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In the beginning, when lasers did not yet exist, ionization during
slow atom-atom collisions was easy. Depending on the available
potential energy, in one form or another, ionization could oc-
cur spontaneously, if enough potential energy was available, or it
could not occur at all, if this energy was insufficient. Later, when
lasers had appeared, new ways for ionizing a collision system be-
came possible. One way was to photoionize the collision complex,
i.e. during the actual collision. The fact that in this case a three
particle interaction was responsible for the ionization, made that
this type of ionization was hard to accomplish.
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Chapter 1

Introduction and Summary

1.1 Introduction
Ionization processes classified as spontaneous ionization are e.g. Penning-
and associative ionization and transfer ionization. In former two processes
the necessary ionization energy is available in the form of excitation energy
of one of the collision partners, whereas in the latter process the ioniza-
tion energy is present in the form of potential electron-ion recombination
energy. The understanding of the spontaneous ionization mechanisms has
gradually developed from a large number of experiments in this field and
now a very detailed analysis is available within the framework of the Born-
Oppenheimer approximation and the so-called "local" approximation of the
transition amplitude. Advanced experiments these days allow one to investi-
gate the validity of these approximations to a rather high degree of accuracy.
Reviews about the subject of spontaneous ionization are given by Niehaus
[8,9].

Due to the nature of the spontaneous ionization one cannot really modify
the ionization process during the collision. The only experimental param-
eter which can be varied is the relative collision velocity. Besides this, one
can only select certain systems by preparing it in a well defined state be-
fore the collision. With the appearance of (powerful) laser systems one has
obtained a means of modifying the electronic and heavy-particle dynamics
during the collision. The extra energy brought into the collision system (one
or more photons) makes other reaction channels possible and may modify
existing channels. If the laser power is not too high, the collision process is
still governed by the interaction potentials, but now other transitions may
become possible. If the intensity gets very high, the laser even modifies the



interaction potentials and in that way the outcome of a collision process can
be changed drastically. Although laser-assisted processes exist as bound-
bound, bound-continuum, and even continuum-continuum transitions, we
will mainly discuss the bound-continuum case, i.e. ionization processes, and
compare them with spontaneous ionization.

Of course there is a big difference in the natures of spontaneous ioniza-
tion and laser-induced ionization of collision complexes. The different types
of couplings causing the transition, namely the Coulomb- and the dipole cou-
pling, make that the range and the strength of the couplings differ greatly.
Moreover, one can vary the strength of the dipole coupling by changing the
laser intensity, whereas the Coulomb coupling is constant and cannot be
altered. However, we will only consider the coupling as a given quantity
which causes transitions from one state to another, and from this point of
view the ionization processes are very similar.

The possibility to vary the dipole coupling, together with the fact that
the photon energy can be varied, which makes it possible to "shift" the po-
tential curves, are important reasons to start investigations on laser-induced
transitions during collisions. An important advantage of ionization over
bound-bound transitions is that in the case of ionization there is a range of
internuclear distances at which absorption of a photon (ionization) can take
place, whereas in the case of bound-bound transitions, there usually only
is a certain internuclear distance at which the energy spacing between the
relevant states is in resonance with the radiation. Therefore ionization of
collision complexes should be easier to study.

The study of laser-induced processes during collisions is not only inter-
esting from a purely scientific point of view, but it is also important for the
development of new means for controlling chemical and physical reactions
as well as for the development of laser systems.

Theoretically there has been a lot of interest in atom-atom collisions
taking place in a radiation field. General laser-assisted processes have been
studied (see e.g. [2,4,6,11]), as well as ionization processes in specific [1,13].
The theories concerning laser-induced ionization of collision complexes are
mainly extensions of the field-free theories developed for the description of
several spontaneous ionization processes. Experimentally, the laser-assisted
processes have been studied in vapor cells mostly. Few experiments have
been carried out on the laser-induced ionization, and still fewer have used
atomic beams. Thus, until now no detailed information about the ioniza-
tion process and the dynamics has been obtained experimentally. In fact,
the beam experiments on photoionization of collision complexes which have



been carried out, and which or^ d^<u with total ion yields, show results
which are very questionable. It is clear that a full understanding of the ion-
ization processes can only be obtained by measuring the energy distribution
of the ejected electrons and angular dependencies of ions and electrons. It
is our intention to make a first step in this direction by trying to measure
the electron energy distribution originating from the photoionization of the
He(2'l'3S)/He collision system.

1.2 Summary

The experimental set-up we use to investigate laser-induced ionization pro-
cesses is described extensively in Chapter 2. In short the set-up consists
of a metastable atom source, a magnetic-bottle-type electron time-of-flight
spectrometer, and a time-of-flight ion spectrometer. An excimer/dye laser
combination provides the intense (tunable) light beam. In the interaction
region a metastable atom beam, a ground state atom beam, and the laser
beam intersect. Charged particles created in this region are energy analyzed,
in the case of electrons, or mass analyzed, in the case of ions, by means of
time-of-flight techniques.

In Chapter 3 we present the theory which we use in the description of
spontaneous ionization. We discuss the purely classical theory as well as the
quantum-mechanical theory in a semiclassical approximation. We derive
expressions for the double-differential (i.e. differential in energy as well as
scattering angle) partial ionization cross section and for the electron energy
distribution at some unspecified angle Furthermore we put emphasis on
special features, the so-called rainbow structures, which we expect to appear
in the angular as well as the energy distributions. From the most detailed
quantum-mechanical formula we obtain an approximate expression which we
use in the description of spontaneous ionization at collision energies higher
than about 20 eV. It turns out that this expression which we call the "Eikonal
approximation" incorporates two different approximations which have been
used in the past to analyze rainbow structures caused by interference effects
of different origin. As we have already mentioned above, the theoretical
descriptions of photoionization, concerning the heavy-particle dynamics and
the energy distribution of the ejected electrons, are extensions of descriptions
of the spontaneous field-free ionization processes. Since we have not yet
observed electrons coming from photoionization of collision complexes, we
have applied the theory to available data on transfer ionization (see chapter



5). It is pointed out in chapter 3 that the theory only needs minor changes
to apply it to photoionization of collision complexes, once measurements of
electron energy distributions become available.

Chapter 4 presents an introduction to laser-assisted atom-atom collisions
and especially to the laser-induced collisional ionization. We introduce the
He(2l'3S)/He system, the collision system of our study. Using non-resonant
radiation with photon energies ranging from 2.8 eV up to about 3.9 eV,
photoionization of this collision system becomes possible, leading to the
formation of He\. We report about the problems encountered in our in-
vestigations and we compare a simple estimate of the ionization rate with
the only experiment carried out so far [7]. This comparison shows that it
is very unlikely that the results of this experiment are realistic. In fact,
other explanations of the observed signal are available [3]. In the course of
our investigations we have encountered some problems caused by Amplified
Spontaneous Emission (ASE) in the dye laser. Using resonant two photon
ionization of He(21>3S) we demonstrate the danger of ASE in high-power
laser experiments. The investigations show that the ability to measure the
electron energy of the photo-electrons sometimes is a necessity to be able
to exclude experimental artifacts. Having learned from our own ASE prob-
lems, we suggest that unexplained structures in observed ion spectra of two
photon ionization of //ie(2ll3S) [5] are due to ASE as well. Finally, we point
at the possibility that ASE might also have affected the only other beam ex-
periment (besides the one mentioned above [7]) on laser-induced collisional
ionization [10].

The theory of chapter 3 is applied in Chapter 5 to the description of
transfer ionization taking place in He++/Xe collisions. We show that the
results of calculations, which employ the simple potential curve model of
chapter 3, at a collision energy of 10 eV are in good agreement with ex-
perimental observations of others [12] and of ourselves. All the details in
the angular dependence of the energy spectra of the in- or superelastically
scattered He+, which originate from the transfer ionization process, are re-
produced by the calculations. This kind of calculations is carried out for the
first time in this relatively high collision energy region. We also find a sat-
isfactory explanation of observed electron energy distributions [12] without
the need to introduce other reaction channels than the initial and final state
of normal transfer ionization. This is in contrast with earlier explanations
[12]. At higher collision energies we carry out an analysis using our Eikonal
approximation for a description of the so-called turning point rainbow. This
analysis shows that at higher energies (from about 50 eV up) the behavior of
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the system changes and that this change is explained by assuming avoided
potential crossings at short internuclear distances. Angular measurements
of the ion energy spectra are very similar to the 10 eV measurements and
are fully understood. Finally we show that the Eikonal approximation can
be used to describe the high energy collisions.
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Chapter 2

The Experimental Set-Up

2.1 Introduction
The aim of this chapter is to give an extensive description of the various parts
of the experimental set-up. Since the investigations described in this thesis
started from scratch, a lot of modifications have been made in the course of
the investigations. The modifications that improved the performance or that
opened up new possibilities have survived. Therefore we give a description of
the total experimental set-up at the time of this writing. Only if it is relevant
we mention or describe an older design or experimental configuration.

Before going into details, we first give a short description of the set-up.
It consists of a pulse laser, a metastable atom source, a "magnetic bottle
type" time-of-flight (TOF) electron spectrometer, and a TOF ion spectrom-
eter. The electron spectrometer is the heart of the experimental set-up. Its
geometry has determined and more or less has limited the possibilities for
adding other parts, like the metastable atom source and the ion detection
system. A very schematic drawing of the set-up is shown in Fig. 2.1.

In the interaction center of the electron spectrometer, the laser beam, the
metastable atom beam, and an extra target gas beam intersect. Different
combinations of these beams give rise to different physical processes that
can be studied e.g. :

• (multi-)photon ionization processes of metastable atoms, ground state
atoms or molecules.

• Penning ionization of some target gas by highly excited atoms (created
by laser excitation of metastable atoms).



• photoionization of collision complexes formed by a metastable atom
and a target gas atom.

In our experiment we want to study the photoionization of collision com-
plexes and compare this with spontaneous ionization during collisions. In
chapter 4 we discuss the photoionization and in chapter 5 we discuss the
spontaneous ionization of a collision complex.

Target Gas (H»> // Photodiode

( y He"
Beam Dump

Figure 2.1: Schematic drawing of the experimental set-up.

2.2 The Electron Spectrometer

2.2.1 Description and Operation

The time-of-flight electron spectrometer used has been designed by Kruit
and Read [15]. A full description of this spectrometer and a complete anal-
ysis of the principle of operation and the performance can be found in the
papers by Kruit and Read [15] or Kruit [14]. In this section we give a de-
scription of the apparatus and the way we employ it. In section 2.2.2 we
briefly explain the principle of operation and in section 2.2.3 we describe its
performance in our experiment.



Figure 2.2. Schematic drawing of the electron spectrometer. A: polar pieces,
B: electrodes, C: electromagnet, D: soft iron housing, E: drift tube with low-field
coil, F: insulated cylindrical grid, G: electron detector (2 microchannel plates in
cascade).

The spectrometer has been designed to measure the kinetic energy of low
energy electrons1, which are emitted in short pulses2, with high collection
efficiency. Measuring the energy of slow electrons with reasonable energy
resolution is always very difficult because of the influence of ever present
(electro-) magnetic fields. This spectrometer design, however, benefits from
the effect that a magnetic field has on the electron motion. Making use of a
strong magnetic field, the spectrometer covers a solid angle of 2JT sr.

Fig. 2.2 shows a schematic drawing of the electron spectrometer. The
central part consists of a soft iron housing with two polar pieces at the
inside. An electromagnet generates a strong magnetic field of about 1 T
between the polar pieces in a volume of about 4 x 4 x 4 mm3. Atoms, ions
and electrons can leave this interaction region through circular apertures in
the polar pieces. Going through the polar piece on the right they enter the
ion TOF reflectron (see section 2.4), going through the other polar piece
they enter the drift tube of the electron spectrometer itself. Two circular
electrodes with circular apertures of 1.5 mm diameter3 have been mounted
on the polar pieces to facilitate the use of electrostatic fields for retarding

'Typically 0—10 eV.
3Krnit uses a 6-8 na long laser pulse to produce the electrons.
3 A copper mesh of 200 lines per inch and 80% transmission covers the aperture.



or accelerating purposes. The interaction volume between the electrodes is
about 2 x 2 x 2 mm3. Going through the polar piece to the electron drift tube,
the magnetic field decreases from 1 T in the high-field region to 1.5 x 10~3

T in the drift tube. A simple coil around the tube generates this low field.
Inside the drift tube an insulated cylindrical grid has been mounted which
can be used to adjust the drift velocity of the electrons. At the end of the
drift tube two microchannel plates (Varian, type VUW 8946) in cascade
have been mounted for particle detection. Just in front of the microchannel
plates three fine mesh grids have been placed to prevent unwanted charged
particles from reaching the microchannel plates. The grid in the middle is
the suppressor grid and the outer two serve as shielding grids. The distance
from the interaction region to the microchannel plates is 48 cm.

The high-field region is pumped by a turbo molecular pump (Balzers,
TPU 050, 50 1/s) and the vacuum chamber with the low-field drift tube
is pumped by an oil diffusion pump (Edwards, Speedivac E04, 600 1/s).
The pressure is measured by ionization gauges and we give the uncorrected
readings. The background pressure in the interaction region is 10~7 Torr4

and in the drift region 5 x 10"8 Torr; during operation of the metastable
atom source (see section 2.3) with helium the pressures rise with a factor of
8 and 1.5, respectively. With an extra target gas beam the pressures rise to
about 5 x 10"5 Torr and 2 x 10~6 Torr, respectively.

We slightly modified the spectrometer design. To create more space for
the metastable atom source the soft iron housing has been enlarged in the
direction of the axis. In total it has become 25 mm longer. Of course the
distance between the polar pieces had to remain the same, so they have
been made 12.5 mm longer each. We have enlarged one of the four existing
ports in the soft iron housing and two more have been added for diagnostic
purposes. The large one is used by the metastable atom source, two are
the entrance and exit ports for the laser beam, one is used for the target
gas beam, on one port an ionization pressure gauge has been mounted, and
the last port is used to monitor the metastable atom beam. Although the
modifications affect the most essential part of the spectrometer, they do
not disturb the magnetic field. Especially the adiabaticity of the field (see
section 2.2.2) is not disturbed5.

4 For historical reasons we use Torr instead of Pa(scal), 1 Ton = 133.3 Pa.
5The polar pieces were adjusted to get an "adiabatic" magnetic field.
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z-axis

Figure 2.3. Illustration of the principle of changing the direction of the velocity
by a magnetic field.

2.2.2 Principle of Operation

An electron emitted in the high-field region between the polar pieces spirals
around a magnetic field line due to the Lorentz force ev x B. The electron
follows the field line, going from the high-field region ( I T ) through the
aperture in the polar piece to the low-field (1.5 X 10~3 T) region in the drift
tube, where the field lines are parallel again. In the transition region the
Lorentz force has a component along the line of guidance and this component
causes the longitudinal velocity to increase and the transverse component
to decrease6. The result is that the directions of the velocities are made
parallel along the direction of the magnetic field lines.

The way the trajectories are made parallel is illustrated in Fig. 2.3. An
electron with energy E and velocity v is emitted at an angle Oi with respect to
the z-direction in a cylindrically symmetric magnetic field. In the magnetic
field Si it undergoes a helical motion with frequency

Ui =
m

(2.1)

where e is the charge and m the mass of the electron. The radius of the
orbit r,- is given by

"The magnetic field does not change the magnitude of the velocity.
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and the angular momentum by

_ mVsin2tft
' . - eB. • (2-3)

Combining these equations we can give another expression for the angular
momentum: l{ = eBitj. This shows that the angular momentum is propor-
tional to the magnetic flux enclosed by the helical motion of the electron.

If the variation of the magnetic field with z is adiabatic, i.e. the field
experienced by the electron changes negligibly in the course of one revolution
of the helical motion, then the angular momentum (or the enclosed magnetic
flux) is a conserved quantity (see e.g. Jackson [11]). In that case Eq.(2.3)
relates the angle 0] of the electron velocity in the low-field region to 0,:

= i / . (2 4)
sinfl, V B

Therefore the longitudinal velocity component in the low-field region, i.e.
the z-component vzj, is given by

-^-sm2ei. (2.5)

Realizing that Bj <C Bi we see that Eq.(2.5) shows that the velocities are
made parallel.

The arguments above are based on the assumption that the magnetic
field changes adiabatically. The adiabaticity of the field is expressed through
the dimensionless parameter \ used by Kruit and Read [15]:

X =
2itmv dB.

dz
(2.6)

where Bz is the magnetic field on the z-axis. True adiabaticity is achieved if
X = 0. In practice, however, a maximum value of x close to 1 is acceptable7.
After adjusting8 the polar piece we have obtained a maximum x-value of
0.6.

7 Kruit and Read have a maximum value of 0.78.
Successive layers of iron were machined from the inner surface of the polar piece until

X stayed well below 1.
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2.2.3 Performance

The trajectories of the electrons emitted in the interaction region between
the polar pieces are made parallel in a distance of 10 mm. Within this
distance the magnetic field drops from 1 T to about 10~2 T. For the rest
of the flight the electrons drift in a field of 1.5 X 10~3 T until they reach
the detector. In the first few millimeters of their trajectory the longitudinal
velocity of the electrons strongly depends on the emission angle 0;. Once in
the low-field region the angle is Oj and remains the same during the rest of
the flight. Therefore the total time of flight Tdrijt is given by

where l<trift is the total drift length. Eq.(2.7) shows that Tdrift is only weakly
dependent on 0,-. Kruit and Read [15] have theoretically investigated the
dependence of Tdrift on the emission angle 0,- for different distributions. For
an isotropic distribution emitted on the axis of the apparatus with an energy
of 1 eV, they compute a time resolution given by

AT
— = 5.6 x 10"3, (2.8)

where AT is the FWHM of the time-of-flight distribution and T the time of
flight. With a typical time of flight of 1 /is9 we calculate AT w 6ns. Since
T is proportional to y/Eidn the energy resolution is given by

(29)2
E ~ T '

which yields a calculated energy width of about 12 meV for 1 eV electrons.
In our experiment the time resolution is substantially reduced for the

following reasons: 1) the electrons are produced during a laser pulse, i.e. in a
time interval of about 15 ns, 2) the detection pulse from the electron detector
(MCP) is directly digitized by a transient recorder and therefore its width of
about 15 ns contributes to the overall width AT. These contributions lead to
AT as 21 ns or AE ss 42 meV for 1 eV electrons. The energy resolution can
be improved by increasing the time of flight with the aid of the electrodes on
the polar pieces or the cylindrical grid inside the drift tube. In practice the
time of flight should not be made longer than about 3 /is. Longer times do

9For an election we have: v = 5.93 x KrV£un(eV) m/s. With /*.</, = 48 cm and
= 1 eV this means Tdrift - 810 ns.
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not increase the energy resolution, and only lead to a decrease in collection
efficiency. The time and energy resolution as well as the drift time itself
are also affected by the fact that the emission of electrons takes place in
a finite volume. The off-axis emission of electrons causes the time-of-flight
distribution to broaden and shift due to the adiabaticity of the magnetic
field (see Kruit and Read [15]). These effects are strongly dependent on the
energy. Since we often monitor the whole interaction volume, these effects
are present. In practice we achieve a minimum energy resolution of 40 meV
for electrons with Ekin < 4 eV.

A more difficult problem is the existence of contact potentials, especially,
because they are not constant in time. The contact potential of interest is the
one related with the two electrodes on the polar pieces. This potential varies
between 0.1 V and 0.6 V and has a retarding effect on the electrons entering
the drift tube. The contact potential is minimal after bake-out and seems to
increase by contamination. To overcome the problem of the contact potential
we have performed photoionization measurements with well defined electron
energies and we have varied the retarding (or accelerating) voltage OK the
cylindrical grid inside the drift tube in order to determine the value <£ the
contact potential. We use an empirical expression for the time of flight 'I drift
given by

where EQ is the kinetic energy of the emitted electron in eV, or, if the central
electrodes are not at ground potential, then Eo is the correspondingly cor-
rected energy. Remember that the electrons when they leave the interaction
region enter a region which is at ground potential. Vc is the contact poten-
tial and Vd is the potential of the grid in the tube. To is some time offset
and depends on the electronics being used. T\ and T-2 can be considered as
the times of flight in the region between the interaction center and the drift
tube with energy Eo - Vc and the region in the drift tube itself with energy
Eo -Vc — Vd, respectively. The time-of-flight spectrum is transformed into
an energy spectrum by numerically inverting Eq.(2.10). We have used two-
photon ionization of metastable helium to determine the contact potential
Vc:

He(21S) + fiw - He{ZlP) + hu -> He+ + e"(e = 0.97eV); A = 501.7 nm.

We have measured the position of the electron peak for various retarding
voltages Vd and have made a fit of the result with Eq.(2.10). The fit yielded:

14



T\ = 37 ns, T2 = 750 ns, and Vc = 0.15 V, which is a typical value. Note,
that T\ + Ti is in good agreement with the calculated time of flight for a 1
eV electron. Using a high laser power we have also varied the energy of the
emitted electrons from 0.58 eV to 1.14 eV by varying the wavelength. Then
a fit with Eq.(2.10) gave the same results.

Fig. 2.4 shows a recorded electron time-of-flight spectrum and the corre-
sponding energy spectrum. Both peaks belong to mono-energetic electrons
created by photoionization of metastable helium atoms. Therefore the en-
ergy width is due to the apparatus and the already mentioned finite width of
the laser pulse and the detector pulse. The energy spectrum clearly demon-
strates the fact that for a time of flight < I/is the resolution is determined
by the width of the laser pulse and the pulse width of the detector. We also
see that for a longer time of flight other effects determine the width of the
distribution. The energy widths shown are typical for the experiment.

The spectrometer has also been used to perform TOF measurements with
ions. In principle the magnetic field has the same effect on ions. However,
for the ions the adiabaticity of the field is certainly no longer valid and the
radius of the helical motion can get too big. Moreover it is necessary to
apply a rather strong electric field across the interaction region to extract
the ions. As a result the time resolving power, and for the ions the mass
resolving power, is very poor. To get a much better mass resolution we have
built a special ion TOF detector which is discussed in section 2.4.

2.3 The Metastable Atom Source

2.3.1 Source Design and Operation

There are three major ways of producing "slow" metastable atoms:

• Crossing of a ground state atomic beam with an electron beam. See
for example Brutschy et al. [6].

• Sampling of an atomic beam from a discharge through an orifice. See
for example Verheijen [24].

• A discharge through a nozzle of insulating material (this can be con-
sidered a combination of the former two). See [23,16,9].

Because of the high flux of metastable atoms that can be attained, the very
long lifetime of the source, the low kinetic energy of the metastable atoms

15
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Figure 2.4. TOF electron spectrum and the corresponding energy spectrum. The
energy spectrum has been calculated using Eq.(2.10)
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produced, and most of all the compactness of the source, we have chosen the
discharge expansion source. Our design of the source is based on the design
of Fahey et al. [9] and we have made some minor modifications.

In order to have a high density of metastable atoms in the interaction
region of the electron spectrometer, the source has been placed as close
as possible to this center. For this reason we have adapted the geometry
and the dimensions of the source vacuum chamber to the spectrometer.
As mentioned in section 2.2 we have modified the original dimensions of
the spectrometer for this reason as well. These modifications affect the
pumping speed attainable at the orifice and in that way have their influence
on the output of the source. However, the source performance is close to
the optimum.

The discharge expansion source is a cold cathode DC-discharge. In this
type of source usually a discharge is created between a needle and a cone-
shaped skimmer electrode. The discharge is maintained across a pressure
gradient by differentially pumping a gas nozzle. One has a gas reservoir with
relatively high pressure connected through a small diameter nozzle with a
low pressure environment. In different designs (to be mentioned below) the
pressure in the reservoir or the surrounding vacuum chamber can vary orders
of magnitude. Also there is a wide range of discharge currents and voltages
being used.

One of the first designs, by Searcy [23], used a source reservoir pressure
of 300 Torr, a surrounding pressure of 2 X 10~5 Torr and a 8 kV, 100 fiA
discharge. This discharge produced a metastable atom beam flux of 1010

sr~1s~1. Leasure et al. [16] have increased the surrounding pressure up to
10~4 - 10~3 Torr. That created a discharge at much lower voltage (3.5 kV,
100 fiA) and at about the same reservoir pressure (200 - 300 Torr), but
with a much higher flux (1012 sr~1s~1). The most interesting aspect of the
designs by Searcy and Leasure was the fact that the source besides thermal
metastable atoms also produced superthermal metastable atoms (e. g. 5 eV
for helium). Lowering the pressure in the reservoir down to 90 Torr in the
Leasure source led to a superthermal atom flux of about 1014 sr~1s~1. In
both designs the anode had been put inside the reservoir, i.e. upstream of
the nozzle orifice. However, with this set-up the skimmer and nozzle showed
a rapid erosion. Fahey et al. [9] modified the Leasure design and placed
the cathode inside the reservoir. With a source pressure of 50 Torr, an
environment pressure of 10~3 Torr, and a discharge at 400 V and 3 mA,
they created a metastable atom beam with a flux of 1014 sr~1s~1.
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All the designs mentioned are suitable for use with all the noble gasses.
However, in practice only helium and neon can be used if a long lifetime of
the source is a vital aspect. Heavier atoms (e.g. argon) induce a very rapid
erosion of the cathode.

A schematic drawing of our source design is shown in Fig. 2.5. The source
reservoir consists of a quartz tube (outer diameter 10 mm, inner diameter 6
mm) with a partially quartz-covered tungsten needle placed inside. At one
end of the tube the two have been molten together and a gas inlet has been
created. An insulating gas tube (teflon) is connected to the reservoir by a
nut. Gas is admitted into the tube by means of a needle valve (Edwards
FCV 10K fine control needle valve). A boron nitride nozzle tightly fits the
other end of the tube. The nozzle is kept in place by two iron clamps.
To prevent wear out of the nozzle orifice, a thin molybdenum plate with a
circular aperture (diameter 0.10 mm) has been placed directly against the
boron nitride nozzle on the inside of the reservoir. The cone-shaped stain-
less steel skimmer has a circular aperture (diameter 0.4 mm) and is located
5 mm downstream from the nozzle. A quartz-covered tungsten needle has
been placed in such a way that its tip is close to the nozzle. It is used for
the ignition of the discharge. The quartz tube and the additional tungsten
needle have been placed in an stainless steel holder and can easily be re-
moved. The holder can be positioned relative to the skimmer and the whole
(skimmer and reservoir) can be positioned relative to the mounting flange
of the electron spectrometer. The skimmer has been mounted on a flange in
the wall of the vacuum chamber and therefore is at ground potential. Three
circular apertures, used to suppress charged particles and to limit the beam
divergence, have been mounted on top of the skimmer. The last aperture is
1.5 mm in diameter. The whole source vacuum chamber is pumped by an oil
diffusion pump (Edwards Diffstak MK2, 280 1/s). Due to the geometry of
the vacuum chamber the pumping speed in the discharge region is reduced
to about 60 1/s. To maintain a stable discharge between the skimmer and
the cathode, it is necessary to have a background pressure in this region of
about 10"3 Torr.

The ignition of the discharge is done with argon gas. It appears to be
impossible to start with helium, even with the cathode at 6 kV. Most of the
time it is necessary to use a high voltage sparker on the "ignition needle"
to create some charged particles that cause the discharge to start. After
ignition we switch to the desired gas (usually helium). With a pressure of
80 Torr in the reservoir we have a 15 mA, 400 V discharge. The reservoir
pressure is measured with a manometer (MKS-Baratron pressure meter)
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M e t a s t a b l e A t o m Source

Gas

Figure 2.5. Schematic drawing of the metastable atom source. A: quartz tube, B:
quartz covered tungsten needle, C: boron nitride nozzle, D: molybdenum plate, E:
tungsten ignition needle, F: nut, G: teflon tube, H: reservoir holder, I: skimmer, J:
insulated plates (copper), K: exit aperture (copper).
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close to the needle valve. Below a reservoir pressure of about 30 Torr the
discharge cannot be maintained.

The discharge comes close to the strong magnetic field of the electron
spectrometer. This has posed some problems to maintain the discharge
in the presence of the magnetic field. A very simple /i-metal shield has
been placed around the top of the source vacuum chamber. Even with this
shield the discharge is not maintained between the central tungsten needle
(cathode) and the skimmer, but between the needle and some point of the
wall of the vacuum chamber. This point is a few centimeter away from the tip
of the skimmer. We have not noticed any influence of the magnetic field on
the metastable atom flux. This supports the idea that the metastable atom
production mainly takes place inside the nozzle region where the current
density is highest.

The source has shown to be reliable and has been operated for months
without any maintenance. However, when it failed we never found solid
reasons to explain the failure. Replacement of the boron nitride nozzle or
the quartz tube always solved the problem.

2.3.2 Source Performance and Diagnostics

In order to estimate the density of metastable atoms in the interaction re-
gion, we have measured the velocity distribution of metastable helium (and
argon) atoms and the secondary emission current of the metastable atom
beam impinging on an untreated stainless steel surface.

To determine the kinetic energy of the metastable atoms, a simple TOF
part has been built which can easily be mounted on top of the electron
spectrometer. It consists of a stainless steel housing for the chopper (alu-
minum, 11.5 cm diameter) and chopper motor (TRW Globe Motors, type
75A1003-2, max 400 Hz), a i m long drift tube, and a particle detector
(channeltron). The total drift length from chopper to detector is 1103 mm.
To prevent charged particles from reaching the channeltron, a 10 cm long
copper tube has been placed inside the drift tube in front of the channeltron
and is held at a certain potential. The channeltron is sensitive to metastable
atoms as well as VUV radiation. Fig. 2.6 is a schematic drawing of this TOF
part.

In Fig. 2.7 are shown a helium and an argon TOF spectrum. Only two
peaks can be distinguished. The first is identified as the detection of resonant
VUV photons from the source discharge and the second as the metastable
species of the source gas. By putting a tin foil on the exit aperture of the
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Channeltron

Suppression Grid

Figure 2.6. Schematic drawing of the TOF apparatus used for the analysis of the
metastable atom beam. In reality the TOF part is mounted vertically on top of the
electron spectrometer.

source we have checked that the first peak is not due to the superthermal
metastable atoms that have been observed by Leasure et al. [16] and Searcy
[23].

The position of the photon peak is used as the start of the time-of-flight
measurement. In the ideal case that the chopper wheel aperture is open for a
time negligible compared to the time of flight, the time-of-flight distribution
I'(t) is related to the velocity distribution I(v) through the relation

I'(t)dt = I(v)dv (2.11)

This implies that I(v) is proportional to I'(t) times t2. The parallel velocity
distribution of a supersonic expansion is given by Habets [10]:

Io(v)dv =
UOn

dv, (2.12)

with b a normalization constant, v the velocity, u the flow velocity and
a,, = y/2kTi./m the characteristic velocity, giving the width of the velocity
distribution, with k and m the Boltzmann constant and atomic mass, respec-
tively, and 7j| the parallel temperature. A further refinement of Eq.(2.12)
is possible by correcting it with Hennite polynomials [1] of order three and
higher, as has been shown by Beijerinck et al. [4]. The helium and argon
spectra are fitted with the following form:

I(v)dv = (2.13)
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Figure 2.7. Time-of-flight spectra of inetastable helium (top) and argon (bottom).
The fits made with Eq.(2.13) have been drawn too.
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with I(v) the normalized velocity distribution, and Hs(x) and 73 are the
third order Hermite polynomial and its coefficient, respectively. Higher order
polynomials do not improve the fit. We have a most probable velocity for
helium of 3230 ± 10 m/s and of 1124 ± 5 m/s for argon. This corresponds
to a most probable energy of 218 meV for helium and 264 meV for argon.

In order to estimate the ratio of He(21S) and He(23S) we have measured
the Penning ionization of xenon. By employing a retarding field method we
could use the existing electron spectrometer. In fact the magnetic field of
the electron spectrometer was a big advantage to be able to use the retarding
field method: there was hardly any energy dependence in the detector effi-
ciency. The very high electron count rate (105-106 s"1) in this measurement
has forced us to install another particle multiplier (Johnston MM1 Electron
Multiplier) instead of the microchannel plates which we normally used.

The retarding voltage was increased in 20 mV steps. In Fig. 2.8 we
show a cumulative electron spectrum and the corresponding derivative of
the spectrum. The different peaks corresponding to the different Penning
ionization processes and the direct VUV ionization peak have been indicated.
Comparing the contributions arising from He(21S) and He(23S) and using
the corresponding cross-sections from Dlenberger [12] (023s * 14 A3 and
(72is *» 28 A2), we determine te ratio to be: He(23S)/He{21S) » 7. Muller-
Fiedler et al. [21] found a triplet singlet ratio of 17 for a similar discharge
source.

In other experiments one often has an additional discharge tube to serve
as a quench lamp, so that the amount of He(21S) in the beam can strongly be
reduced. The limited space in our set-up has not permitted the installation
of such a device.

The source is usually operated with helium and a source reservoir pres-
sure of 80 Torr and a DC-discharge at 15 mA and 400 V. This produces an
average secondary emission current of 30 nA. Assuming a secondary emis-
sion coefficient for (contaminated) stainless steel of 1 (Dunning et al. [7,8]),
this gives a metastable helium intensity of 2 X 10 u s"1. With a beam
cross section of 4 mm2 at the interaction center this results in a flux of
4 x 1013 sr"1s~1. An average velocity of 3090 m/s (see above) leads to a
density of metastable atoms of 1.6 X 107 cm"3 at the interaction center.
With a tin foil on top of the exit aperture of the source, we have measured
the contribution of VUV resonance radiation (in the case of helium mainly
He(21P) —* He{\ XS) + hu ; A = 58.4 nm) to the secondary emission current.
It is 0.3 nA. For this radiation the transmission of the tin foil is about 30%
[18,20], so the VUV contribution is about 3% of the total signal.

23



20 -

0 -

7 8
Retarding Voltage (Volt)

10

7 8
Electron Energy (eV)

9 10

Figure 2.8. Penning ionization of xenon. Top: cumulative electron spectrum.
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2.4 Ion Spectrometer

2.4.1 Introduction

In the course of the investigations the need has arisen to measure the ions
released in the different ionization processes. At first the drift tube of the
electron spectrometer has been used for this purpose. As pointed out earlier,
this has resulted in a very poor mass resolution. To get a much better mass
resolution and to open up new possibilities for studying (photo-)ionization
processes a new TOF ion spectrometer has been built.

The spectrometer is of the reflecting type and is based on the design by
Mamyrin [19,13]. Mamyrin et al. [19] achieved a mass resolution M/AM «
2800 at a mass to charge ratio m/q = 454. Other research groups have
also been using this type of mass spectrometer and they have obtained mass
resolutions of M/AAf « 3900 at m/q = 78 (Boesl et al. [5] and Schlag et
al. [22]) or M/AM » 500 at m/q = 200 (Becker and Gillen [2,3]).

In designing the spectrometer we had to deal with the following restric-
tions:

1. The extraction of the ions has to take place through one of the polar
pieces of the electron spectrometer. Its aperture is only 4 mm in
diameter.

2. The ions are created in a strong magnetic field that rapidly diverges
once the ions have left the interaction region. Fortunately the magnetic
field initially is in the direction of the velocity.

3. To get a high mass resolution with the reflecting ion spectrometer the
acceleration of the ions should be such that a first order space-time
focusing of the ions is achieved as close as possible to the ion source
(see section 2.4.2).

4. Since the electrodes on the polar pieces are only 2 mm apart and we
sometimes want to monitor the complete interaction volume, the elec-
tric field across this region should be such that the maximum energy
spread is no more than about 20 % [13] of the total energy.

5. It should still be possible to measure electrons as well. This means
that if the applied voltages on the polar pieces are to be pulsed (e.g.
to extract the ions after the electrons have left the interaction volume),
the magnitude of the pulse should not be too big to prevent too much
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electronic noise superimposed on the electron signal. In practice a
100 V pulse seems workable.

Points 3 and 5 of these restrictions are contradictory, therefore these limi-
tations already indicate that a mass resolution of 500 will be more realistic
than a resolution of 3900. However, a resolution M/AM = 200 would be
very satisfactory for our purposes.

2.4.2 Principle of Operation

In the more conventional TOF ion spectrometer the ions are extracted from
the source region by an electric field (either static or pulsed) and accelerated
up to a certain energy. Then they are allowed to drift in a field free region
until they reach the particle detector. The extraction causes a certain energy
spread due to the traversing of different paths during the extracting pulse or
due to different starting positions, i.e. different equipotential planes, in the
electric field. The conventional TOF spectrometers can compensate energy
differences caused by a certain energy modifying effect. If, for example, the
ions are extracted and accelerated in a homogeneous electric field of length
s and then are allowed to drift in a field free space of length L, the energy
differences caused by different starting positions are compensated to first
order if L = 2s. Thus, ions with a given mass to charge ratio m/q but with
slightly different energies arrive at the same time at the detector. Other
effects that cause a certain energy spread can be compensated by similar
methods.

The energy spread in one equipotential plane of the source volume, e.g.
due to the thermal distribution, can not be compensated in the conventional
TOF spectrometer. This energy spread, besides other effects like the "turn-
around-time" , essentially limits the mass resolution that can be achieved.
At the end of the drift space the width of the ion packet that was initially
formed will be increased by an amount A/ given by A/ = Li/AUfUo, where
L is the distance from the source to the detector, qU is the average kinetic
energy of the ions with charge q, and q&U is the initial energy spread.

In the reflecting TOF ion spectrometer, hereafter called "reflectron",
all the energy differences are compensated to second order. The reflectron
requires that the ions are formed in well defined bunches in space and time.
This implies that the ions have to be extracted and accelerated in such a
way that there is a first order space-time focusing as close as possible to
the source at a distance V. In that way the thickness of the ion packet is
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Figure 2.9: Principle of operation of the reflectron.

minimal and given by A I ' = L'y/AU/Uo and V < L, where L is the total
drift length. This packet is the "input" of the reflectron.

The operation of the reflectron is illustrated in Fig. 2.9. We consider the
motion of ions with a given mass to charge ratio m/q. The ions within the
packet at the space-time focal point have energies ranging from qUmin to
qUmax and corresponding velocity differences. The ion packet is deflected
over a small angle a with respect to the axis of the apparatus and travels
in the field free space along a distance L\. The energy differences make the
packet spread during the flight. The ions are retarded in the homogeneous
field in the gap dt, and then they enter the homogeneous reflecting field in
the gap dr. The ions with higher energy penetrate deeper and spend more
time in this field. After reflection the ions are accelerated again and enter
the field free space for the second time and travel along a distance L2 to the
detector. In the reflector the packet is "inverted", i.e. the slower ions leave
the reflector before the faster ones. On the second drift length the faster
ions catch up with the slower ions, so the packet thickness decreases. By
adjusting the field strengths in the gaps dt and dT, we can compensate the
differences in the time of flight on the L\ and I 2 stretches almost completely,
so that the packet arriving at the detector has a thickness close to the original
thickness bJj

2.4.3 Design and Performance

By choosing an average kinetic energy qU0 of the ions and a certain drift
length L, the relevant parameters of the reflectron are given by Karataev et

27



Reflectron
H

i l l i : i i i*

D

Figure 2.10. Schematic drawing of the ion mass spectrometer. A: extraction
electrodes, B: accelerating and focusing lens elements, C: copper tube connecting
the electron spectrometer and the reflectron, D: deflection plates, E: mesh covered
apertures, F: guard rings, G: microchannel plates, H: copper shield, I: polar pieces.

al. [13]:

Ut « 0.7U0 Ur w 0.45Uo dt « 0.0081 dr « 0.061, (2.14)

where Ut/dt is the electric field in the retarding gap dt and Ur/dr is the
electric field in the reflecting gap dT. The total drift length L can be ar-
bitrarily distributed between L\ and Z,2 : L = L\ + £2- The relations of
Eq.(2.14) are easily obtained in the following way [13]: the time of flight t
along the distance L is expressed in the kinetic energy qU of a particular
ion. Assuming that U - kUo with k w 1 and demanding that

— ) =0and ( J T H ) = 0 ,
dl//u=u0 \du JV=UQ

the relations in Eq.(2.14) are obtained as a possible solution.
Our design is based on an average energy10 of about 250-350 eV and a

drift length of about 0.8 m. Fig. 2.10 is a schematic drawing of the complete
reflectron. It consists of two parts: the ion optics to form the input ion
packet for the reflectron and the reflector system with the particle detection
unit.

For clarity we assume q = 1 i.e. 1 atomic unit charge
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The reflection vacuum chamber is a stainless steel tube, 43 cm long and
15 cm in diameter. It is pumped by an oil diffusion pump (Edwards, Speed-
ivac F20, 701/s), resulting in a background pressure of 9 x 10~7Torr. With a
target gas pressure in the interaction chamber of the electron spectrometer
of 10~4 Torr, the pressure in the reflectron rises to 4 x 10"6 Torr. A 22
cm long tube with 24 mm inner diameter connects the reflectron chamber
with the interaction region. Inside this tube and in the vacuum chamber is
a copper shield held at a certain potential. Inside the connecting tube this
limits the effective diameter to 12 mm. At the entrance of the reflectron
chamber the deflection plates (4 cm long, 2 cm apart) have been mounted.
Just above the deflection plates is the housing of the particle detector. The
detector consists of two microchannel plates (Varian VUW 8946) in series.
The actual reflector is 28 cm away from the deflection plates. It is cylin-
drical and 85 mm in diameter. The effective aperture is 30 mm X 40 mm,
as determined by the apertures of the first two plates which make up the
retarding gap. These apertures have been covered by a fine copper mesh (80
lines/inch, 85 % transmission). The reflecting gap consists of a circular end
plate and four guard rings for the sake of homogeneity of the electric field.
The retarding gap is 7.5 mm wide and the reflecting gap is 50 mm wide.

As mentioned before, the input of the reflectron should be a well defined
packet of ions. To achieve this, accelerating and focusing electrodes have
been placed inside the conical polar piece and in the tube behind it. Besides
the two electrodes on the polar pieces, which are mainly used to extract
the ions, three cylindrical lens elements, each 8 mm long and with inner
diameters of 2.8mm, 5mm, and 10mm, and three thin lens elements are used
to form a ion bunch with a small angular spread. The first three cylinder
elements perform the acceleration of the ions and the thin elements mainly
focus the ions. Note that the polar piece itself is at ground potential and
that there is a gap between the first cylinder and the extraction electrode
on the polar piece.

We have performed calculations to determine the location of the first
space-time focus and its width AL;. The calculations have been carried out
using a computer program, written by De Zwart [25], which numerically
solves the Laplace equation for a given cylindrically symmetric configura-
tion of electrodes. After the calculation of the potential distribution, ion
trajectories are calculated. The starting conditions, i.e. energy, angle, and
position, have to be specified.

The first preliminary results concerning the performance of the ion spec-
trometer have been obtained by photoionization and photofragmentation of
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Figure 2.11. Mass spectrum of benzene at an estimated radiation intensity of
107 W/cm2.

benzene. Fig. 2.11 shows the mass spectrum we have recorded at a wave-
length of 391.4 nm.u For the mass resolution we have M/AM a 300 at
M = 50. This is much lower than the resolution obtained by Mamyrin et
al.[13,19], Boesl et al.[5], and Schlag and Neusser [22], but this is probably
due to the restrictions mentioned before. Note that the intense peaks in Fig.
2.11 show a dip to the right of the peak. This indicates that the response
of the channelplates is becoming a limiting factor for the mass resolution.
However, this can easily be improved. Another point for improvement is
the extraction of the ions. Calculations of the ion trajectories show that the
location of the first space-time focus is not very close to the region where the
ions are created. The calculations also indicate that this can be improved
considerably. Lack of time prevented us from experimenting with this. For
the same reason we have not yet made an estimate of the efficiency. The
fact that the spectrum in Fig. 2.11 can be measured very easily, and the fact
that there are enough possibilities to manipulate the angular spread of the

11 This wavelength corresponds to a two-photon resonance in benzene:1 Ei9 -* 'Aig.
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ions, make an expected efficiency of 10% quite reasonable.

2.5 The Laser System

The laser system which we are using in the study of the different photoion-
ization processes consists of an excimer laser and a dye laser. The excimer
laser can be employed on its own, but most of the time it is used for pumping
the dye laser.

The excimer laser is a Lambda-Physik laser, model EMG-103-MSC. It is
operated with XeCl as the active medium. With the unstable resonator op-
tics installed it typically delivers 100 mJ pulses with a pulse length (FWHM)
of 17 ns at a wavelength of 308 nm12. The excimer laser has a repetition
rate of 0-200 Hz.

The dye laser is a Lambda-Physik laser, model FL3002. It consists of a
Littrow-type oscillator and two amplifier stages. A Lambdapure13 back-
ground suppression system reduces the Amplified Spontaneous Emission
(ASE) to less than 0.4 %. The wavelength range, that can be covered when
XeCl is used for pumping, is 332 nm-970 nm. The bandwidth is 0.2 cm"1 ,
corresponding to 5 X 10~3 nm at A = 500 nm. We have not calibrated the
wavelength selection of the laser. Our measurements on well known atomic
transitions indicate that the wavelength of the laser differs only a few tenths
of a nanometer from the indicated value. This difference is not important to
us. The wavelength reproducibility in practice is about 10~3 nm. The pulse
length is similar to the pulse length of the pump laser. The pulse energy
depends on the dye being used and is in the range of 2-20 mJ per pulse,
resulting in an average pulse power between 10s W and 106 W. The polar-
ization of the laser beam is for about 80 % linear in the vertical direction.
The beam divergence is typically 0.5 mrad. The laser beam is focused into
the interaction region between the polar pieces of the electron spectrometer
by a 17.5 cm focal distance plano-convex suprasil14 lens. The minimal focal
spot size, due to the beam divergence, is 0.1 mm as checked by taking burn
patterns on photographic paper. The laser intensities at the focal point are
typically 500 MW/cm2-2 GW/cm2. The dye laser is operated at a 10 Hz
repetition rate.

The average laser pulse energy is measured with a volume absorbing disc

"All the specifications concerning both lasers have been provided by the manufacturer.
13Lambdapnre is a registered trademark of Lambda-Physik
14Suprasil is a registered trademark of Amersil Inc.
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calorimeter (Scientech model 38-0105 and model 38-0101) which can han-
dle the unattenuated beam and which has been placed inside an isoperibol
enclosure.

At the start of the investigations the laser and the rest of the experi-
mental set-up were in the same room, only a few meters apart. However,
the enormous discharges taking place in the excimer laser were responsible
for a strong background signal when measuring the electron TOF-spectrum
with a transient recorder (see section 2.6). Since the expected signal was
very weak, this background signal was unacceptable. The only way we could
reduce the electronic noise was to increase the spatial separation between
the laser and the rest of the experimental set-up. Therefore the distance
between the laser system and the rest of the set-up is about 10 m.

2.6 Electronics and Data Acquisition

For recording the TOF-spectra we use a transient recorder (LeCroy TR8818,
100 MHz with MM8103A memory module) or a Multi Channel Analyzer
(MCA) (LeCroy 3521 A, l/*s minimum dwell time). Both are CAMAC mod-
ules and are being operated by a data acquisition system (LeCroy, model
3500SA). The transient recorder can be used at repetition rates up to about
200 Hz. Before being fed in this data acquisition system the pulses from
the microchannel plates can be discriminated (EG&G-ESN CF4000) or am-
plified. Usually, however, the transient recorder directly records the signal.
The MCA of course only accepts standard pulses coming out of the dis-
criminator. In the case that particles arrive at the microchannel plates at
the same time we must use the transient recorder and record the untreated
signal. Only in that way we get the correct relative intensities at the differ-
ent times of flights. In the TOF measurements the MCA or the transient
recorder are started by a pulse from a fast photodiode in the laser beam.

With the metastable source in operation we have an enormous amount of
charged particles and elastically scattered metastable atoms coming from the
interaction region. Ions are mainly formed by Penning ionization processes
of the metastable atoms with background gas. Electrons originate from these
processes also, but in the case of electrons the metal of the polar pieces or the
electrodes contributes to the electron emission as well, because metastable
atoms or VUV radiation hitting the metal give rise to secondary emission
of electrons. Due to these effects a continuous background count rate of
100kHz-500kHz is quite normal. Such a high count rate would shorten the
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life time of the microchannel plates dramatically. Therefore we have installed
several electrostatic suppression grids or electrodes. The contribution of the
elastically scattered metastable atoms depends on the total pressure in the
interaction volume. This contribution can not be reduced. In the TOF ion
reflectron the metastable atoms fortunately can not reach the detector.

Remember that the laser pulse repetition rate is 10 Hz and that the
typical time of flight of the electrons is about 1 /xs. Thus, the effective data
collection time is only 10~3 % of the total time. We can prevent charged
particles from reaching the detectors by using suitable electrostatic shielding
and to allow particles to pass through only during a certain time interval.
By synchronizing the laser pulse with an electronic pulse on the grids, we
achieve that the electrons and ions created during the laser pulse reach the
detectors undisturbed, whereas during the rest of the time the continuous
flow of charged particles is suppressed.

If the electrodes at the interaction region are used, they are triggered by
an electronic pulse from the excimer laser a few //s before the light pulse ar-
rives. These electrodes are also used as extracting electrodes for the ion TOF
reflectron. The electron spectrometer has additional grids just in front of
the microchannel plates. If these grids are used to suppress the background,
they can also be triggered by the light pulse. These grids have the advantage
that a short "transmission" pulse does not give rise to additional structure
in the TOF-spectra, whereas a transmission pulse on the electrodes at the
beginning of the flight path does create a structured background in the TOF
spectra. The disadvantage is the possibility of pile up of electrons just in
front of the microchannel plates. It depends on the experimental circum-
stances which method of particle suppression, using the central electrodes
or using the grids in front of the detector, gives the best results.

Recorded data are sent to a PDP 11/03 computer that stores the data
from other experiments as well. For further analysis the spectra are trans-
ported to the central computing facilities (VAX 11/758 and MicroVax 3500
cluster).
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Chapter 3

Theoretical Description of the
Heavy-Particle Dynamics and the

Electron Energy Distribution

3.1 Introduction

The formal theoretical description concerning the heavy-particle motion and
the energy distribution of electrons emitted during atom-atom collisions ap-
pears to be very similar for the two cases of spontaneous ionization, and of
laser-assisted collisional ionization. This can of course only be true if one
does not include the problem of the coupling leading to ionization itself into
the theory. Therefore, we do not consider the problem of determining and
calculating the electronic transition matrix elements, but we incorporate
these transition elements by the use of a suitable functional form which may
be suggested from theory or experiment.

Because of this similarity, which is discussed in more detail later on in
this chapter, and because of the fact that we have a lot of experimental data
available concerning one type of spontaneous ionization, and no data on the
laser assisted collisional ionization yet, we present the theory for the case
of spontaneous ionization processes. We only indicate how things change in
the case of laser assisted collisional ionization processes. In chapter 5 we
apply the theory of this chapter to transfer ionization processes occurring
during collisions of He++ ions and xenon atoms.

By Spontaneous Ionization (SI) during a collision we mean that the
initial state of the system is embedded in an electronic continuum of some
final state and that the transition from initial to final state is caused by an

35



Ed

C
u
"o

on
t-

C
w
.S
c
a>
o

Du

1*1

©

IE

• T v 4

R2 l\g 1\ I t j £v2 lvc

Figure 3.1. a: Schematic representation of a SI process occurring during a collision
at an initial kinetic energy E. The initial state is represented by the potential
curve V; and the final state by V+. Two possible (electronic) transitions, yielding
energies £\ and £21 have been drawn to illustrate the origin of the electron energy
distribution, b: Schematic drawing of a LICI process. In this case we can consider
the initial state to be represented by Vt + hui, where hu is the photon energy. Again
we have indicated two transitions. Note that without the laser field the initial state
is not in an electronic continuum and therefore SI is not possible. That is why we
have a LICI process here.

electronic (Coulomb) coupling between these states. In Fig. 3.1a we show
a typical situation encountered in SI. For SI it is essential that the energy
necessary for the emission of an electron with a certain amount of energy is
present in the system in the form of electronic energy at small separations.
This situation especially arises in cases where the energy is already present
at infinite separation of the collision partners, for example, if one of the
atoms is in an excited state and as such possesses enough energy to ionize
the other atom. Another example is the case, where one of the atoms is a
(multiply-charged) ion and where the recombination energy is high enough
to remove from the other atom a number of electrons that is larger by at least
one than the number of electrons captured by the ion. The two examples
are better known as Penning ionization and transfer ionization, respectively.
In these SI processes the energy needed is not taken from the kinetic energy
of the heavy particles, although this energy is usually changed.

For SI to occur it is not necessary that the system has been prepared into
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a state which may lead to SI. It can also be the case that due to a diabatic
coupling at short internuclear distances the state from which SI is possible
is populated during the collision itself. In that case the SI process can only
take place "on the way out", when the atoms are receding from each other.
However, the more common situation, and the one we are dealing with, is
the situation where the initial state is embedded in a continuum long before
the collision, so that the ionization can also take place "on the way in", when
the atoms are approaching each other. For the sake of clarity we will only
consider the coupling of one initial state with one final continuum state.

Examples of SI are Penning Ionization (PI) and the strongly related As-
sociative Ionization (AI), and Transfer Ionization (TI). They are represented
by the following reaction schemes

A' + B —*A + B++e-{e) (PI)
— AB++e-(e) (AI),

where A* is an excited atom and £ is the kinetic energy of the emitted
electron. One possible reaction scheme for TI is

A++ + B —* A+ + B++ + e"(e)

We will sometimes refer to these processes as field-free ionization, as opposed
to ionization processes in which a laser field plays an important role in the
ionization process during the collision. They will be called laser-assisted
processes.

On the subject of SI there is a vast amount of literature. Here we mention
two review articles with a large number of references by Niehaus, one on the
subject of PI and AI [17] and one about spontaneous ionization during slow
collisions in general [18].

Now we come to the ionization processes in which a radiation (laser)
field plays a crucial role. First we give some definitions. By Laser-Assisted
Collisional lonization (LACI) processes we mean collisions between atoms
— the atoms may be excited or ionized — taking place in a radiation field
and leading to the emission of an electron. The laser field may be neces-
sary for ionization to occur during the collision, in which case we speak of
Laser-Induced Collisional Ionization (LICI). If the radiation field modifies
the ionization process which also would take place if there was no radia-
tion field present, we speak of Laser-Modified Collisional Ionization (LMCI).
Furthermore, we can have Penning-like ionization or associative ionization
induced or modified by the laser. These processes will be called LIPI, LIAI,
LMPI, and LMAI, with the obvious abbreviations.
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In Fig. 3.1b is shown a typical situation encountered in LACI. The pro-
cess depicted clearly is a LICI process, in which ionization can only take
place for a certain range of internuclear separations of the atoms. In LACI
the transition is induced by a dipole coupling between a discrete state of
the quasi-molecule and a continuum state. In fact the transition is the
photo-ionization of this quasi-molecule.

The fact that the couplings which lead to ionization are of different
nature for the SI and LACI processes, implies that one may expect large
differences in the outcome of the ionization process, although the SI and
LACI processes are treated in the same way formally. Realizing the unbound
character of the dipole operator, one can expect the dipole coupling to have
a much larger range than the Coulomb coupling in field-free SI. This will
imply a considerable modification of the electron energy distribution and
the dynamics of the heavy-particle motion. An interesting feature of the
dipole coupling is that one can change the coupling strength by changing the
intensity of the (laser) radiation. Another fundamental difference between SI
and LACI is that the initial state in a SI process is embedded in a continuum
during the whole (or half, see above) collision and over the total range of
internuclear separations, i.e. from the turning point to infinity. In LACI
this need not be the case. With the appearance of extremely short laser
pulses, i.e. pulse durations which are shorter than the duration of a collision,
the ionization condition may be fulfilled only during short intervals of the
internuclear separation.

An important point is that in LACI the presence of the electronic con-
tinuum guarantees that the requirements of exact energy resonance for ab-
sorption of a photon are met over a (large) range of internuclear separa-
tions. This means that collisional ionization in a laser field should occur
more readily than other laser-assisted processes in which a photon absorp-
tion is resonant only near potential crossings of the relevant states, as for
example in Laser-Induced Collisional Energy Transfer (LICET). In chapter
4 we describe related laser-assisted processes. It should be clear that in the
laser-assisted ionization processes both the collision and the laser field are
essential. The L and the C in the abbreviations being used are reminders
of this situation. Thus, e.g. simple photoionization of separate atoms is not
included in our definition of LACI and really is a totally different subject.

The aim of this chapter is to derive expressions for the differential cross
sections do]At and dPu/dsdKj, i.e. the electron energy distribution and the
electron energy distribution at a given scattering angle of the heavy particles,
respectively. The unit wave vector K/ of the relative heavy-particle motion
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specifies the scattering angle in the center-of-mass system In general the dif-
ferential cross sections are obtained by integration over not-observed quan-
tities of the quad-differential cross section dSr/dedidK jdK/, which specifies
the electron energy £, the direction of emission of the electron £, and the
direction and kinetic energy of the relative heavy-particle motion through
the wave vector Kj. Because of energy conservation there exists a relation
between the electron energy and the final kinetic energy or the energy gain
Q of the heavy particles, leading to a trivial relation between the different
cross sections in which either the electron energy or the final heavy-particle
energy (or energy gain) has been specified.

In the following sections we first describe the theoretical concepts that
form the basis for the theoretical description of the SI and LACI processes.
Then we briefly discuss the different theoretical approaches which clearly
show the equivalence in formulation for SI and LACI. To demonstrate the
ideas we give a classical analysis and already point at important features
which also appear in the quantum-mechanical formulation, and which can be
understood on a classical basis. As mentioned before, the emphasis is on the
SI process, and the LACI process is treated only very briefly. During the rest
of this chapter it should become clear that the theory can be applied directly
to LACI and particularly to LICI, the goal of our present investigations.

3.2 Theoretical Concepts and Different
Approaches

In the description of SI at low velocities three important approximations
are made. These approximations are: the use of the Born-Oppenheimer
(BO) approximation for the dynamics of the heavy particles, the neglect of
diabatic couplings between channels belonging to different adiabatic poten-
tials, and the use of a local transition amplitude for transitions from the
initial- to the final state, which does not depend on the dynamics of the
collisions. The BO-approximation is justified by the small kinetic energies
we are dealing with. In the LICI process (see chapter 4) the kinetic ener-
gies are in the thermal range and the energies used in the experiment on
TI (see chapter 5) range from a few eV up to a few hundred eV. Note that
the BO-approximation, and the use of a local transition amplitude in par-
ticular, imply that the transitions are "vertical". In the literature this is
often called the Franck-Condon principle for the electronic transitions. One
further assumption is that the ionization is treated as an irreversible pro-
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cess. The result of the approximations mentioned above is that we have a
complete separation of the electronic and heavy-particle dynamics, in which
the motion of the heavy particles is determined by a well defined initial state
potential Vj-(A) and a final state potential Vj(R) which is given by

Vf(R) = V+(R) + e, (3.1)

where V+(R) is the potential corresponding to the ionized system and £ is
the energy of the emitted electron (see also Fig. 3.1). The transitions from
one (electronic) state to the other are incorporated by an distance dependent
transition rate T(E)/h. Actually T is also dependent on the electron energy
e, but this is usually neglected in SI because the e-range is small compared to
the average value. However, in LACI the transition rate is probably strongly
dependent on energy, as noted by Lam and George [14].

In semiclassical or quantum-mechanical theories of SI the transition is
brought into the theory by adding a purely imaginary part %T(R) to the
initial potential Vj(fl):

Vi(R) = Vi(R)-^T(R). (3.2)

In that way a width T(R) is given to the initial state which corresponds
to the classical transition rate -\^. It is easily seen that the imaginary
part represents the loss of flux in the entrance channel. T(R) is given by a
Golden Rule expression containing a perturbation matrix element between
initial and final electronic state

T(R) = 2TT \(9J \Hel - Eel\ 9i)\2 p(e), (3.3)

where p(e) is the density of continuum states of the emitted electron, Hei is
the total electronic Hamiltonian and Eei is the total electronic energy.

The concepts introduced above were first used in the description of PI
to explain the electron energy distribution, e.g. by Miller [15] who presented
a classical, semiclassical, and quantum-mechanical formulation. Later SI
in slow atomic collisions was analyzed in great detail in a full quantum-
mechanical way by Bieniek [7]. In this analysis the rigorous connection
between the approximate concepts and the exact description was given.

To describe the LACI processes several approaches have been made. A
first approach which showed strong similarity between SI and LACI was
given by Bellum and George [2,3] and Bellum et al. [4]. These papers on the
subject of LMPI and LMAI of He(3S) + Ar ± hw —> He + Ar+ + e"(e), used
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the same quantum-mechanical coupled channels description of the heavy-
particle dynamics as the one applied to the field-free PI and AI by Bellum
and Micha [5,6]. Special attention was given to the technique to incorpo-
rate the continuum states. To do this the continuum is discretized and this
turns the continuous infinite set of coupled equations into a discrete set.
By neglecting couplings between continuum states, two-state coupled equa-
tions for the radial wave equations are obtained for every small £-interval
of the electron energy. The coupling between continuum and discrete state
is introduced by a functional R— (and e-) dependent form. In the field-free
case there only is a Coulomb coupling, and in the laser-assisted case there
also is a radiative coupling which is approximated by the dipole coupling.
Considering only one-photon processes, it is shown that three e-regions are
important in the laser-assisted case. Namely, apart from the region EQ which
is dominant in field-free PI and AI, the spectrum has two other important
regions, one at an energy of £o + tiui and one at an energy of £o — hu. One
could look upon this in the following way: the initial state represented by V,
is in the continuum of Vj, giving rise to the energy £Q. However, VJ + hu is
also coupled to the final state, leading to an electron energy eo + tuo and, if
Vj+hw < V{ then there also is a coupling ofVj+hu and V{ which leads to an
electron energy of £o — hu- In their calculations for the above mentioned re-
action Bellum and George [3] find that at laser intensities of 108-109 W/cm2

the radiative coupling is appreciable as far out as R « 1.7 nm, whereas the
Coulomb coupling only reaches out to about 0.6 nm, but is much larger for
R < 0.5 nm. Bellum et al. were mainly interested in the electron energy
distribution and the heavy-particle dynamics. They did not pay any atten-
tion to the angular distribution of the electrons or to the dependence on the
polarization of the radiation.

All this was considered by Saha et al. [20] who developed a rigorous
quantum-mechanical formulation of LACI (including LICI as well as LMCI)
and who derived expressions for the triple- and double-differential cross sec-
tions tPa/dedidKj and dfo/dedi and d2a/dedKj, respectively. This theory
was an extension to LACI of the theory presented by Bieniek [7] for field-free
SI. A semiclassical description based on the quantum-mechanical paper was
also presented by Saha and Dahler [19]. In this paper differential cross sec-
tions were derived and the collision theory was presented for the case where
the direction of motion of the emitted photo-electron was left unspecified.
The dependence on the laser polarization was, however, still included.

Dahler and Turner [9] presented a classical path theory of LICI which
was an extended version of MiOer's classical path theory [15] of field-free
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Figure 3.2. Potential curve model to illustrate spontaneous and laser-assisted
ionization. a: spontaneous ionization during a collision, b: laser-assisted collisional
ionization (LICI).

PI and AI. In this theory the heavy particles obey classical equations of
motion and the potential energy functions which govern this motion change
instantly whenever an electronic transition occurs. The electronic degrees
of freedom do not enter directly into the theory, but they determine the in-
teraction potentials Vj- and Vj and the rates of electronic transitions. These
rates, as mentioned before, are incorporated into the theory as parameters
that depend on the photon energy hw, the separation R of the heavy par-
ticles, and the electronic states involved. This classical path theory gives
expressions for the cross sections da/de and dftr/dedKf. In the next section
we present this classical theory.

3.3 Classical Theory

3.3.1 Classical Considerations

The classical concepts are clearly demonstrated with the help of a so called
potential curve model, see e.g. Niehaus [17]. In Fig. 3.2a a typical SI situa-
tion is shown. The initial state potential Vi(R) is embedded in the continuum
of the final state potential V+(R). Transitions take place at a rate T(R)/h at
some distance Rt and, due to the BO-approximation, in a "vertical" sense:
Vi(Rt) —• V+(Rt). Kinetic energies in entrance and exit channels are indi-
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cated by E and E\ respectively. If the heavy-particle kinetic energy does
not change during the emission of the electron (BO-approximation and ne-
glect of recoil) the emission of an electron with an energy e can only take
place at those distances J2,-, where

(3-4)

Also, the instantaneous kinetic energies with respect to initial- and final
state potential are equal as well as the corresponding angular momenta:

{ / = /'. (3.5)

Energy conservation of the total energy EQ gives

Eo = E{oo) + Vi(oo) = E'(oo) + V+(oo) + e. (3.6)

This equation shows that, if £ is large enough, the asymptotic kinetic energy
in the exit channel can be negative: E'(oo) < 0. In that case we have a
bound final state, i.e. associative ionization. In other cases we have Penning
ionization and the particles are not bound. The range of e is determined by
the difference potential AV(R) which is given by

AV(R)=Vi(R)-V+(R). (3.7)

The "nominal" electron energy s0 is given by £0 = AV(oo) and is used to
identify the states involved. From Fig. 3.2a it is clear that the heavy-particle
kinetic energy can change considerably. This change, denoted by the energy
gain Q is given by

Q = E'(oo) - £(oo). (3.8)

Minimal and maximal Q-values, which can be reached classically, have been
indicated by QQ and Q,, respectively. Later we will see that semiclassical
and quantum-mechanical theories also allow Q- and corresponding e-values
outside this interval. In Fig. 3.2b a situation for LACI is shown. All the
above arguments remain the same, only the effective initial state is now
represented by Vi(R) + hu. Contrary to Fig. 3.2a the state, from which an
ionizing transition is possible, is now embedded in a continuum for a certain
range of internuclear separations only1. In Fig. 3.2b ionization can only
take place at internuclear distances smaller than a critical distance Rc, as
indicated (Note that the situation depicted in Fig. 3.2b shows a lower limit
as well.).

'This is only the case for LICI. In LMPI and LMAI, for example, the initial state is in
the continuum daring the whole collision.

43



3.3.2 Electron Energy Distribution

To calculate the electron energy distribution, i.e. the differential cross section
do/de, it is sufficient to determine the chance for emission of an electron at
a certain distance R. The corresponding energy e is then obtained from
Eq.(3.4). Following Miller [15] we will give a short derivation of the electron
energy probability distribution P(e) which is directly proportional to da/de.

The ionizing transition can take place "on the way in", when the atoms
are approaching each other, or "on the way out", when they are moving away
from each other. Using the given transition rate T(R)/h one can calculate
the chances P'n(R)dR and Pout(R)dR that a transition takes place at a
distance R in an interval dR on the way in or on the way out, respectively.
It is easily shown that for a collision with impact parameter 6,2 collision
energy E, and reduced mass m, these probabilities are given by

< (3.9)
nvb(R)

and

Pgut(R)dR = t , ' d R e J«o »»,t*l)'Ui
 e

 J«o *«»<«'>"« , (3.10)

where the radial velocity Vf,(R) is given by

(3.11)

and the turning point Ro by the largest root of the equation »&(./£) = 0. The
factor J ĵp in these equations is the transition rate £ times the time spent in
the interval (R,R + dR), i.e. ^dR. In Eqs.(3.9,3.10) the exponents are the
survival factors which give the probability that no transition has occurrfi
during the trajectory so far. The total ionization probability density Pb(R)
for ionization at a distance R is given by the sum of Pin(R) and P°ut(R).
The result is

Pb(R).

2An impact parameter b corresponds to an angular momentum 1 = by/2mE where m
is the reduced mass and E is the collision energy of the system.
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The total chance for ionization along a complete trajectory is obtained by
integration of Eq.(3.12) over R, with the result

ft = l-e~ a •£*$&"' . (3.13)

To find the electron energy distribution, we make use of

Pb{R)dR = Pb(e)de. (3.14)

Summing over the contributions of all the distances JJt(e) for which Vj( ii.) -
Vj(Ri) = e, we find for the energy distribution Ph(e):

dR
Pb(e) = YtPb(Ri) ^ , (3.15)

or, since e = &V(R) we have: (

dAV(R) - 1

dR R=Ri(:)
(3.16)

The electron energy distribution P(e) is obtained by integration over the
impact parameter 6 of Eq.(3.16)

P{e) = 2TT rpb(e)bdb. (3.17)
Jo

The derivation given above to obtain the distribution P(e) is only ap-
plicable to SI processes where E'k(<x>) > 0. For AI processes the derivation
is essentially the same, the only difference being the discrete nature of the
final state energies.

In Eq.(3.16) singularities arise if R{ is the turning point, in which case
Eq.(3.12) is divergent, or if the derivative of the difference potential van-
ishes. In Fig. 3.2a one sees that, for the potential curves drawn there, those
singularities correspond to the minimal and maximal Q-values, respectively.
A common feature of these two singularities is that in both cases we have
a confluence of two potential crossings, which is illustrated in Fig. 3.3. In
the case of the turning point we see that, although there is only one po-
tential curve crossing in space, there still are two potential curve crossings
which coincide for a certain Q (or e) value. They are the crossings on the
incomming and outgoing trajectory. The singularity due to the difference
potential corresponds with a coincidence of two spatially separated crossings.
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Figure 3.3. Potential curve model to illustrate the turning point singularity and
the singularity caused by an extremum of the difference potential. To the left the
potential curves for two electron energies near the extreme values are shown. To
the right the "time dependence" of the potentials is shown.

Because of the different nature of the two singularities one can imme-
diately reason that the singularity due to the minimum of the difference
potential is independent of the angular momentum (impact parameter) and
that the turning point singularity is strongly dependent on the angular mo-
mentum. Therefore, one expects that integration over b to obtain da/de will
smear out the singularity due to the turning point, but not the one due to
the minimum of the difference potential.

Singularities in a classical theory usually appear as prominent features in
a quantum-mechanical description. The discussion above already indicates
that the confluence of two crossings, i.e. two contributions to the ionization,
will probably cause constructive interference.

3.3.3 Angular Distribution of the Heavy Particles

We get a more complete description of the ionization process if we also in-
clude the scattering angle of the heavy particles.3 Our aim is to find an ex-
pression for d?a/dedKf or the equivalent differential cross section d^/dQdQ.
Those cross sections are equal since we will only be dealing with one final
electronic state of the heavy-particle system. The potentials involved are

3 We consider the incident direction of the projectile atom beam to be the z-direction.
The scattering angle 0 is determined with respect to this direction. Furthermore, the
center of mass frame will be used.
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Figure 3.4. Schematic representation of a SI process. Transitions at the crossing
points "1" and "2" can take place either on the incoming or on the outgoing part
of the trajectory.

all assumed to be spherically symmetric, so that the dependence on the
azimuthal angle is trivial.

In Fig.3.4 we schematically show a rather general situation for SI. Be-
cause of clarity — and with some foresight with respect to the subject of
chapter 5 — we have drawn a situation where the initial state possesses a
potential well and where the final state is purely repulsive. We see that
in general there are two potential curve crossings if the energy gain Q is
positive. Only one crossing remains for negative Q-values. In the classical
description of the heavy-particle motion, we assume instantaneous transi-
tions from Vi to V+. This means that for a given collision, specified by the
collision energy E and the impact parameter b, there are 2 classical trajecto-
ries for every crossing point: the transition either occurs on the incoming or
the outgoing part of the Vi(R) trajectory. In general those different trajec-
tories will also lead to different scattering angles. For the situation depicted
in Fig. 3.4, where there are two crossings " 1 " and "2", we have four differ-
ent trajectories for every impact parameter. An important point is that by
chosing Q, the positions of the transitions which cause this Q-value are well
defined, classically.

For a collision, specified by E, ft, and with a transition taking place at
R = Rt which yields an energy gain Q, the following deflection functions
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(see e.g. Child [8]) 0'n-ou t(6,£,Q) are defined:

0 i n ( 6 , £ , Q ) = 7T -b[°° dR fr

( 3 1 8 )

for transitions on the way in, and

e - ( * , J 5 , g ) = TT - 6 / — . u " , r t n - b r R t

for transitions on the way out. In deriving these equations we have ne-
glected the angular momentum of the electron. The transition is assumed
to be "vertical" and without any change in the instantaneous heavy-particle
kinetic energy. In Eqs.(3.18,3.19) the potentials Vi(R) and V+{R) are both
referred to zero energy at R = oo. Then R^ and RQ are the turning points
for Vi(R) and V+(R) and kinetic energies of E and E' = E+Q, respectively,
with Q given by Q = V+(Rt) - Vi(Rt).

In the case that we have two crossings, the deflection function consists
of four branches. Fig. 3.5 shows the deflection functions which correspond
with the situation of Fig. 3.4. Instead of 0 , the absolute value 6, being
the observable scattering angle, has been plotted. We have indicated the
separate branches resulting from the four different trajectories. E.g. with
1 in we mean that the ionizing transition occurs on the tncomming part
of the trajectory at position " 1 " . The two branches originating from one
crossing form a closed loop. They evidently both start at 9 = 180° for
6 = 0. The branches meet again at an impact parameter bmax for which
the position of the crossing point coincides with the turning point for that
impact parameter. If the impact parameter becomes larger the crossing can
no longer be reached and classically no transition is possible anymore. Apart
from these two points, the branches can have more points in common, as
seen in Fig. 3.5 in the case of the outermost crossing.

From the definition of the classical differential scattering cross section
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2 4 6
Impact Parameter (a0)

Figure 3.5. Classical deflection functions —the absolute value of the deflection
angle has been drawn — corresponding to the potential curves drawn in Fig. 3.4
for a collision energy of 25 eV and a Q-value of Q = 15 eV. The four branches have
been indicated.

and from the probability P(R)dR that a transition occurs at a position
R = Rt yielding an energy gain Q, we find

dV(0,£,Q) E E
j=in,out i

R=Rt(Q)

(3.21)

where the P*(bi,E) are given by Eqs.(3.9,3.10) in which Rt is given by
Q = AV(Rt). The summation over t includes the contributions of all the
crossings at positions Rt, and to every crossing belong two branches j of
the deflection function. The summation over t includes the contributions
from the impact parameters 6,- which, for a given Q and transition point
Ru lead to a scattering angle 9. Eq.(3.21) shows the possibility of four
singularities. We have already discussed the one related to the turning point,
giving rise to a singularity in P*(bi, E) , and the one caused by the minimum
(or maximum) in the difference potential, causing dQ/dR to vanish. The two
new singularities are due to minima or maxima in the deflection functions,
causing dOjdb to vanish and leading to the well known "rainbow scattering"
[8], or due to a vanishing sin 6 factor, giving rise to the so called "glory
scattering" [8].

The classical approach above has shown that there are many prominent
features to be expected, not only in Q-spectra at a fixed heavy-particle
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scattering angle but also in angular spectra at a fixed Q-value. We expect
that the classical singularities will appear as special, maybe dominant struc-
tures in the semiclassical or quantum-mechanical description. In fact, in the
next section we will see that all the characteristic features in the spectra
which appear in a quantum-mechanical calculation or in a semiclassical ap-
proximation, can be understood from the classical picture we have outlined
above.

3.4 Quantum-Mechanical Formulation

3.4.1 General Remarks

In the preceding section we were manipulating transition probabilities and
the total probability was obtained by just adding probabilities. However, we
know that to have an exact description the quantum-mechanical transition
amplitudes should be added. Thus, instead of an incoherent summation, a
coherent summation must be performed. This will be done in the following
sections.

Another approach different from the classical formulation is used for
the description of the heavy-particle scattering. In the classical picture, a
well defined impact parameter gives rise to a well defined scattering angle
through the trajectory. Semiclassically an impact parameter b together with
a wavenumber fc, given by the collision energy E and the reduced mass m via
k = y/2mE, corresponds to an angular momentum / given by / = bk. The
/-partial wave, however, does not correspond with a well defined scattering
angle anymore. Since the semiclassical approximation is valid for large /
values, and since in our case — we think of He++/Xe collisions at several
tens of eV's — typical b and k values are 4 ao and 73 a^1 respectively4, we
can still say that the main contributions to a certain scattering angle 9 come
from those b regions that classically lead to this angle 8.

In the classical picture the position where the transition, which leads
to the emission of an electron with energy t or heavy-particle energy gain
Q, takes place, is also well defined. In the quantum-mechanical description
this is no longer the case. But, since a weighted overlap of the initial and
final state heavy-particle wavefunctions appears as a factor in the quantum-
mechanical expressions for the cross sections, the regions about the crossings
of the effective potential curves give the main contribution to the ionization,

4ao is the atomic unit of length and equals 5.29177 x 10 3 i n .
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as becomes evident from the stationary phase argument. The stationary
phase argument says that, since the heavy-particle wavefunctions oscillate
with high frequency as a function of distance, the overlap of those functions
averages to zero except in regions where the local frequencies of the oscilla-
tions, i.e. the wavenumbers, are equal for initial and final state, and that is
exactly at the potential curve crossings.

3.4.2 The Basis

Bieniek [7] analyzed the general problem of SI in slow atomic collisions in
great detail. The BO-approximation was used in the description of the rel-
ative motion of the heavy particles and the Feshbach projection operator
technique was applied to the electronic problem. He showed that the tran-
sition matrix elements are obtained from solutions of the radial Schrodinger
equations for motion on a complex potential

Vi(R) = Vi(R)-t-T(R) (3.22)

in the initial state, and on a real potential

e (3.23)

in the final state. By using a bar above a symbol we indicate that it is
a complex-valued quantity. The total electronic transition rate T(R)/h is
given by

T{R) = £r,( f l ) = 2*£|<<k/|ffe< - £dl*)|2Pi(O, (3-24)
l i

where \4>ei) is the final electronic state, \fc) is the initial state, and / is the
angular momentum of the ejected electron5. Since the BO-approximation
is used, the energy e is related to R via: e = AV(R). The e dependence in
Eq.(3.24) is usually neglected. Energy conservation gives a relation between
e and the final kinetic energy E' of the heavy particles

Vi(n) + E = V+(oo) + e + E' = V+(oo) + e + E + Q (3.25)

sWe will use 1 for the angular momentum of the ejected electron as well as for the
heavy-particle angular momentum. If electronic matrix elements are involved, then / is
related to the electronic angular momentum.
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Under the assumption that the main contribution to the ionization comes
from regions where the local heavy-particle wave numbers are the same in
the initial and final state, i.e. k'j(R) = kl

t(R) with

(3.26)

where / is the angular momentum, and the assumption that the coupling
element {<j>ei \Hei - Eei\ fc) is fairly independent of the energy e of the ejected
electron, local equations for the radial wave equations are derived:

2m dR2
h21(1
1m R2 -E\FI(E,R) = 0

2m dR2

(3.27)

(3.28)

The asymptotic forms of the solutions of Eqs.(3.27,3.28) are given by a
combination of the spherical Bessel and Neumann functions. We have

F
R-*o

R-*oo

(3.29)

(3.30)

77' and rj'j are the (complex) phase shifts related to the initial and final state
potential.

In general Eqs.(3.27,3.28) are non-local and contain contributions from
other i2-regions. If this non-locality becomes important then the validity
of the assumed vertical transitions is questionable as well as the use of the
complex potential to incorporate the bound-continuum interaction. At low
velocities (collision energies in the thermal range) the local approximation is
very good, as has been investigated by Waibel et al. [21]. The high velocity
regime is problematic and has not been investigated yet. However, there
are indications that the approximation is at least reasonable (see Niehaus
[18]). The fact that Eq.(3.27) is complex implies that a solution could be
found in terms of the real and imaginary part of the radial wavefunction.
This would give two coupled equations for those parts. However, usually

| | , so that

T(R)
2

E-Vi(R)- h2 1(1 +
2m R2
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everywhere, except about the turning point. Because in our case the poten-
tial about the turning point is rather steep, this region is small and we do
not expect a large influence on the wavefunction if we neglect the complex
part in solving Eq.(3.27,3.28), and in that way obtain a real solution FJ(R).

Since the angular momentum of the heavy particles is large, typically
I = 500, we neglect the change in angular momentum caused by the ejection
of an electron: /' = /.

3.4.3 Angular Distribution of the Heavy Particles

To find the double differential cross section dfo/dedfl, we follow the proce-
dure of Hickman and Morgner [13] which is based on the theory developed
by Miller [15]. A partial wave analysis yields for the scattering amplitude
of the heavy particles for scattering by the polar angle 0, and resulting in a
final kinetic energy E', the following expression:

), (3.31)
/=o

where k = y/2mE, E' = E+Q, cos 0 = kfz, and / is the angular momentum.
The differential cross section is obtained in the usual way:

^L(0,E,E') = \f(0,E,E')\2 . (3.32)

If we neglect the angular momentum carried away by the ejected electron,
then the quantity Si, the quantum mechanical S matrix, is given by

Sl(E,E') = -2i ( |£) (EE'rie*^ £ FJ(R) ( ™ ) * F'f(R)dR.
(3.33)

In this equation the factor (2^) is an approximation to the transition
amplitude (<f>el \Hel - E^\ fc). The phase shifts ij| and ijj are given by
Eqs.(3.29,3.30), and FJ(R) and F\(R) are the real solutions of Eqs.(3.27,3.28)
normalized to unit amplitude at infinity.

The only problem that remains is the determination of the phase shifts.
To determine »/,' we use the JWKB approximation (see e.g. Child [8])
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where RQ is the classical turning point. A similar expression can in prin-
ciple be used for the phase shift rfj. However, if the exit potential is a
pure Coulomb potential, as is the case in the experiment of chapter 5, then
Eq.(3.34) can not be used. In that case we use the semiclassical relation
0 = 2 ^ , which gives the relation between the classical deflection function
0 and the quantum-mechanical phase shift i/.

We separate the complex phase shift jfr' in real and imaginary parts:
fji1 = J/J + t{'. With the assumption made above that T(R) < Vi(R),
Eq.(3.34) yields separate expressions for the real and imaginary parts of the
phase shift 77,'. The real part T?{ is given by Eq.(3.34) with Vi(R) substituted
for Vi(R). The imaginary part is given by

T(R)dR 1 f°°T(R)dR
2 7HO hVl(R) '

where v is the asymptotic velocity and vi(R) is the radial velocity on the
initial potential. We see that 4£/ is the decay factor which appeared in the
exponent of Eq.(3.13).

Since we are dealing with large /-values we replace the Legendre polyno-
mial P/(cos0) in Eq.(3.31) by its asymptotic approximation [1]

Pl{cos9) = v S & o s ((l + *)e - f)' (3"36)

which is valid if I sin 9 > 1. Due to the large /-values which play a role,
this approximation is valid in almost the entire 0-range. We replace / + ^
by bk and change the /-summation into a fe-integration. For the scattering
amplitude we then find

#, E, E') = A jyie-e^-t+Whe-*"-*-*-*')) O(b, E, E')db
(3.37)

with

AA =

and 0(6, E, E'), the weighted overlap of the wavefunctions, given by

0(6, E, E') = jf°V?(R) ( M ) 2 F}(R)dR. (3.39)
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All the 6-dependent quantities in Eq.(3.37) are obtained from the equations
above by replacing / by bk. Eq.(3.37) is our working formula in the descrip-
tion of TI in chapter 5. As a final remark we want to emphasize that the
most important factor in Eq.(3.37) is the weighted overlap of the two wave
functions as given by Eq.(3.39), and calculating this quantity will be our
main interest.

At low (thermal) energy, when the number of partial waves is still rather
small (10-100 contributing Z's), one usually calculates the phase shifts by
comparing the numerical solutions of the radial wavefunctions with a combi-
nation of the Bessel- and Neumann functions. In that way exact phase shifts
are determined. Furthermore, the exact form of the Legendre polynomials
is used at small /-values. In our case, where the /-values become too large,
all this is not possible anymore, and we use approximate expressions for the
phase shifts and the Legendre polynomials and use an b-integration instead
of an /-summation. We have not met this combination of approximations,
in this type of calculations, in the literature before.

3.4.4 Comparison with Classical Predictions

At the end of section 3.3.3 we stated that special features arising in the
quantum-mechanically calculated spectra can be understood from semiclas-
sical arguments. Here we give an example to illustrate this. In the upper part
of Fig. 3.6 we show the deflection functions obtained from Eqs.(3.18,3.19) for
a collision energy of 10 eV and an energy gain of 15.5 eV. The potentials we
have used are the same as the ones we use in chapter 5. We see that there
are four branches, corresponding to two potential crossings. In the lower
part of Fig. 3.6 we show the angular distribution of the heavy particles with
the same energy gain. To calculate the angular distribution we have em-
ployed the quantum-mechanical formula of Eq.(3.37). From the deflection
functions we expect special features to arise at deflection angles 9r and im-
pact parameters br for which dff/db = 0, i.e. at 9T « 0° and 9T ss 55°. These
"rainbow" angles roughly correspond with the onsets of the large peaks in
the angular distribution of Fig. 3.6 at angles 9 as 12° and 9 « 80°. If the
functional dependence of the deflection angle 9 on the impact parameter b
near the rainbow angle 9r can be approximated by 9 = 9r + q(b - br)

2, then
the semiclassical form of the angular distribution about the angle 9r is given
by the square of an Airy function (see Child [8]):

) | (3.40)
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Figure 3.6. Top: Deflection functions for a model potential at a collision energy
of 10 eV and yielding an energy gain of 15.5 eV. There are two potential curve
crossings at this Q value. Bottom: Corresponding quantum-mechanical calculation
of the angular distribution.

Fig. 3.7 is given to illustrate the Airy function. Clearly the form of the
oscillations in Fig. 3.6 is consistent with the Airy function. Eq.(3.40) pre-
dicts the position of 0T at the place where the square of the Airy function
has decreased to about 44% of its maximum on the "dark" side6. The fact
that this is not in agreement with Fig. 3.6 is due to the fact that appar-
ently the parabola approximation is not valid. However, the correspondence

'This is because Ai2(0) is 44% of the height of the first maximum.
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Figure 3.7: Square of the Airy function Ai(x).

between the classical prediction and the quantum-mechanical calculation is
very clear. The same correspondence is found when comparing a Q-spectrum
at a given scattering angle.

3.4.5 Eikonal Approximation

If we consider Eq.(3.37) we can immediately give a crude approximation
to this equation. If we choose an impact parameter which classically, and
on some average trajectory, leads to a scattering angle 9 and we neglect
the (weak) dependence of f(0,E,E') on E' and 6, and we also neglect
the 6-dependence of f6, we may use the stationary phase approximation
in Eq.(3.37) and obtain

(3.41)f{9,E, E') oc f0 FP(R)y/T{R)Fb
J(R)dR.

Jo

We replace the "exact" solutions of the wave equations by JWKB wavefunc-
tions of the form

1 . «.n _ .

(3.42)

and, to overcome the usual turning point difficulties, we perform the integra-
tion along the classical trajectory. This results in the following expression

(3.43)

where dais directed along the trajectory and all the quantities in Eq.(3.43)
are taken as functions of the position along the trajectory, ifej and kbj are
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the local wavenumbers on the V{ and Vj potential, respectively. We will call
this the Eikonal approximation.

It is clear that this is a crude approximation, especially if there are a
number of impact parameters, located at the different deflection branches
and with widely varying magnitudes. However, a lot can be learned from
Eq.(3.43) since it treats the contributions from different potential crossings
in a coherent way. It shows all the interferences arising from incoming and
outgoing waves as well as interferences caused by crossings which are close
in space or time, i.e. located near an extremum of the difference potential
or near the turning point. £q.(3.43) clearly shows that the main contribu-
tions to the ionization come from regions where fe,- = kj, i.e. near potential
crossings.

Another way to derive Eq.(3.43) is based on the following semiclassical
argument. We have already seen that the transition amplitude can be ap-
proximated by VT. Going along a trajectory the flux in the entrance channel
decreases by an exponential factor so that at a position R(t) the modulus
A(R(t)) of the amplitude is given by

A(R(t)) = y/T(R{t))e~ £&f#)dR'. (3.44)

All the contributions from the different positions have to be added in a
coherent way. This is done through the overlap of the heavy-particle wave-
function, and if we use the JWKB expression we immediately obtain the
expression of Eq.(3.43).

In chapter 5 we employ this formula to describe the Q-spectra which are
obtained from collisions at rather high (typically 100 eV) collision energies.

3.5 Rainbow Features in (Q, e)-Spectra

Already in section 3.3.3 we showed that there are some special features in
the (Q,e)-spectra. They are caused by the fact that for certain e values
two potential curve crossings coalesce. Quantum-mechanically one expects
interference effects arising from two transition points because the phase of
the wavefunction of the heavy particles develops in a well defined way when
going from one transition point to the other. Therefore we expect construc-
tive interference when two transition points come together as e.g. near the
turning point and near an extremum of the difference potential. See e.g.
Fig. 3.3.
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Figure 3.8. Q spectra calculated with the Eikonal formula for two different tra-
jectories. In both cases the collision energy is 100 eV. The trajectory is determined
by the initial state potential VJ until the turning point and from there the effec-
tive final state potentials Vjqtl ia are used. The impact parameters and scattering
angles have been indicated.

The quantum-mechanical formulation of section 3.4 of course contains
all the interferences that are possible. Fig. 3.6 clearly shows a particular
type of interference which is visible in the angular distribution. To illus-
trate interference effects in the (Q,e)-spectra at some scattering angle of
the heavy particles, we use the Eikonal expression. In Fig. 3.8 we show two
different Q-spectra calculated with Eq.(3.43) for two different trajectories.
The potentials used in the calculation are also depicted. For T(R) we use
T(R) = 0.01-ft3exp(-2#). The collision energy is 100 eV, and the impact
parameters are 6 = 0.5 ao and b = 1.0 ao, corresponding to scattering angles
of 110° and 55°, respectively. To use some "average" trajectory we change
from initial to final state potential at the turning point. Therefore we ex-
pect the result to be valid especially at Q-values corresponding to transitions
near the turning point. The extreme Q-values Q+, Qt\, and Qa, arising from
transitions at the extremum of the difference potential and at the turning
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points respectively, have been indicated together with the corresponding
final state potentials VQ., VJQ,X, and VJQ{2.

The interference caused by transitions near the turning point, the so-
called "turning point rainbow", is slowly oscillating. Its frequency increases
as the Q-value increases, because the phase difference increases in a nonlin-
ear way with Q. Near Q» these oscillations, which are caused by interference
between transitions on the way in and transitions on the way out, have be-
come very fast. The envelop of these fast oscillations near Q. shows a slowly
oscillating behavior with a fastiy decreasing amplitude. This slow oscilla-
tion is caused by the two transitions in the potential well which coalesce
if Q = Qm. The fact that the outer crossing moves outward very quickly
if Q is decreased, implies that the interference of these two crossings soon
disappears. In the spectra this contribution is gone at Q w 8eV. Because
the exponential form of T yields a small total transition probability when
integrated over a trajectory, the fast oscillations near Qm are almost 100%.
In the case that the loss of flux in the entrance channel is considerable,
the modulation is weaker and it would completely disappear if there was
ionization saturation on the incoming part of the trajectory.

Note that the high Q region is hardly affected if the impact parameter is
changed. The low Q region, however, changes quite a bit and this nicely il-
lustrates the changes that occur when observing the Q distribution at larger
scattering angles, i.e. smaller impact parameters. In section 3.3.2 we have
already made a remark about the fact that the turning point features in the
(Q,e)-spectra would be smeared out when integrated over heavy-particle
scattering angles whereas the feature caused by an extremum of the differ-
ence potential would not. Here we see that this is indeed the case.

Another notable point is that Fig. 3.8 shows that the Eikonal calcula-
tion yields a non-zero contribution in the classically forbidden regions. The
classically allowed extreme values have been indicated by the dotted lines
connecting the relevant points at the potential curves and the Q-spectra. In
the classically forbidden region fc,- is not equal to kj everywhere along the
trajectory, but still we have some contribution from regions where &,• and kf
are almost equal. However, this contribution decreases exponentially as Q
enters the forbidden region more deeply.

3.5.1 Airy Function Approximation to the Rainbow Features

We have already seen that the angular distribution near a rainbow scattering
angle is approximated by the square of an Airy function. This resulted from
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the assumed parabolic dependence of the scattering angle on the impact
parameter. In this section we briefly present the description of the special
features in the (Q,e)-spectra caused by the coalescence of two potential
curve crossings, i.e. of two points of stationary phase, either near a turning
point or near an extremum of the difference potential. It turns out that
both features are described by Airy functions.

The starting point for the description of the rainbow features is given by
first order time-dependent perturbation theory,

f°° JTji)^i f Jv.(t')-(v+{f)+e)-ir[t')]dt' (3.45)

This equation has been employed by Gerber and Niehaus [12] and by Dev-
dariani et al. [10] to analyze the spectral shapes arising from electron emis-
sion during atom-atom collisions. Eq.(3.45) shows that the electron energy
distribution P(£) is obtained by a coherent integration over the contribu-
tions from different time points, with an amplitude given by Eq.(3.44) and
a phase factor 4>(t) given by <f>(i) = /*(VJ - Vj)dt'. Of course the classical
formulation provides the relation between time t and distance R(t). Con-
cerning the electron energy distribution, Eq.(3.45) gives the distribution at
an unspecified observation angle of the emitted electrons. In the case of a Q
spectrum, however, the trajectory which must be used in the evaluation of
Eq.(3.45) also gives a certain scattering angle for the heavy particles. So at
least some part of the Q spectrum obtained should be valid in the specific
angular range.

It is worth noting that, if we make the assumption that | V,- - (V+ + e)\ <
E, we find Eq.(3.45) as an approximation to the Eikonal formula Eq.(3.43).
Eq.(3.45) shows directly that the main contributions to the ionization come
from regions where the phase is stationary, i.e. d<f>(t)/dt = 0 or Vj-(t) =
V+(t) + e. Away from these (effective) potential curve crossings the expo-
nential factor is rapidly oscillating and averages the contributions to zero.

The turning point rainbow has been analyzed by Devdariani et al. [10].
Linear expansion of the difference potential AV(R) and of the transition
amplitude T(R) about the turning point Rt, and substitution into Eq.(3.45)
led to the following expression, which describes the spectrum in the turning
point region

Il-^"S;I lAW, (3.46)2r0 a2/3
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where

with

2m

where 6 is the impact parameter which results in the turning point Rt if
the trajectory is determined by Vi(R). The relation between time t and
distance R, which is necessary to perform the integration of Eq.3.45), is
near the turning point given by R — Rt = ct2. In practice the calculation
is carried out with real z and a under the reasonable assumption that T is
small.

To find an analytical approximation to the rainbow due to the extremum
of the difference potential, Gerber and Niehaus [12] assume that the differ-
ence potential can be approximated by a parabola near the extremum at
position Rm. Using R = vt, linearizing T{R) about J2», and expanding the
phase <f>(R(t)) to third order in (R — Rm) yields the following result

• ( *

V * e-eP(e) « |Ai(*)f, x = I £ ^ - ^ - i i , where c = A(A.). (3.47)

Both rainbow features are thus described by Airy functions which also
give a contribution in the classically forbidden region. The location of the
classically allowed extreme values is at the position where the square of the
Airy function is at 44% of its first maximum (see Fig. 3.7). A disadvantage
of the two descriptions given is that each one on its own is only valid in
a small region of the spectrum. Due to the different types of singularity a
uniform approach is not possible over the whole range. By evaluating the
Eikonal expression on the other hand, we get a spectrum which is valid over
the whole Q (or e) range. In the Eikonal calculation we must choose the
same impact parameter as used in Eq.(3.46) and change from initial to final
state potential at the turning point. In that case we obtain a calculated
spectrum which is in very good agreement with Eq.(3.46) but which also
very well represents the result given by Eq.(3.47), if we take the envelop of
the Eikonal spectrum in this region. Fig. 3.9 shows this agreement. Another
advantage of the Eikonal approximation is that it also incorporates in-out
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Figure 3.9. Illustration of the good agreement of the Eikonal calculation (solid
line) and the two Airy approximations at the edges of the spectrum (dotted line).
The Airy functions were scaled to the Eikonal spectrum separately.

interferences while the Airy expression (3.47) does not. Experimentally,
these fast in-out interference effects have been observed recently by Miiller
et al. [16].

It is for the first time that the so-called Eikonal calculation is used in the
analysis of the spectral shape of electrons emitted in spontaneous ionization
processes. We believe that it is a very useful method, especially in cases
where the Airy approximation is only valid in a narrow energy range of the
emitted electrons. Whereas the validity of the Airy approximation breaks
down by deviations from the assumed functional dependencies of the relevant
parameters, as e.g. the linear approximation in the derivation of Eq.(3.46),
or the parabolic behavior of the difference potential in the derivation of
Eq.(3.47), the Eikonal approximation remains valid.

3.6 Laser-Induced Collisional Ionization

All the aspects and relations we have discussed above for the case of field-free
ionization during atom-atom coUisions (especially PI) apply equally well to
the laser assisted process.

Especially the classical description needs no modification at all. The only
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change concerns the expression for the transition rate T(R)/h. Instead of a
T(R) which represents the Coulomb coupling in case of SI, we have to use
a T(R) which represents the photoionization rate of the collision complex.
Determination of T(R), however, is no part of the theoretical description of
the collision dynamics and of its relation to the observable (Q,e)-spectra.
On the other hand it should be remembered that the functional form of T(R)
plays a crucial role in the theory. A different distance dependence, and a
different strength of T(R), will lead to strongly altered collision dynamics,
and to corresponding strong changes of (Q,e)-spectra. A classical path
description of LICI which closely resembled the field-free theory of Miller
[15] has been presented by Dahler and Turner [9].

A quantum-mechanical and a semiclassical formulation of the LICI pro-
cess have been presented by Saha et al. [20] and Saha and Dahler [19],
respectively. Their work is based on the field-free PI theory of Bieniek [7].
Of course the rigorous theories which fully describe the angular momenta
of the heavy particles and the ejected electron are more complicated in the
laser-assisted case because of the fact that the photon also carries an an-
gular momentum and has a certain polarization. However, if one neglects
the change of angular momentum of the heavy particles and again neglects
the dependence of T on the angular momentum of the ejected electron, the
following cross sections are obtained [19]

-(0, E,e) = [0x(0) + 2?_!(0)] + [2BQ(0) - Bl(9) - J0_1(«)]cos2 9o

(3.48)
and

^(E, e) = [fli + fi_i] + [2B0 -Br- B.t] cos2 9a, (3.49)
ae

where

. JT2

J*'W*Tm(E,E',l,w)

and Bm(E,e) = ?£ 22(21+ l)e-2ha*1 \Tm(E,E',l,u>)\2.

Here 0 and 9a are the scattering angle of the heavy particles and the angle
of the (linear) laser polarization, respectively, with respect to the incident
direction of the heavy particles. These equations are basically the same as
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Eq.(3.32) in connection with Eqs.(3.31,3.33). The quantity Tm is again given
by a weighted overlap of the heavy-particle wavefunctions

(3.50)

in which the factor Vf is now dependent on the photon energy hu and its
polarization via the spherical components dm (m = —1,0,1) of the electric
dipole operator. The heavy-particle wavefunctions F-j are again solutions of
Eq.(3.27,3.28). Calculation of these cross sections are not more complicated
than in the field-free case. In conclusion we want to note that Eqs.(3.4G,3.49)
exhibit a polarization dependence of the form A + Bcos2 9a.
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Chapter 4

Laser-Assisted Atom-Atom
Collisions

4.1 Summary

In this chapter we introduce the goal of our experiment: Laser-Induced
Collisional Ionization (LICI). Since there is a whole class of laser-assisted
atom-atom collisions and LICI is only one out of many, we give a brief
summary of the most important related processes which have been studied
both theoretically and experimentally during the last decade.

After the general overview of the laser-assisted processes we focus on the
LICI-process

fle'(215,235) + He + hu —- He+ + e~(e), (4.1)

the subject of our investigations, which is interesting because theoretical
descriptions are available which have not been tested. The many experi-
mental problems encountered are the reason for the fact that process 4.1
has not been measured yet. The problems are discussed as well as the way
we hope to deal with them. Furthermore we suggest some experimental
improvements that may lead to a successful experiment in the future.

After the description of process 4.1 we want to make some remarks on
the very few beam experiments that have been carried out to study the
LICI-process. These remarks show that the experimental evidence for LICI
in beam experiments is not well established and even questionable in some
cases.

The last part of this chapter is devoted to Amplified Spontaneous Emis-
sion (ASE), which is an unwanted by-product of (pulsed) dye lasers. With
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this part we hope to point out that ASE can be a very dangerous artifact and
that its effects are probably underestimated in literature. The experiments
in which we encountered the ASE problems are not typical, with greater
care the contribution of the ASE could probably be strongly reduced, but
they certainly serve to demonstrate the problem.

4.2 Introduction

In the study of atom-atom collisions laser radiation is mostly used to pre-
pare the collision reactants or to analyze the products of a collision reaction.
However, the radiation can also interact with the collision complex, i.e. in-
teract with both particles during the collision. In this case the collision of
the two heavy-particles and the emission or absorption of a photon cannot
be separated, and basically form a 3-particle interaction.

The fact that the interaction with the laser field takes place during the
collision gives rise to several interesting possibilities, which have led to a
growing interest in these laser-assisted atom-atom collisions. For example,
the laser field has the possibility to switch on inelastic transitions, such as
energy transfer from one atom to another, charge exchange, or ionization,
which in the absence of the laser field would be adiabatically impossible.
Another important reason to start investigations in this field, is the fact
that the laser field provides a handle to modify the collision dynamics at
the very moment of the collision. The intensity of the radiation, as well as
the wavelength are parameters which can be varied, and which affect the
collision process directly.

Experimentally, the investigations started with the appearance of high-
power lasers and quite a number of experiments has been carried out in the
field of laser-assisted atom-atom collisions. For obvious reasons most of the
experiments have been performed using vapor cells. Only very few experi-
ments have employed atomic beams, and even those experiments have not
delivered detailed information on the ionization process. Two introductory
review articles on laser-assisted atom-atom collisions in general are given by
Roussel [40] and Weiner [47]. In the following two sections we give a brief
overview of the different laser-assisted collision processes.

Gudzenko and Yakovlenko [16] were the first to study the field of laser-
assisted atom-atom collisions theoretically. They introduced the term "ra-
diative collision" of atoms to describe atom-atom collisions in which there
is occurrence of two simultaneous processes: the collision of an atom A with
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Figure 4.1. a: Atomic representation of the laser induced transition, b: Molecular
representation, transition in a transient molecule.

an atom B, and during the collision the emission or absorption of a photon.
Theoretically there are two ways of description. In the case of long range in-
teractions one can use the atomic representation. This is shown in Fig. 4.1a.
The absorption of a laser photon is possible if the photon energy hu> is close
to the energy defect between Ai — Aj and Bj — Bi. The atomic approach
has been studied theoretically in a semiclassical way by Geltman for bound-
bound transitions [12] and bound-free transitions [13]. In lowest order the
transitions are induced by a dipole-dipole interaction of the colliding atoms.
In Fig. 4.1b is shown the molecular representation of a laser-assisted process.
From this figure it is clear that a resonant absorption is possible at R = Rc,
where the energy separation of the initial state potential V, and the final
state potential Vj equals the photon energy hu. As shown, the process can
be considered to be a radiative transition in a (short-lived) quasi-molecule.
This molecular approach has been studied by e.g. Yakovlenko [49] and Kroll
and Watson [25].

The laser-assisted atom-atom collisions are divided into two groups,
which are usually called "optical" and "radiative" collisions. In an opti-
cal collision only one atom changes its internal state during the collision
and the other atom merely acts as a perturber. In radiative collisions the
states of both collision partners are altered.

Another distinction can be made with respect to the intensity of the laser
field. In the low field regime the laser causes transitions between pre-existing
and unperturbed collision potentials, whereas in a strong field the laser
actually distorts the potential energy surfaces, which govern the collision
dynamics, by the AC-Stark effect induced by the laser.
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4.2.1 Optical Collisions

An optical collision is represented by the following reaction scheme

Ai + B± ntk* —»A/ + B, (4.2)

where A; and Aj are two different states of atom A. In the case that Aj is
a continuum state, i.e. we have

A + B + nhw—+ A+ + B + e~, (4.3)

we speak of Laser-Induced Penning Ionization (LIPI), which is closely re-
lated to Laser-Induced Associative Ionization (LIAI)1. Theoretically LIPI
and LIAI have been studied by Saha and Dahler [42] and Dahler et al. [9,41].
Experimentally optical collisions have been studied in gas cells and by sev-
eral techniques, e.g. fluorescence and ionization.

That optical collisions have been observed long before the appearance
of the laser is demonstrated by a well known optical collision, namely the
collisional deexcitation of metastable helium

He*(21S) + He^S) —> ffe(lXS) + He^S) + l b ; f i « « 2 f l eV,

that was already observed by Lyman in 1924 [30].
Sayer et al. [43] studied the process

Cs(6Si) + A + hu —* Cs(5Z?|-,75i) + A,

where A is a, noble gas atom. Without the perturber A the transition in Cs
is not allowed.

A more recent experiment on optical collisions was performed by Sizer
and Raymer [44] who studied the following process

Na(3s) + AT + hu —> Na(3p) + Ar,

where hw has been detuned far to the red of the Na(3s) —* Na(3p) tran-
sition. They used ultrashort laser pulses, i.e. considerably shorter than the
collision time. Their experiment showed interesting new behavior: when
compared with experiments which use laser pulses which are comparable to
or longer than the collision time, the JVa(3p) yield increased with shorter
pulse duration, due to the laser-induced avoided crossing of the JVd(3p) + Ar

'LIPI and LIAI are sometimes called laser-induced chemi-kmization".
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potential and the JVa(3a) + AT + hu potential. Theoretically this type of
short-pulse experiments has been studied by Lee and George [28].

Most experiments on optical collision processes have been performed
using vapor cells with alkali or alkaline earth atoms as the active atoms and
a rare gas as the perturber atoms.

4.2.2 Radiative Collisions

Four basic radiative collisions are shown in Fig. 4.2.
In the laser-induced collisional energy transfer (LICET) process the en-

ergy of an excited atom A is transferred to an atom B. The energy defect
of Ai - Aj and Bj — B{ is compensated by a photon of energy hu which
is close to this defect. Note that conservation of energy is accomplished
through a change in the heavy-particle energy, this also holds for the other
laser-induced processes.

Pair excitation is achieved if the photon energy is close to the energy
required to (further) excite atom A as well as atom B simultaneously.

Laser-induced collisional ionization (LICI) is similar to the LICET pro-
cess, but the final state of atom B is in the continuum.

Laser-induced charge transfer is again very similar to LICI, but now the
initial state of atom A is in the continuum.

Apart from these (basic) processes there are a number of slightly modi-
fied processes as well. Related to the LICI process is laser modified Penning
or associative ionization. In this case the laser radiation opens up new re-
action channels besides the field free PI and AI channel. Theoretical work
by Bellum and George [1,2] and Bellum et al. [3] predicts the appearance of
additional electron energies, shifted by +hu and -tiu with respect to the
field free PI and AI electron energy. There is only one experiment, by Goble
et al. [15], which is related to this. In a flowing afterglow apparatus they
observed the following process

Ar\3P2) + Ca + hu -^ AT + Ch+(5p2P3 i ) + e~,

by measuring the fluorescence from decay of the Ca+ state. The energy of
the photon equals the energy difference of the excited Ca+ state and the Ar"
state. Although the experiment shows a new PI channel, it is not the type
of process treated by Bellum. In fact it can better be classified as a LICI
process.

LICET has been widely studied in vapor cells. The first experiments
were performed by Falcone et al. [11] with calcium and strontium. Later,
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experiments were also performed by Brechignac et al. [5] with europium
and strontium. They concluded that a universal, strongly asymmetrical line
profile, characterizes this type of interaction and that this (broad) profile
is the signature of a quasi-molecular behavior. The only beam experiments
were carried out by Weiner and co-workers, with sodium and barium [23,36].
A weak laser field populates the iVa*(3p) state. The Na'(3p) collides with
a ground state 2?a(6s2) atom, and with the aid of a "transfer laser" photon
of an energy close to the Ba*(6p2)-JVa*(3p) energy difference, the fla*(6p2)
is populated and monitored by subsequent photoionization of Ba*(6p2) by
the same (strong) transfer laser. This experiment is usually considered to
be a LICI process, but, as mentioned, the ionization merely serves to detect
the population of the excited barium state.

A process related to LICET is microwave-assisted collision al energy trans-
fer (MACET) with sodium atoms excited to Rydberg states, as performed by
Gallagher et al. [34]. The large dipole moments involved, the enormous size
of the atoms, and the large collision times make this experiment attractive
from an experimental point of view.

Recently Dorsch et al. [10] studied LICET in a strontium lithium vapor
(density n w 1015-1016 cm"3). They observed the following process

Sr'(5p) + Li(2s) + hw(\ = 669.8 nm) —» Sr(5s2) + Lim(4d),

For this process the estimated cross section is a ~ 2 x 10~19/ cm2, where /
is the laser intensity in W/cm2. The laser power used in the experiment by
Dorsch was in the range from 2.4 MW/cm2 to 120 MW/cm2, resulting in a
cross sections of a magnitude that is easily detectable.

As expected from the nature of the laser-assisted processes the required
(average) laser power is high. Usually pulsed dye lasers are employed with
high power densities (e.g. 120 MW/cm2 in the experiment of Dorsch). At
these intensities other, direct excitation (or ionization) processes may occur
with high probability, so that great care must be taken to distinguish the
laser-assisted processes from the direct processes. This becomes especially
important if a real intermediate state of one of the atoms is close to the
virtual state induced by the radiation field. The small separation of these
two levels gives rise to a large cross section for the laser-assisted process, but
it also makes the system vulnerable to artifacts as e.g. transitions caused by
ASE. In section 4.6 we show some unexpected results in 2-photon ionization
of metastable helium, which are caused by the presence of ASE in the dye
laser beam.
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We now come to the LICI process, the subject of our study. Also the
laser-induced PI and AI belong to this category. Surprisingly, the first obser-
vations on LICI were reported for beam experiments (n « 2 x 1012 cm" 3 , / «
105W/cm2) carried out by Weiner and co-workers. The first measurements
were performed with lithium [20], and later sodium was used [35,48,4]. How-
ever, the very complex structure observed [35,4] when varying the laser wave-
length from 577 nm to 620 nm, i.e. in the region of the Na(3s) - JVa*(3p)
transition, could not solely be ascribed to LICI of sodium atoms. A consider-
able amount was due to the presence of neutral sodium dimers in the atomic
beams, as is shown in a separate study on dimers [24]. Neutral dimers had
earlier been the cause of the "off-resonant" (i.e. detuned from the sodium
D-lines) production of Na$ in the process

Na(3s) + Na(3s) + 2hu—> Na% + e~,

studied by Burkhardt and Levonthal. They reported about this artifact at
a conference on laser-assisted processes [7].

Only one other beam experiment on LICI has been reported until now.
In this experiment Pradel et al. [38,32,39,31] investigate the following process

He"(2lS,&S) + He(llS) + Kw —» He+ + He(llS) + e~,

where hu is not resonant with any atomic transition. Note that because of
symmetry the distinction between "optical" and "radiative" is not possible
in this case. In several papers the authors claim to have observed this
process. They have even investigated the dependency of the process on
laser power [32] and laser polarization [31]. However, it was pointed out to
us by K. Gillen [14] that it is very unlikely that Pradel et al. observed the
laser-assisted process. A much more likely candidate to explain their results
is collisional excitation followed by one-photon ionization. We come to this
experiment later, when we compare it with our experiment.

The experiments mentioned above are the only beam experiments that
have been performed. As might be expected from the 3-particle nature
of the LICI process, most experiments have been performed in vapor cells
and the long-range dipole-dipole interaction suggests the use of alkali or
alkaline earth atoms. Two experiments serve to illustrate this. Carre et
al. [8] measured LICI of sodium vapor with a density of 1012 - 1013 cm"3

and with a laser tuned to the D-line with a power of 103 — 106 W/cm2.
From the fact that the ion yield did not saturate with laser power, whereas
the atomic transition was saturated, they concluded that LICI was partly
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responsible for the production of Na+ and JVdJ in the vapor. The second
experiment was done by Brechignac et al. [6] who measured the two-photon
collisional ionization in a strontium cesium mixture by means of the optical
fluorescence of Cs+ and e~ recombination.

The LICI experiments performed in vapor cells are of course well suited
to establish the occurrence of LICI processes, although great care must be
taken to exclude all other competing ionization processes. In this respect
the need to create excited atomic species by means of resonant radiation is
a big disadvantage in these experiments. Therefore beam experiments are
far more suitable to study the laser-induced processes because they provide
the opportunity to prepare and select a well denned collision process. More-
over, apart from the unambiguous demonstration of the occurrence of LICI,
mechanistic details may be measured, in principle, by energy resolved detec-
tion of the emitted electrons. The low density of the beams (single collision
condition), however, makes it very difficult experimentally to reach the de-
tection limit. As already shown, the alkali beam experiments by Weiner
were feasible due to the strong dipole-dipole interaction, but the LICI con-
tribution to the ionization process was far from clear. Although there was
fairly compelling evidence of LICI taking place, a detailed analysis was not
possible. A good system to study LICI would be the collision complex made
up of a helium metastable atom and a helium ground state atom. This
system is simple, the excited state is metastable, so there is no need for
resonant radiation to populate the excited atomic state, and if one studies
the laser-induced associative ionization, the occurrence of associative ions
would be a very direct proof of the laser-induced ionization process. Thus,
the reaction is

fle*(21'35) + He{llS) + hw —* Het(X 2E+) + e~(e), (4.4)

where the radiation hu is not resonant with any atomic transition. This
reaction will be the subject of the following section.

4.3 LICI of He*(213S) and He

In Fig. 4.3 we display the relevant He* + He potentials, the ground state
He~2 potential, and the potentials which are obtained by adding the photon
energy hu of the laser radiation. The potential curves have been obtained
from theoretical calculations by Sunil et al. [46]. With a photon energy of
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3.53 eV2 we see that for internuclear distances smaller than approximately
2.5 nm and 1.9 nm, associative ionization becomes possible for the singlet
state and the triplet state, respectively. In that case we have the following
laser-induced reaction:

He'(2h3S) + He(l* (4.5)

The interaction between the metastable atom and the ground state atom
perturbs the excited state in such a way that energetically ionization be-
comes possible. As shown in Fig. 4.3, the entrance channels possess poten-
tial barriers. The barrier heights are 197 meV and 307 meV, for the singlet
and triplet states, respectively. Because of the fact that we employ a ther-
mal effusive target beam (kinetic energy, E w 40 meV) and a slightly faster

2hui = 3.53 eV corresponds to A = 351 nm i.e. XeFl excimer radiation.
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metastable beam E « 218 meV), the barriers will reduce the fraction of the
collisions that could lead to photoionization. Especially the barrier in the
triplet state is rather high compared to the available center of mass energy.
Very recently Lorents et al. [29] have determined the value of the c 3 ^ bar-
rier height experimentally. They find a barrier height of 295±6 meV, which,
although slightly smaller than the theoretical value of Sunil et al., is still
rather high. For the C ' E j state no experimental data are available.

If the potential barriers will turn out to be too high, the following alter-
natives to deal with this problem have to be considered:

• Installation of a supersonic helium target beam with a hot nozzle. This
alternative can be realized rather easily.

• Use of seeded beams. This will probably be very difficult, since meta-
stable helium atoms are involved, which cause PI of any other atom
than helium.

• Instead of the metastable atom source which is now being used another
type of metastable source could be built. Especially the use of a hollow
cathode arc discharge is attractive, since it produces metastable helium
atoms with kinetic energies from 0.6 eV up to a few eV. However, this
type of source is extremely difficult to operate and has a very short
lifetime. Therefore, it probably is not suitable for our experiment.

• Instead of increasing the energy of the collision system to overcome the
barrier, the photon energy can be varied in such a way that the cross-
ing moves outward. This solution also has its disadvantages, because
in this case a dye laser must be used, thereby reducing the average
laser power available by a factor of about one hundred. Moreover,
the wavelength of the radiation to be used is in the region of the he-
lium Rydberg states. Thus very great care must be taken to prevent
direct two-photon ionization. On the other hand ionization outside
the barrier probably leads to a much larger cross section fur the LICI
process.

Simple use of a fast metastable beam (100 eV), obtained from a He+ beam
through resonant charge exchange in a cesium cell, is not appropriate since
this type of metastable atom beam produces a much smaller metastable
atom flux and also opens other ionization channels, as we will see later in
this chapter.
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If we use the BO-approximation, i.e. the motion of the heavy-particles
does not change during the photoionization, the energy of the emitted elec-
trons is given by the difference potential of entrance and exit channel. There-
fore, from the potential curves we estimate that the electrons released in the
photoionization process will have kinetic energies ranging from 0 eV, for
ionization near the crossing point, to about 1 eV, for ionization at distances
near the potential well. Thus, the energy distribution of the electrons con-
tains information about the range of internudear distances where ionization
takes place. This information, and, in addition, information about the vibra-
tional levels of the He\ ion formed, can in principle be obtained by energy
resolved detection of the emitted electrons.

4.4 Estimate of the LICI Yield

With very simple arguments we estimate the expected ion (or electron) yield
for the LICI process we want to study.

With a metastable atom density n* = 1.6 x 107 cm"3, a target beam
density n = 10~13 cm"3, a cross section for forming the complex ac =
6 x 10"16cm2 (i.e 0.5ffi?§, with RQ = 2 A; the factor 0.5 is due to the
fraction of collisions that follows the gerade potentials) and a relative velocity
vr = 4 x 105 cm/s, we have a number of collision complexes per cm3 and
per second of: n*nvTac = 3.8 X 1010 cm~3s~1. The collision complex exists
for a very short time, typically TC W 2RQ/VT = 10~13s. The photoionization
of the complex is essentially the photoionization of the metastable atom.
Thus we can assume a photoionization cross section for the complex that
is comparable to the cross section for the metastable atom3. A reasonable
value is 04, = 10"17cm2 [45]. With a photon flux $ = 3 x 1026cm-2s"1 (i.e.
100 mJ/15 ns/ 4 mm2; hu = 3.53eV), the chance for photoionization of the
complex is a^Tc = 3 X 10™*. In the interaction volume V = 8 x 10~3 cm3

the number of electrons JV, created by the LICI process during the laser
pulse Tp, is given by

N = n*nvraca^TcVTp w 10~3. (4.6)

When measuring electrons the collection efficiency is about one half and in
the case of ions'an efficiency of one tenth is reasonable. This estimate indi-

3The photoionization cross section of the He2(A '£+) and He,(a 3E+) states is 7.5 x
10~18 cm2 at A = 320 nm and 6.5 x 10~" cm2 at A = 200 nm, respectively [45]. For the
gerade states the cross sections are not known.

78



cates that very great care must be taken to suppress any background signals.
In fact it has not been possible yet to identify electrons or ions emerging
from the LICI process 4.5. Strong background signals and electronic noise
interfered with the observation of electrons from process 4.5. Ions have not
been measured yet because of the fact that the ion TOF spectrometer has
only recently been installed and is still being tested for mass resolution and
efficiency.

4.4.1 Comparison with the Experiment of Pradel et al.

In this section we make some remarks on the experiment by Pradel et al.
[38,32,39,31]. We have already mentioned that they investigated the process:

^c"(215,235) + He^S) + hu —- He+ + He(llS) + e", (4.7)

where the ions are detected with a TOF technique. They used a fast
metastable helium beam and a thermal helium target resulting in a cen-
ter of mass energy of 25 eV to 150 eV. The He+ yield observed by them
was mainly ascribed to process 4.7 for collision energies below 50 eV and to
the one-photon ionization of a collisionally excited state at collision energies
above 50 eV. Gillen [14] explained their results in the whole energy range by
the two-step process of excitation to the He(2lP) or He(33P) state followed
by photoionization. He showed that assuming this process the observed ion
yield is very well explained. If we use the experimental data from Pradel
et al. [38] for £O T = 50 eV and if we use Eq.(4.6) to estimate the number
of ionization events per laser shot, we find a value of 4 X 10~9. The much
lower ion yield as compared with our experiment is mainly due to the lower
metastable atom density. Their experiment yielded 50 ions in 5.4 x 10s laser
shots. This means that the observed ion yield is by a factor of 2 x 104 larger
than our estimate. Such a big difference is very hard to accept. The only
way to explain the difference would be the assumption of a photoionization
cross section about 140 times larger than the assumed 10~17 cm2. In [32]
Pradel et al. recognized the difference between the experimental yield and
the one expected from the simple estimate but they accepted the fact that
this implied a very large photoionization cross section. To us a cross section
much larger than 10~17 cm2 is very unprobable since this value is about
the cross section for photoionization of a metastable helium atom [45], and
in essence the metastable atom is ionized because the ground state atom
merely acts as a perturber. We conclude that the observation of process 4.7
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is very uncertain and cannot be distinguished from other ionization channels
if only the ions are measured.

4.5 Experimental Problems

During our investigations it soon turned out that there were a lot of un-
wanted contributions to the electron yield. The most important source of
background electrons and other particles is the metastable atom source. It
is responsible for the following contributions:

• Metastable atoms and VUV radiation from the discharge source hit
the electrodes on the polar pieces and cause the emission of electrons.

• Metastable atoms elastically scattered from the target gas also reach
the electrodes and lead to secondary electrons.

• Penning ionization and associative ionization of residual gas. With an
average cross section for PI of a = 15 x 10~16 cm2 [21] and a target
density of n w 6 x 109 cm"3 the metastable atom beam gives rise to an
electron production rate in the interaction volume of about 3x 10ss"1,
or 4.5 x 10~3 per laser shot.

• The microchannel plate detector of the electron spectrometer is also
sensitive to metastable atoms. For the rather high target helium den-
sity n « 1013 cm"3 and the large cross section for elastic scattering
of He(21'3S) on He, which is about 140 x 10"16 cm2 [17], the rate of
elastic scattering in the interaction volume is about 5 x 109 s"1. With
an acceptance solid angle subtended by the microchannel plate at the
interaction center of 10~4 sr and assuming isotropic scattering, the
contribution of the metastable atoms is 5 X 10s s - 1 .

All these contributions lead to a continuous particle count rate that can be-
come (much) larger than 106s~1. This is unacceptable for the microchannel
plates. We have tried to minimize the continuous flow of charged particles
that reach the detector by using mesh electrodes which are pulsed and al-
low charged particles to pass only during a certain time interval after the
laser pulse. Suppression of the metastable atoms is not possible. If the ion
reflectron is used the metastable atoms cannot reach the detector.

Apart from these continuous background signals which have no correla-
tion with the laser pulse (see, however, the remark on the electronic noise
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below), there are other contributions as well, which are caused by the laser
pulse itself. These contributions lead to structures in the TOF spectra and
therefore pose a bigger problem. In this case the biggest problem was the
electronic noise caused by the violent discharges in the excimer laser. This
electromagnetic radiation lasts for several micro-seconds after the laser pulse
and causes a complicated oscillating structure in the TOF electron spectrum
recorded by the transient recorder. It turned out that the electromagnetic
disturbance even modulated the continuous flow of electrons caused by the
metastable atom source. The only way to reduce the effects of this noise
appeared to be the spatial separation of the laser system and the rest of the
experimental set-up. For the ion measurements the noise is not within the
time interval of interest and causes no problems.

4.6 ASE, An Experimental Artifact

In the course of the investigations, during testing of the electron spectrome-
ter, we measured the resonant two-photon ionization of metastable helium.
Recently Haberland and Oschwald [18,19,33] reported about structures, that
were not understood, in the wavelength dependence of resonant two-photon
ionization of metastable helium via the ife(31>3P) intermediate states. They
used laser powers of 10 MW/cm2 to about 2 GW/cm2. At comparable laser
power we first measured the electrons from the photoionization of He(21S)
via the He^P) state and the He{S*D) state, by varying the laser wave-
length around A = 501.7 nm and A = 504.3 nm, respectively. Apart from
the splitting of the lines due to the magnetic field we could not conclude
from our measurements that there were reproducible additional structures
in the flanks of the resonances. Because of the fact that it was difficult to
count all the electrons that were formed during a laser shot separately, we
started to measure the He+ ions, employing the drift tube of the electron
spectrometer as the ion drift tube. Varying the wavelength from 370 nm
to 405 nm, i.e. in the region of the He(2lS - 4*P), the He(23S - 33P), and
the He(23S — 33D) transitions, we observed unexpected structures, although
from a totally different kind than reported by Haberland. Fig. 4.4 shows the
result of the measurement at an estimated laser power of 200 MW/cm2 at
A = 388.9 nm. Note that the wavelength has been scanned in steps of 0.25
nm. The expected transitions have been indicated. All the other peaks do
not correspond to any atomic transition. To find out whether the structure
was reproducible we investigated the wavelength region between 370 nm and
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Figure 4.4. He+ ion yield versus wavelength. The only peaks which can be
attributed to known atomic transitions have been marked. The wavelength step
size is 0.25 nm and the laser power is about 200 MW/cm2.

382 nm at a higher wavelength resolution. The lower part of Fig. 4.5 shows
this region at a step size of 0.08 nm and at a somewhat higher laser power.
We see that still more structures appear. The upper part gives an enlarge-
ment of two regions in the lower part at a still smaller step size of 0.008 nm.
At this resolution it is clear that most peaks have a width of about 0.1 nm,
or 7 cm"1. Notable is that the upper part was recorded two days after the
lower part and after some experimental changes had been made. From this
result we conclude that the structure is very well reproducible since there
clearly is a one to one correspondence between peaks in the lower and in the
upper part of Fig. 4.5. For the measurements mentioned above we used the
dye BiBuQ which has a tuning range from 367 nm to 405 nm with a max-
imum in the dye gain at 388 nm. Our observations, displayed in Fig. 4.4,
indicate that additional peaks become more intense near the edges of the
dye gain, so that there is reason to believe that the dye itself is responsible
for the rich structure. However, we also see that at A = 393.75 nm, which is
only 4.8 nm away from the dye gain maximum, there is already an increase
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Figure 4.5. Ion yield versus wavelength. In the lower part the step size is 0.08 nm,
in the upper it is 0.008 nm. The upper part is the enlargement of the two indicated
regions in the lower part. Upper and lower spectra have been recorded at different
experimental conditions and with a two-days time difference.

in the ion yield.
To learn more about the origin of the capricious structure we measured

electron energies at several laser wavelengths. Figs. 4.6 show the result of
a measurement in which the laser has been tuned at the He(2*S — 4*P)
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transition, i.e. A = 396.4 nm, which is already in the region where additional
peaks appear. Fig. 4.6a is the TOF electron spectrum and Fig. 4.6b is the
corresponding energy spectrum. Apart from the expected electron peak (3),
which represents electrons with an energy of 2.28 eV created by 2-photon
ionization via the He(AlP) state, three other peaks are present. Peak (1) is
due to VUV radiation from the He(41P— 1 *5) transition hitting the electron
detector. This transition gives rise to photons with an energy of 23.742 eV
and at a spontaneous emission rate of 256 MHz. Peak (1) is prompt with the
laser pulse and is not present if the laser is detuned from the He(2 *5 — 4 lP)
transition. Peak (2) is caused by the same VUV radiation which induces
photo-emission of electrons from the metal surfaces of the electrodes and the
grids on the polar pieces. As shown in Fig. 4.6b the energy of the electrons in
peak (2) extends at high energies up to about 15 eV. Peak (4) corresponds to
electrons with an energy of 1.55 eV. It turns out that this energy is obtained
if one assumes that the laser radiation photoionizes helium in the He(33P)
state.

At this point we like to make a remark about dye lasers in general. A dye
laser carries with it some background emission with a spectral distribution
centered around the maximum of the dye tuning range. This contribution is
especially important in a short-pulse dye laser like the one we are employing.
Most of the background emission originates in the oscillator itself where
spontaneously emitted photons can be amplified due to the high gain. Other
amplifiers in the light path further amplify this spontaneous emission. This
is the origin of the Amplified Spontaneous Emission (ASE).

With this in mind, the result becomes clear. Apparently, the ASE
present in the laser beam, which is centered around 388 nm, populates the
He(33P) state and this state is subsequently photoionized by radiation of
the selected wavelength. To check this idea we have measured electron en-
ergy spectra at various wavelengths in the region between 388 nm and 405
nm. In Fig. 4.7 seven spectra are displayed to demonstrate the behavior
of different electron peaks. Besides the spectra shown in Fig. 4.7, spectra
have been measured at 16 other wavelengths between 400.4 nm and 388 nm.
In calculating the energy spectra from these TOF spectra with Eq.(2.10),
the contact potential Vc has been adapted to fit the energy of the electrons
from the He(21S - AXP) transition at A = 396.4nm and the electrons from
the He(23S - 33P) transition at A = 388.9 nm. All the other TOF spectra
have been converted using the same contact potential. The lowest energy
peak in Fig. 4.7 shows a wavelength dependent shift. However, it does not
shift with twice the photon energy, as one would expect in (non-resonant)
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two-photon ionization, but with only once the photon energy. This supports
the idea that this peak is due to one-photon ionization of a particular state,
in this case the //e(33P) state. Surprising is the occurrence of an electron
peak with an energy which is completely independent of the selected laser
wavelength. This constant-energy peak is indicated in Fig. 4.7 by the dashed
line at an energy of 1.63 eV. If we assume that the He(33P) state, which
is populated by the ASE radiation, is also ionized by the ASE radiation,
then we eicpect an electron energy of 1.608 eV. This value is very close to
the observed value of 1.63 eV and therefore we have to conclude that the
constant-energy peak is due to the two-photon ionization of He(23S) by ASE
radiation. The intensity of the non-resonant electron peaks, i.e. the lowest
energy peak and the constant-energy peak, exhibit a very wild wavelength
dependence in accordance with the observed behavior of the ion spectrum in
Fig. 4.4. In Fig. 4.7 this occurs e.g. in the spectrum at A = 398.4 nm for the
electron peak at an energy of 1.54 eV. The results of all the measurements
are displayed in Fig. 4.8 together with four lines representing the depen-
dencies of the different one or two-photon ionization processes. Two lines
represent the two-photon ionization of He(2lS) and He(23S) by two pho-
tons of the selected wavelength, one line represents the photoionization of
He(33P) which is first populated by an ASE-photon, and one line represents
the two-photon ionization of He(23S) by two ASE-photons. Experiment
and explanation agree very well. The only small discrepancy is found in the
ionization by two ASE photons. However, it is possible that the ionizing
ASE photon has a different energy than the populating photon. An ASE
wavelength of 386.7 nm instead of the supposed 388.9 nm4 for the ionizing
radiation would give a perfect agreement. From the fact that the width of
the constant-energy peak is rather small, we deduce that the width of the
ASE radiation is only about 6 nm.

As already mentioned, no great care was taken to minimize the ASE
contribution to the laser beam. In our case the ASE problem showed up
after we had changed from a visible dye to a UV dye which made it very hard
to adjust the dye laser. The manufacturer of the dye laser has done some
research on the ASE [26]. Fig. 4.9 shows a typical wavelength spectrum of
the output of the dye laser, and although the side bands are weaker by a
factor of about 600, they certainly are strong enough to populate an atomic
resonant level. Only after very precise adjustment of the laser, the side bands
are not present. It is worth noting that this spectrum has been recorded at

4 This difference in wavelength gives a 19 meV energy difference per photon.
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Figure 4.9. Typical wavelength spectrum measured by Lambda Physik at a se-
lected wavelength of 501 nm. Adapted from [26].

a wavelength in the center of the dye gain where the ASE contribution is
expected to be minimal, as indicated in Fig. 4.10.

In our case we exploited the whole tuning range and got close to the
edges where the ASE contribution becomes very large.

A final ASE check has been done by changing the dye itself. Instead
of BiBuQ we have used PBBO which has a tuning range from 386 nm to
420 nm with a maximum gain at 396 nm. This means that again there is
an atomic transition in the ASE region, namely the He(21S - 4*P) transi-
tion. We have again observed capricious structures in the ion yield versus
wavelength and especially near the edges of the dye gain. With the laser
tuned to the flle(23S-33P) transition, i.e. A = 388.9nm, the electron energy
spectrum of Fig. 4.11 has been recorded. This measurement agrees with our
expectations: besides electrons with an energy of 1.608 eV, corresponding to
two-photon ionization by the selected laser wavelength, there is also a struc-
ture peaking at 2.35 eV, which corresponds very well to the photoionization
of the He(A lP) state by the selected laser wavelength which results in an
electron energy of 2.342 eV. Apparently the He(4lP) state is populated by
the ASE radiation. Difference in life-time between the He(AxP) state (3.97
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ns) and the He(33P) state (94.7 ns) is the main reason for the fact that the
ASE-induced contribution is smaller.

4.7 ASE Contributions in Other Experiments ?

Well aware of the possible dangers of ASE we now want to make some
remarks on experiments in which the presence of ASE might be the expla-
nation of features which are not understood or which are contributed to
other processes

Haberland et al. [18,19,33] investigated the resonant two-photon ioniza-
tion of metastable helium. The simplicity of the system, the experiment, and
the good understanding nowadays of this kind of photoionization processes
implied that there should be no unexpected results. Using high laser powers
(1 MW/cm2 - 2 GW/cm2) they observed the He(213S - 31-3/)) quadrupole
transitions and the strongly power broadened flie(21>35 — 31>3P) dipole tran-
sitions. Besides these expected observations they also observed reproducible
complex structures in the flanks of the resonance profiles. In some cases only
on one side of the resonance, in other cases on both sides. At moderate laser
power (about 10 MW/cm2) the structure consisted of separate peaks and
at high power (about 1 GW/cm2) these peaks became one big hump. An
important point is that depending on the type of laser — they had a home
built dye laser and a Lambda Physik FL2002 dye laser — the structure was
observed in the quadrupole resonance line or was not observed. Fig. 4.12
shows different resonance peaks and additional structures. We suggest that
the structures observed by Haberland are due to the presence of ASE in
the laser beam. The structures in the flanks of the main peaks in Fig. 4.12
show a very strong resemblance to the side bands of Fig. 4.9 and also have a
comparable width. However, the measurements of Haberland indicate that
the temporal development of the laser pulse plays an important role in the
explanation of these additional structures. This is evident from the follow-
ing experiment. They performed a two-color experiment in which a rather
weak laser (1 MW/cm2) is tuned across the He(23S) - Z3P) transition and
in which a strong laser (300 MW/cm2) with a wavelength of 581 nm causes
the ionization. Especially the fact that the additional peaks become much
smaller if the ionizing laser is delayed by 1.3 ns with respect to the reso-
nant laser is difficult to explain with ASE because the He(Z3P) life-time is
94.7 ns. However, very recently Kay et al. [22] also reported about the res-
onant two-photon ionization of He(2lS) via the 5lP level. At a comparable
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laser intensity and under somewhat different experimental conditions com-
pared with the experiment of Haberland they did not observe the additional
structures in the resonance profiles. Kay et al. argued that the experiments
were similar and that the structures should have been observed if they are
part of the resonant photoionization process. These observations support
our idea that an experimental artifact, and ASE certainly is the best candi-
date for this, is responsible for the appearance of the additional structures
in the experiment of Haberland et al..

Another experiment that might suffer from the artifacts caused by ASE
is the LICI experiment on sodium by Weiner [35,4]. At first the experiment
was performed using two flash-lamp-pumped dye lasers. One laser saturated
the sodium 3s-3p transition with a power of 0.05 MW/cm2 and A = 589nm.
Another laser with a power of 30 MW/cm2 and intended to induce the LICI

92



Figure 4.13. AfaJ and Na+ ion yield versus the wavelength or wavenumber of
the strong laser (see text). The labeled peaks are identified as atomic transitions,
which, in the case of Na%, give rise to associative ionization. Adapted from [35].

process was scanned from 577 nm to 620 nm. The resulting Na+ and
yields are shown in Fig. 4.13. Later the experiment was repeated with a
single dye laser of higher quality at a power level of 1 MW/cm2 giving the
result shown in the lower part of Fig. 4.14 [4]. Because the presence of
neutral sodium dinners in the atomic beams obscured the result, a separate
dimer study was undertaken [24]. The uppei part of Fig. 4.14 shows a theo-
retical photoionization spectrum of sodium dimers obtained from this study.
It is clear that at least a considerable part of the Na% yield in Fig. 4.14 might
be due to the presence of the dimers. The differences between the theoreti-
cal photoionization spectrum and the experimental spectrum are explained
by Weiner et al. by assuming contributions from LICI processes. However,
considering our experience with the two-photon ionization of metastable he-
lium, we believe that this explanation is premature and we suggest that
maybe the complicated structures in the ion spectra of Fig. 4.13 and Fig.
4.14 are due to ASE. The presence of resonant transitions in the dimers and
the atomic sodium in the wavelength range of the dye, and the high laser
power being used, are good conditions for ASE problems to occur.

In literature the ASE problem is hardly ever addressed. In the paper
of Sizer and Raymer [44], for example, the ASE problem is recognized and
they have done experimental tests to rule out the contributions of ASE. But
in general the effects of ASE are probably underestimated.
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identified as atomic transitions. Adapted from [24].

4.8 Conclusions

We have seen that, although theoretically the LICI process has been studied
in great detail, the experimental studies on LICI are very rare and yield no
detailed information on the photoionization of colliding atoms. There have
been two beam experiments, and besides the fact that the results of these
experiments are questionable, they have only measured total ionization cross
sections. Thus, to test theories there still is a great need for detailed atomic
beam experiments.

With our experiment we have tried to make a first step in the direc-
tion of a detailed understanding of the LICI process, by measuring the en-
ergy distribution of photo-electrons from the HeX21<3S)/He collision system.
Unfortunately the numerous sources of electrons, which contribute to the
background electron signal, have prevented use from actually measuring an
energy distribution of these photo-electrons. The only other experiment, by
Pradel et al., dealing with this system yields results which with high prob-
ability have to be ascribed to another photoionization process. Due to the
different nature of the experiment of Pradel et al., we cannot disprove their
results experimentally by comparison with our own experiment.

Using two-photon ionization of metastable helium we have qualitatively
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investigated the effects of Amplified Spontaneous Emission (ASE). We have
shown that if the ASE emission is resonant with atomic transitions, then
it can give rise to very complex structures in the wavelength dependent
ion yield. The importance of measuring the energy of the photo-electrons
has become very clear, since with the information on the electron energies
a full explanation of the observations has become possible. Although we
have not undertaken an investigation on the ASE itself, and the ASE in our
experiment is certainly not typical, we do believe that ASE and its effects
are not fully recognized and are underestimated in literature. We suggest
that the unexplained structures in the experiment of Haberland et al. are
due to ASE.

Concerning the LICI experiments by Weiner and co-workers on sodium,
we think that, apart from the fact that the presence of dimers obscures the
results as well as the interpretation, there might be a considerable contribu-
tion caused by ASE.

In conclusion we can say that there are no reliable results from beam
experiments on LICI, which make a comparison with theory possible.

References

[1] J. C. Bellum and T. F. George, / . Chem. Phys. 68, 134 (1978).
[2] J. C. Bellum and T. F. George, J. Chem. Phys. 70, 5059 (1979).
[3] J. C. Bellum, K. S. Lam, and T. F. George, J. Chem. Phys. 69, 1781 (1978).
[4] J. Boulmer and J. Weiner, Phys. Rev. A 27, 2817 (1983).
[5] C. Brechignac, Ph. Cahuzac, and P. E. Toscheck, Phys. Rev. A 21, 1969

(1980).
[6] C. Brechignac, Ph. Cahuzac, and A. Debarre, J. Phys. B 13, L383 (1980).
[7] C. E. Burkhardt and J. J. Leventhal, in Atomic and Molecular Collisions in a

laser Field, Journal de Physique - Colloque Cl, suppl. 1 Editors: J. L. Picque,
G. Spiess, and F. J. Wuilleumier (1985).

[8] B. Carre, F. Roussel, P. Breger, and G. Spiess, J. Phys. B 14, 4271 (1981).
[9] J. S. Dahier, R. E. Turner, and S. E. Nielsen, J. Phys. Chem. 86,1065 (1982).

[10] F. Dorsch, S. Geltman, and P. E. Toschek, Phys. Rev. A 37, 2441 (1988).
[11] R. W. Falcone, W. R. Green, i. C. White, J. F. Young, and S. E. Harris, Phys.

Rev. A 15, 1333 (1977).
[12] S. Geltman, J. Phys. B 9, L569 (1976).
[13] S. Geltman, J. Phys. B 10, 3057 (1977).
[14] K. T. Gillen, Phys. Rev. A 39, 2248 (1989).
[15] J. H. Goble, W. E. Hollingsworth, and J. S. Winn, Phys. Rev. Lett. 47, 1888

(1981).
[16] L. I. Gudzenko and S. I. Yakovlenko, Sov. Phys. JETP 35, 877 (1972).

95



[17] H. Haberland, Y. T. Lee, and P. E. Siska, in Advances in Chemical Physics
45, pg. 487-585, Editors: I. Prigogine and S. Rice (1981).

[18] H. Haberland, M. Oschwald, and J. T. Broad, J. Phys. B 20, 3367 (1987).
[19] H. Haberland and M. Oschwald, J. Phys. B 21, 1183 (1988).
[20] A. v. Hellfeld, J. Caddick, and J. Weiner, Phys. Rev. Lett. 40, 1369 (1987).
[21] E. Illenberger, Thesis, Albert-Ludwigs Universitat Freiburg (1976).
[22] R. B. Kay, B. H. Houston, and J. P. Czechanski, J. Phys. B 22, L107 (1989).
[23] J. Keller and J. Weiner, Phys. Rev. A 29, 2230 (1984).
[24] J. Keller and J. Weiner, Phys. Rev. A 30, 213 (1984).
[25] N. M. Kroll and K. M. Watson, Phys. Rev. A 13, 1018 (1976).
[26] Lambda Physik, Lambda Highlights 11 (1988).
[27] Lambda Physik, Data sheet of the FL300S dye /oser(1986).
[28] H.-W. Lee and T. F. George, Phys. Rev. A 35, 4977 (1987).
[29] D. C. Lorents, S. Keiding, and N. Bjerre, J. Chem. Phys. 90, 3096 (1989).
[30] T. Lyman, Astrophys. J. 60, 1 (1924).
[31] P. Monchicourt, P. Pradel, D. Dubreuil, and J. J. Laucagne, Chem. Phys. Lett.

152, 336 (1988).
[32] P. Monchicourt, P. Pradel, F. Rousscl, and J. J. Laucagne, Phys. Rev. A 33,

3515 (1986).
[33] M. Oschwald, Ph. D. Thesis, Albert-Ludwigs Universitat, Freiburg (1987).
[34] P. Pillet, R. Kachru, N. H. TVan, W. W. Smith, and T. F. Gallagher, Phys.

Rev. Lett. 50, 1763 (1983).
[35] P. Polak-Dingels,J.-F. Delpech, and J. Weiner, Phys. Rev. Lett. 44, 1663

(1980).
[36] P. Polak-Dingels, J. Keller, R. Bonanno, and J. Weiner, / . Phys. B 15, L41

(1982).
[37] P. Polak-Dingels, J. Keller, J. Weiner, J.-C. Gauthier, and N. Bras, Phys. Rev.

A 24, 1107 (1981).
[38] P. Pradel, P. Monchicourt, D. Dubreuil, J. Heuze, J. J. Laucagne, and G.

Spiess, Phys. Rev. Lett. 54, 2600 (1985).
[39] P. Pradel, P. Monchicourt, D. Dubreuil, and J. J. Laucagne, Phys. Rev. A 35,

1062 (1987).
[40] F. Roussel, Comments At. Mol. Phys. 15, 59 (1984).
[41] H. P. Saha and J. S. Dahler, and J. T. Nielsen, Phys. Rev. A 28, 1487 (1983).
[42] H. P. Saha and J. S. Dahler, Phys. Rev. A 28, 2859 (1983).
[43] B. Sayer, M. Ferray, and J. Lozingot, J. Phys. B 12, 227 (1979).
[44] T. Sizer II and M. G. Raymer, Phys. Rev. Lett. 56, 123 (1986).
[45] R. F. Stebbings, F. B. Dunning, F. K. Tittel, and R. D. Rundel, Phys. Rev.

Lett. 30, 815 (1973).
[46] K. K. Sunil, J. Lin, H. Siddiqui, P. E. Siska, K. D. Jordan, and R. Shepard,

J. Chem. Phys. 78, 6190 (1983).
[47] J. Weiner, Comments At. Mol. Phys. 16, 89 (1985).
[48] J. Weiner and P. Polak-Dingels, J. Chem. Phys. 74, 508 (1981).
[49] S. I. Yakovlenko, Sov. J. Quantum Electron. 8, 151 (1978).

96



Chapter 5

Transfer Ionization in
He++—Xenon Collisions

5.1 Introduction

The theory we presented in chapter 3 is now used to describe one particular
type of spontaneous ionization (SI), namely, transfer ionization (TI) occur-
ring in slow collisions, i.e. with collision energies from a few eV up to a few
hundred eV, between He++ ions and xenon atoms. We show that a rather
detailed understanding of the energy distribution of the ejected electrons,
and of the angular distribution and energy gain of the heavy particles is pos-
sible from the simple potential curve model we have presented in chapter
3.

Emphasis is on the special features, the so-called rainbow structures, in
the energy gain spectra of the heavy particles. As we have seen already,
they are the turning point rainbow and the rainbow due to an extremum in
the difference potential of initial and final state. In practice the extremum
in the difference potential corresponds in our case with a potential well in
the entrance potential. The exit potential is purely repulsive.

After the introduction of the general Tl-process, the special case of TI
in the He++/Xe system, and a very short remark about the experimental
conditions, the rest of this chapter consists of two parts. One part is about
low energy collisions, by which we indicate collisions in the energy range from
a few eV up to about 20 eV, and the other part Is dealing with high energy
collisions, i.e. collision energies from 20 eV up to a few hundred eV. This
subdivision seems rather arbitrary, however, there is a big difference in the
analysis and in the observations. The low energy regime is analyzed using
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Eq.(3.37) with only one initial- and one final-state potential involved. These
potentials together with an it-dependent transition rate are sufficient to
explain all the experimental observations. The high energy regime requires
a more complicated entrance channel potential and the quantum-mechanical
calculations using Eq.(3.37) are no longer feasible, simply because they take
too much time. For the analysis we use the Eikonal expression instead,
together with the Airy-function approach. As a consequence the high energy
analysis is much less detailed. However, the behavior of the system is still
very similar to the behavior of the system at low energy.

5.2 Transfer Ionization

In a collision between an ion A and an atom B (which can also be an ion)
the recombination energy RE of A (for one electron capture) may be higher
than the first ionization potential 1P\ of B. In that case the system is
excited by an energy £*, given by E* = RE — IP\. If this energy is higher
than the second ionization potential IP2 of Bf i.e. RE > I Pi + IP2, then
the system is in a one-electron continuum, and autoionization of the system
is possible, causing the ejection of an electron. Schematically this process is
given by

An+ + B —» A^n~1)+ + B2+ + e~. (5.1)

Since the energy needed for the emission of an electron is provided by transfer
of an electron from target B to projectile A, the process is called transfer
ionization. Note that this ionization mechanism, as with all the SI processes
we have seen, can even take place at vanishing collision energy. Whether
ionization takes place and to what degree is determined by the amount of
"potential" (recombination) energy carried into the collision system by ion
A (MUller et al. [6]).

Several mechanisms can give rise to the Tl-process of Eq.(5.1). Niehaus
[7] gives a general characterization of TI and distinguishes five different
mechanisms for TI. For example, ion A may resonantly capture two electrons
from B and end up in an autoionizing atomic state. Another possibility is
that A captures one electron in an excited state, and that this is followed by
a Penning-type ionization of B+. It is clear that in the former case one can
expect rather well defined electron energies corresponding to autoionizing
atomic levels, whereas in the latter case the energy distribution is much
broader due to the molecular nature of the PI process. The He++/Xe system
is an example of a direct Tl-mechanism (see Niehaus [7]), i.e. the transfer of
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an electron from Xe to / /e + + is non-resonant, and immediately causes the
emission of a second electron from B.

TI has been observed for the first time in high energy collisions (3-30
keV) for the systems Nen+-Xe and Xen+-Ne by Flaks et al. [3]. Arrathoon
et al. [1] first observed TI in thermal collisions of He+-Ba, Mg, Cam a.flow-
ing afterglow. These two experiments only dealt with total cross sections.
Detailed information about different mechanisms and about differential cross
sections was obtained later in low energy collisions (thermal up to 1 keV).
Hultzsch et al. [4] for example observed atomic autoionization of Ba+' in
collisions of He+ and Ba. In collisions between He+ and Ca they found that
ionization occurred at small internuclear distances, indicating the molecular
nature of the ionization. Niehaus and Ruf [9,10] found that in collisions be-
tween He++ and Hg the Tl-mechanism is resonant electron capture followed
by Penning-type ionization.

Our process of TI in collisions between He++ and Xe has been studied
before in considerable detail by Ruf [11]. In fact we use his unpublished
results for comparison with our model. Concerning the electron energy
distribution we will present a totally different explanation as the one given
by Ruf. Furthermore, we present a first full explanation of the He+ energy
gain spectra and their angular dependence.

5.3 Experimental

The measurements have been carried out for the following process

He++(E) + Xe-+ He+(e, E + Q) + Xe++ + e"(e), (5.2)

where the energy gain Q has been measured at different scattering angles
0 of the /fe-ion1 and the electron energy e at some angle. Ruf's and our
[5] experiment have been carried out under single collision conditions with
a beam of He++ projectiles crossing a thermal xenon target beam. The
collision energy ranges from a few eV up to a few hundred eV. For the de-
tection of the charged particles (emitted electrons and in- or superelastically
scattered He+-\ons) at well defined angles with respect to the incident pro-
jectile beam, Ruf uses a 127° electrostatic condenser of high resolution (ca.
50 meV) and we use a parallel plate condenser equipped with a channelplate
for simultaneous and position sensitive detection of a range of energies. Our

'Because of large Xe/He mass ratio, we will neglect the difference between laboratory
frame and center-of-mass frame for the scattering angle as well as the collision energy.
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analyzer has a resolution of about 2% of the energy range AE covered2.
The range AE is about 50% of the highest transmitted energy. Simulta-
neous measurement of the entire Q-spectrum allows measurements at large
(up to 120°) scattering angles which reveal new features in the Q-spectra.

5.4 The He++ - Xe Collision System

5.4.1 General Remarks

Asymptotically the entrance channel He++ + Xe(lSo) lies in the continua of
a number of states. Energetically the following (exothermic) transitions are
possible

He++ + Xe —• He+(ls) + Xe++(5p4) 3P, 1U, XS + e" ( 5 . 3A)

— He(Is2) + Xe+++(5p3) % 2D, 2P + e~. (5.3.b)

Besides this complication of the many possible final states, there is the
additional problem that these state can be reached via different intermediate
states, namely, there are the following open charge exchange channels

He+++Xe —> He+m{n = 2) + Xe+(5p2)2Pz, 2Pi (5.3.c)

—* He{U2s) + Xe++\5s25p3nl) (5.3.d)
4'l'). (5.3.e)

Table 5.1 gives the asymptotic energies of these states, with respect to the
entrance channel, together with some other states which we will discuss
later.

When measuring the energy distribution of He+-\ons, processes (5.3.a)
and (5.3.c) contribute. If we assume a flat entrance potential and a pure
Coulomb behavior of the He+*(n = 2) + Xe\bp2) 2Pi a potentials, these
potentials cross the entrance potential at internuclear distances of 160 ao
and 18.4 ao, respectively. Transitions to these states give rise to well defined
energy gains Q of 0.17 eV and 1.48 eV, respectively, as shown in table 5.1.
Thus, these transitions are easily identified. The fact that the crossings are
at large distances, where the electronic coupling is weak, implies that corre-
sponding peaks in the Q-spectra show up at small scattering angles, because
these angles correspond to large impact parameters and small velocities at

^Typically &E ~ 20 - 40 eV.
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Table 5.1. Asymptotic energies of the He++ /Xe collision system for a number of
He and Xe states. The energies are given with respect to the entrance potential
which has energy E{.

Asymptotic State
He+++ Xe(bs2bp6)

He+*(n = 2) + Xe+(5s2bp*)

J/e+(ls) + Xe++(5s25p4)

He+(ls) + Xe++(bs5p5)
tfe(ls2) + Xe+++(5s25p3)

ffe*(23S) + Jfe++X5p6)
lfetl«25) + A e - n ^ V n J )
He1(ls23) + Xe++g(5s5pV/')

^e+i(Ti = 2) + Xe+Xbsbp*)

%
liPl

%
3P\
3Po
lDx
xSo
3P2

*D\
2z?i
2K
^ o
%

Ei - E (eV)
0.00
0.17

1.48

21.08
19.88
20.08
18.97
16.45
8.91

13.57
11.92
11.40
10.09
8.38

-1.09
-0.29

> 0
> 0

-9.79

the crossings, so that the system has an appreciable chance to change from
one adiabatic curve to the other. Experimentally the Q = 1.48 eV peak
shows up very clearly at small angles. At E = 4.8 eV (see Ruf [11]) the
peak is still present at a scattering angle of 40°, whereas at E = 50 eV it
is gone at angles larger than 5° (see section 5.6.2). Thus the behavior of
the peak is exactly as expected. A point worth noting is that apparently
the coupling is considerable as far out as 18.4 ao and even more surprising
is that the measurements of Ruf at E — 4.8 eV show a small peak at a
Q-value slightly higher than 0 eV which is gone at angles larger than 20°.
This peak was not considered by Ruf, but we cannot but ascribe this peak
to the charge transfer process at large distance which now populates the
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state. In this case the Xe+^Pi) state is not directly populated
by transitions at R = 160 BQ, but it is populated via the Xe+(2Pi) state.
A coupling between the Xe+(2Pi) and Xe+(2Pi) states at short internuclear
distances makes the transition possible.

The multitude of exit channels might be a problem in analyzing the
electron energy distribution because the spectrum is a superposition of sev-
eral electron spectra, each corresponding to a specific exit channel potential.
However, when measuring the energy gain Q, the gain is defined with re-
spect to the entrance potential alone and if one assumes the different ionic
exit potentials to run parallel, which is a very reasonable assumption at
the rather large distances that are relevant for the Tl-transitions, and if
the transition probability has the same distance dependence for different
exit channels, then the energy gain spectra corresponding to different exit
potentials all have the same shape. The second assumption is a mild one
considering the matrix elements that describe the Tl-process. Thus the to-
tal differential cross section dY,(9,Q)/dSldQ is to a good approximation an
incoherent sum of the partial differential cross sections da(9,Q)/dildQ of
a particular Xe++ state. Another advantage is that ion measurements are
more selective, since a certain scattering angle more or less corresponds to
a well denned impact parameter. In non-coincident electron measurements
an average over all possible impact parameters is made implicitly.

5.4.2 Model Potentials

At this point we want to find model potentials for entrance and exit chan-
nels which reasonably represent the collision system and which describe the
experimental observations to some detail. It is not our intention to find the
"exact" potentials which govern the system, but we do want to show that
the model we presented in chapter 3 is applicable to the Tl-process of our
study. From the work of Ruf [11] we obtain a first estimate for the position
Re and the depth D of the potential well in the entrance potential V-(ft).
We use a Morse potential plus a screened Coulomb potential to represent

= D [e-2B=P - 2e-S=^} + | [fc"* + o] , (5.4)
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where L and Ri are screening distances. To model the exit potential V+(R)
we use a screened Coulomb potential:

V+{R) = j [4e"£ + 2] + V+(oo), (5.5)

where R+ is again a screening distance. The parameters Ri, R+, D, L,
and Re are adjusted in such a way that with these potentials several ex-
perimental results are well described. Elastic scattering of He++, which is
completely governed by Vi(R) if the transition rate T(R) is small, shows a
rainbow at E9 = 260 eVdeg, as measured by Ruf [11] at E = 10 eV. This
mainly determined Vi(R). A second experimental fact is the Q.-value which
corresponds with the rainbow due to the potential well and which depends
on the depth as well as on the position of the well, of course in combination
with the exact form of the exit potential. Later we will see that this value
is about 16 eV. In combination with Vi(R) this determines the potential

We have adjusted the parameters in Vj(ft) so that the calculation of the
elastic scattering of He++ gives a rainbow at about the experimental value.
We have calculated the elastic cross section with the following formula for
the elastic scattering amplitude ffi(0) (see e.g. Child [2])

£(2/ + ^ " ^ ( * ) (5.6)

where rfel is the elastic scattering phase shift, obtained from the semiclassical
relation dQ/dl = 2ijfel, with 6 the classical deflection. Further we made the
same approximations as in the derivation of Eq.(3.37).

With D = 3.5 eV, Re = 4.2ao, L = 1.3ao, Ri = 0.53ao, and R+ = 0.50ao
we find the elastic rainbow at about 290 eVdeg and a Q, of about 17.5 eV.
Both are in reasonable agreement with experimental values of 260 eVdeg
and 16 eV, respectively. We further choose V+(oo) to correspond with the
Xe+Vfli) state, i.e. V+(oo) = -18.97 eV with respect to VJ(oo). In Fig. 5.1
we show the potentials we use in the calculation. Besides V|(ft) and V+(R)
two other parts are shown, which we use in section 5.6.

The functional form we choose for T(R) is given by

T{R) = 0.01 J l V 2 * . (5.7)

This form was used in the 10 eV calculations. For higher energy (> 50 eV)
it is not valid, since Eq.(5.7) goes too fast to zero for small A-values. The
form of Eq.{5.7) was taken from Niehaus [7].
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Figure 5.1. Model potentials Vi(R) and V+(R) which are used in the calculation.
The dotted lines represent potentials which we use in the description of the high
energy collisions (see section 5.6).

5.5 Low Energy Collisions

5.5.1 Calculations

We calculate the double-differential cross section dfo/dildQ at a collision
energy of 10 eV, using the quantum-mechanical method described in chapter
3. This method is applied for the first time at this energy. Up to now it
was only used in the thermal energy range, where the angular momenta
contributing to the process are still rather small. Here, however, a typical
magnitude of the angular momentum is about 800 h, which means that a
very large number of partial waves contribute to the scattering and that
other methods of calculation have to be used. In the following we give more
details about the actual calculations which are based on the theory described
in section 3.4.3.

For a certain value of Q (or E' in section 3.4.3) a complete angular distri-
bution of ions with this energy gain is calculated by Eq.(3.37). The integral
over b (Eq.(3.37)) is calculated by taking small steps in b and adding the
intermediate results. To obtain numerically stable results, it is necessary to
make about the same number of steps in 6 as there are angular momenta (in
units of h). After calculation of the classical turning points Ifa (and
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the real and imaginary parts, ijj and £', of the phase shift jfc' are calculated
using Eqs.(3.34) and (3.35), respectively. To do this a numerical quadrature
routine (NAG Numerical Library) is employed. At every 6-step the classical
deflection 6 corresponding to Vj(R\Q) (V/ depends parametrically on Q) is
calculated and this gives the phase shift rfj through the semiclassical rela-
tion we also use in Eq.(5.6) above. The remaining and most time consuming
problem is the calculation of the overlap integral of Eq.(3.39). This integral
is calculated by taking small steps in R and adding the separate contri-
butions. The necessary values F*(JZ) and Fj(R) are obtained by numerical
integration of the real radial equations given by Eqs.(3.27) and (3.28) if F(A)
is neglected. This stepping in R is done simultaneously with the outward
integration of the equations. We use a numerical integration routine (NAG
Numerical Library) which solves the set of two first-order differential equa-
tions which are obtained from one second-order equation. The numerical
integration of Eqs.(3.27) and (3.28) is started in the classically forbidden re-
gion 0.25 ao away from the classical turning points ifo and RQJ of Vi(R) and
Vj(R\Q), respectively. We simply assume an infinite high potential barrier
at this position. Then the start conditions are given by F^ ARataTt) = 0 and
dFjj(Rstart)/dR = 6, where $ is an arbitrary value which only determines
the amplitude of the solution. We checked, by varying the starting position,
that solutions started at different positions show no difference after nor-
malization. A Runga-Kutta integration routine (NAG Numerical Library)
integrates both solutions until R = 9ao.3 The wavefunctions F^j(R) are
normalized to unit amplitude at infinity (see section 3.4.3). To perform
the normalization, the amplitude of the numerical solution is determined at
R = 9ao as well as kjj(R) at this point. Normalization is then obtained by
dividing the numerical solution by its local amplitude and multiplying by
the square root of the ratio kij(oo)/kij(R). The maximum distance of the
turning point, which determines the value of 6 at which the integration of
Eq.(3.37) is stopped, is chosen to be 8 ao- Due to the exponential form of
T(R) larger b values contribute negligibly to the integral.

It is clear that due to the fast oscillations of the heavy-particle wave-
functions4 the integration of the differential equations is time consuming.
At E = 10 eV we have about 800 steps in b which implies the evaluation of
the same number of overlap integrals given by Eq.(3.39). A calculation of

3The turning point should be at a smaller distance than 8 ao, so that in the classically
allowed region oscillations will occur which allow the determination of an amplitude.

4 At E = 10 eV we have * = 73 a^1, so that the steps in R should be about 10~3 ao.
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the angular distribution for one Q-value takes about two hours CPU time
on a VAX 3500 computer. Going to E = 50 eV increases this by a factor of
ten, so that at the moment it is too time-consuming to do the calculation.

5.5.2 Double-Differential Ion Distribution

A full calculation of the double-differential cross section has been carried
out for a collision energy of 10 eV. Fig. 5.2 shows the results for scattering
angles of He* between 2° and 178° and for the whole relevant Q-region
(7 < Q < 19 eV). For the actual calculation Q is increased by steps of
0.5 eV and the scattering angle by steps of 1°. Due to the limited number
of Q-values the spectrum at a certain scattering angle does not show all
the interference effects correctly. Interference effects in the angle variable,
however, are shown correctly except at small scattering angles where the
oscillations become very rapid. To get a better view of the exact {Q,9)
location of structures in the calculated spectrum, we also present a contour
plot of this calculation in Fig. 5.2.

Although the potentials are far from perfect and T(R) is apparently too
large at small distances, because the intensity at large scattering angles is
unrealistically large, the calculation still shows a striking resemblance with
the experimental results of Ruf [11] at E = 9.8 eV and with our results at
E = 12.4 eV, which are shown in Figs. 5.3 and 5.4, respectively. In fact the
calculation shows all the characteristic features observed experimentally. We
will compare the results of the calculation with those of both experiments.
Although in our experiment the collision energy of 12.4 eV is slightly dif-
ferent from the energy- used in the calculation, we feel free to compare this
experiment with the calculation because there is no reason to expect a large
difference. This idea is supported by other results of Ruf [11] at higher
collision energies.

In both measurements we observe the Q = 1.48 eV peak very clearly at
small scattering angles. We have already explained the origin of this peak
in section 5.4.1. We now concentrate on the remaining broad structures.
Starting at small scattering angles we see in the measurements one large
broad peak at Q = 11 eV which develops into two peaks at larger scattering
angles. Especially Fig. 5.4 shows very well that the high Q flank shifts to
larger values and develops into the dominant peak at Q ~ 15 eV at 8 = 30°.
Besides this peak there is a peak which more or less remains at Q = 10
eV and which decreases drastically when going to larger angles. At about
30° Fig. 5.3 shows that it has become one broad shoulder attached to the
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Figure 5.2. Upper part: Double-differential TI cross section as a function of
scattering angle 0 and energy gain Q. Lower part: Corresponding contour plot.
Ten contour lines have been drawn at constant spacings of 5% of the maximal
value and starting at 5%.
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Figure 5.3. Energy gain spectra of He+ ions at four different scattering angles at
a collision energy of 9.8 eV The relevant part is at Q-values larger than 0 eV. Note
that the lower scale gives the total kinetic energy, whereas the upper scale gives the
energy gain. Taken from Ruf [11].
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Figure 5.4. Energy gain spectra in a large angular range, measured at a collision
energy of 12.4 eV. The curves have been obtained by drawing smooth curves in the
measured spectra.
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Q = 15 eV peak. If we look at Fig. 5.2, and at the contour plot in par-
ticular, we see exactly the same behavior. At small angles there is a broad
maximum which develops into a dominant peak at Q ~ 17 eV at about 30°.
The fact that the calculations show a very rapid decrease of the non-shifting
part is due to the fact that T(R) is relatively too small at large distance.
Calculations show that if T(R) is made relatively larger at large distances,
the decrease with the angle is more slowly and, moreover, the minimum Q-
value decreases as well. This behavior is understood on classical arguments:
a larger T(R) at large R makes the contribution from the outer potential
crossing more important, which implies a larger contribution to the small
Q-values and besides this the contributions from trajectories that are mainly
repulsive (because a transition takes place at large distance) relatively in-
crease, causing a slower decrease with scattering angle. From this argument
one would expect a faster decrease if the collision energy increases. This
idea is confirmed by measurements (e.g. see section 5.6 and Ruf [11]) and
calculations. The fact that the maximal Q shifts to smaller values if the
scattering angle decreases is also well understood. It means that the impact
parameter is so large that the crossing of the appropriate5 potentials can no
longer be reached. This argument implies that at higher collision energies
the constant Q = 17 eV value is reached at smaller scattering angles. The
experiment at 50 eV, described in section 5.6 confirms this.

At angles larger than 40° Fig. 5.4 shows the appearance of a peak which
becomes dominant at large angles and which shifts to smaller Q-values at
larger angles. Experimentally it shifts from about 9 eV at 40° to about 5 eV
at 110°. In our model we can ascribe this peak to the turning point region
which evidently becomes dominant at large scattering angles due to the
exponential increase of T(R) with decreasing R. As we mentioned in chapter
3, the turning point rainbow is expected to shift with scattering angle. As
the turning point peak appears and shifts, the peak at Q = 15 eV remains
virtually at the same position over a large angular range and gradually
decreases. This peak apparently can be ascribed to the rainbow due to the
potential well. The calculations show the correct behavior of the potential
well rainbow as well as the appearance and shift of the turning point rainbow.
However, due to the oscillations there is no real broad peak which can be
associated with the experimental turning point rainbow. To compare the
calculations with experiment we suggest that the lowest Q flank is used. In
that case we observe a theoretical shift from Q = 17 eV at 40° down to Q =

5The exit channel potential shifts with the Q-value.
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13 eV at 110°. Although the Q-values themselves deviate somewhat from
the experimental ones, the theoretical shift is completely consistent with the
observed one. The fact that the values are not in complete agreement with
experiment, indicates that the potentials at short internuclear separation
are not valid. Another experimental detail is the small shift of the Q = 15
eV peak to smaller Q-values at large scattering angles. Although not very
clear, it is also present in the calculated spectrum. A final notable point
about the calculated spectrum is the dominant peak at Q = 17 eV and
9 = 55°. It arises from the coalescence of the ridge at Q = 17 eV and
the turning point ridge. This coalescence of the two rainbows corresponds
to the special case in which the turning point is located at the position of
the minimum of the well (more precisely: the position of the extremum of
the difference potential). Unfortunately the experiments give no indication
of this special feature because the spectra at different angles have been
normalized separately.

From the fact that the ridge at Q = 17 eV is present over almost the
entire angular range, we deduce that even if an averaging over all scattering
angles takes place there will still be a peak at Q = 17 eV. Since electron
energy distributions implicitly make such an averaging we discuss electron
energy distributions in the following section.

5.5.3 Electron Energy Distribution

Measurements of the angular dependence of the electron intensity in PI show
no strong variation, even at thermal energies (see Niehaus [8]). Therefore
we expect the electron energy distribution in the Tl-process we consider
to be independent of the observation angle. In that case we obtain the
calculated electron energy distribution simply by averaging the calculated
double-differential ion distribution over all angles, i.e. adding the spectra for
all the different scattering angles. Eq.(3.25) gives the relation between ion
energy and electron energy. The electron spectrum we obtain in this way
from the 10 eV calculations is shown in Fig. 5.5. We compare this theoret-
ical result with experimental energy distributions that have been measured
by Ruf [11]. Fig. 5.6 shows these spectra at four different collision energies.
The experimental spectra have a background contribution at the low en-
ergy side (e < 4 eV) which is approximated by an exponential decrease to
higher energy. Comparing the theoretical spectrum with the corresponding
experimental one we see a very good agreement in the shape. The only real
difference is the fact that the absolute energy is wrong by about 1.5 eV.
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Figure 5.5. Electron energy spectrum obtained by adding the ion spectra at
different scattering angles. The exit potential is assumed to correspond to the
fle+/te++(1A) state, i.e. 18.97 eV below the entrance potential.

Experimentally the dominant peak is at e = 3.6 eV, whereas theoretically
it is located at £ = 2 eV. However, using another exit potential instead of
the /fe+/.Xe++(1Di) potential can easily fix this discrepancy. From table
5.1 we learn that using the He+/Xe++(3P) potentials increases the energy
of the peak by 1 to 2 eV. This of course takes the high energy tail of the
spectrum to higher values as well, thereby improving the agreement with ex-
periment. Besides the possibility of other exit channels, modifications of the
potentials we use can also lead to the correct energy. Namely, in comparing
the theoretical and experimental Q spectrum we notice a slight disagree-
ment in the Q-value for the potential well rainbow as well. Experimentally
the maximum of the peak is at about 15 eV, whereas theoretically it is at
Q — 17 eV. Correction of this discrepancy also gives a very good agreement
between the theoretical and experimental electron energy spectra. This fact,
together with the fact that the Xe+^Di) state has the largest statistical
weight, leads to the conclusion that modification of the shape of the poten-
tial curves can fix the small discrepancies in electron energy and ion energy
and that the introduction of other final states is not necessary.

By assuming transitions to the lfe(ls2)/.Xe+++(5s25p3) states (see table
5.1) Ruf [11] found an explanation for the prominent peak in the electron
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Figure 5.6. Electron energy spectra measured at four different collision energies
and at 90°. Taken from Ruf [11].
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spectra. He argued that the small width can not be explained by the (partly)
broad ion peaks, which even shift with scattering angle. However, from the
preceding section it is clear that the narrow peak in the electron spectrum
corresponds with the potential well rainbow, which does not shift and which
is enhanced by coalescence with the turning point rainbow for certain impact
parameters and in this way yields a peak narrower than the turning point
rainbow at other impact parameters. The high energy tail in the electron
spectrum is made up of the corresponding small angle ion scattering and
the large angle ion scattering with the shifting turning point rainbow. Ruf's
explanation is strongly based on additional structures in the electron spec-
tra. Their energy spacing roughly corresponds to the energy spacing of the
A'e+++(5s25p3) states. However, the presence of several supposed structures
is far from certain. Our calculations show that it might very well be possi-
ble that besides the dominant peak other structures survive the averaging as
well. For example, the indication of a peak at e = 3.5 eV in the theoretical
spectrum of Fig. 5.5 is similar to the structure at e = 6 eV in the measured
spectrum in Fig. 5.6.

The evaluation by Ruf of the dominant peak, shows that the broadening
of this peak varies proportional to the square root of the collision velocity v.
However, in this evaluation the total "background" is subtracted to find the
width at half maximum of the peak. We think that this evaluation is essen-
tially wrong since in our model it is not necessary to include a background
to get consistency between theory and experiment. The vll2 dependency of
the width is one of the arguments used by Ruf to exclude that the electron
peak at e = 3.6 eV arises from the Tl-process we suggest. Because, if the
peak is caused by the potential well rainbow, then the Airy approximation of
section 3.5.1 predicts the width to be proportional to v2/3, and this depen-
dency is not observed if Ruf's analysis is applied to the spectra. Including
the "background" to find the width, would drastically alter the outcome.
In addition, the "enhanced" rainbow of the integrated spectrum probably
has another dependency than v2^3. Correct evaluation to our opinion can
only be done by full numerical calculation of the spectrum, as done in the
preceding section.
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5.6 High Energy Collisions

5.6.1 Shift of Turning Point Rainbow

At higher energies we expect the turning point rainbow to become more
important and therefore an analysis of ion spectra by means of the Airy
approximation of section 3.5.1 or the Eikonal approach of section 3.4.5 seems
appropriate. In Fig. 5.7 we show a series of ion spectra measured at a fixed
scattering angle of 90° and at various collision energies. As expected the
turning point rainbow is clearly present and shifts to smaller Q-values if the
energy increases. Since there is a direct relation between the the Q-value
and the internuclear distance where the transition takes place, we actually
probe the inner region of the potential if E is varied and 0 is kept constant.
In section 3.5 we have seen that the turning point rainbow is approximated
by an Airy function and in section 3.4.4 we have shown that the classically
allowed extreme value Qo is located at the position where the square of
the Airy function is at 44% of its maximum. The position of Qo has been
determined in Fig. 5.7 and for a number of other energies as well. Fig. 5.8
shows the outcome of this. It is clear that at E = 50 eV there is a rather
drastic change in the dependence of Qo on E. It means that there is a
sudden change in the derivative with respect to the internuclear distance R
of the entrance potential (under the assumption that the exit potential does
not change) when smaller internuclear distances are "probed" by the turning
point. Apparently the entrance potential becomes much flatter. Since such
a drastic change in potential is very unlikely for a specific quasi-molecular
state, we have to introduce an avoided potential crossing to explain this
behavior. The only drastic change that could occur within the He++/Xe
system is a change of character due to a charge exchange process. Therefore
we introduce a screened Coulomb potential VC(R), to which a transition is
made at a certain distance Ra-iti» of the form

VC(R) = i [5e£ + l ] , (5.8)

where Rac is a screening distance which is varied together with RcHti until
reasonable agreement with experiment is obtained. With Rcrit = 2.25 ao
and Rsc = 0.78 ao we obtain the solid line in Fig. 5.8. The solid line and
the dashed line which have been drawn in Fig. 5.7, and which more or less
represent Airy functions, are used to indicate the qualitative behavior of the
spectrum. Especially at the high Q values they have no meaning. However,
the spectra suggest that there are two turning point rainbows involved.
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Figure 5.7. He* spectra measured at 8 = 90° and at various collision energies.
The large peak at Q as -17 eV in the E = 20 eV spectrum is due to Xe++ ions.
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Figure 5.8. Qo versus collision energy. The solid and dashed curves are theoretical
calculations. The squares represent theoretically obtained "experimental" values of
the second rainbow (see the accompanying text).

Besides the tentative drawings in Fig. 5.7 there are other indications of a
second contribution as well. Calculations, using the Eikonal approximation,
show that it is not possible to explain the very broad structures in the
high energy spectra using only one entrance potential. These calculations
further show that the entrance potential should become much flatter at
short distances, otherwise the width of the calculated structures remains
too small. From the ion spectra we estimate the positions Qo of the second
rainbow. These values are indicated by the squares in Fig. 5.8. The shift of
the second rainbow is reproduced by using the same potential (Eq.(5.8)) as
the one used for the first rainbow, only the distance at which the entrance
potential changes is now located at R = 2.43 ao. The two additional parts
of the entrance potential are indicated in Fig. 5.1 by the dashed lines.

In general we now have two contributions of varying relative strength.
At relatively low energies the first avoided crossing is followed adiabatically
and the diabatic transition probability is still small. This situation is found
in the spectrum at 40 eV. When the collision energy increases the diabatic
transition probability at the first avoided crossing increases and as a con-
sequence the contribution from the rainbow at smaller Q values increases.
This behavior is seen in Fig. 5.7 where the relative magnitude of the two
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indicated Airy functions changes when going to higher collision energies.
We suggest the following origin of the (avoided) crossings. The state

corresponding to #e+*(n = 2) + Ae+*(5«5p6) lies 9.8 eV above the entrance
potential asymptotically (see table 5.1). At large distance the correspond-
ing potential is a Coulomb repulsion. A pure Coulomb potential implies a
potential energy of 21.4 eV at ft = 2.4 ao if the energy at infinite separa-
tion is 9.8 eV. The avoided crossings which we have assumed are located
at ft = 2.43 ao and ft = 2.25 ao, respectively. The potential energy of the
entrance potential Vi(R) at these positions is 27 eV and 41 eV, respectively.
These energies still show a rather large discrepancy with the energy of the
He+m(n = 2)/Ae+15s5p6) potential at ft = 2.4 ao, but there is a multitude
of states similar to the one above available for this kind of charge exchange
at short internuclear distances and, furthermore, the potential correspond-
ing to the /fe+"(?i = 2)/A"e+*(5s5p6) state will deviate considerably from the
assumed Coulomb behavior at short distances.

To illustrate the explanation of the high energy spectra with the model
we have described above, we show in Fig. 5.9 a spectrum obtained using the
Eikonal formula at a collision energy of 220 eV. The dotted lines are the two
separate spectra belonging to the two different potentials and the solid line
is the sum of these two. Comparing this with the corresponding spectrum in
5.7 shows a reasonable overall agreement regarding both the energy position
and the double peak structure. We have a very broad Q spectrum and
the intensity at the potential well rainbow position has become very small.
Of course the calculated spectrum does not agree with experiment if the
interferences are considered. This may be caused by a different distance
dependence of the different final state exit channels which in the calculations
are assumed to be identical.

5.6.2 Angle Dependent Measurements of Ion Spectra

Fig. 5.10 shows He+ ion spectra at various scattering angles at a collision
energy of 50 eV. Comparison of these spectra with the low energy spectra
in Fig. 5.4 shows that the overall behavior is very similar. Again there is a
broad structure at small scattering angles from which a dominant peak at
high Q-values emerges when going to larger angles. The low Q side rapidly
decreases and reaches its minimum at 0 = 10°. As the angle increases still
further, the Q = 15 eV peak gradually decreases and at the low Q side a
peak emerges which shifts to smaller Q-values at larger angles. Note that
the disappearance of the iow Q region and the appearance of the constant
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Figure 5.9. Spectra calculated using the Eikonal formula at 220 eV collision energy.
The impact parameters are chosen to give a scattering angle of 90°. Dotted lines
are separate spectra. The solid line is the sum of the two spectra.

Q = 15 eV peak are realized at much smaller angles than in the E = 12.4 eV
measurement. We have already explained this behavior when we discussed
Fig. 5.4.

A remarkable fact is that the shift of the structure due to the turning
point is rather small. Going from 9 = 40° to B = 60° the shift is about 1.5
eV. Using the potential Vi(R) without the flat part gives a theoretical shift
of 9 eV. Thus, this is again an indication that there is a less steep part in the
entrance potential at short distances. Apparently the 50 eV measurement is
mainly determined by the first, i.e. lowest, flat potential at small distances.

Calculation of the complete double-differential partial cross section for
an energy of 50 eV is not feasible. It simply takes too much computer time.
However, with the insight we gained from the low energy calculation and
with the result of the Airy analysis, which made the introduction of the
"soft" potentials necessary, we can completely understand the spectra of
Fig. 5.10.
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Figure 5.10. Ion spectra at various scattering angles at a collision energy of 50
eV. The shaded area is due to the charge exchange process discussed before.
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5.7 Suggested Improvements

The analysis we have given is mainly qualitative and serves to prove the
validity of the potential curve model. It has also led to an understand-
ing of experimental results for the //e++/Ae-system which have been a
riddle for many years. Many details in the calculations are not observed
in the measurements, partly because there is always some averaging, and
partly because the potentials and the functional form of T(R) are not exact.
Considering the complexity of the /fe+ + /Xe system with its multitude of
available states it is of course very probable that at short distances several
potentials are necessary for the initial as well as the final state to describe
the system completely.

In the description of the He++/Hg TI system Niehaus and Ruf [9,10]
explain the observations by including the Stark effect of the Hg+ ion on the
He+ ion. At large distance the charge exchange, leading to these ions, takes
place and then the Stark effect causes a splitting of the entrance potential
at short distances. Including this effect in our system is of course an ad-
ditional complication but it might prove an improvement as well. Another
improvement which can easily be made is the introduction of polarization
terms in the potentials.

5.8 Conclusions

In this chapter we have proven the validity of the potential curve model we
have developed in chapter 3 for the description of TI taking place in slow
collisions between He++ ions and xenon atoms.

At a collision energy of 10 eV a first full calculation of the double-
differential partial ionization cross section at this relatively high energy has
been carried out using the quantum-mechanical formalism. The general
agreement between calculation and measurement is very good. All the spe-
cial features in the measured ion spectra as well ^s the angular dependence
of the spectra are reproduced in the calculation. A conclusion is that the
behavior of the system can to a large extent be understood in a classical
way.

From the calculations it has become clear that the electron energy dis-
tribution is explained by the model as well. There is no need to include
other reaction channels, as the ones proposed by Ruf [11], to explain the
measurements.
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At higher energies the calculation is no longer feasible. Instead, we have
applied the Airy function approximation and the Eikonal calculation to the
rainbow features, and to the turning point rainbow in specific. Analysis of
the shift of the turning point rainbow with collision energy has made the
introduction of other potentials at short internudear distance necessary. We
suggest the presence of avoided crossings of which the locations in energy
and distance result from the analysis. The fact that the potential changes
drastically at short distances is supported by the Eikonal calculations as well
as by angular ion spectra at 50 eV, which show a small shift of the turning
point rainbow at increasing scattering angles.
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Samenvatting

Wanneer een systeem van twee botsende atomen (of ionen) zoveel in-
terne potentiële energie heeft dat ionisatie van het complex tijdens de bot-
sing mogelijk is, spreken we van spontane ionisatie. De koppeling die voor
de ionisatie verantwoordelijk is, is puur elektronisch van aard en de ionisatie
wordt dus niet door kinetische effecten van de zware deeltjes veroorzaakt.
Voorbeelden van spontane ionisatie zijn Penning- en associatieve ionisatie,
waarbij de benodigde ionisatie-energie aanwezig is in de vorm van excitatie-
energie van één van de botsingspartners, en transfer-ionisatie, waarbij de
benodigde energie aanwezig is in de vorm van potentiële elektron-ion recom-
binatie energie (bij transfer-ionisatie is er minstens één ion aanwezig).

Wordt er een (sterk) stralingsveld, in de vorm van een laserbundel,
toegevoegd aan het botsingssysteem, dan wordt, bij geschikte foton-energie,
de foto-ionisatie van het complex mogelijk, ook wanneer het systeem zich
asymptotisch niet in een of ander elektronisch continuum bevindt. Is dit al
wel het geval, zoals bijvoorbeeld bij Penning-ionisatie, dan kan het veld er
toe leiden dat het ionisatie proces in meer of mindere mate wordt veranderd.
Het is belangrijk op te merken dat zowel de botsing als het foton noodzakelijk
zijn voor deze laser-geïnduceerde processen. Dit wordt duidelijk geïllustreerd
in processen waarbij de foton-energie — we beschouwen alleen één-foton
ionisatie — niet voldoende is om de afzonderlijke atomen te ioniseren, maar
waarbij de potentialen op korte afstand zodanig zijn, dat de potentiaal be-
horende bij het geïoniseerde systeem minder dan de foton-energie boven de
potentiaal van de begintoestand ligt, zodat op korte afstand foto-ionisatie
wel mogelijk is.

Als men zich concentreert op de energieverdeling van geëmitteerde elek-
tronen en de dynamica van de zware deeltjes, dan zijn de beschrijvingen voor
spontane ionisatie en laser-geïnduceerde ionisatie van botsingscomplexen
in essentie hetzelfde. Uiteraard zijn de voor de ionisatie verantwoorde-
lijke koppelingen, Coulomb-koppeling respectievelijk dipool-koppeling, zeer
verschillend, maar in de theorie worden deze koppelingen slechts als een
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gegeven grootheid ingevoerd, in de vorm van een afstandsafhankelijke over-
gangswaarschi jnlijkheid.

De bedoeling an het hier beschreven onderzoek is de bestudering van
foto-ionisatie van het He(21'3S)/He botsingssysteem bij thermische bot-
singsenergie, door middel van meting van de energieverdeling van de foto-
elektronen en vergelijking hiervan met spontane ionisatie, i.h.b. met transfer-
ionisatie tijdens botsingen tussen He++ ionen en xenon atomen. Helaas
is het tot nog toe niet mogelijk geweest een energieverdeling van foto-
elektronen te meten. Voor het He++/Xe systeem zijn er wel veel experi-
mentele data beschikbaar en kan een grondige analyse plaatsvinden.

In hoofdstuk 2 geven we een complete beschrijving van de opstelling die
gebruikt wordt voor het onderzoek naar foto-ionisatie van het He(2l'3S)/He
botsingsromplex. In het kort bestaat de opstelling uit een metastabielen
bron, een magnetische-fles-type vluchttijd spektrometer voor elektronen, een
vluchttijd massa-spektrometer voor ionen en een laser systeem bestaande uit
een gepulste excimeer laser in combinatie met een kleurstoflaser.

De theorie voor spontane ionisatie, die we gebruiken voor de analyse
van de He++ /Xe transfer-ionisatie en die direct toepasbaar is op de laser-
geïnduceerde ionisatie, wordt in hoofdstuk 3 gepresenteerd. We geven een
volledig klassieke behandeling en een quantummechanische formulering met
semi-klassieke benaderingen. Deze formuleringen zijn beide gebaseerd op een
potentiaalcurve model, waarbij er goed gedefinieerde begin- en eindtoestan-
den zijn samen met een gegeven overgangskans van begin- naar eindtoestand.
Er worden uitdrukkingen afgeleid voor de dubbel differentiële (in energie en
strooihoek) partiële werkzame doorsnede van de zware deeltjes voor ion-
isatie en voor de energieverdeling van de uitgeworpen elektronen bij een
willekeurige hoek. We leggen verder de nadruk op bepaalde speciale struc-
turen die we verwachten in zowel de hoekverdelingen als de energieverdeling.
Uit de meest gedetailleerde quantummechanische uitdrukking leiden we een
formule af die we gebruiken bij de analyse van de He++/Xe resultaten voor
hogere (hoger dan ongeveer 20 eV) botsingsenergieën. Het blijkt dat deze
benaderde formule, die we de "EikonaT-benadering noemen, twee andere be-
naderingen, die in het verleden toegepast zijn op verschillende "regenboog"-
structuren, omvat. Omdat de theorieën voor laser-geïnduceerde ionisatie
meestal uitbreidingen zijn van die voor spontane ionisatie en omdat we
nog geen resultaten beschikbaar hebben van foto-ionisatie van botsingscom-
plexen, worden de (geringe) modificaties in de theorie die nodig zijn voor
toepassing op laser-geïnduceerde processen slechts kort aangeven.

Hoofdstuk 4 is de introduktie tot laser-geïnduceerde ionisatie van bot-
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singscomplexen. Na een algemene introduktie van laser-geïnduceerde pro-
cessen richten we ons op de foto-ionisatie van het He(2l'aS)/He systeem.
Dit systeem kan tijdens de botsing geïoniseerd worden als de foton-energie
groter is dan ongeveer 2.8 eV. Er vindt dan associatieve ionisatie plaats
waarbij JfeJ gevormd wordt. Dit experiment is het eerste experiment dat
gedetailleerd het ionisatieproces van een botsingscomplex wil bestuderen
door middel van meting van de energieverdeling van de foto-elektonen. De
enige twee andere bundel experimenten op het gebied van laser-geïnduceerde
ionisatie van botsende atomen meten alleen totale (relatieve) werkzame
doorsneden en de resultaten van deze experimenten zijn zeer onzeker. We
rapporteren over de problemen die we bij onze pogingen hebben ontmoet en
we vergelijken een simpele schatting voor de opbrengst aan foto-elektronen
met de enige waarnemingen die er zijn op dit gebied. Ze tonen aan dat deze
waarnemingen zeer onzeker zijn en waarschijnlijk aan een ander ionisatiepro-
ces zijn toe te schrijven. Tijdens onze onderzoekingen zijn er problemen aan
het licht gekomen die te wijten zijn aan "Amplified Spontaneous Emission"
(ASE) in de gebruikte kleurstoflaser. Verder onderzoek hiervan, met behulp
van twee-foton ionisatie van He(2l'3S), heeft het belang aangetoond van me-
tingen van de elektronen-energie om onderscheid te kunnen maken tussen
de verschillende manieren van foto-ionisatie. In het bijzonder bij gebruik
van hoog-vermogen laserpulsen is interpretatie alleen op grond van gemeten
ionen niet zonder gevaar. We komen tot de conclusie dat onverklaarde struc-
turen in ionenspectra in andere experimenten wellicht volledig te wijten zijn
aan effecten veroorzaakt door ASE.

De theorie van hoofdstuk 3 wordt toegepast in het laatste hoofdstuk,
hoofdstuk 5, dat transfer-ionisatie tijdens He++/Xe botsingen als onder-
werp heeft. We tonen dat de resultaten van theoretische berekeningen met
het potentiaalmodel van hoofdstuk 3, voor een energie van 10 eV in goede
overeenstemming zijn met de resultaten van andere en onze experimenten.
Alle details, die waargenomen worden in de hoekafhankelijkheid van de in- en
superelastisch verstrooide He+ ionen die tijdens het transfer-ionisatieproces
worden gevormd, worden door de berekeningen gereproduceerd. Ook hebben
we een goede verklaring gevonden voor waargenomen elektronenspektra,
zonder dat we andere reaktiemechanismen dan de normale transfer-ionisatie
hebben hoeven te introduceren. Eerdere verklaringen hebben hiervoor wel
andere processen ingevoerd. Het soort berekeningen dat we uitvoeren is
voor het eerst gedaan voor dergelijke hoge (dwz. aanzienlijk hoger dan ther-
mische) botsingsenergieën. Bij hogere energieën passen we onze Eikonal-
benadering toe op de analyse van de zogenaamde omkeerpuntsregenboog.
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Deze analyse toont dat bij hogere energieen (vanaf ongeveer 50 eV) het
gedrag van het systeem verandert en dat deze verandering verklaard wordt
door de aanname van vermeden kruisingen bij korte kernafstanden. Hoek-
afhankelijke metingen van de gevormde He+ ionen tonen verder een gedrag
dat veel lijkt op dat bij lagere energie en dat volledig begrepen is binnen
het model. Tenslotte tonen we dat de Eikonal-formulering gebruikt kan
worden om hoekafhankelijke He+ energiespektra te beschrijven bij hogere
botsingsenergieen.
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Dankwoord

's Avonds op 4 juli 1988 in Yellowstone Park, lig ik tijdens een ongekend
zware onweersbui — Ranger: "Do you guys think this is dangerous?" —
in een tentje tussen de bomen en heb zodoende alle tijd om het komende
jaar te overdenken. Wellicht beïnvloed door het weer, denk ik dat deze
bui — BOEM !! "zeg Adriaan, sloeg de bliksem hier vlakbij in?" — nog
niets is vergeleken met wat mij te wachten staat wanneer ik weer terug ben in
Nederland. Volgend jaar om deze tijd moet er een proefschrift klaar liggen...
De bui trekt over, het eeuwige gepuf van de geisers wordt weer hoorbaar en
ik val in slaap. De volgende ochtend straalt de zon, precies zoals verwacht.

Nu, een jaar later, op 18 juli 1989 ben ik toe aan het schrijven van
het allerlaatste stukje van m'n proefschrift: De bui bleek minder erg dan
verwacht, mede doordat vele inslagen door anderen werden opgevangen. Ik
ben blij dat ik op deze plaats, waar toch het eerst wordt gelezen, iedereen
kan bedanken die mij tijdens het promotie-onderzoek terzijde heeft gestaan.

Mijn promotor Arend Niehaus, jou wil ik graag bedanken voor de vele
bijdragen, meestal in de vorm van zeer leerzame discussies, die mij veel
hebben geleerd over allerhande ionisatie-processen. Behalve dat ik van de
gesprekken met jou veel opstak, zorgden ze er ook voor dat ik de dingen
positiever leerde zien: als er weer eens een volledig onbegrepen spektrum
werd gemeten, wat niet aan mijn verwachtingen voldeed, dan vond jij het
juist erg interessant. Ook onze niet-fysische gesprekken, meestal over het
klimmen, vond ik altijd erg gezellig. Wist je trouwens dat een Duitse V
overeenkomt met een Belgische 4?

In de dagelijkse gang van zaken werd ik altijd bijgestaan door Jaap van
Eek. Jaap, jou wil ik bedanken voor het snel "binnenslepen" van allerlei
apparatuur die we voor korte of soms heel lange tijd nodig hadden en die
we in bruikleen kregen van andere onderzoeksgroepen. Een heleboel zaken
zouden veel langzamer gerealiseerd zijn als jij je er niet mee had bemoeid.

Omdat ik als A2-er tussen A4-ers was gehuisvest, kon ik van twee walle-
tjes eten wat betreft de technische ondersteuning en met de komst van A6-ers
zelfs van drie. Jitse van der Weg, Wim Post, Bert Crielaard, Frits Ditewig,
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Hans Wisman en Kees-Jan den Adel vormden de technische ploeg, die te
allen tijde bereid was om allerlei zaken met de grootste spoed te maken, te
tekenen, of te repareren. Voor al hun werk wil ik hen graag bedanken.

Gerard Hörchner en Gerrit Dirkse van "onze" werkplaats wil ik bedanken
voor het snel en degelijk maken van allerlei kleinere onderdelen van de op-
stelling, die vaak gisteren al klaar hadden moeten zijn. Jullie wisten altijd
wel een gaatje in het werk te vinden.

De subcentrale werkplaats bedank ik voor het construeren van het groot-
ste deel van de opstelling en voor het snel tussentijds maken van glazen
onderdelen, i.h.b. vensters, lenzen en prisma's, door Dhr. Gerwig.

Mijn collega's Erik van de Riet en Herman Batelaan bedank ik voor het
lezen van het manuscript en het leveren van kritiek daarop.

Verder wil ik al mijn (ex-) collega's bedanken voor de prettige sfeer
waarin het onderzoek binnen onze vakgroep verloopt. Gezellige lunchpauzes,
een zeildag, een kano-dag en af en toe een bezoekje aan het Onder-Onsje,
zijn zaken die het werken met jullie erg aangenaam maken.

Tot slot dank ik mijn ouders voor de mogelijkheid die ze me hebben
gegeven om te gaan studeren en voor hun voortdurende steun en belang-
stelling.
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