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Chapter 1
INTRODUCTION

During the last decade a large number of experiments have been under-
taken to investigate the emission of delta-electrons, i.e. electrons
ejected in the primary collision process in ion-atom col]isions.1'12’36
These electrons, emitted from a specific atomic state, often provide a
more direct insight into the collision mechanisms and atomic structures
involved than the observation of secondary decay products (photons,
Auger-electrons) from the ionized target.

Mostly total, singly and doubly differential cross sections as a
function of delta-electron energy and emission angle for proton impact

d.1'7’10'12’36

in gaseous targets have been obtaine Few results for

heavier projectiles are known.s’g’11
A mechanism responsible for the production of delta-electrons is the
direct Coulomb ionization. When a charged particle (ion) passes through
or near an atom, the most prominant interaction is the Coulomb attraction
between the ion and the orbital electrons of the target atom. This inter-
action causes the electrons to be "pulled out" of the atom provided the
energy given to it is enough to raise it from its binding in the potential
well of the target nucleus to the continuum. Since the Coulomb inter-
action is well understood, these experiments provide useful information
availabe for comparison with various theoretical models. However, since
only-cross sections and differential cross sections for delta-electron

production have been reported on, only information on the final result

of such an ionization event can be extracted, knowledge about the kine-



matics of the jonization process itself can not be easily deduced.
Only recently results became available that have been obtained by
applying stricter conditions on the experimental collision system. Winter

and Schuch10

reported on the energy distribution of delta-electrons from
the Argon-K-shell following proton impact, and Cocke et a].ll for the
first time measured the impact parameter dependence of delta-electrons in
Sulfur-Argon collisions. While both experiments require the use of coinci-
dence techniques, the latter is of special interest, since fixing the
impact parameter allows one to determine the momentum carried into the
collision by the projectile and thus provides an important piece of infor-
mation about the kinematics of the ionization process itself. Alas,

5+ and S11+

Cocke et al. used S as projectiles and thus electrons were
carried into the collision and no distinction between target and projectile
electrons could be made in the specta obtained. An application of the re-
sults to theoretical calculations proved difficult under these conditions.
The purpose of the experiment presented here was to gain more infor-
mation about the ionization process in heavy ion collisions by determining
the delta-electron emission probability per collision as a function of the
impact parameter, the electron energy and the electron emission angle.
To eliminate the occurrence of projectile electrons, bare Fg+ ions
impinging on a Neon gas target were used as the system to be investigated.
For comparison collisions of hydrogen- and lithium-like Flucrine ions
were also examined. The delta-electrons were recorded in coincidence
with the scattered projectiles.
In Chapter 2 of the present work, an outline of the main theoretical

models describing direct Coulomb ijonization will be given. Chapter 3

contains an introduction to the principles of coincidence techniques.



A description of the apparatus used and the experimental procedure
will follow in Chapter 4. Chapter 5 is designed to present experi-
mental results and a compardison with a theoretical model calculation.
These results will be discussed in Chapter 6 and possible conclusions

will be drawn.



Chapter 2
THEORETICAL BACKGROUND

In this section a brief outline of the main three theoretical models
dealing with direct Coulomb ionization and applicable to the experiment
presented in this work will be given. The models are:

The Plane Wave Born Approximation (PWBA)

The Binary Encounter Approximation (BEA)

The Semiclassical Approximation (SCA).

In all three models the ionization process is treated as a direct
Coulomb excitation of the target electron into the continuum and the
projectile is assumed to have a point-like charge distribution. Coulomb
excitation itself domiﬁates at projectile velocities so high that the
projectiles move as bare nuclei through the target. But even a slow
projectile acts as a point charge as long as its K-shell radius Rp =
aO/Zp is large compared to the target K-shell radius Ry = ao/ZT. Thus,
for K-shell Coulomb excitation the projectile can be treated as a point
charge for all projectile velocities as long as the condition Zp < ZT
d;13

is satisfie and K-shell Coulomb excitation will be the dominant

process.l4
The most extensive theoretical calculations have been performed in

15-18 This model

the framework of the Plane Wave Born Approximation.
assumes that the projectile acts as a point charge, that the initial
and final projectile waves are planar over all space and that the target
electrons are in the states corresponding to those of an unperturbed

target. The mechanism responsible for the direct ionization of a target



electron is the interaction of the Coulomb field of the incoming ion
and the bound electron in the target atom. The expression for the cross
section in differential form is thus written in first order time-dependent

perturbation theory as19

doic = 167 z (a‘_ y2.dK |f‘f *up (P (Pdr| (2.1)

where K is the momentum transferred for ionization into a given final
state bee Vp is the velocity of the projectile and ¥ is the coordinate
of the electron relative to the target nucleus. To obtain the total

cross section, one has to integrate the above expression over all momen-
tum transfers compatible with the production of the final state and sum
over all permissible final states (i.e. integrate over all allowable
kinetic energies and directions of motion of the ejected electron). Often
a further approximation is introduced by using appropriate hydrogenic

wave functions for the initial state of the bound target electron.

19-21 the dominant interaction

In the Binary Encounter Approximation
producing the transition is the direct energy transfer between the inci-
dent projectile and the bound electron. The role of the target nucleus
reduces to simply providing the velocity distribution of the bound elec-
tron. The term binary encounter has its origin in viewing the process
as a collision of the incident projectile with momentum K(P) with a free
electron with momentum K(E). Since the classical and quantum mechanical
cross sections for Coulomb scattering are identical, one uses a classical
analysis to obtain a differential cross section %%f’ where AE is the
energy exchange between projectile and electron. Then, one integrates
over AE and averages over the velocity distribution f(v) of the electron.

Thus

c(vp) = N -JE: ai-f(v)dv (2.2)



where
o = [ do
i E, dak
f(v) is the velocity (momentum) distribution of the target electron and

dak

N is the number of equivalent electrons having a binding energy EB. The

latter integration can be done in closed form, and by using isotropic

hydrogenic velocity distributions for closed shells, one obtains22
2
NZ g
o = —526(v) (2.3)
Eg
where
v 2E
- _pP = B _2
vV = s V. Y=, o =Te
Yo 0 MO 0
and G(v) is a tabulated function of the scaled ve]ocity.21 McGuire32

and McGuire and Richard21

obtained an expression for ¢ as a function of
the scattering probability in an impact parameter formulation of this
theoretical model.

The basic assumptions in the Semiclassical Approximation23'40 are,
that the point-charge particle.moves on a classical trajectory and that
only one target electron is actively involved in the ionization process.

If the electron system is presented by

- - - -
Heg Vi (rl,....,rZT) = E vy (rl,....,rZT) (2.4)
the perturbation by the point charge is given by
2
Lr Z_o@
V(t) = -3 2 —— (2.5)
n=1 |7 -R(t)]

where ﬁ(t) describes the trajectory of the projectile. Thus the excitation

amplitude becomes in first order perturbation theory

=00
ag; = - i/-hfe‘(Ef‘Ei)t”‘ < e [V(E)] oy > dt (2.6)
“eo



The ionization probability evolves from this as

Epax
P(b) =f &Fd) g, (2.7)
o f
where
dP(b 2
ar  ; (tow| (2.8)
dEf i Ef,1
and
+0 2
a .=-1/ﬁfe"°’t<5f[-~z-ﬂf—|i>dt (2.9)
Eged P FR(t)]

Here, [Ef> is normalized to a delta-function in energy. Finally, one

obtains the total cross section by
Q0
g = 2'n'f P(b)-bdb (2.10)
]

In each of the above theoretical models the main assumption is Zp<<ZT.
However, in the experiment presented here, the system 10 MeV Fg+ + Ne
with Zp/ZT = ,9 is near symmetric. Numerous additional assumptions and
corrections have been introduced to extend the validity of these models
into this near symmetric region. For all models these corrections are
similar in character and will be discussed in more detail in the case of

the Semiclassical Approximation in Chapter 5.



Chapter 3

PRINCIPLES OF COINCIDENT IMPACT PARAMETER MEASUREMENTS

3-1) Impact Parameter b and Scattering Angle

A classical scattering event between a projectile of nuclear charge
Zp and a target of nuclear charge ZT is shown in Figure 1. The projectile

trajectory will be described classically as long as its de Broglie wave-

length x (» = 29/v/m{amu)-E(MeV) fm) is small compared to the dimensions
of the scattering center ry = n2 . ao/Zp; e.g. for 10 MeV F + Ne,r=2.10
fm, rK=53 fm, rL=212 fm). If the trajectory is described in such a way,

a one-to-one relation between scattering angle 6 and impact parameter b
can be established, depending on a Coulombic internuclear potential. This
relation is of importance, since the scattering angle, but not the impact
parameter, can be determined experimentally. For a pure Coulombic inter-
nuclear potentié] this relation is given by

2

Z -7 e
g

o (3.1)
8
ZECM-tan 5

CM

where ECM is the center of mass energy and 6~ 1is the center of mass

scattering angle. However, for very small scattering angles, i.e. large
impact parameters, Rutherford scattering is no longer valid, because the
projectile does not see the total target nuclear charge, but a somewhat

reduced value of ZT due to the screening of the target electrons. An

exponentially screened internuclear potential of the form

” . or/a
V= Voep " @ (3.2)

33 1.34

has to be applied. Using a computer code,” Hagmann et a determined



Figure 1.

A diagram of a scattering event, characterized by

the charge Zp, mass mp and velocity vp

jectile, the charge ZT and mass mr of the target,

of the pro-

the impact parameter b, the scattering angle & and

the solid angle indicated by de.
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11
the screening parameter a for the system 10 MeV F + Ne, which is investi-
gated in this paper, to be a = .52 a.u. from an experimentally obtained
scattering function. The relation between impact parameter b and labora-

tory scattering angle 8 follows from this as shown in Figure 2.

3-2) Coincident Impact Parameter Measurements

To obtain experimentally the probability P(b) for the emission of an
electron per collision event, one has to measure the rate of projectiles
scattered into an angle & and the rate of electrons emitted in the same
collision process. Thus, the jonization probability as a function of the
impact parameter b will be given by

N

t 1 1
P(b) = &—+:=— « — (3.3)
Np €q dﬂe
where N, is the number of true coincidences between the scattered pro-

t
jectiles and emitted electrons, Np is the number of scattered projectiles

into an angle & and €a and dﬂe are the efficiency and the solid angle
subtended by the electron detection device. Np is given by

. ch

Np = i/q T "M e dﬁp (3.4)
where i/q is the number of incoming projectiles per unit time, Ega-is the
Rutherford scattering cross section, nT is the target density and € and
dap are the efficiency and solid angle of the particle detector. The
spectrum of time delays t between electron and scattered particle detection
consists of two features: a background of random coincidences which occur
when the electron and scattered particle have their origin not in the same
collision event; and a peak of real coincidences centered about to' The

time to contains the net delay of scattered particle detection, including

the projectile's time of flight from the scattering center to the particle



Figure 2.

The impact parameter b as a function of the laboratory
scattering angle 8 for a pure Coulombic (bR) and a

screened Coulombic (bsc) internuclear interaction.

12
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detector, the detector differential response time and electronic delays.

The rate of random coincidences in each time channel of width At is

given by35
At _ . nSing | . o-tN
Npo = N o Ng At » e (8:5)

and the integrated count rate of true coincidences is

-t N

=N+ P(b) + s -da, e &P (3.6)

Ny D

where the single electron count rate is

N:ing = i/q . M s 05 * & ° dﬂe (3. 2)
with the jonization cross section o for the target shell to be probed.

Normally, Nzing < Np, thus one uses the electron detection signal as
a starting measure to determine the time delay t, i.e. one feeds this signal
as the "start signal" into a time-amplitude converter (TAC) and uses the
scattered projectile detection signal as a "stop signal" to obtain a time
delay spectrum (TAC spectrum). Unless Np is very large, the products
t-Np and to'Np will be small compared to unity (typically, t and t, are in
the nanosecond range, whereas Np is of the order of some ten thousand
counts per second) and the exponential factors in the above expressions
(3.5) and (3.6) can be neglected. Using this, the ratio of real coinci-

dences to randoms underlying the real peak is obtained to be

ai 1/q Ny Ty (3.8)

where the resolution time ek is the full width at half maximum of the
coincidence peak.
From the viewpoint of statistical error analysis of the count rate

and of experimental measuring time, a ratio Nt/Nr = 1 is desirable. Thus



15

it becomes obvious from equation (3.8), that for a given (or experimentally
expected) probability P(b), one has to adjust the target gas density and
the beam current accordingly. In addition it is advisable to chose a
detection system with the appropriate efficiency and solid angle to keep

the time needed to perform the experiment in an acceptable range.
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Chapter 4

APPARATUS AND EXPERIMENTAL PROCEDURE

i

The experiment was performed at the James R. Macdonald Laboratory at
Kansas State University using the model EN 6 MV Tandem Van De Graaff
accelerator. A layout of the laboratory is shown in Figure 3. A Fluorine
beam is accelerated to about 10 MeV and charge, mass and velocity analyzed
in the primary 90° analyzing magnet. The resulting 10 MeV F3+ beam of
typically 4 to 6 uA was post stripped in a 10 ug/cm2 carbon foil. Leav-
ing the foil with a certain charge distribution, the beam is then analyzed

in the second analyzing or switching magnet to a charge state of F6+, F8+

or F

and directed into the beam line in use. On the way to the target
gas region the beam passes through two magnetic quadupoles and is, over
a length of 750 cm, tightly collimated by three adjustable s1it systems
(typically open to 3x3 mm, 1.5x1.5 mm and 1x1 mm), the last one serving
as a beam scrapper to reduce slit scattering, and passed through an
aperture of 2 mm diameter. After passing through the target gas region,
the unscattered beam of about 1 to 1.5 mm diameter is collected on a
small flag centered in the middle of the Parallel-Plate-Avalanche detector
(PPAD) located 450 cm from the target region. The scattered projectiles
are detected by the PPAD itself, covering a range of impact parameters
from 0.05 to .46 a.u. Typical beam intensities for the various charge
states on the different slit systems and on target are given in Table 1.

The electrons ejected from the target gas are analyzed by two elec-

trostatic spherical sector analyzers with channel electron multipliers,



Figure 3.

The Kansas State University J. R. Macdonald Tandem

Van de Graaff Accelerator Laboratory.
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TABLE 1

Ion Beam Intensities

a)

b)

Primary Beam:
from ion source
from accelerator

analyzed behind 90O magnet

Poststripped Beams:

Beam Type On Beam Scrapper
Fo* \50 nA
o 20 nA
For ~.5 nA

15 A Fl-
20 uA current beam

A3-7 WA P

On _Target
n2=3 nA

a5-1 nA
n15-30 pA

19
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located opposite to each other on both sides of the beam. These spec-
trometers can be rotated independently to analyze electrons emitted at
52.5°, 90% and 127.5° with respect to the beam direction. The target
gas is introduced into the target region via a gas needle producing

a gas jet through and covering the whole beam cross section. A schematic
diagram of the set-up is pkesented in Figure 4. In the following sub-
sections the components of the experimental apparatus will be discussed

in greater detail.

4-1) The Scattering Chamber

The scattering chamber is made out of a block of aluminum. It is
manufactured as a double cross, each of the apertures having a diameter
of 10.16 cm. One axis is aligned with the beam direction. From the top
of the chamber the gas inlet in the form of a needle is mounted on a
flange which can be moved horizontally in all directions. The needle can
be lowered and optically aligned to be in a position just above the scat-
tering center which is defined as the common focal point of the two elec-
tron spectrometers. The scattering chamber sits on top of a diffusion
pump. This chamber-pump unit is supported by an adjustable stand and can
be optically aligned to the beam axis. The two electron detection devices
are fixed on both sides of the chamber.

At the beam entrance to the chamber a flange on which a small tubus
with an end aperture of 2 mm diameter is centered, closes the chamber to
the beam line. Only through this small opening as gas flow from the tar-
get region into the beam line is possible and thus ensures that the back-
ground pressure in the beam line could be kept well below 5 - 8 x 10'7
Torr and only minimal pollution of the desired beam to lower charge states '

(mostly via electron capture) could occur. The beam exit from the chamber



Figure 4.

Schematic of the beam collimating system and the

experimental set-up.
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is, without further obstruction, directly connected to be the beam line.

A diagram of the scattering chamber is shown in Figure 5.

4-2) The Electron Spectrometers

The two identical electron spectrometers have been built at Kansas
State University. Each is housed in an aluminum cylinder which is lined
by u-metal to shield against external magnetic fields. The spectrometers
can be moved on their support beams perpendicular to the jon beam axis
without breaking the vacuum, thus ensuring that the focusing points coin-
cide in .ane single point in the intersection of the ion beam and the gas
jet and thus define a.unique source volume for both analyzers.

The spectrometers themselves are electrostatic spherical sector ana-
lyzers (see Figure 6). The condensors consist of two spherical segments
of 120° x 88° with an inner radius of R ;= 32.5 mm and an outer radius
of Ra = 37.5 mm. They are made out of brass, are gold plated to supress
contact potentials and are carbon coated to minimize the occurrence of
secondary electrons. The entrances and exits of the condensors are closed
by slits of 3mm width and 64° arc. These slits are designed to correct

fringing fields according to Herzog specifications37’38

and give an ef-
fective dimension of 120° x 90° to the spectrometers. From these dimen-
sions the distance from the source volume to the entrance slits and from

the exit slits to the electron detector amounts to 29.74 mm and the

effective solid angle subtended by each spectrometer, given by38
0 PR %
daQ = T f f siny'-dy'-dg' in % of 4r (4.1)
‘B/z Y-,

where v = 45% is specified by the dimensions of the condensor including
the effect of the slits, o = 5.8% is determined by the width and g = 21°

by the length of the entrance and exit slits, is thus calculated to be



Figure 5.

Schematic of the scattering chamber.
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Figure 6.

Schematic of the spherical sector electron analyzers.
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5 x 10'2 sr. Two electron spectrometers were used mainly to double this
solid angle and thus to reduce data taking time.
The electrons produced in the source volume enter the condensor

through the entrance s1it, pass through the condensor in which a selec-

tive potential field given by>>
R, -R
1 'a 1 2
o(r) = al - = - (4.2)
Ry-Ry T 7 R,

where AU is the potential difference between the condensor plates, exists,

leave the condensor through the exit s1it and are detected by a channel
electron multiplier (channeltron or CEM) housed in an aluminum cylinder.
This cylinder is insulated from ground by teflon disks and at its entrance
has a slit system which is set to give an energy resolution of about 2.5%.
The CEM cone is kept on a negative potential of 100 to 200 V to supress
background electrons, the anode is kept on +2400 V.

To energy analyze the electrons, the inner segment of the condensor
is kept on a sweeping potential u, of 0 to +300 V, the outer segment on a
simultaneously sweeping potential U_ of O.to -300 vV (U_ = [U_[= U). For
a circular flight pass through the analyzer, the ratio of the accelerating

voltage U0 (U = Ee/e) to the potential between the condensor segments AU

0
(AU = liL, - U_) is the spectrometer factor f, given by

U u
Al - SRR |
f i 5 (4.3)
f depends only on the geometry of the condensor itself and is for a
spherical sector ana]yzer38
R;*R
= ; ; (4.4)
R-=RS
a i

With the given specifications of the spectrometey f calculates to ¥=3.482.

It is most convenient to introduce a relative spectrometer factor
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f'38 which is related to the equal, but in sign opposite potentials on the

condensor segments. Then

e = ee—— =

2| =2 f = 6.964. (4.5)

f' gives a direct relation between the desired energy of the electrons to

be analyzed and the voltage to be applied on the analyzer segments by

Ee = e-Ue = flegel (4.6)

Thus, for a sweeping voltage U from 0 to 300 V electrons with an energy
ranging from Emin to 2100 eV will be recorded in the detector, where Emin
is determined by the negative potential on the CEM cone.

The spectrometers can be rotated around their axis perpendicular to the
beam axis and it is possible to detect electrons under a variety of emis-
sion angles, thus making a determination of angular dependence available.
In the present experiment the analyzers are used in three different set-
tings. If the condensor is adjusted symmetrically to an axis perpendicular
to the beam (Figure 7a), electrons under an emission angle of 90%:21°
relative to the beam axis are observed. Is the analyzer rotated 1/4 turn
into. the beam direction (Figure 7b), an emission angle of 52.5%7.50 is
covered, -and in the case that the analyzer is turned 1/4 turn against the
direction of the beam (Figure 7c), electrons emitted under 127.5%:7.5°
with respect to the beam are analyzed. The range of the different angles
depends directly on the finite dimensions of the gntrance and exit slits

of the spectrometer.

4-3) The Parallel-Plate-Avalanche Detector (PPAD)

This detector - along with its supplementing electronics - was made

available by H. Schmidt-Boecking and R. Schuch and was constructed at the



Figure 7.

Positions of the electron analyzers relative to the

beam direction.
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Universitaet Heidelberg, W. Germany. It grew out of the interest for impact
parameter measurements of heavy ions, which up to the first construction of

this kind of ppAD*?
41-44

were l1imited by the use of mostly surface barrier detec-
tors, because these are restricted by high counting rates and are
rapidly damaged by heavy ion impact.

The detector in use during this experiment is a 16 - annulus PPAD that
makes the detection of particles scattered into different scattering angles
during one experimental run possible. An outline of the detector is given
in Figure 8.

The PPAD consists of two parallel electrodes, the potential grid and
the 16 collector rings. They are separated by a gap filled with a gaseous
atmosphere. To maintain this high pressure compared to the vacuum of
5 x 10'7 Torr in the beamline, a thin aluminized plastic foil, supported
by a grid, closes the detector on the particle entrance side. The sup-
porting grid features a beam stopper of about 3 mm diameter in its center.
Part of this beam stopper is insulated and is used as a flag to monitor
the direct beam of projectiles. The gaseous atomsphere within the detector
is maintained by a constant flow of isobutane resulting in an effective
pressure of about 20 to 25 Torr.

The scattered heavy ions are allowed to pass the supporting grid, the
foil and the potential grid (all on ground potential). A positive high
voltage of typically 600 V is applied through load resistors (100 ko) to
the collecting rings.. The_strong field across the electrodes accelerates
the free electrons and ions produced by the heavy ion impact in the iso-

45 and a resulting fast potential

butane, thus causing Townsend avalanches
change on a collector ring. This signal is fed via a coupling capacitor

(4.7 nF) into a fast preamplifier. Since each collector ring is connected



Figure 8.

Schematic of the Parallel-Plate-Avalanche Particle

Detector (PPAD).
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to its own preamplifier, a simultaneous measurement of particles scattered
into different scattering angles is possible.
The diameters of the rings range from 3.3 mm to 42.9 mm and their

width is chosen to give a +5% uncertainty to the impact parameters.

4-4) The Electronics Set-Up

The method used to register the signals from the electron analyzer
CEM's and the PPAD is a standard, somewhat extended fast-slow-coincidence
technique. An overview of the set-up is shown in Figure 9.

The total electronics array can be grouped into three parts.

a) Electron Detection Branch

Signals from the CEM's are fed into two preamplifiers, whose fast
positive output signals are given in one case into a timing filter ampli-
fier (TFA) followed by a constant fraction discriminator (CFD), in the
other case into an arc timing amplifier (AT) combining the functions of
a TFA and CFD in one unit. The resulting slow positive pulses are fed
into the gate inputs of two linear gates (LG) which are driven by a posi-
tive signal from the spectrometer power supply proportional to the sweep
voltage, but reduced in amplitude by a divider. The positive slow signals
from the LG's are combined in a multiplexer and from there routed to an
analog-digital-converter (ADC).

b) Particle Detection Branch

Signals from the 16 collector rings in the PPAD are fed independently
into a 16-channel fast preamplifier and from there into two 16-channel
"Kammerausleselogiken". These units assign to each channel a signal of
definite pulse height between 0.5 and 8 V. Due to the high counting rates
which could not be handled by the data processing and storage devices

available in the laboratory, one "Kammerausleselogik" is gated by negative



Figure 9.

Schematic of the electronics set-up supporting the

electron and scattered particles detection systems.
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fast random pulses from a pulse generator which are modified in a dual
gate generator to a width of about 500 nsec and a repetition time of
typically 300 to 500 usec. The resulting scaling factor is determined.
The positive gated signals from the "Kammerausleselogik" are given to a
multichannel analyzer (MCA) resulting in a spectrum of 16 peaks.

c) TAC Branch

This part combines the signals from the electron detection and the
scattered particle detection branch to yield a time delay spectrum of
random and real coincidences (see also Chapter 3).

The fast negative signals from the CFD are put through a delay of
typically 60 nsec and combined with the fast negative signals from the AT
in a fast-slow-coincidence unit (OR) in "OR" mode. The fast negative sig-
nal resulting from the OR from both electron detection systems is fed as
“start"-signal into a time-amplitude-converter (TAC). A second fast nega-
tive signal from the OR is delayed by 250 nsec and modified to a width of
about 300 nsec in a delay-and-gate generator to compensate for the time of
flight of the scattered projectiles from the target region to the PPAD and
is used to gate the second 16-channel "Kammerausleselogik", which is neces-
sary due to high counting rates and to 1limit the number of "stop"-signals
jn the TAC to those originating in true or random coincidence events. The
slow positive signal from this unit is fed into an ADC, the fast negative
signal is used as a "stop"-signal at the TAC. A window of accepted time
delays in the TAC was set to 1 pusec. Time delays between start and stop
signals within this range are given as a positive signal into an ADC,
resulting in the TAC spectrum.

The three ADC's are connected to the computer system PDP 11/34. Spectra

are recorded in a three-parameter 1ist mode and stored on magnetic tape
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and floppy disks for later data analysis and evaluation.

4-5) Experimental Procedure

A beam of the desired charge state is brought into the target region
with the s1it systems set to about double their opening used during data
taking runs. The resulting higher beam intensity allows for easier
focusing and checking of the electron spectra. Fine focusing is done
with two magnetic‘quadrupoles 150 am in front of the first slit system.
For each beam time period these guadrupoles have to be aligned vertically
and horizontally with the actual beam axis to assure their focusing pro-
perties without steering the ion beam. In a later stage of the experi-
ment a small deflecting magnet was installed between the quadrupoles and
the first slit system to compensate this steering. The beam diameter and
position can optically be checked by two viewers (fluorescent screens which
could be moved into the ion beam), located between first and second set of
slits and 25 cm in front of the scattering'chamber. At this time the gas
needle can be fine adjusted to avoid any scattering of projectiles off the
needle, at the same time keeping the needle as close as possible above the
focusing points of the electron spectrometers. The beam is then collimated
down to a size of 1 to 1.5 mm diameter. A plexiglas blank-off flange with
the exact dimensions of the PPAD baseplate is used at the position of the
PPAD to visually inspect the size of the beam on a fluorescent screen. By
centering the plexiglas flange it is assured that the beam spot coincides
with the flag in the center of the later to be installed PPAD. The plexi-
glas flange is then removed and the PPAD put in place. After establishing
the isobutane flow and positive high potential on the collector rings,
Neon gas is let through the needle into the target gas region and the

timing of the electronic units is adjusted. The discriminator level
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for each of the 16 channels of the Kammerausleselogik is fine tuned to
eliminate cross talk between different channels. By inspecting the count
rate of the PPAD in each channel with and without Neon in the target region,
the slitscattering contribution to the count rate is determined and mini-
mized by adjusting the beam scrapper in front of the scattering chamber
For the inner ten collector rings these contributions are typically 10 to
15%, for the outer rings they range from 30 to 50%. This procedure is
repeated after each run. In the case that the beam has to be brought
into the target region on a different trajectory (due to the ion source
switching its running mode) or after the change of focusing or other beam
properties, the PPAD has to be adjusted to the new trajectory following
the complete procedure described above.

The Neon gas pressure in the target gas region can not be determined
directly. It is monitored by a thermocouple gauge in the foreline of the
diffusion pump under the scattering chamber. From relative total electron

1.34 estimated a pressure of 150

production cross sections, Hagmann et a
to 200 mTorr in the target region over a beam length of 3 to 4 mm. After
all adjustments are made, repeated data taking runs of typically ten hours
duration are started. Between each two runs, the slitscattering contri-
bution is determined.

For the data presented in this work, total beam-on-target time for
data taking (not including time necessary for set-up, adjustments and
slitscattering control) amounted to:

for 10 Mev F°7, 0 = 90.0° 95 hours

for 10 Mev F7*, ¢ = 52.5% 38 hours

for 10 Mev F¥¥, ¢ = 127.5% 90 hours

for 10 Mev FOF, 0 = 90.0°: 27 hours

for 10 Mev FO*, ¢ = 90.0%: 26 hours
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Chapter 5

EXPERIMENTAL RESULTS AND THEIR COMPARISON
TO A THEORETICAL MODEL CALCULATION
Before the delta-electron emission probabilities in 10 MeV FI* + Ne

could be investigated, several tests of the set-up have been undertaken.
These tests. are done without applying any coincidence conditions on the
collision systems and involved several types of projectiles and targets,
namely .5 MeV/u C6+, N6+, F6+ and F8+ on Helium and 1 MeV/u Hl+, F6+,
F8+ and F9+ on Neon. The evaluation of these data and the results are
given in Section 5-1. The delta-electron emission probabilities as a
function of the impact parameter, the delta-electron energy and the delta-
electron emission angle have been measured for the systems 10 MeV Fat 4
Ne, g=6, 8, 9. Their data evaluation and results are presented in Section
5-2. Section 5-3 will contain a discussion of the errors to which the
obtained data are subject to. The principles of the Semiclassical Approxi-
mation and the corrections undertaken to extend this model into the region

of this experiment are outlined in Section 5-4 and a comparison of an

actual calculation with the results of this experiment will be given.

5-1) Double Differential Cross Sections (DDCS)
6+ 6+ F6+

8+

The collision systems .5 MeV/u C and F©  on Helium and

s N
1 MeV/u H1+, F and F9+ on Neon have been investigated to test the

electron spectrometers and to gain knowledge about the energy distribution
of the delta-electrons. The electrons were detected at § = 90° and in the
case of Fg+ impinging on Neon also at § = 52.5°, Typical electron spectra

are shown in Figure 10a-c.



Figure 10.

Typical electron spectra recorded in
a) 10 Mev F* + Ne, § = 90.0°
b) 10 MeV Fo¥ + Ne, § = 90.0°
c) 10 MeV F? + Ne, 0 = 52.5°
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5-1, i) Data Evaluation

Since the position and energy of Neon K-Auger satellite and hyper-
satellite lines following ot impact are known experimenta]ly,34'46'48
all obtained electron spectra can be energy calibrated to within an un-
certainty of +2 eV. During data taking runs the beam current is inte-
grated and recorded. The electron count rate due to background (without
target gas) is determined and delta-electron spectra can thus be back-
ground-corrected. Since the gas target density cannot be determined
precisely, only relative double differential cross sections DDCS in
emission angle and electron energy can be obtained by normalizing the
electron count rate to the integrated beam current and relative target
gas density. The thus obtained results for the collision systems .5 MeV/u

E6+, N6+, F6+ and F8+ on Helium are shown in Figure 11.

I+ g6+ g8 apnd P

For the collision systems 1 MeV/u H on Neon,

the absolute cross sections for the production of Neon K-Auger electrons

48 Thus the count rate of delta-electrons can be normalized to

is known.
these cross sections and absolute DDCS for these collision systems are
obtained. The results are shown in Figure 12.

A comparison with data from Toburen et a1.7 show a constant efficiency
of about 10% of the electron spectrometers in use over the range of

observed electron energies.

5-1, ii) Results

In both Figures 11 and 12 it can be seen that the DDCS scale only
approximately with Zg, as predicted by PWBA, BEA and SCA models. In
Figure 11 the cross sections scale (relative to the values obtained with

C6+ as projectile, theoretical values in parenthesis)



Figure 11.

Energy dependence of the relative double dif-
ferential cross sections in .5 MeV/u 2% + He,

o = 90.0°

45



46

S5MeV/u Z9% —

Relative Double Differential Cross Section

250 300 750 000 1250 IS00 1750

3-Electron Energy Eg (eV)



Figure 12.

Energy dependence of the absolute double differential

cross sections in 1 MeV/u 2% + Ne, § = 90.0°
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NSt 1.20 (1.35)
% 1.70
8. 2.05 (2.25 for F*)
and the cross sections for F6+ and F8+ scale only approximately with qz,

ji.e. 1.50 (1.75).
For the second series of collision systems the absolute DDCS (Figure

2=
oBL

12) scale with only about 75% of the theoretically predicted value Z
relative to the proton data.

It should also be noted that target electrons are the major contri-
butors to the electron count rate observed at § = 90° and electrons brought
into the collision by the projectiles play only a minor role. This is
especially obvious in the second set of collision systems, since the cross
sections obtained in collisions of 1ithium- and hydrogen-]%ke Fluorine with
Neon are about 20% and 10% lower than those obtained with bare Fluorine
projectiles. From Figures 10a and b, 11 and 12 it can be seen that the
delta-electron count rate and thus the DDCS observed at § = 90° fall off
approximately in an exponential way with the electron energy. This shape
has its origin in the momentum distribution of the target e1ectrons.49’50’52

This target momentum distribution is given as the absolute square of the

wave function in momentum space ]¢j(p)|2, where

05(p) = (2m)™%/? fw

and is published by Neigo1d49 for Helium and Neon.

> .+'—)— 3
j(l")-e'1p " dr (5.1)
If a projectile with momentum 30 collides with a target atom, the
target nucleus will recoil with momentum g and an electron may be emitted
with momentum Eé, i.e. a momentum transfer kK from the projectile to the

target electron will take place, where
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T a 3 ol (5.2)

with pé being the momentum of the projectile after the collision. If the
target electron has a momentum p before the collision, it will have a

momentum

Pe =

+ X (5.3)

p=1%

after the collision. Here the assumption is made, that p = -g, i.e. one
assumes a fast knock-out collision.

Since a wide range of momentum transfers is possible, the electron
spectra will contain electrons with all possible momenta Ee =P + &, but
the shape of the momentum distribution will be approximately conserved.

Thus, for a Helium target the delta-electron energy dependence of the
DDCS reproduces the shape of the momentum distribution of the 1ls electrons,
whereas the energy dependence of the DDCS for a Neon target represents
the combined momentum distributions of the ls, 2s and 2p electrons in Neon
(where the contribution from the ls electrons is small, as will be seen in
Section 5-4.).

Rudd>3

tries to explain the exponential dependence of the electron
count rate and the DDCS on electron energy by a promotion model of the
target electrons into the continuum. As the projectile approaches the
target, a charge transfer transition can take place. Then near the distance
of closet approach a rotational coupling results in the promotion of the
system to an excited state of either the projectile or the target. In
either case, the state has an energy only a few eV below the fonization
continuum. Finally, an energy transfer transition yields a free electron.
Using the projectile velocity dependence of the rotational coupling given

by Taulbjerg et a1.54 for near symmetric collisions and the probabilities

f!55

for charge transfer given by Meyerho Rudd finds an energy dependence
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of the electron emission cross sections as exp(-aEs/TEBTZ;7E;TEE), where
o is a dimensionless length parameter near unity. This picture incidentally
gives the right energy dependence measured in this experiment (within 20%).
However, the validity of its arguments for the collision systems considered
here has to be questioned. ‘In the case that the electrons are emitted at
an angle ¢ < 90° with respect to the beam direction (see Figure 10c for

H* . Ne, ¢ = 52.50), the energy dependence of the electron count

10 MeV F
rate has the same shape as for ¢ = 90% for low electron energies. However,
at higher electron energies an additional feature can be observed. Its
origin is to be sought in the occurrence of a binary encounter peak of
the Neon L-shell electrons. This peak can be explained in a classical
picture. The cross section for the scattering of projectiles off free
electrons as a function of the electron energy is a delta-function located
at E'(d), the energy the electron, moving into @, picks up in the collision.
Only the laws of conservation of energy and momentum are involved in calcu-
lating E'. Since the electrons bound in a Neon atom possess a binding
energy EB, the electrons forming the binary encounter peak have to over-
come this binding energy to leave the atom and the binary encounter peak
will be Tocated at an energy E = E' - EB’ given by

M _m E

F=—ROP c052¢-E

= ” (5.4)
(Mp+m0)

B

where Mp and Ep are the projectile mass and energy, m, is the electron mass
and @ is the angle at which the electrons are emitted. Since the bound
target electrons have a momentum distribution and not a fixed value of
momentum, this distribution has to be considered when applying the laws

of conservation of momentum. Thus E' and E will be subject to this dis-

tribution and the binary encounter peak will be broadened out.
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5-2) Delta-Electron Emission Probabilities

The following collision systems have been investigated to determine
the delta-electron emission probabilities as a function of the impact

parameter b, the delta-electron energy EG and the delta-electron emission

angle {:
10 Mev F* + Ne, 0 = 90.0°
10 MeV FS* + Ne, ¢ = 90.0° and
10 MeV F?* + Ne, ¢ = 52.5°, 90.0° and 127.5°

5-2, i) Data Evaluation

Raw data obtained during each run are stored in pulse-height analysis
on floppy disks and in time-correlated 1ist mode on magnetic tape. Typical
electron spectra for F9 on Neon (q =6, 9; 0 = 52.5%, 90°) are shown in
Figure 10a-c, a typical TAC spectrum is shown in Figure 13 and a coincident
particle spectrum is shown in Figure 14.

The data stored on magnetic tape are sorted into a window set on the
peak in the TAC spectrum, in which case one obtains a two dimensional
spectrum of the coincident electrons originating from simultaneous inter-
actions with projectiles scattered into all detected scattering anglés‘
From these two dimensional spectra projections are made covering a single
peak each in the coincident particle spectra. The thus obtained one
dimensional spectra contain the electrons coincident with projectiles
scattered into, and detected in, only one of the collector rings. Pro-
jections for all rings are made,thus yielding spectra of coincident elec-
trons emitted in collisions involving different, fixed impact parameters
(a schematic diagram of this process is given in Figure 15). The same
procedure is repeated with the window in the TAC spectrum set to cover

a region of random coincidences, thus yielding spectra of electrons



Figure 13.

Typical time-delay (TAC) Spectrum recorded in
10 Mev F7* + Ne, ¢ =52.5°,
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Figure 14.

Typical coincident particle spectrum recorded in

10 Mev F&* + Ne, § = 90.0°.
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Figure 15.

57

Schematic of the data evaluation process for coincidence

measurements: sorting and projecting of spectra.
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coincident with particles not originating in the same collision event.
These random electron spectra have to be subtracted from the coincident
electron spectra to obtain spectra of truly coincident electrons emitted
in a collision event with a fixed impact parameter.

Since the position and the energy of the Neon K-Auger hypersatellite

34,46-48 the coincident

and satellite lines following Fa* impact are known,
electron spectra can be energy calibrated. Windows of 80 eV width are
chosen around delta-electron energies E(S = 275, 435, 535 and 1100 eV for
all investigated collision systems and in the cases of 10 MeV F6+’8+ + Ne,
P-= 90° and F9+, b= 52.5° also around Ea = 150, 975, 1300 and 1400 eV.

The number of electrons in these windows is determined and is normalized

to a width of 1 eV (yielding an uncertainty of * 40 eV in delta-electron
energy). Since the absolute probabilities as a function of impact para-
meter for the production of Ne-K-Auger satellite and hypersatellite
electrons following Fa* impact are known (for F9+ + Ne see Ref. 46 and

47, for F6+ and F8+ + Ne see Ref. 34), the obtained raw data in the experi-
ment presented here can be normalized to these known probabilities. Also
necessary is a correction due to the finite size of the solid angle sub-
tended by the electron analyzers and a correction in efficiency since the

spherical sector analyzers in use feature a constant AE/E. The probabilities

for delta-electron emission in this experiment is given by equation (3.3)

N
t 1 1 . .

P(b) = w==e— « , which can thus be written as

Np €a 3Qe

N.(b,E.,Q) E
. &N .0, 1
P(b,E.9) = o) Plo) g e (s (5.5)
K

where Na is the observed count rate of coincident delta-electrons in a
window of 80 eV width around Es’ originating in a collision with impact

parameter b and emitted into an angle {, NK is the observed number of
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coincident Auger-electrons (for Fg+ + Ne K-Auger hypersatellite electrons,

6+

for F© + Ne and F8+ + Ne K-Auger satellite electrons are used), PK is

the corresponding absolute probability for the production of these Auger-

e1ectrons,34’46’47 E0 is the energy to which these Auger-electrons are
de
normalized to compensate for a constant AE/E and a = §55-= 5 % 10"2/80

= 6.25 % 10'4 is a constant taking the finite size of the solid angle of
the spectrometers and the width of the electron window into account.

To obtain NK from the sorted and projected coincident electron spectra,
several methods have to be applied.

As can be seen in Figure 10b, the number of delta-electrons underlying
the peaks of K-Auger-electrons for Sl Ne in the case of § = 90° and
127.5% is small compared to the number of K-Auger-electrons and negligible
in the coincident electron spectra. Thus NK can be obtained directly from
these spectra. In the case of F8+ + Ne the delta-electrons amount to less

ot + Ne they contribute up to 20%.

than 10% under the Auger peaks, for F
In the coincident spectra these contributions are somewhat less and within
the statistical error of the count rates. Thus no elaborate procedure is
necessary to correct for these effects. However, in the case that the
electron spectra are taken under forward angle (i.e. in this work F9+ +
Ne, ® = 52.5°) one can observe (Figure 10c) a distinct contribution of
delta-electrons underlying the Auger-peaks, and the additional binary
encounter peak at higher energies. To compensate for all the electrons
underlying the K-Auger electron peaks, a fit program written by M.

51

Stoeckli was used to abtain NK.

To obtain PK’ a smooth curve was drawn through the experimental values

1.34’46’47 and the values corresponding to

published by S. Hagmann et a
this curve are incorporated into equation (5.5).

As a control measure, the obtained PK are divided by Np, where Np
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is the number of off the target gas scattered projectiles with impact

parameter b, i.e. the slitscattering contribution to Np has been sub-
tracted. The thus obtained relative probabilities for K-Auger electron
emission reproduce the shape of the data measured by S. Hagmann et al.
within statistical error.

By applying equations (3.3) and (5.5) to the raw experimental data,
one obtains delta-electron emission probabilities P(b,Eaﬁ) as a function
of impact parameter b, delta-electron energy Es and emission angle ¢,

i.e. triple differential probabilities.

These triple differential probabilities can be presented in three
ways:

a) as a function of the impact parameter b indicating the internuclear

distance at which the emission of delta-electrons is most Tikely

b) as a function of the delta-electron energy Eﬁ, yielding the energy

distribution of delta-electrons, and

¢) as a function of the emission angle 0, thus providing information

about the angular dependence of delta-electron emission.

5-2, ii) Results

a) Delta-Electron Emission Probabilities as a Function of the Impact
Parameter b

The impact parameter dependence of the delta-electron emission prob-
ability for the various collision systems is presented in Figures 16 to 20.

Several features are observed:

Independent of the delta-electron energy E&’ the charge state of the
incoming projectile and the delta-electron emission angle ®, the delta-
electron emission probability rises with increasing impact parameter to

a maximum value and then falls off somewhat exponentially. The maximum



Figure 16.

Impact parameter dependence of the delta-electron
emission probability in 10 MeV FO + Ne, ® = 90.0°,

The impact parameter is subject to an uncertainty

. of +5%.
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Figure 17.

Impact parameter dependence of the delta-electron
emission probability in 10 MeV F8+ + Ne, ¢ = 90.0°,

The impact parameter is subject to an uncertainty

of +5%.
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Figure 18.

Impact parameter dependence of the delta-electron
emission probability in 10 MeV Fo© + Ne, § = 52.5°.
The impact parameter is subject to an uncertainty

of *5%.
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Figure 19.

Impact parameter dependence of the delta-electron
emission probability in 10 MeV P . Ne, O = 90.0°.
The impact parameter is subject to an uncertainty

of +5%.
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Figure 20.

Impact parameter dependence of the delta-electron
emission probability in 10 MeV F¥* + Ne, 0 =127.5°.
The impact parameter is subject to an uncertainty

of +5%.
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value of the emission probabilities is located at about .15+.02 a.u. and
seems (within experimental errors) to shift slightly to smaller impact
parameters for decreasing delta-electron energy. The region of maximum
emission probability coincides with the adiabatic radius for K-shell

electrons of Neon, given by

fiv
rglK) = EE%E) = .146 a.u. (5.6)

This distance is characteristic for collisions at low velocities and for
a Coulombic interaction only. The maximum contribution to the total
Coulomb.ionization cross section is given for projectiles with an impact
parameter b equal to rad.zs
In the cases where the effects of projectiles with different charge

states on the delta-electron emission probability have been investigated,
i.e. in 10 MeV F9* + Ne, q= 6, 8, 9, 0 = 90°, the emission probability does
not increase with the number of projectile electrons. The values for P(b)
obtained in collisions involving F8+ and F6+ as projectiles 1ie between 5%
and 10% and between 10% and 15% respectively below those obtained from col-

9+

lisions of F” with Neon. This again suggests, especially at low delta-

electron energies E., that target electrons are the major contributors to

6,
the delta-electrons observed at 90°. This feature confirms the results

obtained with DDCS (Section 5-1, ii).

b) Delta-Electron Emission Probabilities as a Function of the
Delta-Electron Energy E5
For a delta-electron emission angle § = 127.5° and 90° the emission
probability P(b) falls off exponentially with delta-electron energy EG
for all observed collision. systems and all impact parameters b (see

Figures 21 to 23). This energy dependence was already observed in the



Figure 21.

Energy dependence of the delta-electron emission
probability in 10 MeV Fo + Ne, 0 =90.0%. The
delta-electron energy is subject to an uncertainty

of +40 eV.
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Figure 22.

Energy dependence of the delta-electron emission
probability in 10 MeV Fo' + Ne, § = 90.0°. The
delta-electron energy is subject to an uncertainty

of +40 eV.
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Figure 23.

Energy dependence of the delta-electron emission
probability in 10 MeV F°' + Ne, 0 = 90.0°. The
delta-electron energy is subject to an uncertainty

of +40 eV.
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DDCS (Section 5-1, ii). Within experimental errors the slope of P(b)
versus E6 in a semilogarthimic plot can be chosen to be approximately
-.0167 for all investigated collision systems with 0 = 127.5° and 90°.

For the system 10 MeV Fg+ + Ne, 0 = 52.5% (see Figure 24), the
emission probability falls off exponentially with approximately the same
slope as in the previous cases for delta-electron energies smaller 600 eV.
Above this energy the binary encounter peak starts to play a major role.
Within the given errors this peak seems to become shallower and less wide
for increasing impact parameters, indicating that the "hardness" of the

collision with maximum momentum transfer decreases.

¢} Delta-Electron Emission Probabilities as a Function of the
Delta-Electron Emission Angle 0
The angluar dependence of the delta-electron emission probabilities

H 4 Ne, 0 = 52.5°, 90° and 127.5°

was investigated in the system 10 MeV F
with respect to the beam direction.

In Figure 25 the emission probability as a function of E5 is given
for all three emission angles at b = .16 a.u. The probability at ¢=127.5°
is a factor 3 lower than at 90°. For E, smaller than 600 eV, the prob-
ability at 0 = 52.5° is a factor 1.5 above the one for § = 90°. Above
this energy the binary encounter peak is the major contributor to P(b)
for § = 52.5%. If the same set of data is presented in a polar diagram

(Figure 26), the strong asymmetric distribution of the delta-electron

probability in forward beam direction becomes obvious.

5-3) Error Analysis

Due to the construction of the spherical sector spectrometers in use

to energy analyze the delta-electrons, the angles at which electrons



Figure 24,

Energy dependence of the delta-electron emission

* . Ne, 0 =52.5%. The

probability in 10 MeV F
delta-electron energy is subject to an uncertainty

of +40 eV.
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Figure 25.

Angular dependence of the delta-electron emission
probability in 10 MeV F°F + Ne, shown in a plot P(b)

Vs ES for b= .16 a.u.
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Figure 26.

Polar diagram of the angular dependence of the delta-
electron emission probability for b = .16 a.u.,

E, = 275 eV and 1100 eV in 10 MeV ¥+ Ne.
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can be detected cover a range of 90°:21°, 127.5%+7.5° and 52.5%:7.5° with
- respect to the beam direction (see Chapter 4-2).

The finite size of the collector rings in the Parallel-Plate-Avalanche
detector leads to an uncertainty of the impact parameters b of 5% (see
Chapter 4-3).

The energy calibration of the singles electron spectra is accurate
within #2 eV. Due to the sorting and projection process this accuracy
is somewhat lessened to within +6 eV. Since in .the course of analyzing
the data a window of width 80 eV is chosen to determine the number of
coincident delta-electrons (see Chapter 5-2), the uncertainty in delta-
electron. energy Ea amounts to =40 eV. Comp]e£e1y within this margin lies
an uncertainty due to the Doppler shift of the electron ener-gy.56

The uncertainty in the delta-electron emission probability is given
for each data point in Figures 16 to 20. It is due to three main contri-
butions. Due to low coincident count rates the statistical error in the
number of coincident delta-electrons is the major factor, followed by the
statistical error of the coincident Auger-electrons. The third major source
of error is the uncertainty in the Auger-electron production probability
used to normalize the data presented in this work. These uncertainties

6,47 and are directly incorporated into

are given by Hagmann et a1.34’4
this error analysis.

In the best case (F8+ + Ne) the uncertainty in the delta-electron
emission probability amounts to about +20%, in the worst case (Fg+ + Ne,

b = 127.5°) it comes close to =100%.

5-4) The Semiclassical Approximation and Its Comparison to the

Experimental Results

The principles of the Semiclassical approximation (SCA) have been

discussed briefly in Chapter 2. The more detailed description in this
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section is based on publications by D. Trautmann and F. Roese1.31
The discrepancies between calculations based on the earlier mentioned,

simple SCA model and experimental resu1t531

gave rise to various corrections
and modifications in the model which will be mentioned here.
The formulation of the ionization process is described by intro-

ducing the quantum mechanical Hamiltonian

2 2 2
L-1:e Zce Z-e
- p-T T
=Ty +Tp e Tt P - - 2 (5.7)

where Tp, TT and Te are the kinetic energy operators for the projectile,
target and electron respectively. The electromagnetic interaction terms
are defined by the radius vectors R' between projectile and target nuclei,
¥' between projectile nucleus and target electron and ¥ between target

nucleus and target electron. Introducing the channel Hamiltonians

2 2

LI Z:e

= H. = BT . I
Hi = He = Tein ¥ —R v (5.8)

H can be written as

H = H1 + Vi = Hf + Vf (5.9)
which defines the residual interaction as
2 2 2
l.e Z-7ze IaZze
WER = -2+ B P (5.10)
T > or

where M = n& + my
Neglecting the recoil terms (second and third term in 5-10) by
assuming M, the residual interaction is approximated by
= Z-e2
MV(FR) = - B— (5.11)
[R-F|

which leads back to the model introduced in Chapter 2.
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The transition matrix element, using a perturbed stationary state

approximation of the wave functions, is given by

Tf,i = <X‘F ;f[AV(I",R)[x.i r;i> (5.12)

with initial and final projectile wave functions X3 and Xf and the bound
state and continuum electron wave functions 5 and Le

In the adiabatic limit (Ve>>vp) one obtains the formalism of the

Born-Oppenheimer Approximation, in the sudden limit (Vp>>ve) the Distorted
Wave Born Approximation, which uses ¢; as a vave function of the unper-
turbed bound electron, is obtained. Both quantal treatments lead to a
closed form of the transition matrix element, but are in general very

time consuming to carry out.

Several approximations to the transition matrix can be made:

a) One can approximate the projectile wave function by plane waves
(PWBA), which gives good results for total cross sections, but
not the details in differential cross sections. 3!

b) The SCA as given in Chapter 2. Using classical trajectories R(t),
one obtains the ionization probability P(b) under the fundamental
condition Zp<<ZT.

This simple semiclassical picture in b) can be improved by correcting

for the following effects:

i) Distortion of the Classical Coulomb Trajectory )

For contributions to the ionization brocess resulting from large

impact parameters the projectiles does no longer feel the target atom as

a point charge and its motion will be influenced by the screening of the

target electrons. To obtain the trajectories, screened potentials of

the form
2
Z1
V(0 = - 2 @ (5.13)
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with a screening function ¢(R) are introduced (see also Chapter 3-1).
This effect is generally small and only of some importance in the case
of ionization from outer shells.

ii) Recoil Effects

In the simple SCA treatment one assumes that the target has infinite
mass which leads to the omission of the the recoil terms in the residual

interaction. For a finite target mass one has to include these effects and

obtains
5 2§_ 1 1 ). %
V(F.R)= -2 e - —— 4 == - —— v (5.14)
R gL# Re2w RN (R
with 2
L.7:e m
aV= —%- . ﬁ - (FR) (5.15)

This term AV has a strong resemblance to a dipole term. Therefore,
the coherent addition of the recoil term to the "normal" dipole term
can lead to significant changes in the ionization probability for large

impact parameters.

iii) Binding Effects

This correction is due to a radius dependent binding energy EB'

with
E (ﬁ) = ( ) ‘ ' [ (')> (5 17)
A . -V .

The change in binding energy AEB can be more refined by using PSS wave
functions instead of the unperturbed electron wave functions.
iv) United Atom Effects

This correction is based on a model introduced by Br1g9557 for near
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symmetric systems where the SCA model itself cannot be used without

questioning its validity. Starting with the jonization amplitude ey s

the final and initial states are chosen to be united atom states centered
around the center of charge during the collision. The interaction term
will thus contain changes of both potentials from the target and pro-

jectile. The jonization amplitude then becomes
+cmi(r:”‘“‘ -ty ua, f et
ag ;= - i/h [ e'V°f i e | - = - ———{pj" >dt (5.18)
‘ [F-pR|  [F-aR|

-0

which is a coherent supperposition of two SCA-type amplitudes with scaled

trajectories pR and R, where

P = -E'Z oy 4 : g = 1'p (5‘19)

Including this effect lowers in general the ionization probability in
near symmetric collisions (for 10 MeV F 4 Ne, for the Neon K-shell P(b)
is lowered by a factor of 2 to 4, thé influence on the L-shell ionization
is not yet known58).

The only available set of theoretical values to be compared with the
experimentally obtained data of the present work is a SCA calculation

58 Delta-electron emission probabilities as

performed by D. Trautmann.
a function of the impact parameter b, the delta-electron energy Ea and
the delta-electron emission angle §, are obtained for the K-shell and
all L-subshells of Neon for impinging 10 MeV FH with 0 = 90° by using
relativistic hydrogenic wave functions, hyperbolic trajectories and

binding corrections. Terms with angular momentum up to 2=2 are used in

expanding

1 _ 1
R (5.20)



Figure 27.

Comparison of theoretical (SCA) and experimental
values of the impact parameter dependence of the
delta-electron emission probability in 10 MeV Fg+
+ Ne, 0 = 90.0°. The theoretical values are given
for the K-shell, all L-subshells and as total
probabilities and are subject to an uncertainty of

+20%.
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Figure 28.

Comparison of theoretical (SCA) and experimental
values of the impact parameter dependence of the
delta-electron emission probability in 10 MeV F9+

+ Ne, § = 90.0%. The theoretical values are subject

to an uncertainty of x20%.
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where GL contains a polynomial in R and a set of spherical harmonics.

These theoretical values are subject to an uncertainty of 20%. They are
tabulated in Appendix 1 and compared to the experimental data set in
Figures 27 and 28.

As can be seen in Figure 28, the electron energy dependence is fol-
lowed by the experimental values within the given uncertainties. However,
neither the shape nor the magnitude of P(b) as a function of b are repro-
duced correctly (Figure 27). The theoretical curve is on the order of one
magnitude above the experimental results and the rapid drop of P(b) for
decreasing impact parameters inside .15 a.u. is not given. Since this

11 the validity of calculations within an

drop was observed previously,
SCA-type picture for near symmetric collision systems is doubtful.
However, the incorporation of the united-atom correction and the use of
Hartree-Fock wave functions might reduce the discrepancy between experi-
mental and theoretical vaIues.58 Such calculations will be available

in the near future.
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Chapter 6
CONCLUSION

The absolute triple differential probabilities for delta-electron
emission in 10 Mev F* + Ne (g = 6, 8, 9) have been measured as a function
of the impact paramter, the delta-electron energy and the delta-electron
emission angle. The probabilities show a strong asymmetry in forward
beam direction due to electrons originating in hard collisions with maxi-
mum momentum transfer to the -electron (binary encounter peak). For lower
delta-electron energies the energy dependence of the jonization prob-
abilities takes an approximately exponentially decaying shape due to the
momentum distribution of the target electrons originating in soft col-
lisions with minimum momentum transfer to the electron. The impact
parameter dependence of the probabilities show a strong peak at an impact
parameter of about 1.5 times the K-shell radius (.38 times the L-shell
radius) of Neon. A steep rise to this maximum, previously observed by
Cocke et a].,'l1 was also found in this collision system.

Further experiments to clarify the direct ionization process in
heavy ion-atom collisions are necessary. Among them are coincidence
measurements between delta-electrons and charge-state analyzed recoil
jons and triple coincidence measurements between delta-electrons,
scattered particles and recoil ions. The not well understood steep rise
of P(b) to its maximum for increasing impact parameters might be due to
a dominant capture process of the Neon L-shell electrons by the projec-

tile. An experiment measuring the charge state and scattering angle of
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the projectiles coincident with delta- and Auger-electrons could clarify
this process.

A comparison with a theoretical calculation based on the framework
of the SCA reproduces the energy dependence of the delta-electron emission
probabilties, but show large discrepancies in the impact parameter depend-
ence and in the magnitude of the probabilities. The stationary position
of the peak in P(b) as a function of b in all investigated cases is not
understood.

Further improvements of theoretical models, especially their extensions
into the region of this experimental collision system where neither adiabatic

nor sudden 1imit arguments are valid, are highly desirable.
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APPENDIX 1

10 MeV Fo* + Ne, § = 90° (Ref. 58)

Delta-Electron Emission Probabilities P(b) in (1/MeV-sr)

102

E, = 100 eV

b (a.u.)  K-she1l  Lp-shell  Lo-shell o dg-shell 14454

450 .247 E-7  .341 E3  .629 E3 228 €4  .325 E4
340 .140 E-4  .454 E3  .160 E4 215 E4  .366 E4
270 .596 E-3  .505 E3  .139 E4 280 E4  .470 E4
.180 474 E-1  .700 E3  .182 E4 .366 E4  .618 E4
.135 .595 E0 .88l E3  .194 E4 388 E4  .670 E4
.108 .20l E1  .103 E4  .195 E4 .390 E4 .68 E4
.054 179 E2  .142 E4  .189 E4 377 E4  .710 E4
.036 327 E2 .14 Ef  .186 E4 371 E4  .715 E4
.027 423 E2 .161 E4  .185 E4 .369 E4  .719 E4
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E, = 250 eV

b (a.u.)  K-shell ~ Lyshell  Lp-shell — Lg-shell 5 4,

450 .811 E-8  .134 E3  .278 E3 .566 E3  .968 E3
340 .669 E-5  .234 E3 530 E3 .106 E4  .183 E4
270 .323 E-3  .280 E3  .745 E3 149 E4  .252 E4
.180 418 E-1  .326 E3  .108 E4 216 E4  .357 E4
.135 .391 E0  .362 E3  .119 E4 238 E4  .394 E4
.108 .136 E1  .407 E3  .122 E4 243 E4  .405 E4
054 133 E2  .580 E3  .119 E4 238 E4  .416 E4
.036 252 E2  .653 E3  .118 E4 235 E4  .420 E4
.027 .331 E2  .686 E3  .117 E4 234 E4  .423 E4

E, = 550 eV

b (a.u.)  K-shell  Lp-shell  Lp-shell — Lj-shell 7,4,

450 117 E-8  .214 E2  .540 E2 .108 E3  .183 E3
340 153 E-5  .672 E3  .134 E3 268 E3  .469 E3
.270 .951 E-4  .107 E3  .214 E3 428 E3 739 E3
.180 .165 E-1  .129 E3  .366 E3 732 B3 .123 E4
135 177 B0 .127 E3 425 E3 .850 E3  .140 E4
.108 672 B0 .136 E3  .440 E3 .881 E3  .146 E4
.054 777 E1 .204 E3  .431 E3 .862 E3  .150 E4
.036 156 E2 .238 E3  .423 E3 .847 E3  .152 E4
.027 211 B2 .255 E3 .42 E3 841 E3  .153 E4
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Ea = 850 eV

b (a.u.)  K-shell  Ly-shell = Lp-shell = Lg-shell 1449

.450 .199 E-9 .370 E1 .100 E2 .201 E2 .388 E2
.340 .340 E-6 .216 E2 voee, B2 .644 E2 .188 E3
.270 .279 E-4 .451 E2 .585 E2 .119 E3 .224 E3
.180 .665 E-2 .690 E2 iy E3 .245 E3 .437 E3
+135 .816 E-1 .746 E2 .150 E3 .300 E3 .525 E3
.108 .337 EO .837 E2 187 E3 .314 E3 +5596 E3
.054 .446 E1 123 E3 .149 E3 .298 E3 .584 E3
.036 .997 E1 «195 E3 .144 E3 .188 E3 .597 E3
.027 .139 E2 .166 E3 .142 E3 .283 E3 .605 E3

E(5 = 1150 eV

b (a.u.) K-shell 1‘1"5‘}"9n Lz-sheﬂ L3-she11 Total

.450 .179 E-10 .743 EO .170 E1 .341 E1 <585 E1
.340 .751 E-7 <1206 E] .690 E1 .138 E2 .280 E2
.270 .815 E-5 .179 E2 151 E2 .302 E2 532 E2
. 180 .268 E-2 319 E2 .394 E2 .787 E2 <150 E3
.135 .381 E-1 .376 E2 .515 E2 .103 E3 .192 E3
. 108 .172 EO 444 E2 .545 E2 .109 E3 .208 E3
.054 .285 El .750 E2 .469 E2 .930 E2 .220 E3
.036 .648 E1 .891 E2 .423 E2 .845 E2 222 E3
. 027 .926 E1 .959 E2 .404 E2 .808 E2 .220 E3
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APPENDIX 2

Impact parameter dependence for Neon K-Auger satellite and hypersatellite

production for Fluorine impact at 10 MeV

a) 10 Mev F& + ne (Ref. 34)
Neon K-Auger Satellites

b (a.u.) P(b) b (a.u.) P(b)
420 .008 1190 .200
370 .023 160 263
.330 .035 1130 273
.300 055 .100 .234
270 .078 .090 218
245 .108 .080 206
220 .140 055 .170
b) 10 MeV FS% + Ne (Ref. 34)

Neon K-Auger Satellites

b (a.u.) P(b) b {(a.u.) P(b)
.460 .130 .190 .750
.420 .200 .160 .575
.370 .370 .130 .370
.330 .520 .100 .200
.300 .650 .090 .160
.270 .760 .080 .120
245 .830 058 .070

.220 .850
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¢) 10 MeV F7¥ + Ne (Ref. 46, 47)

Neon K-Auger Satellites

b (a.u.) P(b) b (a.u.) P(b)
.420 .113 .190 .545
.370 .187 .160 .374
.330 .253 .130 .226
.300 .320 .100 .148
.270 .408 .090 126
.245 .500 .080 .108

.220 ~ .653 .055 .070
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Absolute triple differential probabilities for the ionization of
delta-electrons in the near symmetric collision system 10 MeV F9* + Ne, for
q = 6,8,9, as a function of delta-electron energy, delta-electron emission
angle and impact parameter have been measured.

The probabilities feature a strong asymmetry in forward beam direction
due to electrons originating in hard collisions with maximum momentum
transfer to the electron. The energy dependence of the emission probabil-
ities follows an exponentially decaying curve for lower delta-electron
energies. This form stems from the momentum distribution of the target
electrons ionized in soft collisions with minimum momentum transfer to
the electron. The probabilities show a strong peak at an impact parameter
of 1.5 times the K-shell radius of Neon. They rise very sharply to this
‘maximum for increasing impact parameters and fall off exponentially after
reaching the peak.

The experimentally obtained data are compared to a theoretical calcu-
lation based on the Semiclassical Approximation. Large discrepancies exist
in the magnitude of the probabilities and their impact parameter dependence,

but the energy dependence is reproduced by the theoretical model.



