking for oscillations due to fine-structure precession.
The calculations are based on the NAG-Fortran Library (Mark 13) [12] and
on the standard work Numerical Recipes [13]. We use two examples of spec-
tra to demonstrate that the extra calculations sometimes indicate that a
spectrum with a value of x2 that does not deviate much from one still may
not be Poisson distributed. We compare a generated Poisson distributed
spectrum with an average height Hb of the fitted background of a measured
spectrum, with the corresponding rescaled measured spectrum. In the latter
spectrum the numbers of measured coincidences, c(i), in each channel i are
rescaled according to equation (2.3);

cT(i) = Hb + Jj^jMi) - /(••)), (2.3)

I where the f(i) are the fitted spectrum values. The factor y/Ht/f(i) is intro-
i duced to rescale the standard deviation y/f(i) to y/TTi- The two examples
' are a spectrum with a relatively large peak to background ratio of 2.5 and
, another spectrum with a relatively small peak to background ratio of 0.1
' Table 2.2 shows three tests on the generated and measured spectra. These
. tests concern chi-squared, the Kolmogorov-Smirnov D-statistics and the sum

of the first ten auto-correlation coefficients A. Chi-squared (x2) is defined in
the standard manner
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where N is the number of spectrum values (number of channels). The test
value x2-test gives the chance at a worse Jit than the present fit. The sum of
the first ten auto-correlation coefficients is given by A. The test value A-test
gives the chance at a larger A value, which means that the spectrum values
are more strongly correlated to each other. The Kolmogorov-Smirnov D-

Table 2.2: Some test values for two pairs of measured and generated spectra are
presented. For an explanation of the values see text.

x2
X2-test

D
D-test

A
A-test

Hb

generated
0.92
0.77
0.06
0.47
13

0.16

=40.1
measured

1.00
0.45
0.12
0.01
12

0.22

Hb =1121.6
generated

0.94
0.73
0.05
0.68
11

0.26

measured
1.37
0.00
0.07
0.24
71

0.00

statistics gives the value of the deviation between the theoretical cumulative
Poisson distribution and the cumulative distribution at the spectrum value
where this deviation is maximal, both for the generated and the measured
spectrum. The test value D-test gives the chance at a larger D-value, in
which case the generated and measured spectrum deviate more from a Pois-
son distributed spectrum. The measured spectrum with a background Hb
of 40.1 has a very small D-test value. From this we can conclude that the
observation that its D-value of 0.12 is larger than the D-value of 0.06 of the
generated Poisson spectrum with a background of 40.1, is really significant.
Note that the x2 value of 1.00 gives no indication that the spectrum is not
Poisson distributed. The measured spectrum with a background of 1121.6
shows a moderately large value for x2. The auto-correlation A and the A-
test value show much more clearly than x2 that the spectrum is not Poisson
distributed. The conclusion supported by these two examples is that special
care should be taken when analysing coincidence time spectra, for which the
statistics is generally poor. Applying the developed programs by random
sampling we found that the two examples discussed here are exceptions. In
cases where the x2 was large the programs were indeed sometimes helpful in
pinpointing the reason why \2 was large.
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2.4 New apparatus

2.4.1 Experimental set-up

Figure 2.5: A photograph is shown of the interior of the newly built apparatus
showing the electron gun (A), electron analyser (B) and the lens holders (C).

The newly built apparatus is in the process of being made operational. We
will describe in some detail the modifications in this apparatus, as compared
to the first apparatus.

An electron gun very similar to the one used in the first apparatus has
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been installed. Only the diameter of the gun has been chosen smaller, which
allows the hemispherical analyser to be rotated to larger scattering angles.
The gun is contained in a closed metal cylinder to shield the analyser from
stray electrons.

We have chosen a small hemispherical analyser after the design of Thiel-
man [14]. The smallness of the analyser extends its angular range. A smaller
radius of the hemispheres and a reduction of the number of electrostatic
lenses used in the design of the analyser generally reduce the transmission
and the energy resolution. However, since the excited state is selected opti-
cally with an interference filter, an energy resolution better than 0.2 eV is
not needed. The voltages applied to the analyser lenses and hemispheres can
be adjusted in such a way that the transmission is increased at the expense
of the resolution. At small scattering angles the angular range of the anal-
yser is further extended, because both the analyser and the Faraday cup are
placed on a sledge, which allows the distance from the analyser and from the
Faraday cup to the scattering centre to be adjusted. As in the case of the
first apparatus, a smaller scattering angle is reached at a greater distance
from the analyser. The resulting loss in signal is partially compensated by
the increasing differential cross section when going to smaller scattering an-
gles. The analyser can be adjusted from roughly 10° to 140°. In the first
apparatus the angular range extends from 30° to 120°. The acceptance angle
of the analyser is determined by two diaphragms and is found to be between
0.01 and 0.03 rad. The acceptance angle and the dimensions of the scatter-
ing centre as seen by the analyser are important for the measurements on
heavier rare gas atoms like neon. They are important, because the measured
Stokes' parameters can be strongly affected by these parameters, especially
at small scattering angles, as was shown by van der Burgt [15], Zetner [16]
and Martus et al [17]. The dimensions of the scattering centre as seen by
the analyser cannot be given yet, because these depend on the experimental
conditions.

A single gas pipe, from which the target gas effuses, is directed perpen-
dicular to the electron beam. The width and length of the pipe together
with the pressure difference over the pipe determine the gasflow [18]. A
somewhat wider (now 0.45 mm, was 0.4 mm) and shorter pipe (now 8 mm,
was 10 mm) has been installed. The optimal width and length have to be
determined experimentally so as to achieve the largest possible coincidence
signal.

The acceptance angle of the condenser lenses of the optical system is
as large as possible (0.46 rad). Aspheric lenses are used to reduce aber-
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ration. This results in an increase of the intensity of light finally focused
onto the photomultipliers. The lenses are not coated so that polarisation
dependent effects are prevented. The distance between the condenser lenses
and the scattering chamber is relatively large to reduce the influence of sur-
face charges on the electron beam. The diameter of the lenses is limited
by the geometry of the apparatus. The optical axes of the three lenses
all lie perpendicular to the electron beam; one in the scattering plane and
two perpendicular to it. An additional lens focuses the decay light on the
polarisation-analysis and detection system. This system is the same as the
one used in the first apparatus.

START

TAC

STOP

OflX

t

PHU

Figure 2.6:A schematic view of the electronic circuit. See text for a description.

Instead of three Helmholtz coils a double //-metal shield is used to reduce
the earth's magnetic field to a few pT. This residual field has a negligible
effect on the electron trajectories, because we use electron energies in excess
of 5 eV.

Important to the detection of coincidences is the alignment of the electron
gun, the gas pipe and the detection systems to the same point in space,
which is the scattering centre. This alignment has been carried out with
the help of a 3-D measuring machine (Mitutoyo FJ-805-S). The result is
that the angular misalignment of the gun is smaller than 0.2°. The angular
misalignment of the electron analyser and the optical axes of the lens systems
is smaller than 0.02°. All misalignments of the positions of the gun, analyser
and optical system are smaller than 0.15mm. These values show that the
limiting factor in the alignment is not of mechanical origin. It is the electron-
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optical adjustment of the electron beam (typical width lmm and divergence
1.5°), which is essential.

The electronic circuit has been redesigned (see fig.2.6) in such a way
that only one TAC is necessary (instead of six in the conventional design),
which reduces the costs considerably. A photomultiplier pulse is amplified
(AMP) and discriminated from the electronic noise with a constant fraction
discriminator (CFD). The timing properties of such a discriminator are much
better than for a standard discriminator. Every time a photon has been
detected an or-gate (+) opens a coincidence gate A. This coincidence gate
consists of a pulse-shaper combined with an and-gate (x), which sets a
time window for a detected electron pulse. The delays directly in front of
the coincidence gate are adjusted in such a way that the coicidence peak
falls within this time window. The coincidence peak represents the number
of pairs of a detected photon and a detected electron produced in the same
scattering process. The stepwise increased delays (0 ns, 100 ns,...) in the six
photon signals separate six time windows. Every detected photon starts the
time-to-amplitude converter (TAC). Every detected electron, which passes
the coincidence gate, stops the TAC. The photons are used to start the TAC
because the photon detection rate is much smaller than the electron detection
rate, which makes the TAC's deadtime unimportant. A puls-height-analyser
(PHA) is used to analyse the output pulses from the TAC. The resulting
coincidence spectra are processed with the help of a VAX-cluster.

2.4.2 Neon test measurements

The study of electron impact excitation of neon (and of other heavy rare gas
atoms) is a natural extension of similar studies on hydrogen and helium. As
in the case of all heavy rare gas atoms, the excited states of neon cannot
be characterised within the LS-coupling scheme. The reason for this is that
the spin-orbit interaction cannot be neglected for heavy rare gas atoms and
can cause spin-flip during the excitation process. The JL-coupling scheme is
much more appropriate to characterise the excited states [19]. It is, however,
illustrative to connect the JL-coupling scheme to the LS-coupling scheme
with the help of level-mixing coefficients. For the two lowest-lying excited
states 1«2 and 1*4 (Paschen notation) of neon this connection is given by

= a\lPi > +b\3Pi >

= -b\1Pi>+a\3Pi>, (2.5)
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with a=0.934 and b=0.065 (see Luke [20]). These two states have been
studied in several earlier works, not only for neon (n=3), but also for argon
(n=4), krypton (n=5) and xenon (n=6). Agreement between the results of
DWBA, which includes the spin-orbit interaction [21], and the experimental
results is good. This good agreement may be due to the fact that the use
of an average potential to calculate the distorted waves is more justified for
large atoms. Otherwise, the agreement may be an extension of the good
agreement between experiment and model for the excitation of P-states of
helium. It is of interest to find out whether this good agreement also exists
for the higher lying states. Therefore both experimental results and results
obtained by model calculations are needed for the higher excited states of
heavy rare gas atoms. Up till now experimental investigations have been
limited to the detection of VUV radiation, which only makes the lowest-
lying states accessible. An important problem in such experiments is the
high resolution (<0.1 eV) needed for the electron analyser to separate the
various excited states. Such a high resolution can only be obtained at the
expense of the beam current needed for a sufficiently large signal. Our new
experimental set-up is designed for the detection of the optical transitions
in heavier rare gas atoms. In this way higher excited states can be inves-
tigated. The use of interference filters provides excellent state selectivity
and an electron energy resolution better than 0.2 eV is thus not needed.
Furthermore, the polarisation analysis is much easier to perform in the op-
tical region. Coincidence measurements will be started for six transitions in
neon (see table 2.3). These can be selected by means of interference filters
with a bandwidth of 1-2 nm and a maximum transmission of roughly 50%.
The 585.2 nm transition may serve as a test of the polarisation properties
of the optical part of the apparatus. In this respect the fact can be used
that an excited state with J=0 emits unpolarised light in its decay. It is
clear from the LS composition of the upper states of the transitions given in
table 2.3, that for some of the states the 7?-state character is present. This
is of particular interest in view of the results for helium, where agreement
between experiment and model calculations is good for P-states, but poor
for D-states. The choice of the different lines is based on the experimental
results for the cross sections found by Bogdanova and Yurgenson [22] and
the calculated differential cross sections found by Register et al [23]. From
these results one may make a rough estimate of the measurability of these
transitions [24]. This measurability (relative to the 2pi - ls2 transition) is
indicated by R. in table 2.3. We performed some test measurements on the
2pi — ls2 transition using the first apparatus to demonstrate the feasibility
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Table 2.3: The LS composition for the upper excited neon states of the selected
transitions is given. The states are given in the Paschen notation. The wavelength
of the decay radiation from the transition is indicated by A. The strengths R (see
text) of the transitions relative to the 585.2 nm transition are also included.

Transition
2pi — ls2

2p2 - 1*3
2p& — 1*5
2ps — 1*5
2ps — IS4
2pg — 1̂ 5

A(nm)
585.2
616.3
594.5
614.3
650.6
640.2

3.0%
68.4%
27.8%

6.8%
75.4%
100%

aPo
3Pi

3D\
3D2
3D2
3D3

LS composition
97.0% %
29.8% 1Pi

21.2% 3Pt

48.4% *D2

22.3% XD2

1.8% 3Si
51.0% 'P!
44.8% 3P2

2.3% 3P 2

R
1

0.03
0.05
0.16
0.14
0.16

of this type of measurement. We conclude that it is possible to perform the
planned coincidence measurements on neon, since the coincidence rates for
helium and neon are of the same order. Figure 2.7 shows the coincidence
spectrum at a scattering angle of 15° and 60 eV. The figure shows that
the signal-to-noise ratio is very good; it is much larger than that for the
33P -* 235 transition in helium (see chapter 4). In table 2.4 the coincidence
rate C is given for four scattering angles, as a function of the scattering
angle at a 60 eV impact energy. The typical coincidence rates we obtained
for different helium transitions lie typically between 0.005 and 0.1 counts per
second.

Table 2.4: The measured coincidence rates C for the 2pi — 1«2 transition in neon is
given.

15
30
70
90

0.10
0.00
0.04
0.02

2.5 Appendix A
The Stokes'-Mueller formalism must be used to analyse the outcome of our
measurements. In the Stokes'-Mueller formalism the intensity / and the
state of the polarisation of electromagnetic radiation is described by the
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Figure 2.7: A measured coincidence spectrum of the 2pi — lsj transition in neon at
an energy of 60 eV and at a scattering angle 0 = 15" is shown.

Stokes' vector S = (7,5i,52,53), where 5,- are the Stokes' parameters. Of
the two usual conventions for the definition of S (see Hecht and Jordanov
[27]) we use

/ =

Si =
s2 =
53 =

:EZ> + <1
El>-<1
2ExEycos6 (2.6)

>,

where Ex and Ey are the electrical field components of the radiation in the x-
and y-direction and 6 is the phase difference between these two components.
In equation (2.6) < > signifies the time average of the quantity concerned.
The reason why the Stokes'-Mueller formalism should be used is that the
propagation of partially-polarised, quasi-monochromatic light through a de-
polarising optical system is studied (see Azzam and Bashara [28]). The
emitted light from the observed transition indeed satisfies Sf + 5 | + 5 | < / ,
which corresponds to partially polarised light. Further the PBSC is not an
ideal polariser and may depolarise the emitted light. In this formalism any

31



Experimental set-up

optical component can be described by the (4x4) Mueller matrix M. The
Stokes' vector Pout of the radiation transmitted by the optical system is
given by:

p°ut = i f 2. M X . pin, (2.7)

where Mi represents the 1/4-wave plate, Mi represents the PBSC and Ptn

is the Stokes' vector of the incident radiation. We will neglect the influence

Table 2.5: The measured extinction E and transmittance T of both the transmitted
(t) and reflected (r) beam are given for wavelengths A of 389 and 668 nm. In the
last column the corresponding values, as stated by the manufacturer, are given in
the specified spectral range.

A (nm)
Tt

Tr

Et

Er

389
37.3±0.1%
38.7±1.0%
<0.2±0.3%
<1.8±0.3%

668
48.3±0.5%
47.4±0.1%

<0.16±0.18%
<0.51±0.18%

440-650
48%
48%
0.1%
2%

of the angle of incidence on the polarising properties of the various optical
components. The maximum angle of incidence relative to the optical axis is
smaller than the acceptance angle given by the manufacturer, which is 10°.

The question is now, 'What matrix M? describes the polarisation proper-
ties of the PBSC correctly?' Note that two matrices JJ/2 corresponding to
the transmitted and reflected beam are needed to describe the polarisation
properties of the PBSC. Because the light transmitted by the PBSC may
be depolarised, all 16 matrix elements of M2 can be independent [28]. Only
4 of these elements, however, need concern us, as we measure coincidently
only the intensity Ioui of the transmitted light, emanating from the PBSC,

/""' = M2,ulin + M2,12Si + Ar2,i352 + M2MS3, (2.8)

To obtain the matrix elements Af2,i, we studied the transmission of light with
a known polarisation through the PBSC. We used a helium discharge lamp,
dichroic sheet polariser and A/4-plate to produce a light beam of known po-
larisation. We assumed the polarisation properties of the dichroic sheet po-
lariser and the A/4-plate (Oriel, achromatic retarder selected on wavelength
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Table 2.6: The Mueller matrix elements for the PBSC are given. The values are
given in percentages of the incident light intensity. The transmitted and reflected
beams are indicated by t and r, respectively.

A (nm) 389 668
t

M2,n 18.7±0.1% 19.7±0.6%
M2,i2 18.6±0.1% 19.0±0.6%
M2,i3 0±3%
M2,i4 0±3%

24.2±0.3% 23.8±0.2%
24.11.0.3% 23.6±0.2%

0±l%
0±l%

A) to be known (see for instance Azzam and Bashara [28]). The transmit-
tance and extinction of both the transmitted and reflected beam are found
from the intensity Iout of the light transmitted by the PBSC for incident
light, which is completely linearly polarised, and of which the polarisation is
subsequently chosen parallel and anti-parallel to the polarisation axis of the
PBSC; i.e. 5'" = (1, ±1,0,0) (see table 2.5). The found transmittance T
and extinction E yield Mu = \T{1 + E) and Mn = \T{\- E) (see for in-
stance [27]). The remaining elements M\z and Mu can be found from other
chosen settings of the dichroic sheet polariser and A/4-plate, which yield
Sin = ( l ,0,±l,0) and Sin = ( l ,0,0,±l). The results for MU, i = 1,2,3,4
are shown in table 2.6. The resulting errors in the coincidence measure-
ments of the reduced Stokes' parameters P,, i = 1,2,3,4 (for the definition
of Pi see later chapters), are given in table 2.1.
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Chapter 3

Excitation of the 3 lD state at
small electron scattering angles

3.1 General

During the past 15 years electron-photon coincidence studies have provided
an enormous wealth of detailed information on the mechanism of various
electron impact excitation processes. By such measurements it is in prin-
ciple possible to completely determine the final state of the excited atom.
In particular the iP states of helium have been studied extensively in this
way. For a recent review the reader is referred to the comprehensive work
by Andersen et al [1]. In recent years also triplet states and higher angular
momentum states of helium are being studied. The first coincidence mea-
surements on the 3 W state of helium were performed by van Linden van den
Heuvel et al [2,3]. More recently experiments by Beijers et al [4,5] showed
that the dynamics of the 31D and also of the 3 3P excitation in helium differ
significantly from the dynamics of the *P excitation. The recent experi-
mental work on these states has also stimulated theoretical work, so that
now a few models are available for comparison with experiments. Unfortu-

', nately the different models are in some cases in serious disagreement with
each other. Therefore we decided to perform a series of experiments on the

; 3 lD state of helium in order to be able to discriminate between the different
theoretical results. The experimental results up to now are insufficient to

1 allow such a discrimination.
| In this chapter we present results on the electron-impact excitation of
I the 3 XD state of helium obtained from a polarisation correlation experiment.
| Particular attention was paid to the behaviour of the orbital angular momen-

f
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Excitation of the 3 lD state at small electron scattering angles

turn transfer L± to the atom. We measured the reduced Stokes' parameters
Pi, Pi and P3 of the coincident 3XD -+ 2*P decay radiation emitted per-
pendicular to the scattering plane. This was done at incident energies of 45
and 60 eV and in the small angle scattering range (15° < 6 < 30°). This
angular range is a part of the angular range where the different theoretical
results for 3X£> excitation show serious discrepancies. We tried to measure
at as small an angle as possible to investigate the occurrence of sign reversals
of L± as a function of 0. It also seems interesting to determine the sign of
L± in the limit ff —• 0 in view of a possible classical correspondence [6]. The
reduced Stokes' parameters Pi, P^ and P3 are defined in the usual manner:

IZPX = ) / )

hP2 = /(ir/4) - 7 (3T/4) (3.1)
IZP3 = I(RHC)-I(LHC),

where I(e) equals the intensity of light transmitted by an ideal polariser
with its principal axis rotated over an angle e relative to the incident beam
direction and Iz is the total intensity of the decay radiation emitted per-
pendicular to the scattering plane. We use the natural coordinate frame
where the positive z-axis is chosen parallel to k,- X k/ (k, and k/ are the
momenta of the incident and scattered electron, respectively) and the x-axis
is chosen along the incident beam direction. For the circular polarisation
(P3) we adopt the convention that the polarisation of the emitted light is
called right handed circular (RHC) if the electrical field component rotates
clockwise when looking towards to direction of propagation. From the mea-
sured reduced Stokes' parameters information may be extracted about the
excitation amplitudes for the 31D state. These excitation amplitudes, which
depend on the scattering angle and energy of the incident electrons, are the
coefficients in the linear superposition of magnetic substates \M >, which
describe the excited 3 *D state; i.e.

\9(31D)>= £ a2M\M>. (3.2)

In the coordinate frame chosen above we have 02-1 = 021 = 0 because of
reflection symmetry with respect to the scattering plane. Writing, without
loss of generality, 020 = <*o and a2±2 = a±ie1^ and normalising the differ-
ential cross section to unity, the excited 3 lD state can be described by four
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real parameters. The Siokes' parameters can now be expressed as [7]

i - -(-)1/2a0{a2cosp2 + a-

(3.3)

Notice that for a complete determination of the excited state it is still not
sufficient to measure in addition to Pi, P2 and P3 also P4 (the linear po-
larisation of the radiation emitted in the scattering plane). Still two sets of
solutions for the excitation amplitudes in terms of Pi, P2, P3 and P4 remain
possible [8]. Instead of the a, and the /?, parameters, which relate to the
excitation amplitudes, we may also use the physically more transparant tar-
get parameters which describe the shape and dynamics of the excited charge
cloud. Following Andersen et al [1] we therefore use to characterise the 3 *D
state, the expectation value L± of the transferred angular momentum, the
alignment angle 7 of the excited charge cloud, the linear polarisation Pi, giv-
ing the relative length and width (|(1 + Pt) and |(1 — Pj), respectively) and
the relative height poo of the excited charge cloud as measured perpendicular
to the scattering plane. The connection between the measured polarisation
and the above defined target parameters is given by:

2
Lx = -2IZP3, / , = 1 - -poo

7 = \

P, = {Pf + P2)1'2 (3.4)

Poo = f [

Our measurements have been performed with the same appararus as used by
Beijers et al [4,5] except for the following modifications. By positioning the
electron detector and the Faraday cup farther away from the scattering cen-
tre, smaller scattering angles could be reached. The resulting loss in signal
is partially compensated for by the increase in the differential cross section.
Further the polaroid-A/4 plate combination was replaced by a polarising
beam splitter cube (Glan-Taylor)-A/4 plate combination. With this system
the two orthogonal components of polarised light needed to determine the
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Excitation of the 3 1D state at small electron scattering angles

Stokes' parameters Pi, Pi and P3 could be measured simultanuously. Apart
from a gain of a factor two in measuring time, also drifts in the experimental
conditions (beam current, gas pressure, etc.) are largely eliminated in this
way.

3.2 Results and discussion

Figure 3.1 and table 3.1 show the results of our measurements both in terms
of the reduced Stores' parameters Pi, P2 and P3, and in terms of the target
parameters 7 and Pi. In the figure the following results are also shown: the

Table 3.1: Experimental values for the reduced Stokes' parameters Pi and the target
parameters 7 and Pi for different electron scattering angles 8 for 3 lD excitation at
incident electron energies E of 45 and 60 eV.

E <£(°)
45 15.2

20
25
30
32.8
40
50
60

60 15.2
20
25
30
32.8
40
5U

Px
0.49±0.09
0.44±0.06

0.20±0.05
0.18±0.04
0.17±0.07

P2

-0.27±0.05
-0.32±0.06

-0.45±0.04
-0.39±0.12
-0.62±0.09

Pz
0.01±0.05
0.04±0.06

-0.10±0.07
-0.16±0.10
-0.09±0.04
-0.28±0.04
-0.74±0.17
-1.00±0.17

0.25±0.02
0.22±0.03
0.09±0.07

-0.04±0.10
0.11±0.04

-0.16±0.05
-1.00±0.39

7(°)
-14.3±4.7 0.56±0
-18.1±3.1 0.54±0

-32.7±2.6 0.49±0.
-32.5±7.6 0.43±0.
-37.2±3.7 0.64±0.

Pi
.09
.06

04
11
08

Dipole Multichannel Eikonal Treatment of Mansky and Flannery [9] ( ,
DMET), the First Order Many Body Theory of Cartwright and Csanak [10]
( , FOMBT) and the Distorted Wave Born Approximation of Madison et
al [11] (—, DWBA). Especially the behaviour of L± at small scattering angles
is interesting. The different theoretical models give in this angular range mu-
tually differing results. Model calculations explain the characteristic shape
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Results and discussion

for the n lP orientation as a function of 6 to be a typical quantum mechanical
interference effect [13]. The partial waves / = 0,1 give a dominant positive
contribution at small scattering angles and the partial wave / = 2 gives a
dominant negative contribution at large scattering angles. We find a clearly
different picture for 3 lD excitation. At 45 eV we find a behaviour similar to
that given by the DWBA calculation; for angles up to 30° L± approximately
equals zero, while L± increases to a maximum value (P3 = —1) between 30°
and 60°. Notice that the sign of L± in our measurements differs from the
sign in the measurements of Beijers et al. We have determined unambigu-
ously the sign by measuring the 3 IP state at 6 = 40°, where the sign of
L± is known [14]. At 60 eV we find a sign change at about 6 = 30° with
Lx < 0 for 6 < 30°. Interpretation of the dynamics through phaseshifts in
the partial-wave expansion [15] suggest that the negative sign of L± could
be an experimental indication for a phaseshift larger than 7r, possibly due to
a stronger interaction needed to excite the D-state [4]. To achieve a greater
understanding of the excitation process it could be enlightening to apply
the theoretical models, as has been done for FOMBT, in order to obtain
the matrix elements needed in the expression for L of Khomoto and Fano
(as suggested by Cartwright and Csanak [12]). Turning to the shape of the
excited charge cloud we measured Pi and P2- Here a preference for any of
the models can on the basis of our results hardly be expressed (see fig.3.1).
Because the three reduced Stokes' parameters Pi are intimately related we
believe any resemblence between experiment and model for a single Stokes'
parameter to be purely accidental.
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Excitation of the 3 1D state at small electron scattering angles

45 eV 60 eV

-0A

-I

p, •

-0.S

u-

0.9

0

-0.5

-1

8 (deg)

Figure 3.1: Experimental values for the reduced Stokes' parameters P,- and the
target parameters y and F; plotted against the electron scattering angle 6 for 3 1D
excitation at incident electron energies of 45 and 60 eV (•, present results; 2, Beijers
et al). The theoretical curves are calculated using DMET ( ), FOMBT ( )
and DWBA (• • •).
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Chapter 4

Excitation of the 3 3P state

4.1 Introduction

Ever since electron-photon coincidence techniques were introduced theoret-
ically by Macek and Jaecks [1] and experimentally by Eminyan et al [2], it
has been possible to perform a 'perfect' electron-atom scattering experiment.
Some of these experiments can be called perfect in the sense that in prin-
ciple the final quantum mechanical state of the excited atom can be deter-
mined completely. For this reason the results of these experiments form the
most severe testing ground for quantum mechanical ab initio calculations on
electron-atom scattering. Following Andersen et al [3] the final state of the
excited atom can be characterised by real parameters describing the physical
properties of the excited electron cloud. For *P and aP excitation the real
'coherence' parameters L± and 7 are sufficient to describe the excited state
completely. The transfer of angular momentum L± describes the dynamics,
and the alignment angle 7 describes the shape of the excited electron cloud.
Several quantum mechanical model calculations are now available that give
these coherence parameters for the low-lying singly excited states of helium.
The wealth of experimental and theoretical data for excitation of the 2 lP

: state has made it possible to establish some trends in the angular behaviour
of these parameters (see for instance the very complete review of results up
till 1986 in the work of Andersen et al [3]).

In the case of the excitation of the 21P and the 3 IP states the behaviour
of Lx. as a function of the electron scattering angle 0 has been discussed ex-

| tensively. Generally we observe that the different theoretical models predict
» the same qualitative behaviour for L±. Agreement between experiment and
r the best models is quantatively good. Even classical models give qualita-
I
t
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Excitation of the 3 3P state

tively the correct behaviour, although the physical ingredients used in these
models, on which the behaviour of Lj_ depends critically, are incorrect. For
instance, in the classical model of Steph and Golden [4] the correct sign
of L± is deduced from the sign of the interaction potential between tar-
get and projectile. However, Madison et al [5] have shown that the sign of
Lx at large scattering angles does not depend on the sign of the projectile
charge. Regarding the extent to which it is possible to describe the excita-
tion process in classical terms we refer to the work of Lee [6]. The fact that
the characteristic behaviour of L± is independent of the model used implies
that measurement of Lx for IP states gives limited information about the
excitation mechanism, contrary to the generally accepted conception that
electron-photon coincidence experiments form a very sensitive test of model
calculations. However, this is not a general tendency ; see for instance the
3 JZ> results of Batelaan et al [7], which are also given in chapter 3.

Concerning the alignment angle a very notable observation concerning
lP excitation is that all calculations underestimate the alignment angle of
the excited electron cloud as revealed by experimental results (at least in the
intermediate energy region of 40-80 eV and at large scattering angles). The
most recent experimental result for 3lP for example [8], is in good agree-
ment with the 19-state R-matrix calculation of Fon et al [9], but again the
calculated alignment angle is clearly too small compared to the experimen-
tal result. The reason for this discrepancy may be an underestimate of the
contribution that exchange makes to the 1P excitation process as compared
to direct excitation [3]. For ZP excitation, which in the case of helium pro-
ceeds exclusively via exchange, theory predicts much larger alignment angles
7 than for 1P excitation. Another reason for suspecting the treatment of
exchange is the increasing mismatch that occurs for the alignment angle at
lower intermediate energies where exchange becomes increasingly important.
Summarizing we can say that the behaviour of 7 is discussed and understood
much less than the behaviour of Lx, although comparison between theory
and experiment for 7 seems much more promising

The observations discussed above for the results of Lx and 7 certainly
justify the investigation of triplet and higher angular momentum states. In
this paper we present measurements on the 33P exdtation in helium. We
measured the reduced Stokes' parameters, which immediately yield Lx and
7, at an electron energy of 40 eV and for scattering angles between 32.8° and
116°. In view of the large predicted value for the alignment angle for triplet
excitation, our experimental determination of 7 at large scattering angles
will be of particular interest. For *P excitation the qualitative behaviour
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of the coherence parameters as a function of the scattering angle generally
does not change rapidly with energy. It will be interesting to investigate
whether the different behaviour of the dynamics and shape of the excited
state for triplet excitation as found at 60 eV [10] will be mimicked at 40 eV.
Finally, we investigated whether or not a small structure in the transferred
angular momentum as a function of the scattering angle is indeed present.
Earlier measurements seemed to give a slight indication of the presence of
such a structure [10,11]. We therefore also carefully measured P3, which is
proportional to Lx, at 60 and 80 eV. Although at present it appears to be
difficult enough to formulate models giving good agreement with the overall
behaviour of coherence parameters, we feel that one of the most impor-
tant goals of electron-photon coincidence experiments should always be the
determination of the characteristic behaviour of the coherence parameters.
In particular details, such as the small structure, may provide methods for
distinguishing between models.

4.2 Experimental

Our measurements were performed with the same apparatus as used by
Beijers [12] but we use a different optical system to analyse the polarisation
of the decay radiation (see chapter 2). For clarity we will describe our
apparatus briefly.

A beam of intermediate energy electrons is used to excite the 3 3P state
of thermal helium flowing out of a capillary normal to the electron beam.
As a result of our choises of beam current (2 - bfiA) and helium density in
the interaction region (estimated 1018/ro3), we obtain a photon count-rate
of typically 500/s (background 3/s) and an electron count-rate of typically
104/^ (background 103/s). The coincidence count-rate amounts to 0.01-
0.05/s. The scattered electrons are energy selected with a hemispherical
analyser and detected with a channeltron. The decay photons are selected
according to wavelength by an interference filter and analysed for polari-
sation by a combination of a A/4-plate and a Glan-Taylor beam splitting
polariser (Oriel 26350). The two polarisation components emerging from
the Glan-Taylor prism are detected by two separate photomultipliers out-
side the vacuum chamber. Subsequent to the detection, the two photon
signals were delayed separately and a TAC-PHA analysis was performed,
which gave time spectra for two orthogonal polarisation components simul-
taneously. The integral area under the coincidence peaks finally yielded a
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measured Stokes' parameter. The two coincidence peaks were separated by
upper- and lower-level discrimination of two TAC's. Further details of the
experimental set-up are given in chapter 2.

4.3 Theory

An extensive theoretical description of the electron-photon coincidence ex-
periment has been given in many earlier papers. We therefore repeat only
those features which are important for the interpretation of the results pre-
sented.

The excited states of the light helium atom can be given within the LS
coupling scheme. We can write down the 3 3P excitation and subsequent
decay to the 2 3S state schematically as follows:

i (4-1)

He"(23S) + hv(389nm),

where the decay photon and scattered electron are detected in coincidence.
The excitation process is independent of the time evolution of the excited
state. This is due to the fact that the collision time (10~15s) is much shorter
than the spin-orbit precession time (10~12s). Spin flip via a spin dependent
interaction is thus not possible and a 3P state can only be excited via ex-
change. On these grounds one concludes that our experiment is arranged in
such a way that the coherence of the excitation process can be observed. Ac-
cordingly the excited state directly after excitation (t=0) will be a pure state
which can be written as a coherent superposition of the magnetic substates
\M > of the orbital angular momentum,

, (4.2)
I M

v

,; where a/if are the complex excitation amplitudes depending on the energy
'; E of the incoming electron and on the electron scattering angle 9. The
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evolution of the density matrix belonging to the excited state |$ > t is given
by e~rimpt=oeXHt. The effective density matrix is obtained by integrating
this evolution with an exponential decay factor over the coincidence time
window T:

-i: (4.3)

The angular distribution and polarisation of the emitted radiation are de-
scribed completely by the polarisation matrix [13]

C- (4 •4)

Here /*„/ equals the dipole matrix element between the upper (3 3P) and
lower (2 3S) state of the atom and p is the effective density matrix. The
intensity of the radiation with polarisation vector e (perpendicular to the
propagation direction) is given by

= e'-C-e. (4.5)

The same information that is contained in the polarisation matrix C is con-
tained in the four measurable reduced Stokes' parameters

1(0) - Jfr/2)

- J(3x/4)
* /(JT/4) + /(3TT/4)

I(RHC) - I(LHC)
3 ~ I(RHC) + I(LHC)

(4.6)

P
4 /„«)) +J||0r/2)'
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Excitation of the 33P state

where I{4>) is defined as the intensity of the light with a polarisation vector
f*at an angle <f> relative to the incident beam direction. For P3 we adopt the
convention that the circular polarisation is called right-handed (RHC) when
the electrical field component rotates clockwise looking into the propagation
direction of the emitted photon. For P\, P2 and P3 the propagation of the
photons is directed perpendicular to the scattering plane and for P4 parallel
to the scattering plane. The density matrix and the polarisation matrix can
be expanded in irreducible spherical tensors with expansion coefficients pkq

and Cartesian matrices with expansion coefficients Ckq, respectively. The
time evolution under the influence of the fine structure interaction results
in reduction factors r* in the expansion of the density matrix. The Wigner-
Eckart theorem can then be used to separate the geometrical and dynamical
part of the collision process. After some angular recoupling the expansion
coefficients TkPkq and Ckq will turn out to be proportional to each other for
a P state [13]. In the natural frame, where the x-axis (xn) is chosen along
the incident beam direction and the quantisation axis zn is perpendicular to
the scattering plane (determined by xn and the scattered electron direction),
the observed reduced Stokes' parameters Pf* can be expressed in terms of
the excitation amplitudes OJH,

p" = 5T^Fl" j f * 2/m(«i«"-i> <4-7)

" = 57kft = iI

Summarising, we can say that the density matrix of the excited atom deter-
mines the polarisation (and angular distribution) of the decay radiation. Or
vice versa, the anisotropy of the decay radiation will refect the anisotropy
of the excited state, which is given by the density matrix. The relation be-
tween the observed polarisation and the properties of the excited state is
complicated by the time evolution of the excited state. The spin precession
will cause the initial anisotropy to oscillate between the spin and orbital
angular momentum part of the excited state. Consequently the polarisation
of the emitted radiation oscillates with time. A maximum or minimum in
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polarisation corresponds to a maximum or minimum in the anisotropy of
the orbital angular momentum part. However, the time resolution of our
experiment is not good enough to resolve these so-called quantum beats and
an average decreased polarisation will be obser sd. Note that the fourth
Stokes' parameter has been left out in equation (4.7) since we did not per-
form measurements in the scattering plane.

The number of free real parameters needed to completely describe the
excited state equals the number of complex excitation amplitudes times two.
The reflection symmetry in the scattering plane, an arbitrary phase factor
and normalisation of the cross section to one, reduces this number to 2L,
where L is the angular momentum quantum number. Following Andersen et
al [3] we chose for these parameters the angular momentum transfer to the
excited atom L± and the alignment angle 7, where

(4.8)

1
7 = -2

We also give the linear polarisation Pj and the total polarisation \P\ so that
they can be compared with theoretical data.

P, = (P-2 + P2
2)1/2 (4.10)

\P\ = (P2 + Pi + P32)1/2 = 1 (4.11)

A deviation of |P| from unity indicates a loss of coherence, implying that the
excited state is not a pure state. This could be the case if spin-dependent
interactions during the excitation process are non-negligible and (as is done
in our case) the spin directions of the incident and scattered electrons are
not determined experimentally. Note that the set of target parameters
(L±, 7, Pi) is equivalent to the set of reduced Stokes' parameters (Pj, P2, P3).

4 . 4 R*... i l t .

We determined the lifetime of the 3 3P state by fitting sums of our time spec-
tra with a convolution of a Gaussian apparatus profile and an exponential
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Figure 4.1: A typical example of the sum of six time spectra fitted to an exponential
convoluted with a Gaussian apparatus profile.

decay function (fig.4.1). We obtained a lifetime of 91.8±3.6 ns, which is in
agreement with earlier measurements [10].

The reduced Stokes' parameters are obtained from the integrated areas
under the fitted coincidence peaks. The fitting procedure serves as a test
of the shape of the coincidence peak, both through the value of chi squared
and through a possible deviation of the integrated area under the fitted
coincidence peak from the summed area under the measured coincidence
peak. In figure 4.2 and table 4.1 our measured Stokes' parameters P
and P£* and the target parameters 7, Pt and \P\ (Lx is proportional to
are given for an energy of 40 eV as a function of the scattering angle 0. Also
included are the results of the distorted wave Born approximation (DWBA,
[14]) and of the first order many body theory (F0MBT, [15]). At 60 eV
(where comparison with earlier experimental data is possible, see figure 4.2)
and at 80 eV we only measured P3

M (table 4.2). Near 60° scattering angles,
where there may be a small dip in P^, we performed three measurements
for each scattering angle at 60 eV.

Estimated corrections for the finite optical acceptance angle (0.57 rad),
electron beam divergence (0.008 rad), finite acceptance angle of the electron
detector (0.04 rad) and the finite extension of the scattering centre [12,16,17]
were so small that they could be neglected.
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Table 4.1: The measured Stokes' parameters Pf*, alignment angle 7, linear polar-
isation Pi and total polarisation \P\ are tabulated as a function of the scattering
angle 9 for an impact energy of 40 eV.

en
32.8

40
50
60
70
80
90

100
110
116

Table 4

pM

0.08±0.07
0.01±0.05
0.14±0.06
0.06±0.05
0.07±0.05
0.15±0.05
0.08±0.05
0.07±0.04
0.04±0.03
0.08±0.05

P2
M

-0.29±0.15
-0.31±0.11
-0.28±0.06
-0.18±0.05
-0.14±0.05
0.02±0.10
0.07±0.03
0.26±0.04
0.32±0.06
0.31±0.08

P™
-0.63±0
-0.61±0
-0.51±0
-0.39±0
-0.54±0

.11

.19

.13

.08

.08
-0.52±0.07
-0.43±0.07
-0.30±0.06
-0.22±0.
-0.14±0.

.2: The measured Stokes' parameter F
Of60and80eY,

E
60

en p?
40 -0.61±0
50 -0.50±0

E
.04 80
.02

60 -0.46±0.Q4
70 -0.51±0

100 -0.08±0
.04
.14

07
06

>M

7
-37±7
-44±5
-32±5
-36±8
-32±9
4±10
21±11
37±4
41±3
38±5

Pi
0.30±0.15
0.31±0.11
0.31±0.06
0.19±0.05
0.16±0.05
0.15±0.05
0.11±0.04
0.27±0.04
0.32±0.06
0.32±0.08

\P\
1.26±0.29
1.26±0.29
1.15±0.18
0.79±0.13
0.92±0.12
0.89±0.11
0.71±0.11
0.86±0.10
0.94±0.16
0.90±0.21

is tabulated for an impact energy

en ipM

32.8 -0.48±0.06
40 -0.52±0.06
50 -0.51±0.09
60 -0.56±0.13
70 -0.54±0.20

The error bars represent the usual one standard deviation. For reasons
of clarity we did not include the early dataof Silim et al [11] because of their
large error bars. Their results are in good agreement with our results. Not
included either are the results of Humphrey et al [18]. Their measurement
of Pi at a 90° scattering angle does not agree with ours. For comparison we
include the results of Beijers et al [10] at 60 eV.

4.5 Discussion

Our results are in good agreement with the results of the DWBA calcula-
tion. The fact that the agreement for 7 is poorer than for Pj and Pi is a
consequence of the sensitive dependence of 7 on both P\ and iV
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40 eV

0.5

0

-0 .6

60 eV

t> 20 40 SO SO 100 120 1*0 1M 0 20 40 00 «0 LOO 120 1W t«0 180
» *

electron scattering angle

Figure 4.2: Measured Stokes' parameters Pi, and target parameters 7 and P/ (•
present, 2 Beijers et al, A Humphrey et al, together with the DWBA results (ex-
cited potential, full curve) and FOMBT results (dashed curve) as a function of the
scattering angle
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Nevertheless the predicted large alignment angle for large scattering an-
-* gles is confirmed (see fig.4.2, 40 eV). At 29.6 eV Donnelly et al [19] also

find a large value for 7 at a scattering angle of 120°. As discussed in the
introduction, this large experimental value for 7 supports the possibility of
an underestimation for the exchange interaction in the model calculations
for XP excitation.

A completely coherent excitation process manifests itself in the total
polarisation degree \P\, which must equal one within the experimental error.
This is the case for our measurements and for the 60 eV measurements done
by Beijers et al [10], except for our 60° and 90° measurement. The reason
for these two low values of \P\ is not clear. Another general feature of
P excitation connected with complete coherence can also be seen in our
measurements. Namely, a fairly rapid change in 7 occurs when IP3I is large
ard starts decreasing. This can be readily understood with the aid of the
Poincare sphere (see [3]).

For i j . the position of the zero crossing 60 shifts to smaller electron
scattering angles with increasing impact energies (see fig.4.2) The results of
Donnelly et al [19] are in agreement with this finding; their 29.6 eV measure-
ments show that the zero crossing lies at a scattering angle that is certainly
larger than 120°. Although we did not find positive values for P3, the posi-
tion of the zero crossing seems clear. We observe that the shift is present not
only for 33P excitation but also for 2*P and 3lP excitation (see pp. 28-31
and 52-53 of Andersen et al [3]). We can speculate that the shift of the zero
crossing to smaller scattering angles is caused by the increasing importance
of higher partial waves at higher impact energies. Madison et al [5] have
shown that the higher partial waves are responsible for the negative sign of
L± at larger scattering angles. We further notice that the position of the
zero crossing for 1P excitation lies at smaller scattering angles (#=60°—70°)
than for 33P excitation. This feature can also be explained with the above
argument because the short range of the exchange interaction makes lower
partial waves mo1^ important for 3P excitation than for lP excitation.

t In some results of model calculations another remarkable feature of the
behaviour o f Z i a s a function of the severing angle is present, i j . appears
to obey a simple scaling relation [20]. For Coulomb scattering the impact
parameter b can be calculated from the charge Z, the impact energy E and

I the scattering angle 0. The result is

I
} * = ̂ ot(ef2). (4.12)
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Table 4.3: '
ing angle at
FOMBT for
eter bgv.

fabulated values in atomic units of the energy, velocity and scatter-
which Lv(90) = 0 obtained from DWBA (excited state potential) and
33P excitation, corresponding impact parameter 6p and scaling param-

E(eV)
26
30
40
50
60
80

100
150
200

DWBA
V

1.38
1.48
1.72
1.91
2.10
2.42
2.71
3.32
3.83

0o
134
134
125
119
114
106
101
92
85

bo
0.44
0.38
0.35
0.32
0.29
0.26
0.22
0.18
0.15

bQv
0.61
0.56
0.61
0.61
0.62
0.62
0.61
0.58
0.57

E(eV)
30
60

200
500

FOMBT
V

1.38
2.10
3.83
6.06

*o
99

106
86
68

bo
0.92
0.34
0.15
0.08

bov
1.36
0.72
0.56
0.49

Lin et al [20] show that this relation can be used for the 21 P case to obtain
a scaling parameter bv, where v equals the impact velocity that corresponds
to the impact energy E. The shape of L± appears to be approximately
the same for a range of energies as a function of the scaling parameter bv.
Or equivalently, bv is independent of the impact energy for corresponding 9
values, for instance for 6 at the zero crossing, minimum and maximum of
Lx (#o, 6min and 0max respectively). In particular at 0Q the value of b$v is
constant for different energies (see table 4.3).

Lin et al find that, with the FOMBT results [15] for 6Q, the scaling
relation does not hold for 2,33P excitation. Also for 33P excitation the
position of the zero crossing 00 as given by the FOMBT calculation does not
scale with bov (see table 4.3). For the positions of the zero crossings our
two experimental values however indicate that the DWBA results are more
accurate than the FOMBT results. We find that the scaling relation for 33P
does hold using the positions 60 and 0min (not 9max) as given by DWBA
(see table 4.3, 4.4). The DWBA is also in reasonable agreement with the
few experimental results of L± for 3 *D excitation which are available at the
moment [21,7] *. For 3lD excitation the scaling parameter is reasonably

Note that because of the finite optical acceptance angle the measured value of the
Stokes' parameters for 3 D must be corrected by a factor which is dependent on p. This
correction can be as large as 15%. See also chapter 6.

54

r



Discussion

constant with energy. DWBA does not agree well with the results of P3 for
33D excitation. In this case the scaling relation completely breaks down (see
table 4.4). The question arises if the scaling relation is a general property

Table 4.4: The scaling parameter (atomic units) is given for several states. The sub-
scripts indicate a zero crossing, minimum or maximum in L± and the superscripts
indicate whether the excited or ground state potential was used in the DWBA.

~E(eV) hv
o3 r>exc o3 rtexc o3 n9r
J rmax J rmin 6 M)

~)excJmin

30
40
50
60
80

100
150
200

2.32
1.84
1.60
1.47
1.32
1.20
1.06
0.98

0.32
0.34
0.33
0.31
0.33
0.33
0.31
0.31

*
*

0.40
0.50
0.55
0.56
0.55
0.54

•

0.40
0.47
0.51
0.51
0.50
0.45
0.41

1.54
1.30
1.17
1.10
0.98
0.91
0.77
0.68

* no zero crossing

of electron-helium impact excitation. If it becomes evident that the scaling
relation for L± is a general relation, its significance is rather puzzling. The
relation is classical in the sense of the impact parameter. On the other hand
it is generally accepted that the large angle behaviour of L±_ is determined
purely by quantum mechanical interference effects [5], New experimental
results for a range of energies are necessary to test the suggested scaling
relation.

Finally, within our experimental accuracy we can not be conclusive about
the presence of the dip in the angular behaviour of L±.

Obviously we are still far away from a clear insight into the electron-
helium excitation mechanism. We hope that this work will further stimulate
discussion on the results of both theoretical and experimental work.
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Chapter 5

Resonances in the excitation of
the 33D state.

5.1 Introduction

For several decades the study of electron impact excitation of atoms has been
a testing ground for ihe application of quantum mechanics [1]. Since the in-
troduction of the electron-photon coincidence method, in which a scattered
electron and a decay photon resulting from the same excitation process are
detected, it is in some cases possible to completely determine the wavefunc-
tion of the excited atom (for a review see Andersen et al [2]). This gives the
opportunity to study a scattering process at the most fundamental quantum
mechanical level. It is an ongoing challenge to construct quantum mechani-
cal models which agree with the experimental results from these coincidence
measurements. In the intermediate energy range, where the incident electron
has an energy of a few times the threshold energy for ionisation, experimen-
tal and theoretical data are available for the excitation of the L — 1 and
L = 2 states of helium. Distorted wave methods give good results for L = 1
states, although a discrepancy for the alignment angle of the atom remains

'i (Andersen et al [2], Neill et al [3], Batelaan et al [4]). However, for the
•"' excitation of L = 2 states no satisfactory models are available and the ex-

perimental data are limited. We feel that this unsatisfactory situation for
such a fundamental process calls for further investigation.

> In this thesis we will give experimental results for the excitation of the
j Z3D state of helium near 60 eV. We especially focussed our attention to
I the influence of the He~(2s22p)2P and He~(2s2p2)2D resonances on the
I excitation process. We measured the polarisation of the decay radiation
M
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Resonances in the excitation of the 33D state.

both non-coincidently and coincidently with the scattered electrons. We
performed the non-coincidence measurement with a much better energy res-
olution than in previous measurements (van Ittersum [5], Defrance [6]). In
addition to these measurements we present the first coincidence measure-
ments on the resonances.

The resonances are due to the formation of intermediate negative ion
states. At the resonance energies the excited state can be formed either
directly or indirectly via an intermediate state. Comparing the on and off
resonance results provides us with the opportunity to study the interference
effects between the direct and indirect excitation process. The high reso-
lution of the non-coincidence measurements at the 2D resonance may yield
additional structure (see section 5.2) and can be compared with the results
of Defrance [6]. In general coincidence measurements on the polarisation of
the decay radiation do not only give more information about the indirect
excitation process than non-coincidence measurements (Defrance [6]), but
through interference effects a coincidence experiment also gives information
about the direct excitation process. Following our coincidence results we
will give a method via which the interference can be used to completely
determine an excited D-state.

The particular choice for the 33D excited state is based on the strong
presence of the 2P and 2D resonances in its excitation curve. Other strong
resonances near the threshold of singly excited states which also would be
interesting are not so well separated. Furthermore our experimental setup
is not suited to detect very low energy electrons.

Attempts to perform coincidence measurements on the 2P and 2D reso-
nances in the 33P excitation curve, in which the resonances are also clearly
present, failed due to insufficient statistics.

5.2 Identification of the resonances

Allthough we suggestively assigned the configuration 2P and 2D to the res-
onances, which are present at 57.2 and 58.3 eV respectively, there still is
some doubt concerning the identification of the 58.3 eV resonance. It has
been suggested by Fano and Cooper [7] that the 57.2 eV resonance is a con-
sequence of the formation of a short lived He~(2s22p) 2P negative ion. Of
the resonances near 60 eV it is the lowest lying one and completely isolated
from other resonances (table 5.1). The suggested configuration has been
confirmed by several later publications. The identification of the 58.3 eV
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Table 5.1: The configuration of the few lowest lying resonances near 60 eV with
their energies and widths are given. The values are taken from: (a) van den Brink
[8], see also Quemener et al [9], (b) Hicks et al [10], recalibrated to the He(2s2p) lP
position calculated by Bhatia and Temkin [11] and (c) Cederquist et al [12].

state energy(eV) width(eV)
He-{(2s)22p)2P 57.22 * 0.07 (±0.01) "
He**((2s)2) *S 57.83 (±0.04)fc 0.138 6

He-{2s{2pf)2D 58.30 b 0.04 (±0.01) °
He**{2s2p)3P 58.31 (±0.02) fe 0.008 c

resonance is still not completely clear. Fano and Cooper have suggested
that this resonance is due to the formation of a He~(2s2p2) 2D negative ion.
Improvement of the determination of the resonance energies for the forma-
tion of the He~( 2D) negative ion state and the He**(2s2p)3P autoionizing
state show that these energies nearly coincide (table 5.1). This makes the
identification of the intermediate state troublesome, as the resonance struc-
ture could either be caused by the formation of a negative ion resonance
or by a post collision interaction (PCI) via the excitation of the (2s2p)3P
autoionising state. The experimental results of Hicks et al [10] give an indi-
cation that the 58.3 eV resonance is due to the formation of a D state. In
the yield of elastically scattered electrons from helium the resonance appears
to vanish at a 54° scattering angle. We may, however, not conclude that the
2D negative ion state is also responsible for the resonance structure in the
3 3D excitation curve. A PCI-efFect via the He"(2s2p) 3P autoionizing state
could also effect the excitation of the the 33J9 state near 58.3 eV.

Also theoretically the identification of the 58.3 eV resonance still does
not seem to be resolved. The theoretical result of Chung [13] shows that a
He{2s2p) 3P core is repulsive to a 2p electron when a resonance is searched
for variationally. Earlier calculations do find a 2D resonance (see references
in Chung [13]).

Based on the more recent experimental results of van der Burgt et al
[14,15] we prefer the following reasoning. Considering the excitation of the
3 3D state the following indirect processes are possible:

e~ + He{\ ]5) -» He~(2D) -> He*(33D) + e" (5.1)

) - He""(2s2p)3P + e7 He+(2S) + ej + e
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He*(33D) + ei (5.2)

e~ + He(llS) -> He-{2D) -H- He"{2s2p)3P + e^ ->

J5Te+( 25) + ej + e[ (™I] He'(3 ZD) + e j (5.3)

Apart from the direct excitation process the 33D state may be excited via
negative ion formation (5.1), post collision interaction (PCI) (5.2) or a com-
bination of both (5.3). Process (5.3) is not very likely. Angular momentum
and parity conservation only allow angular momenta I2 = 1 and l\ = 1 or 3
for the electrons in the step where the He+ ion is formed. PCI between the
fast ejected electron (e2) and the slow autoionisation electron (ej) induces
the capture of the slow electron into the excited 33D state. So the l\ = 1
or 3 electron and the ground state He+(L = 0) ion must form the excited
He*{L = 2) state. This is only possible if the PCI effect causes exchange of
angular momeiitum between the two electrono. However, van der Burgt et
al [16] have shown that in the case of He*m(2s2)2S formed via He~(2D) the
probability of angular momentum exchange is small. Because of the simi-
larity of the latter process with process (5.3), we expect process (5.3) to be
unlikely.

As to process (5.2) we conclude with van der Burgt et al [14,15] that the
typical PCI line shape, which usually extends over a larger energy interval
than that of a negative ion resonance, is not very evident in the exctiation
of the 3ZD state l. In the excitation of the 1D states, for instance, this
typical shape is clearly visible (van der Burgt et al [14]). Moreover the 2P
resonance and the 58.3 eV resonance are much more prominent in the 33D
energy dependent excitation curve than in any other excitation curve.

Summarising, we think that the 58.3 eV resonance is mainly due to
process (5.1) in the case of 33D excitation.

5.3 Experimental

Details of both experimental set-ups used to perform the non-coincidence
and coincidence measurements have been described previously by van den

'Note that spin conservation does not rule out the possibility that a doubly excited
triplet state gives a PCI effect in singly excited triplet states. Spin conservation does
imply that the singly excited triplet states, formed in this way have Ms = 0, but 5 may
still be 0 or 1 contrary to the suggested reaction scheme of Oefrance [6].
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Brink [17] and Beijers [18], respectively. Therefore we confine ourselves to a
brief description here. A schematic drawing of two experimental set-ups is
shown in figure 5.1.

A. PM's B.
PM's

beam splitting
pplariser
interference filter
diafragm A/4-plate

interference filler

beam splitting
polariser

analyser

monochromator
lens + diafragm lens

lens ' ~~~7\ 'ens

electron gun

Faraday cup

helium

Figure 5.1: Schematic drawing of the non-coincidence apparatus (A) and coinci-
dence apparatus (B).

5.3.1 Non-coincidence

The non-coincidence apparatus (fig.5.1.a) consists mainly of three parts; a
hemispherical monochromator, a scattering chamber and an optical system.
The monochromator produces an electron beam with a small energy spread.
The beam is fired into the scattering chamber, which contains the helium
target gas. The optical system selects the wavelength and analyses the po-
larisation of the emitted radiation.

We operated the electron monochromator in such a way that the combi-
nation of current, energy resolution and stability was optimal. We attained
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a resolution of 80 meV with a beam current of 10-20 nA, which remained
stable for periods of about a week.

The pressure of the target gas was chosen to be 0.2 Pa (1.4xl0~3 Torr).
This is the highest pressure where the effect of collisional excitation transfer
on the polarisation is still unimportant. We performed a series of pressure
dependent measurements to obtain this upper limit.

Two diafragm's are of importance in the optical system. Because a scat-
tering chamber is used the volume emitting decay light is determined by the
part of the electron beam inside the chamber. The first diafragm restricts
the optical acceptance angle to 20°, the second diafragm, which has an open-
ing of 3 mm, selects about 1.5 mm of the beam length. The remainder of
the optical system is the same as used in the coincidence experiment. As a
test for the polarisation analysis we measured the linear polarisation II of
the 4 ' D ^ 2 ' 5 and 5J5 -»• 2XP transitions at 55 eV (table 5.2). Also the

Table 5.2: The measured polarisation n for a few helium lines at 55 eV
transition II

> 23P 0.11±0.02
4 ID — 2 XP 0.43±0.02
51S->2lP 0.00±0.02*
* should indeed be 0 because of the spherical symmetry of an 5-state

measured polarisation of the 3 3D —> 2 3P decay radiation at an energy be-
low the first resonance 2P may serve as a test (table 5.2). The 4 lD —• 2 lP
polarisation is in agreement with previous measurements (McFarland and
Soltysik [19], Hughes et al [20], Heddle and Lucas [21], Moussa [22]). The
measured 3 3D —* 2 3P polarisation is in agreement with the value of Defrance
[6]. The different sensitivities of the two photomultipliers is accounted for.
The procedure to calibrate the sensitivities is the same as for the coincidence
apparatus (see section 5.3.2). The measured linear polarisation II is defined
as:

_ 1(0) - JQr/2)
" J(ir/2)'

where I(<j>) is the intensity of light measured perpendicular to the electron
beam with <f> the angle between the polarisation vector and the beam. In the
determination of the polarisation the cascade contributions are estimated
(see also Heddle and Gallagher [23]). The influence of the finite optical
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acceptance angle on the polarisation is taken into account by integrating the
emi tted intensity of radiation for the two orthogonal polarisation components
(see eq.5.4) over a solid angle determined by the experimental set-up.

5.3.2 Coincidence

The coincidence apparatus (fig.5.1.b) consists mainly of four parts; an elec-
tron gun, a gas needle, a hemispherical analyser and an optical system. The
electron gun produces an electron beam of 1-5 pA, which is crossed with a
helium beam effusing from the gas needle. In the scattering center the he-
lium pressure is estimated to be 6.5xlO~3 Pa (5xlO~3 Torr). The scattered
electrons are energy selected with the analyser, which can be rotated in the
scattering plane, and detected with a channeltron. The energy resolution of
the combination of gun and analyser is about 300 meV. The high resolution
of the non-coincidence apparatus can not be attained. Such a resolution
would result in beam currents, which are too low to obtain an acceptable
signal to noise ratio in the coincidence measurement. The decay radiation is
collected with a condenser lens and focussed with a second positive lens. The
optical axis of the system lies perpendicular to the scattering plane. Subse-
quently the waveJength is selected with an interference filter and the circular
polarisation analysed with a A/4-plate and beam splitting polariser combina-
tion. Both polarisation components of the emitted radiation emerging from
the beam splitting polariser are measured simultanuously with two photo-
multipliers. The difference in sensitivity of the photomultipliers is accounted
for (Batelaan et al [4]). The pulses of the photomultipliers and channeltron
are processed with a TAC-PHA combination. From the area under the co-
incidence peaks the polarisation degree is obtained. The measured circular
polarisation degree P3 is defined as

_ I{RHC)-I{LHC)
n ~ I(RHC) + I(LHCY ( 5 - 5 '

where I(RHC/LHC) is the intensity of right/left handed circularly polarised
light measured perpendicular to the scattering plane.

5.3.3 Coincidence measurement procedure

Before and after each coicidence measurent both the relative sensitivity of the
two photomultipliers and the energy calibration relative to the positions of
the resonances are checked. The relative sensitivity is determined from short
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(typically 100 s) non-coincidence measurements of P3. The non-coincidence
value of P3 equals zero because of cylindrical symmetry. The relative sen-
sitivity is constant within the statistical error during a complete measuring
series. The beam energy drifts in some measurements roughly 10 meV during
the measurement. As both polarisation components are n;easured simultan-
uously these drifts are unimportant. Special care is taken when changing
the target gais pressure. Changing the gas pressure by a factor of two causes
changes in the beam energy of about 1 to 2 eV!

5.4 Theory

In an electron-helium scattering process the excitation of a singly excited
state via a negative ion resonance takes place via two independent steps
(5.6) 2. The formation of the negative ion can be separated from the decay
to the singly excited state because the characteristic lifetime of the negative
ion is long compared to the collision time. The excitation may also proceed
via the direct process (5.7).

He'{ 2L) -+ He*{Ls) + e~ (5.6)

e- (5.7)

Here L and Lj indicate the orbital angular momenta of the intermediate
He~ and the final He" state. Because the two processes (5.6) and (5.7) are
experimentally indistinguishable interference between the two processes will
occur. We want to find an expression for the dependence of the polarisation
of the decay radiation on the direction ft of the scattered electrons and on
the energy E of the incident electrons. This will give a general formulation of
the coincidence experiment described in the introduction. Integration over
the scattering angle ft enables us to analyse the non-coincidence results.
Generally all information of the polarisation of the emitted radiation is con-
tained in the polarisation matrix. The coincidence experiment is reflection
symmetric with respect to the scattering plane (defined by the directions
of the velocities of the incident and scattered electrons). Therefore all in-
formation contained in the polarisation matrix is also contained in the four
reduced Stokes' parameters Pi (i = 1,2,3,4; for a definition see Andersen et

2There is a considerable amount of literature about the theory of resonance reactions;
a few quotations w;ll be made in context.
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al [2]). For the non-coincidence experiment the cylindrical symmetry reduces
all information to the linear polarisation II.

In helium the spin-orbit interaction is small and we can use the L-S cou-
pling scheme to describe the excited atom and the negative ion state. For
excitation of a triplet state only one spin channel of the combined electron
and atomic spin is open (5 = | ) . During the excitation process the spin-
orbit interaction is also small and the orbital angular momentum and its
projection on the z-axis are conserved. So by the summation over Ms no
coherence is lost. In the following we may thus drop the spin angular mo-
mentum quantum numbers. Also the subscript L of ML is dropped, since no
confusion is possible. Consequently we may characterise the singly excited
state in terms of the scattering amplitudes CILJM, » where the Lj and Mj are
the orbital angular momentum quantum numbers of the final excited atom.
Before giving an expression for aiJfMl we briefly point out how the mea-
surable quantities II and P3 are related to the aif\f}. In a non-coincidence
experiment the linear polarisation II can be expressed in the scattering cross
sections au} — J\aLf,Mj\2dQ, using the formula

(5 8̂
671(To + 1271ai + 1058a2

as given by Percival and Seaton [24] for 3D —> 3P decay. Note that because
of the cylindrical symmetry around the electron beam in the non-coincidence
experiment the relation T,/[J = <J-MS holds, when the quantisation axis is
chosen along the incident electron beam. For the coincidence experiment
the measured polarisation can also be expressed in the scattering amplitudes
(Nienhuis [25]).

In the case of excitation of a P state, a measurement of two out of the three
reduced Stokes' parameters Dj (i = 1,2,3) determines the wavefunction of
the excited state completely. For excitation of a D state measurement of
all four reduced Stokes' parameters determines the wavefunction, except for
the sign of the phase difference between a2_2 and a22. The physical reason
for this indefiniteness is the optical selection rule AM = —1,0,1, which
prohibits interference between the M = - 2 and M = 2 magnetic substates.
In the discussion of the experimental coincidence results we will return to
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this point. Note that both for II and P$ the depolarisation caused by the
fine-structure interaction must be taken into account. Fc. a more detailed
description of the result of the fine-structure interaction we refer to chapter
6. We will now proceed to give an expression for the excitation amplitudes.

For a certain incident electron energy E and scattering direction fi these
scattering amplitudes are fixed. The scattering amplHude equals the matrix
element of the transition operator T between the initial (i) and the final (/)
state,

aLfMj(E,il) =< Lf,Mf,kf\T\Li,Mi,ki >, (5.10)

being the definition of T. Here k is the wavevector of the electron and L and
M are the orbital angular momentum quantum numbers of the atom. The
amplitude can be split up into two parts

corresponding to the indirect process (5.6) and the direct process (5.7), re-
spectively. Because of the two steps of the indirect process we may write the
indirect scattering amplitude as,

aTfM,(E,^) = aLM{E) < Ls,Mj,ks\T
ind\LM >, (5.12)

where the iormation of the intermediate state (the first step) is represented
by O,LM(E) and the decay of the intermediate state to the singly excited
state (the second step) is given by the relevant matrix element of the tran-
sition operator Tind. The orbital angular momentum quantum numbers of
the intermediate state L and M are fixed and they are also the total an-
gular momentum quantum numbers of the combined electron-excited atom
system in the final state. For the 2P state and the 2D state L equals 1 and
2, respectively. Because of the cylindrical symmetry around the electron
beam only the M = 0 magnetic substate of the intermediate state can be
populated, when choosing the quantisation axis along the incident electron
beam. Expanding the wavevector kj in spherical harmonics

(5.13)

I lm
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(Messiah [26]), (where / and m are the orbital angular momentum quantum
numbers of the electron ejected in the decay of the intermediate state) sep-
arates the angular and energy dependence of the scattering amplitudes. As
a result we find

LfMj;lm\LM > x

< LjlLM\Tind\lM > Y,'m(Q). (5.14)

Use has been made of the fact the total angular momentum quantum num-
bers L and M are conserved in the decay of the intermediate state to the
singly excited state and the transition matrix element of Tmd is thus diago-
nal in L and M. This explicit expression (eq.5.14) for the indirect scattering
amplitude we will need in section 5.5.3. For the direct scattering ampli-
tude it is sufficient for our present purposes to expand the wavevector of the
scattered electron in spherical harmonics (cf. eq.(2) of Hermann and Hertel
[27]);

(5.15)

where the orbital angular momentum quantum numbers of the scattered
electron are denoted by /' and m'. One of the parameters which can be varied
experimentally is the incident energy E. We are therefore interested in the
behaviour of the scattering amplitudes as a, function of E. Generally it may
be assumed that the energy dependence of the direct scattering amplitude
is given by a slowly varying function of the energy E and may be taken
constant over the resonance width. For the indirect scattering amplitude the
energy dependence is described by the intermediate state amplitude OIM(E).

Generally (see for instance Blatt and Weisskopf [28]) resonance behaviour is
given by

aLM(E) oc e-2l'*^> - 1, (5.16)

where &L(E) = arctg(T/2(E - Er)) changes by TT while the energy tra-
verses the resonance energy Er. The FWHM of the resonance is denoted

' by F. Using this relation (eq.5.16) for the case of negative ion formation
\ is to our knowledge not based on a sound quantum mechanical derivation
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(see also Simpson et al [29]). However, the observed Beutler-Fano profiles
(Fano [30]) for negative ion resonances in elastic and inelastic scattering pro-
cesses motivates the use of equation (5.16). Namely the square of the sum
of the amplitude given by equation (5.16) and a energy independent back-
ground (which in our cast; is the direct scattering amplitude) gives a general
parametrisation of a resonance profile,

aT" = \F{e~2iS^E) - 1) + Gf, (5.17)

where F and G are complex numbers. Writing the indirect scattering am-
plitude (eq.5.14) as

one can easily show from equation (5.15) and equation (5.18) that the
square of the scattering amplitude (eq.5.11) yields a Beutler-Fano profile.
We dropped the subscript Lj of axnd, as it is fixed for the excitation of a
particular state. The coincidently measured circular polarisation degree P3
can now be expressed in the scattering amplitudes using equation (5.9).

In the case of the non-coincidence experiment we must integrate the
square of the length of the amplitude over all scattering directions 0 to
obtain the total cross section for exciting a magnetic substate Mf. The
obtained cross section will again have the energy dependence of a Beutler-
Fano profile as the integration does not affect the energy dependent part of
the indirect scattering amplitude. Using the orthogonality of the spherical
harmonics, the result of the integration over il is

°Mt = O%d
f+°MJ+<>'Mf+°M/ (5-19)

(5.20)

(5.21)

(5.23)
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where a'nd and adtr are the total cross sections for the indirect and direct
processes and a' and a"' are the symmetrical and antisymmetrical parts of
the interference terms. Because of the orthogonality of the spherical har-
monics only ftnd and fdtr terms with equal / and m contribute to the cross
section OM}. Using the formula of Percival and Seaton, equation (5.8), the
polarisation II can be expressed in terms of the <r\jf.

5.5 Results and discussion

5.5.1 Non-coincidence

The formula used by Defrance [6] to extract the 'resonance polarisation' from
the experimental data is

_

To arrive at this formula the Fano parametrisation of the resonance profile
is used,

(5.25)

where e = (E- ETes)l\T and q is the shape parameter of the resonance pro-
file. The energy e is given relative to the resonance position ETea and in units
of the width T of the resonance profile. Far from resonance equation (5.25)
gives the energy independent background oa + a^. At resonance (c = 0)
substraction of this background gives the resonance strength aa{q2 — 1).

; Indicating the measured resonance strength with the polarisation vector di-
rected parallel and perpendicular to the incident beam by ^\\(q» - 1) and
<rx(q± - l)i respectively, the resonance polarisation I F " is suggested from

'; the definition of the polarisation II (eq.5.4). This definition of the resonance
polarisation is, however, intuitively strange. For instance, with this defini-
tion the resonance strength would be zero for a completely antisymmetric

i resonance. The oa{q2 - 1) term can also be written in terms of the previous
I section. Substracting the direct excitation background off from the cross
| section at resonance, i.e. e = 0 or equivalently &LM{Er) = T /2 , we find the
I resonance strength oa{q2 — 1)
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~ l) a °M/,S=*/2 ~ °M, = ^Mj - B'M}) (5.26)

Both the indirect excitation process (BM}) and the symmetrical interference
term {B'M ) are important in the determination of the resonance polarisation
IT". Note that in the definition of IT", as used by Defrance, an interference
term is implicitly present.

Experimentally Defrance [6] finds polarisations for the 2P and 2D res-
onances in the excitation curve of the 33D state, which agree within the
experimental error bars with the calculated values given by van Ittersum [5]
(see tables 5.3 and 5.4). These values correspond to the lowest /-quantum
numbers which may contribute to the resonance (/ = 1 for 2P and I = 0
for 2D). Also for the 2P and 2D resonances in the excitation curves of Z3P
and 4 3Z) and for the 2D resonance in the excitation curve of 4 lD the exper-
imentally found polarisations of Defrance agree with the calculated values
corresponding to the lowest /-numbers. This is a striking result, since the
polarisation found experimentally by Defrance is physically not the same as
the polarisation given by van Ittersum. The polarisation given by van It-
tersum is solely due to the indirect excitation process (5.6) and interference
terms do not play a role in contrast to the measured resonance polarisation
IT" of Defrance. Van Ittersum uses the known Glebsch-Gordon coefficients
of equation (5.14) to determine the proportionality between the different
°M? terms of equation (5.20) for each possible final angular momentum of
the scattered electron. This proportionality together with the formula of
Percival and Seaton (eq.5.8) is used to calculate the contribution to the po-
larisation from the indirect excitation process (5.6) (table 5.3). This means

Table 5.3: The relative contributions to the polarisation from the indirect excitation
process (4.a) for each possible final angular momentum of the scattered electron /.

State
/

2P
2D

0

0.32

1
0.24

2

-0.08

3
0.07

4

0.10

that OMJ = 0Md = 4J9M/(' = 0) is used in the formula of Percival and
Seaton (eq.5.8) to calculate the polarisation due to the indirect process. So
using aM} = (Ta,Mj(9Mj ~ *) = 4(J?M/ - B'M,) 8 i v e s within the experimen-
tal error the same result as OM} = 4BMJ(1 = 0). Supposing that indeed
only the / = 0 contribution plays a significant role in the indirect excitation
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process, we learn from this agreement that in all cases measured by the De-
france the symmetrical interference term, which is proportional to B'M , must
be either negligible or have the same Mj dependence as the indirect term
Bjtff • Realising that the symmetrical and antisymmetrical interference term
are proportional to the real and imaginary parts of Jtndf*d", respectively
(eq.5.22 and eq.5.23), we may distinguish two characteristic cases where
this behaviour of B' and B is indeed present, a) For a resonance struc-
ture which is completely antisymmetric B'M equals zero. So interference
will not influence the resonance polarisation, because the anti-symmetrical
interference term AjAj is not present in the expression for er^, which is
used to calculate the resonance polarisation, b) For a resonance structure
which is completely symmetric, B'M need not be negligible. For instance,
in the case of the 2D resonance B'M is certainly not negligible. Namely,
fxnd and f*dtT must be of comparable magnitude since the measured 2D res-
onance peak is of about the same strength as the direct excitation process
(see fig.5.2). The M/-dependence of B and B' is given by the Clebsch-

57-2 Impact energy 58-3 (eV)

Figure 5.2: The 2P and 2D resonance peaks measured with the coincidence and non-
coincidence apparatus are shown. Note the difference in energy resolution between
the two set-ups.

Gordon coefficients of equation (5.14). The values of these coefficients easily
show that B'M has the same Mj dependence as BM;\ namely, for / = 0
f'Md,=o ' f'Md,=\ '• PMd,=2 = 1 : 0 : 0 . So, whatever the M/-dependence of fdir

is, the My-dependence of B' (= p**/**') and B (= f»"*f™d) is given by
find

Our experimentally determined values of aa and q for the /|| and I±
components of both the resonances 2P and 2D are determined by fitting the
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observed resonance profiles with a Beutler-Fano profile convoluted with a
Gaussian apparatus profile on a sloping background. The polarisations of
the resonances are obtained using equation (5.24) (table 5.4). In our case

TabJe 5.4: The experimentally determined polarisation of the 3 3D -+ 23P transition
at the 2P and 2£) resonances.

State fi
present Defrance [6]

2P 0.14±0.02 0.24±0.03
2D 0.25±0.02 0.30±0.03

we observe an almost symmetrical peak for the 2D resonance and a non-
symmetrical (but not antisymmetrical) peak for the 2P resonance. We may
conclude that the polarisation at the 2D resonance is mainly caused by the
non interfering contributions of process (5.6) with / = 0 and of process (5.7).
Looking at the 2P resonance profile the antisymmetrical interference term is
clearly present, which implies that the effect of the symmetrical interference
term is diminished. Our experimental value for I F " is however smaller then
the experimental value of Defrance and the / = 1 term of van Ittersum. Our
low value for IIres suggests that the interference term and/or / = 3, which
are neglected by van Ittersum, play a role.

5.5.2 Coincidence

Our coincidence measurements shown in figure 5.3 indicate that at the 2P
and 2D resonances the circular polarisation P-$ is indeed influenced. The
broken lines have been included as a guide to the eye. They connect the
measurements below the lowest resonance 2P with the 65 eV measurements,
where no resonances are observed. The numbers of performed measurements
in the determination of a single value of P3 are given between parentheses in
table 5.5. The external and internal errors are for all P3 values of practically
the same magnitude. For scattering angles 0e = 40° and 50° the circular
polarisation becomes less negative at the 2D resonance. For scattering an-
gles 6e = 40° and 60° the circular polarisation becomes more negative at
the 2P resonance. From this we may immediately conclude that for the
2P resonance at these scattering angles the interference term is important,
because the non-interfering contribution to the polarisation from the indi-
rect excitation process is positive for both possibilities, 1 = 1 and / = 3
(table 5.3).
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Table 5.5: The measured circular polarisation P3 as a function of impact energy E
for three different scattering angles 0e are given. The numbers between parentheses
give the number of measurements.

E(eV)
55

56.3
57.2
58.3

65

0 (deg)

-0.40±0.02
-0.40±0.03
-0.57±0.03
-0.32±0.02
-0.39±0.03

40

(6)
(3)
(6)
(7)
(4)

-0.46±0.03

-0.52±0.04
-0.16±0.05
-0.37±0.05

50

(1)

(1)
(1)
(1)

-0.32±0.05

-0.47±0.04
-0.30±0.03
-0.37±0.09

60

(1)

(2)
(3)
(1)

5.5.3 A method to determine a D-state completely

We will show that a measurement of P3 as a function of energy when a reso-
nance is present, gives an unique opportunity to determine the wavefunction
of a D-state completely. For a directly excited D-state by electron-impact
the sign of the phase difference between a_2 and 02 can not be determined
from a measurement of the polarisation degrees Pi, i = 1,2,3,4 (Andersen et
al [31]). The physical reason for this undeterminacy is that interference be-
tween the decay from the M = 2 magnetic substate and the decay from the
M = - 2 magnetic substate is prohibited by the selection rule AM = 1 ,0 , -1 .
Introducing external fields to determine the D-state completely, as has been
done for atom-atom scattering (Neitzke and Andersen [32]), is for typical ex-
perimental set-ups used to study electron-atom scattering not possible. The
low energy incident electron and/or the scattered electron will be deflected
by the external field, so that the scattering angle is no longer defined. How-
ever, if a resonance is present the phases of the direct scattering amplitudes
a_2 and a2 can be related to each other without the help of external fields.
The idea is that the interference between the indirect scattering process, of
which we know the intermediate state, and the direct scattering process,
yields information on the phases of the excited state as produced by the
direct scattering process. More specifically, the shape of the coincidence res-
onance profile yields the phase difference, far from resonance, between the
direct and indirect scattering amplitude (see appendix A). From equation
(5.14) follows that the phase relation between the Mj = 2 and M/ = - 2
terms of the indirect scattering amplitude for the process studied is known
for both the 2P and 2D resonance at a 90° scattering angle (see Appendix
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B). So the phase difference between a*1" and a^ can be determined at a 90°
scattering angle.

What remains to be measured is the shape of the resonance profiles of
|a_2p and |a2p- We can express |a2p a-nd |fl-2|2 in the measured quantities
I(RHC), I(LHC), Pi and P4 as follows;

H 2 = I(LHC) - hao\
2

0

|a_2|2 = I(RHC) - ^ K l 2 (5.27)

2 _ 3(1 + A)(
1001 " 2(1

where I{RHC) (I(LHC)) is proportional to the coincident intensity of right
(left)-handed circularly polarised light emitted perpendicular to the scatter-
ing plane. The reduced Stokes' parameters Pi and P4 are defined as usual
(see Andersen et al [2]). The resonance profiles of |«2|2 and |ct_212 con-
sequently follow from a measurement of I(RHC), I(LHC), P\ and P4 by
varying the incident electron energy through the resonance under experi-
mentally the same conditions. We have built an apparatus, on which we will
report in the near future, with which these parameters I(RHC), I(LHC),
Pi and P4 can be measured simultanuously. The present measurements of
P3, which is a function of I(RHC) and I(LHC), indicate that the suggested
method is indeed feasible. We hope that the suggested method initiates
other investigations.
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Figure 5.3: The measured circular polarisation P3 as a function of impact energy
E for three different scattering angles 0e is shown.
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5.6 Appendix A

To elucidate the relation between the phase difference (between the direct
and the indirect scattering amplitude) and the shape of a resonance profile,
we may combine equations (5.11), (5.12) and (5.16) symbolically to

aLjM} = rie*» (e~2i6 - 1) + r 2 e ^ , (5.28)

where rt- and <£,• are real numbers. The phase of the direct excitation am-
plitude is thus represented by 4>t- It can be easily verified that the square
WLJMJI2 is equivalent with a Beutler-Fano profile;

(5.29)

The parameter sets which determine these two alternative representations of
the resonance profile are (rj, r2,(j>2 ~ 4>i) for equation 5.28 and (oi,,aa,q) for
equation 5.29. Since we may multiply the amplitude with an arbitrary phase
factor, for which we choose e~t<t>l, only the phase difference <j>2-<Pi is relevant.
A fit to a measured resonance profile thus yields the phase difference <j>2 — 4>\-

5.7 Appendix B

Using the explicit form of equation (5.14) for the indirect scattering ampli-
tude, we compare a ^ = 2

 w^ tn aMd=-2- For the 2P and the 2D resonance we
may substitute L = 1 and L = 2, respectively. The final excited state is 33i?,
so that Lf = 2. Because of angular momentum and parity conservation only
the terms with angular momenta / = 0,2,4 for the scattered electron con-
tribute to the indirect excitation process via the 2D resonance. The angular
momenta / = 1,3 for the scattered electron contribute to the indirect exci-
tation process via the 2P resonance. When sorting out the different terms
in the summation of equation (5.14) we used the symmetry relation

< L}M};lm\LM >= (-l)Lf+l+L < Lj - M};1 - m\L - M >, (5.30)

of the Clebsch-Gordon coefficient (Rotenberg et al [33]), and the specific
expressions for the spherical harmonics Yim{6,<f>) (Varshalovich et al [34]).
Because the quantisation axis is chosen perpendicular to scattering plane,
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6 equals r /2 and (j> represents the electron scattering angle. Finally it is
important to note that the matrixelements < LjlLM\Tmd\LM > are M
independent and thus, so are the phases. The result for the 2P resonance is

(5.31)

and for the 2D resonance

a £ ? = To + T2e
±2i<t> + T4e

±4i* (5.32)

where the T{ are complex numbers. At a scattering angle <t> = 7r/2 we
find for the 2P resonance ax^d

 2 = ~«My=-2 a n ^ f°r ^e 2D resonance
aMd=2 — aM/=-2- ^° *ne P n a s e relation between the different Mj terms of
the indirect scattering amplitude is known for 2P and 2D at a z/2 scattering
angle.
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Chapter 6

In-plane measurements on the
and 33D states.

6.1 General

Electron-photon coincidence studies provide an opportunity to completely
determine the lowest lying states of the helium atom excited by electron
impact. Therefore results from these studies yield information about the
electron impact excitation process at the most fundamental quantum me-
chanical level. In general the agreement between experimental results and
model calculations is good for the excitation of the 21P, 31P and 3 3P states
of helium. Also some trends in the behaviour of the parameters describing
these states can be observed [1]. The recent experimental results for exci-
tation of Z>-states show serious discrepancies with model calculations [2-4].
This motivates our further study of the excitation process of the 3 XD and
the 3 3D state. It is in particular interesting to see if the trends observed for
P-states are also observed for instates.

We have measured the reduced Stokes' parameter P4 as a function of
the electron scattering angle for 3 XD excitation at 40, 45 and 60 eV and for
33D excitation at 40 eV. Together with previous results for the remaining
reduced Stokes' parameters P\, P^ and P3, a measurement of P4 facilitates
the determination of four intuitively simple parameters; the transfer of angu-
lar momentum to the atom L±, the alignment angle 7 of the excited charge
cloud, the linear polarisation Pi, which gives the relative width (|(1 - P/))
and length (|(1 + Pi)) of the excited charge cloud and poo, which gives the
relative height of the excited charge cloud. We also measured P3 for 3 3D
excitation at 40 eV for a comparison with the results of Donnelly and Crowe
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[3].
The reduced Stokes' parameters Pi are obtained from the measured inten-

sities I{<j>) of the decay radiation from the 3 lD -»• 2 lP and the 3 3D -> 2 3P
transitions,

I.Pi = 7,(0) -/,(r/2)
7,ft = 7,(ir/4) - 7z(3x/4) (6.1)
JZP 3 = IZ(RHC)-IZ(LHC)

IZP4 = 7y(0) - 7y(*/2),

where <£ is the angle between the electrical field component of the emitted
radiation and the incident electron beam. For right handed circular (RHC)
polarisation the electrical field component rotates clockwise when looking
towards the emitted radiation. The x-axis is chosen along the incident elec-
tron beam. The z-axis is chosen perpendicular to the scattering plane, which
is defined by the direction of the incident and scattered electrons. The con-
nection between the reduced Stokes' parameters and the parameters L±, j ,
Pi and poo is given in several earlier publications (see for instance Nienhuis
[5] and Andersen et al [1]). In the case of the 3 lD excitation this connection
is given by:

Lx = -2I2P3

7 = \arg{Pl + iP2) (6.2)

poo = ^[(l

In the case of 33D excitation the fine-structure interaction causes a spin-
precession and results in a depolarisation of the decay radiation. The spin-
precession starts from the moment of excitation. The parameters L±, 7, Pi
and poo describe the nascent atomic charge cloud directly after this moment
of excitation. The reduced Stokes' parameters, however, describe the polari-
sation of the decay radiation, emitted by the atom some time later. Thus, to
obtain the parameters L±, 7, Pi and poo from eq. 6.2, the measured reduced

j Stokes' parameters Pi first have to be corrected for the depolarisation caused
j by the spin-precession. The depoiarisation in the case of 33£> excitation dif-
j fers in two aspects from the depolarisation in the case of 3 3P excitation. In
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the case of 3 3D excitation the characteristic precession time is not negligi-
ble compared to the typical time resolution of a coincidence apparatus and
secondly a constant depolarisation factor can not be formulated as was done
by Slevin and Chwirot [6] and Donnelly and Crowe [3].

The characteristic precession time is given by T = h/(Ej> — Ej), where
Ej represents the energy of the fine-structure levels with total angular mo-
mentum J = 1,2,3 of the excited atom. The values of E3 and E2 [7] give
a characteristic precession time of ~ 13 ns. This is larger than our time
resolution, which may attain a value between 7 to 12 ns depending on the
chosen analyser resolution. As the lifetime of the 33£> state equals about
13 ns, the precession can in principle be observed in the measured coinci-
dence peaks. A convolution of the oscillatory exponential decay with an
assumed Gaussian time resolution function yields small intensity oscillations
(see fig.6.1). Formulae A.23.a, C.22 and C.23 of Andersen et al [1] are used

-20 40

Figure 6.1: The calculated intensities Jv(0) and /y(jr/2) of the coincidence spectra
are shown. The width of the Gaussian time resolution is roughly 7 ns, the lifetime
13 ns and the fine structure precession time 13 ns. The experimentally determined
values of the multipole conponents, corresponding to a 40 scattering angle, are
used in the calculation.

to obtain an expression for the oscillatory exponential decay. For the multi-
pole components of the density matrix of the excited atom, appearing in the
formulae of Andersen et al, we used the experimentally determined values
at a 40° scattering angle. However, in our measured coincidence spectra we
did not observe the expected oscillations, probably due to insufficient statis-
tics. Further neglecting the oscillations we may calculate the fine structure
depolarisation using the formulae A.23.C, C.18-21 and C.26.b given by An-
dersen et al [1]. As mentioned before a constant depolarisation factor c,
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40 eV

eo BO IOO 120

electron scattering angle 6

Figure 6.2: The measured reduced Stokes' parameter P3 is shown as a function of
the electron scattering angle 9 for the 3 3D state of helium at an incident energy
of 40 eV. ^-present, A-Donnelly and Crowe 1988a, Bartschat and Madison
(DWBA, excited potential.)

(Pi,corrected = CiPi) can not be formulated, as c, depends on P4 for i = 1,2,3
and on P\ for i = 4. Specifically, the depolarisation depends on the scatter-
ing angle, because the P\ and i>4 depend on the scattering angle.

The experimental apparatus used is the same as the one that has been
used for previous measurements (see chapter 2 for details). A well colli-
mated electron beam is directed through helium effusing from a gas needle.
The angular range of the electron detector is devided into two parts corre-
sponding to two different positionings of the detector and the electron beam
dump (Faraday cup) relative to the scatteung center [2]. The optical system
collects radiation with an acceptance angle a (=0.57rad). Subsequently the
wavelength and polarisation are selected (see chapter 2 for details). We cor-
rected the measured Stokes' parameters Pi for the finite optical acceptance
angle. This acceptance angle is taken into account by integrating I{4>) over
all emission angles of the decay radiatior within the acceptance angle a. We
include the result of this integration, because we also used data from Don-
nelly and Crowe [4] to calculate L± and poo- In their experiment a amounts
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Table 6.1: Our measured reduced Stokes' parameters P4 ai. ' P3 are given as a
function of the electron scattering angle 6 for 3 '£> and 3 3D.

E(eV)

en
40
PA

45
PA

60
PA en p3

33D
40

PA

15
20
25
30

32.8
40
50
60

0.46±0.02
0.53±0.03
0.59±0.04
0.47±0.04
0.45±0.04
0.50±0.05
0.47±0.09
0.57±0.10

to 0.25rad.

Pf

PA

C

- w +

0.50±0.04
0.52±0.05
0.49±0.05
0.46±0.05
0.38±0.11
0.53±0.09
0.29±0.10
0.35±0.17

1 2(1 + Pi)
4 ° 1 •+

(l + PiC-<
(1 + Pf + C)(a* -

(1+P~"i )(1 - PA )

0.50±0.05
0.43±0.04
0.11±0.10

0.04±0.06
0.14±0.12
0.12±0.13

i(l - P4)
• P 4

C)(a2 - U£

32.8
40
50
60
70
80
90
100
110
116
120

i

-0.32±0.06
-0.39±0.06
-0.45±0.03
-0.39±0.12

-0.41±0.13

-0.13±0.07

0.25±0.14

- 1 , 2 , 3

P?Y

0.27±0.05
0.31±0.05
0.29±0.03
0.29±0.03
0.1d±0.06
O.25±G.O5
0.21±0.10
0.18±0.13
0.36±0.14

0.20±0.12

(6.3)

The first equation is already inverted, so that it gives the corrected Stokes'
parameter Pf in terms of the measured Stokes' parameter P;. The second
equation can be inverted using the result for Pf given by the first equation.
It is important to note that also the corrections for the Pi with i = 1,2,3
depend on P4 and could thus not be made in previous work on £>-excitation.
The absolute corrections for P4 are smaller than 0.01 for all measured values.
For the P, with i = 1,2,3 the corrections are smaller than 0.1 with our
acceptance angle! For the results of Donnelly and Crowe the corrections are
in all cases smaller 0.01.
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Figure 6.3: The angular momentum transfer L and poo of the excited charge cloud
are shown as a function of the electron scattering angle 6 for the 3 3D state of helium
at 40 eV.

6.2 Results and discussion

Our measured P3 values for 33D, shown in figure 6.2, are in agreement with
the values of Donnelly and Crowe [3] except for the 116° scattering angle.
The error bars indicate one standard deviation. Because the measuring time
increases with the scattering angle systematic errors may become more im-
portant at large scattering angles. This could explain the difference between
our result at 116° and the result of Donnelly and Crowe. The measured P4

values for 3 XD excitation and the measured P$ and P4 values for 33D exci-
tation, which are used to determine the parameters L±, 7, F; and poot are
given in table 6.1. In the case of 33D excitation these parameters (see fig.6.3
and table 6.2) are obtained from a combination of our measured values and
the values for Pi and P2 at 40 eV of Donnelly and Crowe [3]. The results
for L± and poo presented in figure 6.3 extend the experimental results, with
which future model calculations may be compared.

In the case of 3 ID excitation these parameters (see fig.6.4 and table 6.2)
are obtained from our results and at angles larger than 30° also from the
results for Pi and pj of Beijers et al [8] and Donnelly and Crowe [4]. Both
in figure 6.2 and 6.4 the included broken curve represents the distorted wave
Born approximation of Bartschat and Madison [9], for which the excited state
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potential is used to calculate the distorted waves. In figure 6.4 the results
for 3 ID excitation are compared at the different incident energies. The
behaviour of the parameters Lj_, 7, Pi or poo as a function of the scattering
angle does not vary much with incident energy. Only the behaviour of L±
and 7 changes somewhat. L± is negative at 31.2° for 45 eV and at all
measured scattering angles for 60 eV. This behaviour is interesting in view
of the intuitive trajectory model of Andersen and Hertel [10] and the Born
expansion of Madison and Winters [11].

i .e

0

r

Pi

Poo

6 0

0

- 5 0

0.6

0

-0.6

0.6

0

-0.5

40 eV 4S eV 60 eV

; > 1 t

:. r>--?

• • • • • - - • • • - : . : > • '

• • • .

*

• • .

• • • • *

• •

a •

20 40 00 0 20 40 60 0
electron scattering angle 0

20 40 eo

I*

Figure 6.4: The angular momentum transfer L. the alignment angle 7, the linear
polarisation Pi and poo of the excited charge cloud are shown as a function of the
electron scattering angle 6 for the 31D state of helium at 40, 45 and 60 eV. The
broken curves represents the DWBA results (excited potential).

For higher energies, where the validity of the trajectory model should
improve, the measured L± has an opposite sign for 31D excitation (in this
small scattering angle domain) as compared to the case of F-excitation.
Within the model this indicates that the nature of the interaction between
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the electron and atom must be very different in the case of 3 lD excitation
as compared to P-excitation. From the viewpoint of the Born expansion
of Madison one might argue that for D-excitation the higher Born terms
become important even at small scattering angles.

For 3 XD excitation at 40 eV 7 increases strongly as a function of scat-
tering angle, whereas at 45 and 60 eV it remains fairly constant. For 3 3D
excitation at 40 eV 7 also increases strongly as a function of scattering angle
to large values (Crowe and Donnelly [3]). This behaviour of 7 is in line with
the suggestion of Andersen et al [1] that exchange is important for IP exci-
tation at large scattering angles. This suggestion stems from the fact that
experimentally a large value for 7 is found both for lP and 3P excitation
at large scattering angles [12,13], while triplet excitation can only proceed
via exchange and singlet excitation can proceed directly and via exchange.
If exchange is also important to the value of 7 for VD excitation at large
scattering angles, one would expect this to be most evident at 40 eV, where
the cross section for triplet excitation is maximal. The indication that 7
does not increase at 45 and 60 eV calls for measurements of 7 both for 3 XD
and 3 3D at large scattering angles at these energies.
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Table 6.2: Values for Pit i = 1,2,3 from previous data (Batelaan et al 1988, Beijers
et al 1987, Crowe and Donnelly 1988a/b) combined with the present P4 values are
used to calculate L, 7, Pi and pop.

E(eV)
9

40 45
L±

60

e

33D
40
Li.

15
20
25

31.2
40
50
60
9
15
20
25

31.2
40
50
60
9
15
20
25

31.2
40
50
60
6
15
20
25

31.2
40
50
60

0.58±0.09
0.78±0.07
1.42±0.35
1.34±0.20

-20±3
-14±3
17±11
37±4

0.69±0.08
0.60±0.07
0.45±0.20
0.67±0.14

0.33±0.03
0.30±0.04
0.29±0.08
0.19±0.05

-0.02±0.08
-0.06±0.10

-0.17±0.06
0.49±0.09
1.20±0.27

7
-14±3
-18±3

-16±4
-14±6
4±10

Pi
0.61±0.09
0.58±0.06

0.58±0.10
0.58±0.12
0.36±0.16

Poo
0.31±0.03
0.28±0.03

0.33±0.04
0.28±0.06
0.41±0.09

-0.45±0.04
-0.38±0.04
-0.14±0.10
-0.14±0.06

-33±3
-32±4
-37±3
-26±8

0.52±0.04
0.46±0.11
0.74±0.08
0.77±0.20

0.24±0.03
0.28±0.03
0.49±0.08
0.61±0.14

40
60
80
100
120

e
40
60
80
100
120

e
40
60
80
100
120

9
40
60
80
100
120

0.81±0.10
0.80±0.19
0.85±0.21
0.28±0.13
-0.53±0.25

7
-9±2
9±2

26±4
63±5

-81±16

Pi
0.58±0.05
0.66±0.05
0.67±0.09
0.62±0.10
0.18±0.09

Poo
0.24±0.03
0.29±0.02
0.28±0.04
0.11±0.05
0.16±0.05
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Samenvatting

Dit proefschrift beschrijft een experimentele studie naar de aanslag van een
helium atoom door botsing met een elektron. Dit type proces, elektron-
atoom aanslag, vinden we terug in verschillende gebieden van de fysica.
Behalve de atoomfysica zijn de plasmafysica, astrofysica en fysica van de
atmosfeer voorbeelden hiervan. De experimentele resultaten van deze studie
kunnen vergeleken worden met resultaten van modelberekeningen en ver-
schaffen op deze manier inzicht in het aanslagproces. Het directe belang
van dit experiment is daardoor fundamenteel van aard. De theorie waaruit
de modellen geconstrueerd worden is de quantummechanische botsingsthe-
orie. Voor het door ons onderzochte botsingssysteem leveren niet alleen de
gequantiseerde aanslagniveau's een quantummechanisch aspect, maar ook
het golfkarakter van het elektron. De energie van het elektron is namelijk
zo laag dat de golflengte van het elektron vergelijkbaar is met die van het
helium atoom.

Experimenteel worden zowel het verstrooide elektron als het foton, dat
in het verval van de aangeslagen toestand van het atoom wordt uitgezonden,
gemeten. In de meetmethode wordt gebruik gemaakt van de tijdscorrelatie,
die tussen de detectie van het verstrooide elektron en de detectie van het
foton bestaat. De meetmethode wordt de elektron-foton coïncidentie meth-
ode genoemd. Paren van één elektron en één foton afkomstig van één en
hetzelfde aanslagproces kunnen door gebruik te maken van de tijdscorre-
latie geselecteerd worden. Deze paren geven een beeld van de aangeslagen
toestand van het atoom. In bepaalde gevallen kan het experiment zodanig
ingericht worden dat de metingen volledig te noemen zijn; volledig in die zin
dat de metingen alle informatie geven, die volgens de wetten van de quantum
mechanica mogelijkerwijs uit het aanslagproces te halen zijn.

Resultaten van experimentele en theoretische studie's, verschenen voor
de aanvang van deze studie, laten zien dat de overeenstemming tussen exper-
iment en modelberekeningen goed is voor aanslag van singulet P-toestanden.
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De beperkte hoeveelheid resultaten voor de aanslag van tripiet- en D- toe-
standen laat zien dat voor tripletaanslag en in sterkere mate voor aanslag
van D-toestanden deze overeenstemming slechter is. Om meer informatie te
verkrijgen over het aansiagproces hebben wij de aanslag van de 3 ^ , 3*D
and 3Ï> toestanden experimenteel nader bekeken. De parameters, die hi-
erbij gevarieerd kunnen worden zijn de strooihoek en de kinetische energie
van het projectielelektron. Twee parameters, die gebruikt worden om de
aangeslagen toestand te karakteriseren zijn het overgedragen impulsmoment
op het atoom L± en de aliniëringshoek van het aangeslagen atoom 7.

In hoofdstuk 2 geven wij een korte beschrijving van de experimentele op-
stelling apparaat. Omdat modelberekeningen voor aanslag van da 3 'D toes-
tand onderling niet overeenstemmen bij kleine strooihoeken, hebben wij het
hoekbereik van de elektrondetector uitgebreid naar die kleinere strooihoeken.
Ook de detectie-efficiëntie moest verbeterd worden, omdat de werkzame
doorsneden voor aanslag van D-toestanden kleiner zijn dan voor aanslag
van P-toestanden. Door een verandering in de geometrie van het apparaat
is het hoekbereik uitgebreid. Door de introductie van een bundel split-
sende polarisator in het optische systeem is de efficiëntie aanzienlijk verbe-
terd. We beschrijven in hoofdstuk 2 ook een nieuw gebouwde elektron-foton
coïncidentie opstelling, die in drie verschillende richting gelijktijdig verval
fotonen moet kunnen meten in plaats van in één richting. De bedoeling is
om deze opstelling te gebruiken voor metingen aan zwaardere edelgassen in
het optische gebied. Tot nu toe zijn alle meting aan zwaardere edelgassen
beperkt geweest tot meting van vervalfotonen in het vacuüm-ultraviolet ge-
bied. Testmetingen aan neon uitgevoerd met het originele apparaat demon-
streren de uitvoerbaarheid van deze metingen.

In hoofdstuk 3 laten we zien dat voor aanslag van de 3 'D toestand de re-
sultaten van geen van de modelberekeningen overeenkomen met onze experi-
mentele resultaten voor kleine strooihoeken. Opmerkelijk is het tegengestelde
teken van het overgedragen impulsmoment L± vergeleken met P-aanslag.
Het teken van L± is ondubbelzinnig bepaald in tegenstelling tot vroegere
metingen.

In hoofdstuk 4 presenteren we een uitbreiding van de resultaten voor
S3? aanslag bij verschillende kinetisch energieën. Wij bevestigen de door
modellen voorspelde grote aligneringshoek 7. Dit resultaat onderschrijft de
suggestie dat de kans op uitwisseling van het projectiel-elektron met een
atomair-elektron onderschat wordt in modelberekeningen voor XP aanslag.
Een ander interessant aspect is dat resultaten voor 2*P, 3*P en 3̂ > toestanden
bij verschillende elektronenergieën aan elkaar gerelateerd kunnen worden inet
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behulp van een partiële golfontwikkeling. Uiteindelijk blijkt dat ook nog een
schalingsrelatie geformuleerd kan worden, waarmee het gedrag van L± als
functie van de strooihoek bij een bepaalde energie, het gedrag van L± als
functie van de strooihoek bij andere energieën geeft.

In hoofdstuk 5 wordt de invloed van een negatief-ion resonantie op de
aanslag van de 3%) toestand bestudeerd. De vorming van negatief-ion toe-
standen treedt op bij bepaalde energieën, en houdt in dat het projectiel elek-
tron door het atoom opgenomen wordt. Zowel niet-coïncidente als coïncidente
metingen geven informatie over de direkte aanslag van de 3Ï> toestand en
over de aanslag van de 3?D toestand via de resonantie. Bovendien laten we
zien dat de aanwezigheid van de resonantie een unieke mogelijkheid geeft om
de 3Ï> toestand volledig te bepalen.

Resultaten van metingen met fotondetectie in het botsingsvlak worden
gepresenteerd in hoofdstuk 6. In alle andere hoofdstukken worden steeds
metingen beschreven waarin de fotonen uitgezonden loodrecht op het bots-
ingsvlak gedetecteerd worden. De resultaten vullen bestaande metingen voor
de 3*D en 3ï> toestanden aan en maken de bepaling van de parameters L±
en 7 mogelijk.

De in dit proefschrift beschreven experimenten en hun resultaten zijn
van belang bij verdere pogingen om het elektron-atoom aanslagproces te
doorgronden. Op dit moment is het echter nog niet zover dat alle facetten
van dit fundamentele proces begrepen zijn.
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Dankwoord

Zoals de meeste mensen heb ik een selectief geheugen. Na vier jaar lijkt
het alsof er geen problemen bij de totstandkoming van dit proefschrift zijn
geweest. Dit is echter de plaats om de mensen, die de vele problemen, die
er natuurlijk wel degelijk waren, uit de weg hebben geruimd, te bedanken.

Mijn promotor Henk Heideman, natuurlijk ben ik blij dat je mij in staat
hebt gesteld om te promoveren. Je uithoudingsvermogen om al de versie's
van de verschillende hoofdstukken te corrigeren moet groot zijn geweest.
Ook is jouw suggestie om naar resonantie's te kijken vruchtbaar geweest.
Mijn copromotor Jaap van Eek, bedankt voor de vliegende start van mijn
promotie. Ik vraag me af of er een gedeelte in dit proefschrift (of overigens
in de vakgroep) is, waar jou inbreng niet aanwezig is.
Jitse van de Weg, je herinnert je vast nog wel iemand die 's ochtends zonder
'goedemorgen' te zeggen in gedachten langs je loopt... Ik herinner me de
malen dat je de vacuum pot open en dicht hebt gemaakt en tussen het open
en dicht doen ook nog wat gedaan hebt.
Frits Ditewig and Hans Wisman, ik denk dat ik net zoveel van electronica
van jullie heb geleerd als van bridgen. Jammer alleen dat ik in tegenstelling
tot de electronica op het bridgen altijd moest wachten tot de volgende dag.
Gerard Nienhuis, ik hoop je dat het geven van het extra college over de voor
mij onontbeerlijke theorie en de vragen hierover leuk hebt gevonden.
Wim Westerveld, jouw bereidheid om op elk moment van de dag tijd te
maken voor een volgende vraag waardeer ik zeer.
De studenten Peter Bekel, Margreet van Brummelen en Frank Verkoelen,
bedankt voor de bijdrage in het meten, testen en uitwerken en de prettige
samen werki ng.
Gerrit Dirkse en Gerard Hörchner, bedankt voor alle kleine passende mech-
anische stukjes, die jullie 'gisteren' klaar hadden.
Dja Nagtegaal en Jaap van de Kruk wil ik bedanken voor het schrijven van
die software, waarmee de metingen grotendeels zijn verzameld.
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Behalve de mensen die directe hulp bij het onderzoek hebben gegeven,
zijn ook de mensen die de prettige sfeer op het lab en thuis gemaakt hebben
essentieel geweest. Overigens heeft de eerste groep ook voor de prettige sfeer
gezorgd, maar heeft de tweede groep geen directe hulp gegeven, integendeel
zelfs.

De (ex-)collega's Charles Schrama, Mark Pieksina en Erik van de Riet
bedank ik voor al die keren dat ze hopeloos te.ï onder gingen in het bridge
geweld van Boobs T-acol. Mijn (ex-)kamergenoten Tineke van der Meij en
Kees Uiterwaal bedank ik voor de gezelligheid.
Ex-collega Rian de Jong, jij hebt me op het lab zwarte Piet gemaakt, je
hebt me ingeleid in de rotsklimsport, me een kamer in Utrecht bezorgd en
bovendien 4361 maal herhaald 'Is there anybody out there?'
Roland den Hartog, bedankt dat ik altijd met fysica verhalen over mijn eigen
onderzoek en over 'gravitatie als resteffect van elektromagnetisme' altijd bij
jou terecht kon. In onze discussie's brandt het vuur van de fysica het hardst.
Mijn ouders, bedank ik voor de geboden mogelijkheid en stimulans om te
studeren.
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Curriculum vitae

De auteur van dit proefschrift werd geboren op 18 december 1964 te Den
Bosch. Via Ermelo is hij op achtjarige leeftijd in Den Haag beland. Hier heeft
hij de middelbare school doorlopen op de Thorbecke Scholengemeenschap,
waar hij in 1983 het VWO-diploma behaalde.

De studie Natuurkunde is hij in hetzelfde jaar begonnen aan de Rijk-
suniversiteit te Leiden. Hier werd, volgend op de propedeutische examens
voor Wiskunde en voor Natuurkunde, het doctoraal examen in Natuurkunde
gemengd behaald op 30 juni 1987. Tot het theoretische gedeelte van het exa-
men behoorde een seminarium supersymmetrie, een examen inleiding tot de
algemene relativiteitstheorie en een examen groepentheorie en symmetriev-
erschijnselen. Tot het experimentele gedeelte van het examen behoorde een
onderzoek in de vakgroep Atoomfysica. Het onderzoek betrof een onderwerp
uit het gebied van gas-oppervlakte interactie's.

Aan het vierjarige promotie onderzoek werd een aanvang gemaakt op 1
juli 1987 bij de vakgroep Atoom- en Grenslaagfysica van de Rijksuniversiteit
te Utrecht. Het resultaat van dit onderzoek ligt nu voor u. Gedurende het
promotie onderzoek heeft hij mede de werkcolleges klassieke mechanica voor
geologiestudenten en klassieke mechanica en electriciteitsleer voor Chemies-
tudenten begeleid.
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