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Stellingen bij het proefschrift
INNERSHELL IONISATION IN PROTON-ATOM COLLISIONS AT SMALL IMPACTPARAMETERS

1. Het door Marino et al. waargenomen maximum in het laag-energetische bremsstrahlungs spectrum, uitgezonden bij resonante p- 1 2 C
verstrooiing,kan behalve aan interferentie-effecten t.g.v. tijdsvertraging ook worden toegeschreven aan directe vangstreacties.
C, Mavonit I, Massa en G. Vannini Nucl. Phye. A273 (1976) 429-444
C, Rolfs en R.E, Azuma Nucl. Phys. A227 (1974) 291-308
2. Omdat de door Chemin et al. gemeten verhouding van Compton
achtergrond en Cd K Röntgen-fotonen, geproduceerd in de
106
Cd(p, p') 106 Cd reactie, in het experiment met 10 MeV protonen
niet in overeenstemming is met de resultaten in het vergelijkbare
experiment van Dost et al., in de reactie U 2 S n ( p , p') 1 1 2 Sn,
voor 10 MeV protonen, is het twijfelachtig dat zij Röntgenfotonen van atomen met "compound" kernen hebben waargenomen
voor deze protonenergie.
J.F. Chemin* S. Andriamonée, J. Roturier, B. Saboya, J.P. Thibaud,
S. Joly* S. Plattard3 J. Vzureau, H. Laurent, J.M. Maison en
J.P. Shapira Nucl Phys. A331 (1979) 407-428
S. Röhl* S. Hoppenau en Af. Dost Phys. Rev. Lett. 43_ (1979)
1300-1303
S. Röhl3 S. Hoppenau en Af. Dost
Nuclear level widths in 113Sfc from particle- X-ray coincidences
(wordt gepubliceerd)
3. De bepaling van het tijdsoplossend vermogen van plaatsgevoelige
instrumenten voor de detectie van geladen deeltjes, zoals gedaan door Koester et al., is niet zinvol, aangezien de banen
van de deeltjes in de testbundel slechter gedefinieerd zijn
dan het ruimtelijk oplossend vermogen van de bovengenoemde detectoren .
L.J. Koester jrt U. Koetz en S. Segler Nucl. Instr. Meth. 82_
(1970) 67-71

G. Charpak, F. Sauli
413-426

en W. Duinker Nucl.

Instr.

Meth.

108 (1973)
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4. Om het bestaan van collectieve excitaties van elektronen in individuele atomen aan te tonen is het nodig om elektron-verstrooiingsexperimenten uit te voeren, waarbij de gegeneraliseerde oscillator sterkte wordt gemeten voor het hele Bethe-oppervlak,
d.w.z. voor alle waarden van impulsoverdracht en energieverlies.
F. Bloch Ann. Phya. (Leipzig) 16_ (1933) 285
J. Connevade en M,W.D. Mansfield Proo.R. Soa. Lond. A341 (1974)
267-27S
M, Inokuti Rev. Mod. Phyg. 4± (1971) 297-347
5. Het is verstandig om in elektron-foton coïncidentie-experimenten
de ongecorreleerde foton-verdeling te controleren, omdat het
anders niet duidelijk is hoe voor de detectiegevoeligheid van
de fotondetector gecorrigeerd moet worden.
M. Eminyan, K.B. MacAdam, J. Slevin en H. Kleinpoppen
Phys. Rev. Lett. 31_ (1973) 576-579
6. De formulering van een impactparameter afhankelijke ionisatiewaarschijnlijkheid binnen de "binary-encounter" benadering,
waarbij plaats en snelheid van het atomaire electron aan elkaar
gerelateerd zijn, doet de onzekerheidsrelatie van Heisenberg
geweld aan.
J.S. Hansen Phya. Rev. A8_ (1973) 822-839
7. Het bestuderen van binnenschilionisatie simultaan met,zowel de
27
Al(p, a)21*Mg,als de 21*Mg(«, p) 27 Al resonantiereactie zal meer
inzicht geven in de invloed van hogere orde multipolen van de
ionisatie-amplitude op het simultane proces van ionisatie en
kernreactie.
Zie hoofdstuk XV van dit proefsahrift.

8. De hogere orde termen in de Born-benadering in de berekening
van werkzame doorsneden voor binnenschilionisatie kunnen het
best bestudeerd worden in experimenten met positief en negetief
geladen, zware deeltjes, zoals pionen, muonen en anti-protonen.
H. Daniel* G. Fottner^
W. Wilhelm

#, Hagn, F,J. Hartmann,

P. Stoeakel

and

Phya. Rev. Lett 4£ (1981) 720
9. De stellingep, bij een proefschrift behoren geen afbreuk
te doen aan het wetenschappelijk karakter van een promotie.

W. Duinker

22 juni 1981

Chapter I

INTRODUCTION AND SUMMARY

1. General
Although characteristic X-rays originating from innershell
ionisation by heavy particles like protons and ot-particles have
been observed for many decades [1 ], the details of the excitation
mechanisms involved have only been uncovered in the last 15 years
[2, 3]. Novel aspects of innershell ionisation in ion-atom collisions have been discovered even more recently. An example is the
interference between ionisation amplitudes which describe the interaction between the projectile and an innershell electron at different stages of the collision [4, 5]. This subject is further investigated in this thesis.
The gross features of the ionisation process have been understood for a long time. They show that the most prominent characteristic of innershell ionisation in ion-atom collisions in the
energy-range of a few tens of keVs to a few MeV per atomic mass
unit is the influence of the momentum distribution of the innershell
electron, and not the motion of the projectile. This property originates from the mass difference between the ion and the electron.
Gerthsen [6 ] has pointed out that because of this mass difference
the kinematically allowed energy-transfer in a scattering between
an ion and a bound electron of zero mementum is not sufficient for
innershell ionisation to occur in the above mentioned energy-range.
Since, however, innershell ionisation is observed under these circumstances II], it is necessary in any theoretical description of
this ionisation process to take into account the momentum distribution of the bound electron
Two mechanisms for innershell ionisation are possible, i.e.
Coulomb excitation and Pauli excitation (excitation under the in-
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fluence of the Pauli principle); which one dominates depends in general on two parameters. These parameters are the ratio of the nuclear charge Z\ of the projectile to the nuclear charge Z 2 of the
target atom and the velocity of the projectile as measured in units
of the average velocity of the orbiting electron, which is to be
ejected into the continuum.
In the limit Z\/7>z •+ 0 Coulomb excitation is dominant for all
velocities. The innershell electrons can be described by scaled
hydrogen - like wavefunctions. The projectile can be considered as
a bare nuclear charge passing along a straight line through the
electron cloud of the target-atom. The Coulomb potential of the
projectile, as experienced by the electrons, can give rise to ionisation. The charge state of the projectile is not important [7 ],
because the distance of its most tightly bound electron to the nucleus is large compared to the radii of the innershells of the
target-atom.
In the opposite case Z x /Z 2 •+ 1 for projectile velocities so
low that the electron orbits may adjust themselves adiabatically
during the collision, dynamical molecular orbital effects become
important. This happens when the inverse of the characteristic frequency for these electron orbits is much smaller than the duration
of the collision [ 3 ]. In this case ionisation can occur under the
influence of the Pauli-principle (Pauli-excitation), by which only
certain orbitals of the quasi-molecule, formed by the combination
of ion and atom, will be filled causing electrons to end up in the
continuum of electronic states. Also radial and rotational coupling
between different molecular orbitals can cause electron promotion
and therefore the creation of innershell vacancies. It is clear
that under these circumstances cross sections for innershell vacancy
production depend on the charge state of the projectile in many
cases.
When the ionisation process is studied in more detail the influence of the path of the projectile during the collision has to
be taken into account. This is especially the case in the domain of
the Coulomb excitation. In the next sections of this introduction
more attention will be payed to Coulomb excitation in general
(section 3) and more specifically to projectile, path effects

t

(sections 4 and 5) which are the subject of the experimental studies described in this thesis.
2. The decay and detection of innershell vacancies
Innershell ionisation is usually detected through the decay of
the innershell vacancy. There exist two competing decay modes: X-ray
emission or Auger-electron emission. The vacancy is in both cases
filled by an electron from another shell higher in energy. This
transition of a bound electron to an even more tightly bound state
is accompanied either by the emission of a X-ray photon or by the
simultaneous ejection of yet another electron in order to conserve
energy and momentum. The radiationless process is called the Augerprocess. Radiationless transitions of electrons between different
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subshells (e.g. L I T -L T T I ) are called Coster-Kronig transitions. Both
the emitted photon and the ejected electron have energies characteristic for the ionised atom. These energies depend on various
properties of the atom like its atomic number, its charge state, and
the bound states involved in the transition.
The radiationless transition-rate can be estimated to be almost
independent of the atomic number. These transitions involve in principle only the outershell electrons, as has been argued by Wentzel
[8 ]. These electrons move in the screened central field of an atomic
nucleus that is screened by the other electrons to the same extent
for all elements. The radiative transition rates are proportional to
Zzh (Z2 = atomic number of the atom). They are determined by the dipole transition matrix element and the transition frequency, which
characterises the passage of the electron from one bound state to
another. It is therefore clear that one of the decay-modes will
dominate depending on the atomic number of the ionised atom. Wentzel
derived with the above mentioned arguments the following relation
for the transition rates involving K-shell electrons:
T /T *s 10"6 x z1*

(1)

with T x = the radiative transition rate, and T. = the Auger transition rate.
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Experimentally a different, but related, quantity - the fluorescence yield u - is usually determined. The fluorescence yield
of a certain shell of an atom is the probability, that a vacancy
in that shell is filled through a radiative transition. It is obvious that

Burhop [ 9 ] has included r e l a t i v i s t i c e f f e c t s and the e f f e c t s
screening and gives the following modification of r e l a t i o n
[w/U -

ID)

]** = a + bZ + cZ3

of
(I)
(3)

The numerical constants: a = 0.015, b = 0.0327 and c = - 0.64 x 10~ 6
have been obtained by Bambynek et al [ 10 ] fitting relation (3) with
experimental data for different atomic numbers. Multiple ionisation gives slightly different fluorescence yields compared with
singly ionised atoms, since the different outershell-electron configuration changes the Auger-transition rate [111- The influence
of outershell effects on the fluorescence yields of atoms with
partially filled outershells has also been noted [ 12 ].
The above mentioned considerations determine the choice of the
detector used in measuring the innershell ionisation in ion-atom
collisions. The extra electron, ejected in the Auger-process - the
Auger-electron - ,or the emitted photon - the Röntgen-photon or
X-ray - can be detected. To have an optimal efficiency for vacancy
detection, electron detection will be preferred in collisions involving atoms with a low atomic number and photon detection will
be preferred in collisions involving atoms with a high atomic number. The experiments described in this thesis all deal with light
elements. In chapter II an experiment on K-shell ionisation of
argon is described. Although the fluorescence yield is only 0.2
photon-detection was preferred. The experiment was performed in a
gasfilled collision chamber under single collision conditions. To
have an optimal detection efficiency a xenon-filled proportional
counter was used (see section 3 of chapter II).
The experiments described in chapter IV and V were performed

I

with carbon and aluminum foils and therefore K-shell vacancy production in the collision of protons with these atoms was detected
through the measurement of Auger-electrons- The experiments involved the coincident detection of these electrons and back-scattered protons, therefore a spectrometer with a large solid angle
was needed. The specially constructed spectrometer and its performance are described in chapter III.
A third possibility to measure innershell ionisation is the
detection of characteristic energy loss by the projectile. This
method was used in an experiment measuring the K-shell ionisation
accompanying nuclear (p, y) reactions (see chapter VI). The energy
loss is not as sharply defined as the energy of the characteristic
photons and the Auger-electrons, coming from the decay-process. In
the ionising collision extra energy can be transferred to the
electron, next to the binding energy, which is absorbed as kinetic
energy. This extra energy loss has a distribution showing a 1/(AE)2
behaviour (AE = E B + E. . ) towards the high energy side [13 ].

3. Total cross sections for Coulomb excitation of innershells
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The first calculations of total cross sections for innershell
ionisation by heavy particles have been preformed in the framework
of the first order plane-wave Born approximation (P.W.B.A.). The
justification to use this approach was given by Henneberg [14 ]. It
is based on the argument, that the angular momenta involved in the
scattering are large; of the order of 100 ü. Therefore a change
due to the ionisation in the phase of the wavefunction describing
the projectile is very small, as a consequence the incoming and
outgoing projectile can be very well described by plane waves. Not
only the ionisation cross section, but also the energy distributions of the ejected electrons [ 18 ] have been calculated in this
approximation
Merzbacher and Lewis [15 ] have extended the P.W.B.A. calculations. They showed that the cross section for innershell ionisation can be described with the aid of a universal function f (n, 6)
which depends through the reduced variables n and e on the target
atom and on the velocity of the projectile:

s 8it a R 2

(2i/Z 2 ) 2 f(n, 8)/n,

(4)

with n = v 2 / v R 2 , e = ER/(13.6 Z 2 2 ) , v = the projectile velocity,
a = the K-shell radius, v R = the velocity of the K-shell electron,
and E R = the K-shell binding energy.
Deviations for experimental cross sections from a universal
curve, when plotted as a function of these reduced variables, stem
from the description of the bound electron in the calculation. The
discrepancies are less when the scaling transformation f(n, 6) +
-»• 9 f (n/e2. 1) is made, which is allowed for small values of n.
When using relativistic wavefunctions for the electrons the discrepancies between theoretical and experimental results are lessened for the heavier atoms [ 19 ].
Another approach is the semi-classical approximations (SCA),
In this approach the projectile is considered to be a classical
particle describing a reasonably well defined trajectory through
the atom during the collision. Bohr [ 17] has shown that this
approximation is valid, when:
K = (ZjZ2 vo/v ) »

1

(5)

P
with Vo = ez/ti the Bohr velocitj, v = the projectile velocity,
Z\ = projectile atomic number, z 2 = the target atomic number.
Using this approximation Bang and Hansteen [16 ] calculated K-shell
ionisation cross sections by integrating the excitation probability, obtained in a first-order time-dependent perturbation theory,
along the trajectory of the projectile. They performed the calculations for all impact parameters by integrating the total cross
sections. Kocbach [20] has thereafter shown how in this approach
the total excitation probability for a given impact parameter can
be obtained in several mathematically different ways.
In the above mentioned approximation corrections for the influence of the trajectory and the velocity of the projectile during the collision can easily be incorporated. Next to the effect
on the velocity of the projectile the atomic nucleus causes Coulomb
deflection, and therefore decreases the ionisation probability
[ 16 ]. Another effect is the influence of the projectile on the
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initial state of the electron. Due to the penetration of the projectile into the K-shell, the binding energy of the K-shell electron
is increased and therefore its ionisation probability is decreased.
Experimentally it has been shown by Basbas et al [ 21 ] that the
ionisation cross section does not increase with Zj 2 for projectiles with Zi > 1. Several groups [22-25] have obtained scaling
variables describing these corrections and have tested their assumptions by comparing their calculations with experiments.
All the above mentioned corrections made in order to scale
experimental total cross sections for innershell ionisation on
universal curves, can also be incorperated ab initio in theoretical
calculations. This has been done with some success: examples are
the perturbed-stationary state approximation [26 ), the pseudo-state
expansion [27], and the distorded-wave Born approximation [28].
Por practical use compilations of both theoretical [ 29 1 as
well as experimental data [ 30 ] on total innershell ionisation cross
section in the Coulomb region exist.

4. Projectile path effects
As has been mentioned in the previous section, when the Bohrparameter
K = (Z^Zp Vn/v ) >> i

P

the projectile can be described by a classical path through the
atom and is deflected by the nucleus according to the Rutherford
scattering law. In the present discussion so far only 1 = 0 final
states needed to be considered for the electrons in the continuum.
Ciochetti and Molinari [ 33 ] were the first to recognize that in
the calculations on K-shell ionisation accompanying a-decay of nuclei the monopole amplitude had been wrongly neglected [ 35, 36].
For K-shell ionisation the monopole transition amplitude is dominant. This implies that when the projectile is following a classical trajectory, it has to pass through the charge cloud of the Kshell electrons in order to ionise. Laegsgaard et al [ 31 ] have
shown experimentally that impactparameters smaller than the K-shell

radius are the only ones that contribute to the total cross sections for projectile velocities v < v R .
For higher velocities of the projectile the dipole amplitude
starts to become significant. Ciochetti and Molinari [ 34 ] also calculated for what projectile-velocities the dipole amplitude would
be greater than the monopole amplitude. From these calculations it
follows that the dipole amplitude has its most pronounced influence due to interference effects for scattering angles of the projectile of 180° and 0°. Detailed calculations within the framework of the SCA theory by Aashamar and Kocbach [ 37 1 showed that
this angular dependence of the ionisation amplitude is due to the
rotation of the quantisation axis, which lies along the direction
of motion of the projectile,during the scattering process. Calculations within other theoretical frameworks have confirmed this
effect I 38, 39, 44 ]. Experimentally it has been observed for K:

•

shell ionisation on copper and aluminum and for LJJ and Lj j ionisation [39-43] by 0.5-3 MeV protons. Results for K-shell ionisation
by 0.5 and 0.75 MeV protons on argon are presented in chapter II.

5. Innershell ionisation. and nuclear reactions
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Just as atomic excitation by heavy particles, nuclear reactions can be described as a time-dependent scattering process [ 45 ].
While in atomic excitation the time-scale is set by the time
needed for the passage of the particle through the atom, it is not
always true that the reaction time in a nuclear process is just
the time needed for a projectile to pass through the nucleus. Well
known is the time delay experienced in compound nucleus formation,
where the time between the formation and the decay is so long compared to a direct reaction, that these two processes can be considered to happen independent of each other as has been formulated
in the independence-hypothesis of Bohr [46 ]. The theory of resonant compound nucleus formation has been extensively reviewed by
Lane and Thomas [ 48 ]. The above mentioned time delays are of the
order of 10~ 15 -10~ Z0 sec, while direct nuclear reactions occur
within 10" 2 3 sec [47].
The finite lifetime of a nuclear state can be formulated by

;

the use of imaginary energies, as has been done by Gamow, or by
the enerqy width of a state, as can be done with the uncertaintyrelation of Heisenberg [ 51 ], When the state is created as a resonance in a scattering process, the lifetime of the compound state
can be related to a time delay experienced by the scattered wavepacket. Wigner [49] has shown that this delay is related to the
derivative of the scattering phase shift with respect to the energy. The delay can also be expressed as a lifetime matrix element,
which is defined as the excess of particles in the interactionregion [50 ]. All aspects of finite lifetimes in scattering processes have been treated in detail by Goldberger and Watson [51 ].
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When atomic and nuclear excitation occur simultaneous, the
above mentioned nuclear time delay may have an influence on the
atomic process. The atomic excitation may occur before or after
the nuclear reaction, and when the two processes are coherent interference may show due to a different time development of the
wavefunctions describing the projectile in each of the two cases.
The first to consider such a situation were Eisberg, Yennie
and Wilkinson [52 ]. They consider the process of production of
bremsstrahlung before and after a nuclear reaction. The radiation
can be thought to be produced by the cessation and initiation of a
current, corresponding to the absorption and the emission of a
charged particle by a nucleus. In this semi-classical picture a
time dependent phase factor between the two production amplitudes
is introduced by the compound nucleus formation. The phase factor
exp(i AE -r/h) depends on the lifetime T of the compound-state and
the energy loss AE by the projectile due to the emission of a
photon. A quantummechanical treatment of this problem has been
given by Feshbach and Yennie [ 53 ]. Experimentally the effect has
been observed for the 1.7 MeV resonance in proton-scattering from
12
C [54-56].' Experiment and theory seem to agree reasonably well
[57, 58].
Ciocchetti and Molinari [ 34 ] have considered a similar process, the influence of the time delay due to compound nucleus formation on innershell ionisation. A phase factor similar to the one
in the bremsstrahlungs case is introduced between the amplitudes
for innershell ionisation by a projectile before or after it reacts
with a nucleus. Since the energy loss has in this case a well-

defined lower bound, it may be more unambiguous to observe the
effect in this case. Blair et al [ 5 ] have performed an experiment
near the 3.151 MeV resonance in proton-scatterinq from 5 8 Ni f where
the width of the resonance (r = 5 keV) is nearly equal to the
energy loss due to K-shell ionisation (binding energy = 8 keV).
An effect of interference between the ionisation amplitudes is expected under such circumstances. The observed effect was ascribed
to nuclear time delay, but the theory could not fully explain the
magnitude of the effect. In chapter IV a similar experiment is
described. It studies proton-scattering from 1Z C near the 461 keV
resonance. In this case the width of the resonance (r = 38 keV) is
much larger than the energy loss due to K-shell ionisation. Therefore the observed effect cannot be explained by the time delay. It
is proposed that it is due to the influence of higher multipole
transition amplitudes for the ionisation. It is also claimed that
effects due to these amplitudes may mask the effect of tiiae delay
in the nickel case [ 5 ]. To study the situation,where the incoming
and outgoing particle of the nuclear reaction are not identical,
K-shell ionisation was measured in coincidence with the 1183 keV
(p, a) resonance reaction on aluminum. This experiment is presented in chapter V.
The above mentioned interference has been discussed as a
possible means to measure very short compound nuclear lifetimes.
Estimates have been made, next to the above mentioned cases of
bremsstrahlung and innershell ionisation, for the case of 6-electron emission [ 59 ] and for the case of K-shell vacancy production
in heavy ion-atom collisions 160, 66]. Since the lifetime of Kshell vacancies of heavier atoms can be of the order of the lifetime of a compound nucleus a more direct measurement suggests itself. Gugelot [61 ] was the first to suggest the detection of Xrays from the decay of K-shell vacancies of an atom with a compound
nucleus. Hardy et al [62 J observed such X-rays studying lifetimes
of 0-delayed proton-emitters. The range of applications to measure
these lifetimes is 10~ 1 5 -10~ 1 7 sec. This is comparable to the range
in another indirect lifetime measurement, where crystal-blocking is
used [63 ].
Also X-rays of compound systems have been observed in scatterexperiments [64, 65]. To determine the lifetime of the compound
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system in this case the ionisation probability for the incoming
particle has to be known. However, from the comparison of the ionisation probability in the scattering of a-particles and the ionisation probability in oi-decay it is known that the ratio between
these two probabilities (in the scattering case and in the halftrajectory case) is not always two [ 68-70 ], This problem can be
investigated through experiments observing nuclear resonance reactions shifted dwe to atomic excitation. The first observation of
such an effect has been made by Benn et al (67 ], who observed a
shifted resonance due to K-shell ionisation in the formation of
the 8 Be ground state in a-helium scattering. Model-calculations
for heavier atoms have been made by Coleman [ 71 ] and a widening of
a proton-scattering resonance due to atomic excitation has been
observed by Thompson et al [72 ]. In chapter VI the effects for
(p, y) resonance reactions on 26 Mg and 2 7 A1 are reported.
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Chapter II

IMPACT PARAMETER DEPENDENT K-SHELL IONISATION OF ARGON BY PROTONS
SCATTERED OVER LARGE ANGLES

Abstract - The K-shell ionisation probability of argon has been
measured for protons scattered over angles between 8° and 127.5°
and with initial energies of 500 keV and 750 keV. An increase of
this probability has been found when going from scattering angles
of 90° and less to the largest observed scattering angle. The
asymmetry parameter B in the angular dependence 1(6) = A(l + B cos 6)
has slightly larger, negative values than the ones measured previously by others for copper and aluminium.

1. Introduction
When the charge of the projectile in an ion-atom collision is
much smaller than the charge of the nucleus of the target-atom,
innershell ionisation can be described as Coulomb excitation of
bound electrons into the continuum of electronic states. Several
approximations have been used to calculate total cross sections for
this process e.g. the plane-wave Born approximation [1, 2 J, the
binary encounter approximation [3, 4] and the semi-classical approximation 1 5 ] . In this last approximation (SCA) it is possible to
study details of the ionisation process, because the motion of the
projectile is described by a classical path through the atom. This
is allowed when the Bohr-parameter [ 6 ]

(1)
with v p = the initial velocity of the projectile, v 0 = S_ the Bohr
velocity, Zx = the projectile atomic number, and Z 2 = the target atomic number. The use of the above mentioned description of the scatter-
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ing process enables us to distinguish an impact parameter dependent
ionisation probability. In this approximation it is also easy to
incorporate the influence of Coulomb deflection and retardation
[5 ], the influence of relativistic effects [ 7 ], and the change in
binding energy due to the projectile 18], for the inital electronic
states.
In certain velocity ranges for the projectile we have also to
consider final electronic states with different angular momenta.
The importance of the different multipole transition amplitudes for
K-shell ionisation was first mentioned by Ciocchetti and Molinari
[9 1. For low velocities only 1 - 0 final states have to be included,
due to the centrifugal barrier tor the outgoing eiectron 1 10, 11 ].
This cor*/ x m d s for K-shell ionisation to the monopole transition
amplitude; the projectile has to pass through the charge distribution of the K-shell electrons to be able to ionise. Experimentally
this has been confirmed by Laegsgaard et al [ 12 ], who concluded
that only impact parameters smaller than the K-shell radius contribute to the total ionisation cross section for velocities v < v..
In the early SCA calculations the trajectory of the projectile was approximated by a straight line [ 5 ]. when the effects for
large scattering angles were studied, this path was split into two
parts, connected to each other near the nucleus. Since this amounts
to a change of direction of the quantisation axis for the electronic
states in the continuum, it is expected that the population of the
1 = 1 states will show an angular dependence. Calculations of the
dipole transition amplitudes have shown that a positive interference of these amplitudes for the two different parts of the trajectory increases the K-shell ionisation probability for scattering
angles larger than 90° [ 10, 13]. In more refined calculations where
the ionisation amplitude is split in a transition formfactor and a
projectile pathfactor and where the effect of the nuclear recoil
is included, this effect was confirmed [ 14-16 ]. Also calculations with other approximations like a pseudo-state expansion [17 ]
and within a distorted-wave Born approximation (DWBA) [ 18 ] lead to
similar conclusions.
Experimentally the effect has been observed for K-shell ionisation on copper [13, 20 ] and on aluminum [ 19 ]. The effect is also
V

I
('•

16

observable for Lj_ and L Ii:t ionisation [21, 22 ] as is expected
since in that case the final state can be a 1 = 0 state when the
dominant transition amplitude is the dipole amplitude.
We present further experimental evidence for this effect. In
contrast to the earlier experiments on copper and aluminum we have
performed our measurements with argon gas, excluding in this way
the influence of double scattering, where an increase in ionisation
probability could be due to ionisation in a small angle scattering
collision followed by a non-ionising large angle scattering colli-

:

;

sion [ 29 ]. We confirm an increase in the K-shell ionisation probability in collisions where the projectile is scattered over large
angles. However, our asymmetry parameter has a somewhat larger negative value than predicted by the theories of Ciocchetti ans Molinari [ 10] and of Andersen et al [ 13].

2. Experimental procedure
In the present experiment, measuring the angular dependence of
the K-shell ionisation probability of argon by protons, the decay
of the vacancy and the scattered ionising particle have to be measured simultaneously. Since the gaseous target is not locally confined, the detection of X-rays was preferred above the detection of
Auger-electrons to indicate K-shell ionisation. Energy-dispersive
electron-detection systems are very sensitive to the direction of
the incoming electron. Therefore in ,an experiment like the present
one a large background is expected for Auger-electron detection.
Also certain restrictions have to be put on the time response of
the specific detectors. The time spread of the coincident signals
has to be short enough to obtain a significant true to random
coincidence signal within a reasonable measuring time: an optimal
ratio of 1 : 1 within an upper limit for the measuring time of
24 hours and a true coincidence signal with a 10% statistical standard deviation.
Not only time response but also energy resolution plays a role
in the choice of detector. Schmidt-Böcking et al [23] have shown
that Si(Li) detectors do not have an optimal performance in time
resolution and percentage energy resolution [24] for soft X-rays,
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such as in our case the argon K-Rötgen photons (3 keV), in ion-X-ray
coincidence experiments. Also gas-filled proportional counters are
known to have a poor time resolution. This is due to the long drift
times for the electrons [ 27 ] over the distance between the point
where the photon is absorbed and where the photo-electron is amplified to an electronic signal at the sense-wire of the counter. To
be more accurate, it is actually this spread in the distance which
causes the time jitter.
We have choosen a sealed xenon-filled proportional counter for
the detection of soft X-rays. In this way we circumvent the time
jitter in the arrival of the electric signal after the X-ray
emission, because the high photoabsorption cross section of xenon
[26] causes the photoabsorption to be localised in a few Iran's behind the entrance window of the detector. In the next section the
construction and the performance of the counter is described.

3. The xenon-filled proportional counter
For the detection of characteristic X-rays, originating from
the decay of argon K-shell vacancies, a special gas-filled proportional counter was used. It consisted of a 5 cm long stainless
steel cylindrical tube with an inner diameter of 25 mm. At the
center along the tube was a circular window with a diameter of 12
mm, which was covered by a 25 jam thick Be-foil. This foil was
supported by a stainless steel grid, which has a transmission of
85%. The grid was placed at the outside of the counter to support
the foil against pressure differences. At the top and the bottom
the tube was closed; its gas inlet was made of glass and sealed
after filling with a gas mixture of 90% xenon and 10% CO 2 to a
pressure of 750 torr (at 22°C).
The counter was tested with a 5 7 Co radioactive source, which
gives due to an electron-capture process a 14.4 keV Y-P^ot°n and a
6.5 keV Fe-K-Röntgen photon.The pulseheight-spectrum shown in
fig. la gives a resolution of 950 eV at 6.5 keV photon energy at
an operating high-voltage of 1900 V.
The time response of the detector was tested by measuring
coincidences between selected electronic pulses from the proportio-
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Figure I. (a) X-ray spectrum from a 57Co radioactive source, as
measured with a sealed Xenon-filled proportional counter, (b)
K-X-ray spectrum induced by 500 keV protons bombarding argon
gas, as measured with the proportional counter.
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Figure 2. (a) The time spectrum of coincidences between Fe-K
X-rays and 14.4 keV Y-rays, measured respectively with a Xenonf i l l e d proportional counter and a Nal(Tl) s c i n t i l l a t i o n counter,
(b) The time spectrum of coincidences between Ar-K X-rays (measured with a Xenon f i l l e d proportional counter) and 500 keV protons scattered over 90° (measured with a s o l i d state detector) .
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nal counter and a Nal(Tl) crystal. The crystal of size 44 mm x
x 0.1 mm was covered with a 0. ?. mm Be window and connected to a
53 AVP photomultiplier. With the aid of single-channel analysers
electronic signals were selected corresponding to 6.5 keV and
14.4 keV photons for resp. the proportional counter and the crystal.
The time spectrum was measured with a time-to-amplitude converter
and a multichannel pulseheight-analyser. The electronic pulses were
first routed through constant-fraction discriminators. A time spectrum is shown in fig. 2a. Since the Röntgen-photons can be absorbed
anywhere between the window and the sense-wire, a broad time spectrum
is observed. The absorption coefficient for 6.5 keV photons in
xenon at 750 torr is 0,7 cm"1 126]. The field experienced by the
electron drifting from the place where the photo-electron was produced to the sense-wire can be assumed to be almost constant. Therefore we conclude that the driftvelocity was (3.3 ± 0.3) x io 6 cm/
sec"1f which is in reasonable agreement with the value of 3.5 x
x 10 6 cm/sec"1 obtained by Christophorou et al [ 25 ].
The properties of the counter under the conditions in the ionatom collision experiment are described in the next section.

4. Experimental set-up
Protons, accelerated by a 1 MeV van de Graaff generator, were
momentum analysed by a magnet which bends the beam of particles
over 45°. By a set of two collimators the beam was reduced to a
diameter of 0.5 mm. Further downstream the protons were directed
into a gas-filled collision chamber through collimators of 3 mm
resp. 4 mm diameter, seperated by 87 mm. The drawing of the experimental set-up is shown in fig. 3. The collimators were fixed at
the entrance of the collision chamber and the whole construction
could be aligned with the aid of adjusting turnscrews. The vacuumsystems of accelerator and collision-chamber were connected to
each other by a movable bellow. The collision-chamber was differentially pumped with a 300 1/sec Turbo pump through the above mentioned collimators. This resulted in a background pressure of
3 x io~ 6 Torr in the chamber and a pressure of 10~ 6 Torr in the
rest of the system. During the experiment the chamber was filled
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with argon gas to a pressure of * 10"1* Torr, The pressure was measured with a calibrated ionisation gauge.
The beam currents used were in the range of 200 nA to 4 yA depending on the scattering angle studied. The beam was dumped in a
Faraday-cup with a diameter of 6 mm. Its length was 35 mm and at
the bottom the surface was inclined. Secondary electrons were prevented from leaving the cup through a 60 Volts positive voltage
applied with a battery to the cup.
In fig. 3 the positioning of the detectors is shown. The use
of a gas-filled collision chamber implied that the studied scattering process is not localised in one spot. To ensure that all detectors view approximately the same interaction region proper collimators have to be used in front of the detectors. Scattered protons
were detected with diffused junction silicon detectors at 8°, 10°,
14°. 90° and 127,5°. The experiment was performed for each angle
seperately. In the case of the forward angles great care had to be
taken to prevent the detectors to view too long an interaction path.
A triple set of collimators was mounted for this purpose on the
Faraday-cup. For the separate angle collimators with different
diameters were used. For the forward angles four seperate detectors were positioned behind the collimators, covering about 50% of
the
¥>.-angular range. The detector, which could be positioned at
90° or 127.5° is also shown in fig. 3. The area over which scattered protons could be detected was 400 mm 2 at 90° and half of that
at 127.5°. The X-rays were detected in the xenon-filled, proportional counter, which was placed at 90° with respect to the beam. A
pulseheight spectrum as measured when argon gas was bombarded by
500 keV protons is shown in fig. lb„ The time spectrum for coincidences between scattered protons over 90° and X-rays is shown in
fig. 2b. The expected localised absorption of the X-rays behind
the entrance-window of the proportional counter resulting in a
small time spread in the arrival at the sense-wire of the photoelectrons can be readily concluded from the relative narrow coincidence peak. An exponential decay on one side, compatible with ah
absorption cowfficient of 3 cm"1 for 3 keV fotons in xenon of [ 26]
750 torr and a driftvelocity of 3.3 x 10 6 cm/sec"1 as measured in
the tests with the radio-active source, and a shift from t = 0 are
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Figure 3. Experimental set-up
a. Xenon-filled proportional
counter
b. surface barrier detectors
scattered protons
to

c. Faraday cup
d. diafragm1s selecting the

e. collimating diafragm'
f. movable bellow

proton scattering angle
g. pumping valve
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Figure 4. The geometrical detection probability as a function
of the distance from the last collimating slit for: (a) the
proportional counter (b) the surface barrier detectors at 10°
scattering angle (c) the coincidences between signals from the
proportional counter and the solid state detectors measuring
protons scattered over 10°.
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clearly visible.
To compare the measurements at the different scattering angles
for the protons the solid angles viewed by the various detectors
were calculated through numerical integration of the geometries.
The results for the solid angles, viewed by four detectors, for the
experiment with a scattering angle of 10° are shown in fig. 4, The
geometrical detection probability Is given as a function of the
place of the collision along the beam: in fig. 4a for the proportional counter, in fig. 4b for the proton detectors and in fig. 4c
for the simultaneous detection of the X-ray and a scattered proton
in their respective detectors.
The background for X-ray detection was less than 1%, while the
background in the proton detectors varied from 1-10% depending on
the scattering angle.

5. Results and discussion
The K-shell ionisation probability of argon induced by protons
was measured for proton energies of 500 keV and 750 keV and for a
proton scattering angle of 8°, 10°, 14°, 90° and 127.5°. The results are shown in fig. 5. To obtain absolute ionisation probabilities the number of true coincidences were corrected for the background, the dead-time, the efficiency of the proportional counter,
the fluorescence yield [ 28 ] and the solid angle viewed; then this
number was divided by the number of single scattered protons at
that angle, which number was corrected for the difference in solid
angle viewed by the proton-detector and the solid angle viewed by
the proton-detector and the proportional counter simultaneously.
A proton scattered over an angle e can be related to have had
an impact parameter in the collision of [6J:
P = [Z!Z2 ez/2Ep] cot e/2,

(2)

with E p = the projectile kinetic energy. The error in this impactparameter is of the order of:
ZXZZ e2/4EEp]ph
|

sin" 1 8/2,

(3)

with * p the projectile rationalized de Broglie wavelength,
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Figure 5. Argon K-shell ionisation probability I(b) per nuclear
collision leading to a certain scattering angle as a function
of the scattering angle, (a) Results for 500 keV protons, (b)
Results for 750 keV protons. The full curves represent a fit of
the flata by the expression A(l + B cos e ) .
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which gives the confidence level to which the classical picture of
the projectile moving along a well-defined trajectory can be used.
As has been mentioned before calculations within the semiclassical approximation have been performed which include higher
multipole contributions I 10, 14 ].Ciocchetti and Molinari [10] and
Andersen et al 113] find that the angular dependence of the ionisation probability can be expressed by the following formula
1(6) = A(l + B cos 6).

(4)

Next to the contribution of monopole (Al = 0) amplitude represented
by A, the dipole (Al = 1) amplitude introduces a dependence of the
ionisation probability on the angle over which the ionising particle
is scattered. When plotting the ionisation probability as a function of the impactparameter, as shown in fig. 6, it is clear that
this contribution of the dipole amplitude does not significantly
influence the total cross section for K-shell ionisation. The ionisation probability is only changed for very small impact parameters.
We have fitted our experimental results with the formula given
by eq. (4). The full lines both in fig. 5 and 6 represent the result. We find for the constant A: (3.3 ± 0.6) x 1O~3 and
(7.7 .+ 0.9) x 10~ 3 for incident protons of resp. 500 and 750 keV.
These results can be compared with the numerical calculations for
the ionisation probability due to the monopole amplitude of Hansteen et al I 30 ], as obtained in the SCA-theory with straight-line
trajectories. For the smallest value of the tabulated impact parameters they find 3.2 x 10" 3 and 5.7 x 10" 3 for incident protons of
resp. 500 and 750 keV. The values obtained for the asymmetry parameter B are given in fig. 7. To compare our results with the previously obtained values of Andersen et al [ 13 ] and Chemin et al
[ 19] for resp. copper and silver, all values are compared as a
function of the reduced projectile velocity

with E k = the K-shell binding energy.
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Figure 6. Argon K-shell Ionlsatlon probability I(b) per collision as a function of the Impact parameter, (a) Results for
500 keV protons, (b) Results for 750 keV protons. The full
curves represent the fits as shown in fig. 5.
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Together with the experimental results theoretical results
are shown in fig. 7. The initial calculations of Ciocchetti and
Molinari [10 ] and later calculations by Andersen et al [ 13 ] involved a tangential approximation for the trajectory of the ionising particle. The trajectory is represented by two straight lines
connected at the distance of closest approach to the nucleus with
a certain angle over which the particle is deflected. Both calculations were performed within the framework of the semi-classical
approximation. It can be seen in fig. 7 that the velocity-dependence of the asymmetry parameter is well reproduced. Also the inclusion of the effect of the nuclear recoil is very important as
can be seen by comparing the full and the chained curves in fig,7.
A more complete treatment of the problem is however given, when a
SCA-theory is derived within the distorded-wave Born-approximation,
such as has been done by Pauli and Trautmann [18]. In their treatment the effects of Coulomb deflection and of nuclear recoil are
included in a natural way. The values for the asymmetry parameter
as obtained from their calculations are also shown in fig. 7 (•).
These values differ significantly from the calculated values in
the other approximations. Also the DWBA-results seem to indicate
a trend towards better agreement between our experimental results
and the theoretical values.

6. Conclusion
We have confirmed the increase in the K-shell ionisation probability for large scattering angles of the incident projectile.
Since the experiment was performed on a thin, gaseous target double
scattering can be excluded as an origin for the effect. We found
slightly larger, negative values for the asymmetry parameter B
than the ones obtained for copper and silver. There are two possible
reasons for the disagreement between the different experimental
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Figure 7. The asymmetry parameter B (eq. 1) of the K-shell ionisation probability as a function of the reduced velocity £. Experimental values: Cu: o Andersen et al f 13 ]; Al: D Chemin et
al [19); Ar: a present results. Calculated values: full curve:
straight line trajectory SCA results, chained curve: straight
line trajectory SCA results not including recoil Anüersen et
al [ 13J ; • - •: hyperbolic trajectory SCA results Paüli and
Trautmann [18] .
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results and also between experiment and theory. The values for the
Bohr-parameter [6] are in our experiment 7.9 and 6.5 for resp. 500
and 750 keV protons so that there is some doubt about the validity
of the semi-classical picture for the trajectory of the incident
particle» as is used in the analysis. Also the error in the impact
parameter as given by quantum-mechanics (see eq. (3)) is of the
order of 20% in our case.
A second possible reason for the discrepancy between the results of the various experiments is the target thicknesses used.
For solid targets of some 100 yg/cm2 the probability of small angle
collisions with K-shell ionisation accompanying collisions with
scattering over large angles is of the order of 10-20% [ 29 ]. Further
experiments over a larger velocity range and including other elements is needed to clarify the results.
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Chapter III

THE USE OF A RETARDING FIELD ELECTRON SPECTROMETER IN ION-ATOM
COLLISION EXPERIMENTS

Abstvaat - A spectrometer, which consists of retarding field grids
and a post-monochromator, and which is constructed to detect electrons emitted into the backward hemisphere in ion-atom collisions,
is described. The construction is such that the impinging ion-beam
passes through the spectrometer before colliding with the targetfoil. The experimental line width (FWHM) for monochromatic electrons is 6-8 eV in the energy-range 150-800 eV. An account of the
performance of the spectrometer is given; the results of a measurement of Auger-electrons in coincidence with back-scattered protons
in experiments on carbon foils are presented.

1. Introduction
The detection of electrons, emitted in ion-atom collisions, is
an essential part of the study of innershell excitation processes.
Both the secondary electrons ejected in the ionisation and the
Auger-electrons originating from the decay of the innershell vacancies are of interest. The energy and angular distributions of these
electrons can be studied under single collision conditions in experiments where ions impinge on gas targets. Results have been reported, for instance for 50-1700 keV protons on hydrogen, helium,
methane, molecular nitrogen and other gasses, by several authors
[1-4 ]. When the measured distributions are compared with theoretical calculations, such as have been performed by Rudd et al [ 4 ],
within the Born-approximation and the binary encounter theory, and
by Choi and Merzbacher [5, 6] within a first-order time-dependent
perturbation theory, good agreement has been found.
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When the production of electrons from solid targets is studied,
the effects on these electrons of the stopping power and of large
angle scattering, and also of the production of tertiary electrons
in ionising collisions of these electrons on their way out of the
foil, have to be taken into account. Folkmann et al and others [ 7-10
have shown that, with the appropriate corrections for the above
mentioned effects, their measurements of the production of electrons
from carbon, aluminum and gold foils bombarded by protons and heavier ions are reasonably well explained by calculations within the
binary encounter theory.
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Although in all these experiments cross sections are measured,
which are differential in energy and angle of the electron, the
yield of electrons is still high, because all possible impact parameters of the ion-atom collision are studied simultaneously. So
the luminosity of the electron spectrometer, which is the product
of the area of the entrance slit, the solid angle viewed by the
slit and the transmission of the spectrometer, is not important.
For experiments where one is interested in a small range of impactparameters the luminosity becomes of major importance because the
cross sections for collisions corresponding to these impact parameters, and therefore the probability to detect electrons originating from these selected collisions, can be very small.
The use of electron spectrometers with a cylindrical geometry,
such as used by Toburen [ 1 ], have the advantage of a high luminosity, because of the large solid angle which they view. When there
exists a cylindrical symmetry around the axis along the incoming
ion in an ion-atom collision, the solid angle viewed by these detectors can be even larger. For an axis pointing away from the
collision point an angle e can be defined as the angle between this
axis and the beam-axis, and an angle <e as the angle over which this
axis is rotated around the beam axis from a certain initial position. The symmetry is then defined through the independence of the
process studied in the collision on the v>-angle. When the spectrometer is aligned along the beam axis the complete v>-angular range
is viewed for a specified-angle e, obtaining the maximum solid
angle possible. This positioning has already been used in electronatom collisions [11 ]. It can both be used for forward and backward
6-angles. In the latter case the electron gun is placed inside the
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spectrometer. In ion-atom collisions Folkmann et al [7] used this
positioning of their spectrometer for detecting electrons at forward e-angles with respect to the incoming ion-beam. For backward
8-angles this positioning along the beam axis has not been realized
in ion-atom collision experiments, because of the difficulty to
guide an ion beam through a cylindrical mirror analyser without disturbing the electrical fields. Such a disturbance would
affect its energy resolution, and with that its usefulness in ionatom collision experiments, adversely. An exception however is the
case where radioactive sources are used to produce an ion-beam, as
has been done by Pferdek'ampfer and Clerc [8, 9 ] for a-particles and
fission-particles. By placing the source inside the spectrometer
their device was still able to detect electrons at backward 6-angles
over the full v-angular range. Toburen [ 1 J though had to align his
spectrometer along the other axis, the e-axis instead of the beamaxis, and therefore restricted the solid angle viewed. In this way
the ion-beam was able to pass the spectrometer and still hit the
target, when the spectrometer measured electrons at backward 6angles with respect to the beam.
Other electron spectrometers which have a large luminosity are
the analysers that use target-surface imaging instead of entranceslit imaging as has been pointed out be Helmer and Wiechert [ 12 ].
Luminosity, however, is then traded for angular resolution. The
above mentioned idea is used in the designs of retarding field
analysers with post-monochromators, such as have been"proposed by
Huchital and Rigden [13, 14] and Staib [15-17]. Retarding field
analysers have in addition the advantage that the above mentioned
cylindrical symmetry around an incoming beam in a collision experiment can be used. The retarding field is usually generated between
two grids. Electrons produced in ion-atom collisions can enter the
field region through the first mesh at any 6-angle and any <P-angle
with respect to the incoming ion-beam. The e-angular range accepted
can simply be defined by entrance slits without changing the energy
resolution of the spectrometer. The energy resolution of these hybrid spectrometers is solely determined by the post-monochromator.
Staib and Dinklage [ 17] have shown with calculations of the electron trajectories in their post-monochromator, that electrons of a
certain energy can be focussed on a slit, independent of the angle
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with which the electrons entered the spectrometer. The energy resolution varies only slightly with the energy that the selected electrons have in the post-monochromator.
The performance of the prototype built by Staib and Dinkelage
[17] has confirmed their predictions. The spectrometer is a combination of a set of concave retarding field grids and a post-monochromator i which consists of a cylindrical electrostatic mirror
and a set of focussing grids. The latter grids focus the electrons
that have passed through the above mentioned slit on an electron
detector. The spectrometer has similar characteristics as a cylindrical mirror analyser with a slightly lesser angular resolution
and energy resolution, but it can cover a larger angular range
without losing its energy resolution.
In this paper a spectrometer is described which is a slightly
modified version of the one built by Staib [17 ]. It allows an ion
beam to pass through the spectrometer at a small angle with its
symmetry axis. In this way it is possible to detect electrons emitted in the backward hemisphere in ion-*tom collisions, making use
of the above mentioned cylindrical symmetry around the beam-axis.

2. Description of the apparatus
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A schematic drawing of the experimental set-up to measure
electrons emitted into the backward hemisphere in ion-atom collisions in a solid target, is shown in fig. 1. The incoming ion-beam
with a diameter of 0.3 mm is directed through a 10 cm long tube.
This tube, which has a diameter of 3 mm is situated in the middle
of the spectrometer at an angle of 10° with its axis. The targetfoil is placed at the focal point of the electron spectrometer which
is constructed according to a design by Staib [ 15-17 J. It consists
of three parts, which have their special function in the energy selection of the electrons.
The first part is a set of two sperical grids (1 and 2) with
radii of, respectively, 4 and 5 cm, and a common focal point at the
targetfoil (b). The grids, like all other grids in the spectrometer,
are made of gold-plated molybdenum mesh, with a wire diameter of
0.1 mm and a mesh-size of 1.5 x 1.5 mm resulting in a transmission
°f 87% each. The electrons enter this first part of the spectrome-
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Figure 1. Schematic drawing of the electron spectrometer as
used in ion-atom collisions.
a. incoming proton-beam
b. target-foil

c. back-scattered protons
d. electrons

1.
2.
3.
4.
5.
6.

7. screens for secondary electrons
8. channeltron
9. surface barrier detector
mesh
solid material

grounded entrance grid
retarding field grid
cylindrical mirror grid
slit element
focussing grid
shield grid
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ter through a circular aperture that covers, seen from the targetfoil, e-angles between 135°-175° and 80% of the «^-angular range.
The angles are defined just as in the introduction with respect to
the axis of the incoming beam. A total solid angle of about 0.2
sr is viewed by the spectrometer. When a negative voltage is
applied with respect to grid (1)» which is grounded, electrons experience a retarding electrical field between the two grids. This
set of grids therefore acts as a high-pass filter. In the following
all voltages will be given with respect to this retarding voltage.
The second part of the spectrometer, the central section, consists of a cylindrical grid (3). It has a diameter of 8 cm and a
length of 4.5 cm. The central region is terminated by a spherical
stainless steel plate (4) with a radius of 4 cm. In the plate there
is a circular slit with a radius of 2 cm, and a width of 0.5 cm.
When a negative voltage with respect to the retarding voltage on
grid (2) is applied to the cylindrical grid (3), electrons with a
certain energy are focussed into the slit; the slit element is held
at the retarding voltage. Numerical calculations of the trajectories
of the electrons in this part of the spectrometer by Staib and
Dinklage [ 17 ] have shown that the FWHM of the distribution of the
electrons that pass through the slit is only several eVs. The tube,
through which the ion-beam passes, and which is situated as shown
in fig. l, is kept at the retarding voltage. In this way the electrical field in the central part is hardly disturbed. Because the
cylindrical mirror together with the slit element behaves as a lowpass filter, the combination of the first and the second part of the
spectrometer acts as a band-pass filter. This hybrid spectrometer
- the combination of a retarding field analyser with a large entrance aperture and a cylindrical mirror - gives an optimal luminosity for electron detection.
To improve the luminosity even further a third part is added
to the spectrometer. It consists, next to the slit element (4), of
a spherical focussing grid (5) with a radius of 3.5 cm and a shielding grid 6 with a radius of 1.5 cm. All the last three elements
have the same focal point. In this focal point an electron detector is placed. Although the cylindrical mirror focusses electrons
with the same energy into the slit, these electrons do not necessarily have the same direction as they pass through the slit, as the
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numerical calculations of Staib and Dinklage have also shown. A
focussing electrode (5) is therefore necessary to get all the electrons that pass through the slit into the electron detector; a
positive voltage with respect to the retarding voltage is applied
to this grid. This focussing grid does not influence the experimental linewidth for monochromatic electrons. This width is completely determined by the FWHM of the energy distribution of the
electrons that pass through the slit element (4). The calculations
of Staib and Dinklage [ 17 ] estimate the width of this distribution as;
(1)
They also* calculate that the electrons that have passed through
the retarding field, and are subsequently focussed into the slit,
have an energy E in the central part of spectrometer of:
E = 1.4 eV ,
mirror
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(2)

Together with the retarding field voltage the voltage on the
mirror determines the energy of the electrons which are detected
by the spectrometer; this energy is given by the sum of the two
taking into account eq. (2) for the mirror voltage.
A major problem in scattering experiments, especially ionatom collision experiments involving electron spectrometers having
a large opening solid angle, is the probability that scattered
particles can enter the spectrometer and hit solid material, ejecting secondary electrons. Since these electrons have a random direction compared to the electrons which enter the spectrometer from
the target, they will not respond correctly to the energy-analysing
proporties, and therefore cause a background signal. Since the electrons coming from the target have a definite energy according to
eq. 2, a negative voltage on the shield grid (6) with respect to the
voltage on the slit element (4) can be chosen, which prevents secondary electrons produced in the central region of the'spectrometer
from reaching the electron detector, while the electrons produced
in the target pass through the grid.

As electron detector a channeltron is used, whose frontend is held at a positive voltage of 180 V to get an optimal detection sfficiency. The whole spectrometer is encased in a grounded metal cylinder. To prevent secondary electrons, which are produced when scattered ions hit this cylinder, from reaching the
channeltron little screens (7) are positioned along the walls of the
spectrometer (see fig, 1 ) . The entire experimental set-up is surrounded by Helmholtz coils to compensate the earth magnetic field
to values of the order of 15 mOe.

3, Testa with a tungsten cathode
The performance of the spectrometer was tested with electrons
emitted by a heated tungsten cathode. The cathode was placed in

x10
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E #l (eV)
Figure 2. An electron energy spectrum as measured with the
spectrometer. The electrons are emitted by a tungsten wire and
are accelerated by 201 V. The spectrometer was set to a fixed
mirror voltage (38-5 V) and the spectrum was measured by scanning the retarding field on grid 2.
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the focal point of the spectrometer and a negative voltage was
applied to i t to accelerate the electrons towards the grounded
entrance grid. The pressure in the vacuumchamber in which the experimental set-up was placed, was 10""G Torr during the t e s t s . Tlie
energy spectrum of the electrons as measured by the spectrometer,
when a voltage of 201 V was applied to the cathode i s shown in
fig. 2. During the measurements the mirror voltage was kept constant at 38.5 V, while the retarding voltage on grid (2) was varied.
All the measurements were performed with the ion beam tube in i t s
place. The energy calibration of the spectrometer was checked with
the aid of the shield grid (6) in the following way. Measuring the
electron signal for a fixed value of the retarding voltage, the
shield voltage was increased untill the electron signal disappeared.
This value of the shield voltage and the retarding voltage added
up to the value of the acceleration voltage. In this way i t was

Figure 3. The calibration of the cylindrical mirror giving the
energy of the electrons, focussed on the s l i t element (4) in
the post-monochromator, as a function of the cylindrical mirror
voltage on grid 3. The full line i s the calculated relation
E e l = 1 . 4 eV nlirror [17 J. Arrow: mirror voltage choosen In the
experiment.
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also possible to callibrate the relation between the energy of the
electrons which they have in the post-monochromator, and the voltage
of the cylindrical mirror. The results are shown in fig. 3. The
full line drawn through the measured points agrees with the relation given in eq, (2) which was calculated by Staib t17 ].
The limitation of the energy resolution of the spectrometer
is given by the properties of both the post-monochromator and the
retarding field analyser. Staib has calculated the contribution of
the post-monochromator to the limitation of the experimental width.
This limitation is caused by the finite spread in the energy of the
electrons that enter slit (4). Its dependence on the mirror voltage
is given in eq. U ) , The experimental line width (FWHM) for monochromatic electrons for our spectrometer, as measured in the tests,
as a function of the mirror voltage, is shown in fig. 4. At the
highest mirror voltage the experimental result is roughly in agreement with the calculations of Staib.
1
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Figure 4. The experimental line width AE (FWHM) measured for
(monochromatic) electrons from a tungsten wire, for a fixed
primary energy of 201 eV, for various mirror voltages. AE is
determined by varying the retarding voltage on grid 2. Arrow:
mirror voltage choosen in the experiment.
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For low voltages a second contribution to the linewidth, which
consists of several factors, dominates the resolution: the inherent
spread of about 0.5 V in the energy of the electrons emitted by the
cathode certainly contributes. Also, lower mirror voltages correspond to lower energies for the electrons in the central region, which
therefore are more influenced by stray magnetic fields. At these
low electron energies the mesh of the retarding grid also influences the linewidth. Both Huchital and Rigden [ 14 ] and Staib [15,
17 ] have calculated the deflections which electrons that pass
through a retarding grid can experience. The deflections are due
to the potential field deformations around the edges of the holes
in the mesh and depend on the mesh-size and on the local potential
field-strength. Each hole can be considered to be a little lens
with aberations at its edges. It is therefore clear that with a
fixed mesh-size the deflections depend on the retarding field
strength. Huchital and Rigden have calculated these effects and
show an increase in the experimental linewidth for monochromatic
electrons when a large retarding field strength is used resulting
in slow electrons in the post-monochromator.
All the energy distributions of electrons, as measured by the
spectrometer, were determined by varying the retarding field grid
voltage at a fixed setting of the mirror voltage (38.5 V) of the
spectrometer. Therefore, for increasing energies of the electrons
increasing retarding field strengths were used. Consequently t.he
width is expected to increase for higher electron energies. Our
measurements, as shown in fig. 5, show this increase, which is in
accordance with above mentioned calculations.
It is also found, in accordance with Staib [15-17], that the
position and the size of the source do not influence the energy
resolution when varied by a few mm.

4. The performance in ion-atom collision experiments
The spectrometer was further tested with electrons produced
in the bombardment of a 2 ug/cm2 carbon-foil by protons of 500 keV.
The protons, produced with a 1-MeV Van de Graaff generator, were
directed through the tube in the spectrometer onto the targetfoil,
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200
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Figure 5 . The experimental linewldth AE (FWHM) measured for
(monochromatic) electrons from a tungsten wire, at various
energies, with the spectrometer s e t t o a fixed mirror voltage
of 38,5 V. AE i s determined by varying the retardlnq voltage
on grid 2.

as described in section 2 and shown in fig. 1.
As has been mentioned before secondary electrons are produced
inside the spectrometer, when protons, scattered into the spectrometer, hit the grids or other solid surfaces. With the shield
grid (6) these background electrons can be prevented from reaching
the electron detector. To determine this background the electronsignal was measured as a function of the shield voltage for a fixed
setting of the spectrometer to an energy value of 240 eV. This
setting was obtained with a retarding field voltage of 187 V and
a mirror voltage of 38.5 V. Plotting the f i r s t derivative of the
electron signal against the shield voltage shows the energy d i s t r i bution of the electrons entering s l i t element (4). The result i s
shown in fig. 6. A clear peak at 53 eV is seen corresponding to
the electrons focussed into the s l i t by the mirror according to
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Figure 6. The kinetic energy spectrum of the electrons which
pass through the slit of element 4 of the post-monochromator.
The distribution is determined by differentiating the integral
electron signal, which is measured as a function of the shield
grid (6) voltage. This voltage is set in the experiment to
transmit electrons with an energy above 47.5 eV (as indicated
by the arrow).

the calibration given in fig. 3. The width of the peak (6 eV) is
in agreement with the value found for the width in the tests with
the tungsten cathode (see fig. 4 and 5 ) . In the energy distribution
in fig. 6 a background is visible below 15 eV. The background becomes larger for lower energies, which indicates that these electrons have been produced by particles hitting the grids or other
solid surfaces in the central region of the spectrometer. To minimize this background, and other problems due to stray magnetic
fields, we choose 38.5 V for the mirror voltage and 47.5 V for the
shield voltage for the rest of the experiments with the proton
beam.
The energy spectrum of the electrons produced by 500 keV protons bombarding a thin carbon-foil is shown in fig. 7a. The peaks
corresponding to the KLL Auger-electrons of carbon and oxygen are
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Figure 7. The Auger electron spectrum from a 2 pg/cm2 C-foil
bombarded by 500 keV protons, (a) Direct measurements, (b) The
intensity is multiplied by the energy E to show more clearly
the onsets of the Auger electrons. The arrows correspond to
Auger electrons of c(KLL): 271 eV; O(KLL): 503 eV [ 191 .
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clearly visible. In interpreting this spectrum one has to take
into account the stopping power and multiple scattering experienced
by electrons produced in foils before they can leave this foil.
Also the production of tertiairy electrons will influence the shape
of the spectrum. Considering that the range of 200 eV electrons is
about 10 8 t 18 ], it is easily understood that the Auger-lines are
broadened and shifted towards the low energy side. To show more
clearly the onsets of the KLL-lines of carbon and oxygen the spectrum is multiplied by the energy as shown in fig. 7b. The onsets
are observed at the expected energies of 271 eV respectively 503 eV
[ 19 ], Our results are comparable with those obtained by Oda et al
[10 1.
The backscattered protons are detected by a surface-barrier
detector centered at a scattering angle of 125° (see fig. 1 ) ,

xiO

-100

100
t (nsec)

Figure 8. Time spectrum of coincidences between 240 eV electrons (AE el = 6 . 5 eV) and protons backscattered from 1 2 C . The
primary energy of the protons was 500 keV; the FWHM of the
spectrum is 13.5 nsec.
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covering a solid angle of 0.25 sr. With a time-to-amplitude converter and a pulse-height analyser coincidences between electrons
of 240 eV and backscattered protons were measured. The time speci trum is shown in fig. 8. ft clear coincidence peak, indicating the
simultaneous production of an electron and the backscattering of a
proton f can be seen around t = 0 with a width of 13.5 nsec. This
width is mainly due to the speed and the path differences for the
electrons inside the spectrometer. The setting of the spectrometer
is such that the electrons have an energy of 53 eV inside the ana-*
lyser. The path differences are of the order of 1 or 2 cm on a
total of 15 cm. The resulting time jitter in the arrival of the
electrons at the channeltron together with the electronic timejitter of the detectors and associated electronics accounts fully
for the observed width of the coincidence peak.
Since the ratio of Auger-electrons to secondary electrons is
a maximum at backward angles with respect to the incoming beam the
spectrometer is, due to the above mentioned reasons, very useful for
experiments detecting Auger-electrons in coincidence with scattered
protons.

5. Conclusions
The electron spectrometer, described in this paper, makes it
possible to measure secondary electrons produced in ion-atom collisions in the backward hemisphere, because it is possible to guide
an ion-beam through the center of the analyser. The large solid
angle covered, resulting in a high luminosity, and a tair energy
resolution, make its performance comparable with a cylindrical
miror analyser.
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Chapter IV

EXPERIMENTAL EVIDENCE FOR THE INFLUENCE OF INNERSHELL IONISATION
ON RESONANT NUCLEAR SCATTERING
Abstract - Coincident measurements on 1 2 C of KLL Auger electrons
and backscattered protons at 125° show that the K-shell ionisation
probability varies over the 461-keV s-wave resonance. The data are
explained through a change in the phase shifts for simultaneous
ionisation and scattering, due to the dipole ionisation amplitude.

In heavy-particle collisions with zero impact parameter and
at sufficient energy, atomic excitation and ionisation processes
may occur simultaneously with nuclear reactions. In such cases
the two kinds of processes influence each other by different mechanisms. A simple example is the broadening and shift of a nuclear
scattering resonance as observed in the formation of the 8 Be compound nucleus in a-scattering on He [ 1 ], which are caused by energy
loss in atomic processes, usually, however, the influence of atomic
excitation or ionisation processes is small so that this influence
on the nuclear reaction is hardly detectable. In order to study
the mechanisms of interaction it is then necessary to perform
coincidence measurements by which the simultaneous atomic and
nuclear events are selected for observation. Such a measurement
has been performed for the case of the 3.15l-MeV resonance in proton scattering on 5 8 Ni [ 2 ]. The difference between the simultaneous
events and the single-nuclear events was explained by "time delay"
connected with the nuclear resonance that leads to a phase shift
between the two coherent amplitudes for K-shell ionisation before
and after the nuclear collision. Although the main features of the
observed resonance structure for the combined nuclear and atomic
events could be explained in this way, there remained a significant
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discrepancy which was quoted as not understood and which therefore
suggested that some other mechanism may be involved.
To search for such a mechanism we have performed similar
measurements on the 461-keV resonance in proton scattering on 1 2 C .
This system was chosen because the effect of "time delay" is negligible [3, 4 J. The energy loss due to K-shell ionisation is much
smaller than the width of the resonance (38 keV). Here we report
our results which indeed prove the existance of another mechanism.
We propose that it can be identified as the effect of the dipole
and higher-multipole amplitudes for K-shell ionisation.
At low energies - particle velocities of Z 2 a.u. (Z2 being
the target atomic number) - the monopole and dipole amplitudes
(Al = 0 or 1) are the main contributions to the K-shell ionisation
probability [ 4 ]. For total ionisation cross sections the possible
change in angular momentum of the projectile will not be important.
The angular momenta involved in the projectile scattering can be
as large as 200n [ 5 ]. For low-energy nuclear scattering, where only s-wave scattering is important, it has been argued before that
the dipole and higher-multipole ionisation amplitudes may have an
influence on the interaction [ 6 ]. It has also been calculated that
these effects will not easily be seen in purely elastic scattering
[7, 8 ] . We will demonstrate that it may be possible to observe the
influence of dipole and higher-multipole amplitudes by comparing
nuclear s-wave resonance shapes corresponding to scattering with
and without simultaneous K-shell ionisation.
The measurements on K-shell ionisation in coincidence with
elastic proton scattering on 12 C near the 461-keV s-wave resonance
(9 ] were performed with a 1-MeV Van de Graaff generator, which had
an energy resolution of 500 eV. The target, a 2-pg/cm2 self-supporting natural-carbon foil (> 99% 1 2 C ) , had a stopping power of
2 keV. Both values, the stopping power and the resolution, are
sufficiently small compared with the width of the resonance so
that the shape of the resonance J s not distorted.
Scattered protons were detected by a surface-barrier detector
centered at a scattering angle of 125°, covering a solid angle of
0.25 sr. The energy resolution of the detector was about 50 keV.
K-shell ionisation was identified by the KLL Auger electrons. In
this way an optimal detection efficiency for ionisation was ob-
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tained, because K-shell holes of carbon decay for more than 99%
by Auger electrons. To ensure the best possible ratio of Auger
electrons to secondary electrons, detection was done at backward
angles with respect to the incoming protons. The proton beam, with
a diameter of 0.3 nun, was directed through a 10-cm-long tube (diameter 3 nun), through the center of a specially designed electron
spectrometer (see chapter III),
The spectrometer consisted of a combination of a retarding
grid and a cylindrical mirror analyser with a channeltron as the
detector. A circular aperture, with its center directed at 170°
with respect to the beam, covered 175°-l4 5° in e and 80% of the f
range. The resulting solid angle was about 0.2 sr. The spectrometer
showed an energy resolution of 7 eV, independent of the electron
energy, and a transmission of about 40%. Since in our experiment
a foil is used instead of a gaseous target, the KLL Auger peak is
slightly shifted and smeared out with a tail to the lower-energy
side. Electrons from deeper layers than the surface will have lost
energy. In the coincidence experiment a fixed setting of the spectrometer at 250 eV was chosen.
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Coincidences between protons and electrons were recorded with
a time-to-amplitude converter and a pulse-height analyser. A time
resolution of 12 nsec full width at half maximum was obtained.
Typical count rates of 50-100 protons/sec and * 3000 electrons/sec
with beams of * 150 pA resulted in a real-to-random coincidences
ratio of 1:1 in a 30-nsec time window»
A yield curve of backscattered protons as a function of the
energy of the incoming protons is shown in Pig. l(a). Since the
probability for K-shell ionisation along any trajectory is small
compared to 1, this curve represents nuclear scattering without
simultaneous ionisation. The energy dependence of the noncoincident
electron rate was found to be constant within 3%. This can be understood for two reasons: (i) The K-shell ionisation cross section
for "noncentral" collisions is almost constant in our proton-energy region; (ii) the contribution to ionisation from "central" collisions is small because the main contribution to K-shell ionisation comes from large impact parameters. The constancy with proton energy of the noncoincident electron rate was used to correct

s
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for the decreasing gain of the channeltron during the experiment.
The backscattered protons measured in coincidence with Auger
electrons show a similar energy dependence as the protons without
simultaneous ionisation. To bring out the difference, the ratio of
coincident to single proton scattering events is plotted in
Pig, l(b). Each measurementi with a total running time of about
24 h, consists of several runs and represents 100-500 coincidences
depending on the primary energy.
To interpret our results we want to make an Anaats which incorporates the influence on the nuclear scattering with simultaneous ionisation of both the resonance width and other possible
mechanisms. To achieve this aim, we will formulate expressions for
both the yields of backscattered protons with and without simultaneous K-shell ionisation in terms of proton-scattering amplitudes. The ratio of the two expressions will represent the ionisation probability at a specific scattering angle. This expression
differs only from the usual way of expressing an impact-parameterdepandent ionisation probability through the fact that the resonant-projectile-energy dependence has been explicitly taken into
account.
We will first analyse the energy dependence of the yield of
single backscattered protons. The two scattering amplitudes involved, the Coulomb amplitude and the resonant amplitude, will add
coherently [ 10 ]:
I s = Ni|-Y[2k sin 2 (8/2) T 1 exp{-£ Y ln[ sin 2 (9/2) ] + 2ia0] +
;".'
i:

V.
ï
I

+ k" 1 sinfi exp(ifi + 2iao)\z

(1)

with Y = Z!Z2e2/hv, a 0 = argr(l + iy), S = tan~1[r/2(Er - E) ]
(where E r = 461 keV, r = 38 keV), Ni the normalisation constant,
and k the wave number.
We modify Eq. (1) to include direct nuclear scattering. Since
this scattering is mostly s-wave and slowly varying with energy,
we separate from the addition of the coherent amplitudes the 1/E
dependence of the Coulomb scattering amplitude. The direct nuclear
scattering is included in the free parameters C and <p:
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Figure I. (a) Elastically scattered protons from 12 C measured
at B s c a t a 125°. The data are fitted with the expression given
by Eq. (2). (b) The ratio of the yields of backscattered protons with and without a coincident electron normalised to unity
(off the resonance at 550 keV). The data are fitted with the
expression given by Eq. (4).
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I = Njk" 2 ^ expiv + sinfi exp£«|2 = N2E~2 11 + C"1 sinö expÜ(6 - f) ]| 2 . (2)
A fit of the data with Eq. (2) gives the following values for the
two parameters; C = -0,75 + 0.01 and f - 0.45 ± 0.01 rad. For pure
Coulomb scattering C c = -y(2 sin 2 e/2)" 1 = -0.89 and <PC - -Y ln(sin2 e/2) = +0.33. The difference between the fitted and
the calculated values confirms that direct nuclear scattering is
present in this energy region. Phase-shift analysis shows that the
phase shift does not completely change by it over the resonance [ 9 ].
Including the effect of energy loss due to K-she11 ionisation,
we deduce from Eq. (2) the following formula to analyse the coincident data, which correspond to scattering with simultaneous
ionisation:
I c => N3E~2|2 + D-^exp-ie] [sin6(E') expifi(E') + sinfi(E) expifi(E) ]| 2 ,

(3)

where E' = E - E., with E being the proton energy and E. being the
K-she11 binding energy. D and 6 account for the size and the phase
of the Coulomb amplitude with respect to the resonant-scattering
amplitude. They are used as free parameters to incorporate the
possibility of a different interference between Coulomb scattering
and resonant nuclear scattering, when ionisation is present. The
resonant scattering amplitude is split into two parts corresponding to ionisation before and after compound-nucleus formation.
An expression for the ratio of scattered protons with and
without simultaneous ionisation is obtained by combining Eqs. (2)
and (3):
^ 2 + D-Hexp-ie] t sinfi (E1) expi6(E') + sin6(E) exp£6(E)]|2
|l + C-1 sin6(E) exp£[6(E) - <p\\2

. (4)

The fit of the measured ratio with formula (4) is shown in
Pig. l(b); only D and ¥> are varied while C and e are determined
from the fit of the singles yield with formula (2). The following
values are found: D = -0.62 ± 0.05 and e = 0.20 ± 0.06 rad. The
inequality of the parameters D and c and of the parameters e and
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if, respectively, shows that the Coulomb scattering and the nuclear
resonant scattering interfere in a different way for the case with
and without simultaneous K-shell ionisation.
We conclude, therefore, that the phase change observed is due
to the influence of dipole and higher-multipole ionisation amplitudes, causing angular momentum exchange, on the combined process
of innershell ionisation and the scattering of the ionising particle from the nucleus. This influence manifests itself through the
change of the impact-parameter-dependent ionisation probability in
the neighbourhood of a nuclear scattering resonance; or, formulated in a different way, in the change of the shape of a nuclear swave resonance when measured with or without simultaneous K-shell
ionisation. In the study of time-delay effects in compound-nucleus
formation, this effect should be taken into account.
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Chapter V
DOUBLE RESONANCE STRUCTURE IN THE ENERGY DEPENDENCE OF THE
SIMULTANEOUS PROCESS OF 2 7 A1 (p, a) Z^Mg NUCLEAR REACTION AND
ATOMIC INNERSHELL IONISATION
Abstract - A double resonance structure is observed for the
1183.3 keV 2 7 A 1 (p,a) 2**Mg resonance reaction, when measured in
coincidence with 1350 eV electrons ejected in the collision, The
second resonance, shifted by 2 ± 0.2 keV, is attributed to protons that have ionised a K- or a L-shell before reacting with a
nucleus. The ratio of the maximum yields of the two resonances
can only be qualitatively understood. It was not possible to determine the contribution from simultaneous nuclear and atomic processes within the same atom.

1. Introduction
Simultaneous atomic and nuclear excitation in a collision between two particles is an example of a combination of two processes,
which at first sight seem to be completely independent of each
other. Especially since two different forces are involved, when nuclear Coulomb excitation is disregarded. In the following,atomic
excitation will be understood to be innershell ionisation and nuclear excitation to be compound nucleus formation.
When considering a nuclear excitation, where the incoming
particle is identical to the outgoing particle, it is possible
within the semiclassical description for this particle,to divide
the trajectory in two, one part before and one part after the nuclear excitation. The most natural assumption in this case would
be that the ionisation probability for each part of the trajectory
is half the full probability for ionisation. To check this assumption the ionisation has either to be measured for a projectile
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that is absorbed by the nucleus (see chapter V I ) , or it must be
studied in a reaction scattering process, which produces an outgoing particle different from the incoming one.
However several suggestions have been made that the processes
on the incoming and outgoing part affect each other. The "time-delay" due to compound nucleus formation, can influence the interference between the amplitudes for the atomic process occurring
before or after the nuclear scattering. In the case where the incoming and outgoing particle are identical, it has been predicted
both for bremsstrahlung [ 1 1 and K-shell ionisation [ 2 ], that the
effect is most pronounced when the energy loss of the projectile
is roughly equal to the inverse of the lifetime of the compound
nucleus. Experiments by Blair et al [ 3 ] and Chemin et al I 4 ] show
that the K-shell ionisation changes in magnitude across a resonance,
when measured in coincidence with the nuclear process. We have,
however, shown I 5 ] (see chapter IV) that the K-shell ionisation
also changes in magnitude across a resonance when the energy loss
is significantly less than the width (the inverse of the lifetime) of the resonance. We attribute this effect to angular momentum exchange in the atomic process, which influences the interference between the resonant nuclear scattering and the Coulomb
scattering of the projectile.
It is also of interest to study such processes in compound inelastic nuclear scattering. However,since many overlapping resonances
are usually involved in this case, it is not expected that the
time delay induced by the lifetimes of the separate states adds
phase factors to the amplitudes of the atomic process before and
after the nuclear scattering. Theoretically this has been treated
by McVoy et al [ 6 ].
Although X-rays emitted by atoms with compound nuclei have
been observed 17, 8 ] , it is not clear whether atomic processes before and after the nuclear reaction are influenced or not.
In view of the above mentioned arguments it is interesting to
study this problem in more detail. We present preliminary results
of an experiment measuring innershell ionisation simultaneously
with an isolated nuclear resonance reaction. The reaction was choosen such that: i) the incoming particle and the outgoing particle

!
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Figure I- The energy spectrum of particles observed in a solid-state detector, when
a 5 ug/cm2 27Al-target with a 5 yg/cm2 carbon-backing is bombarded with 1183 keV
protons. The particles, are observed at 125° with respect to the incoming beam.
Peaks are observed corresponding to protons back-scattered from carbon, aluminum
and argon and 2.2 MeV a-particles from the 27Al(p,a)zl(Mg resonance reaction.
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are different and have different energies, ii) the energy loss in
the ionisation is roughly equal to the width of the resonance,
iii) the angular momentum of the incoming particle and of outgoing
particle are different, and iv) besides the reaction there is no
other channel in the scattering process. The reaction studied is
the 1183.3 keV 2 7 A1 (p, a) z"*Mg resonance reaction. The results
have to be interpreted with caution because in experiments involving simultaneous nuclear and atomic reactions in solid targets it
is very difficult to prove that the two processes occur in the same
atom (see chapter VI) .

2. Experiment
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The experiment was performed with a similar set-up as used in
the measurements on K-shell ionisation in coincidence with elastic
proton scattering on 12C near the 461 keV resonance (see chapter
IV). The proton-beam was obtained from a 3 MeV v.d. Graaff generator, which had a resolution of 200 eV. As a target a 5 ug/cm2 thick
27
A1 layer was used which had been sputtered with argon ions
on a 5 ng/cmz carbon-backing. Heavy particles were detected at
125° with respect to the incoming proton-beam with a 400 mm 2 surface barrier detector that covered about 0.25 sr. The energy spectrum of the particles observed in the solid state detector, when
the target is bombarded by 1183 keV protons is shown in fig. 1.
Next to peaks corresponding to protons back-scattered from resp.
carbon, aluminum and argon, particles with an energy of 2.2 MeV
are present. These correspond to ot-particles from the 1183.3 keV
27
A1 (p, a) 2l*Mg resonance reaction. This reaction is exothermal
with a Q-value of 1.6 MeV [9 ]. For this reason the emitted a-particles are higher in energy than the back-scattered protons and
can therefore be distinguished from scattered protons.
To have a reasonable counting rate for the a-particles in the
experiment proton-beams of 5 nA were used. This current led, however, to a rather high probability for detection of two backscattered protons within the time resolution of the particle detector. The corresponding pulses are twice as high as the pulses
for single protons and therefore about equal to the pulses of a-
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Figure 2. The yield of the 1183 kev 27 Al(p, a )zl)Mg resonance
reaction for a 5 n/cm2 2 7 A1 target on a 5 ug/cm2 carbon-backintt
as a function of the incident proton energy. The full curve
represents a fit to the data with a Gaussian function to which
an exponential tail is added.
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particles. With the aid of a constant fraction discriminator the
u-particle count rate was optimised with respect to this background,
A measurement of the yield of the 2 7 Al (p, a) 2 4 Mg resonance
for a 5 yg/cm2 aluminum target on a 5 ng/cm2 carbon-backing is
shown in fig, 2. The data were fitted with a Gaussian function to
which an exponential tail was added. The result is given by the
full curve in fig, 2. The width of the curve (FWHM 2.1 keV without
the tail) is determined by i) the stopping power of the aluminum
part of the target for the protons (1800 e V ) , ii) the width of the
resonance reaction (r = 900 eV) [ 12 ], and iii) the energy spread
in the proton-beam (AE = 200 eV). The tail of the yield curve is
caused by energy losses due to innershell ionisation by the proton, before it reaches the nucleus (see chapter VI).
To identify innershell ionisation, electrons emitted in the
collisions of the protons with the target were detected. An electron spectrometer which consisted of a combination of a retarding
grid and a cylindrical mirror analyser with a channeltron as the
detector (see chapter III) was used. The proton beam with a diameter of 1 mm was directed through a 10-cm-long tube (diameter
3 mm), through the center of the spectrometer. The electrons entered the spectrometer through a circular aperture, with its center
directed at 170° with respect to the beam, covering 135°-175° in 0
and 80% of the v> range. The resulting solid angle was about 0.2 sr.
The energy resolution was 7 eV, almost independent of the electron
energy. The transmission was about 40%.
The electron spectrum, as obtained when the target was bombarded with 1183.3 keV protons is shown in fig. 3. The vacuum in
the target chamber was -v 10~ 9 Torr during the measurements. The
high vacuum is needed to prevent the build-up of any unwanted layer
on the surface during the bombardment by the protons. The solid
target causes the peaks to be slightly shifted and to have a tail
at the low energy side, because electrons coming from underneath
the surface of the target will have lost energy.
During the experiment electrons with an energy of 1350 eV were
measured simultaneously with a-particles. In this way a-particles
were selected, which came from a nuclear reaction accompanied by
ionisation processes. Both signals from the detectors were routed
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Figure 3. The Auger electron spectrum from an aluminum target
measured under the circumstances as described in the caption
of fig. 1. The arrows indicate the onsets corresponding to the
Auger electrons of C(KLL): 271 eV; O(KLL): 503 eV; Al(KLL):
1396 eV [11].
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through constant fraction discriminators and the coincidences were
recorded with a time-to-amplitude converter and a pulse-height
analyser. A time resolution of 13.5 nsec was obtained and the real-to-random coincidence ratio was always better than 10:1. The
electron count rate was about 500/sec and the a-particle count
rate ^ 2/sec.

3. Results
We have performed three series of measurements rf ot-particles
coincident with 1350 eV electrons. Each of them consists of results for five different proton energies. During each series only
the analysing magnet was tuned to set a different beam energy; all
other settings of the v.d. Graaff generator were left fixed. Every
different energy was set by increasing the current in the analysing
magnet in such a way that the NMR-value for the magnetic field increased with 3.5 kHz. This corresponds to an increase of 680 eV for
the beam energy with every step.It is well known that the absolute
energy calibration of v.d. Graaff generators is about 1 % O . On the
frequency scale of the NMR this means in our case 10 kHz or on the
beam energy scale ^ 1500 eV, while the resolution is 200 eV, as is
known from the yield curves of narrow resonance reactions. The nonreproducibility of this resolution on the absolute energy scale
is due to differences between the conditions in the source, the
focussing, the way the beam enters the analysing magnet and local
hysteresis phenomena in the analysing magnet.
For the above mentioned reasons great care has to be taken in
comparing the three series of measurements ( 1-A, 2-«, 3-°) . Both,
before and after each series a yield curve for the o-particles in
each series of coincident measurements were fitted with a Gaussian
function with an added tail, similar as shown in fig. 2. With the
aid of these fits it was possible to calibrate the energy of the
impinging protons in each series of measurements with respect to
the resonance energy. The accuracy of the energy calibration is
for series 1 and 3: + 200 eV and for series 2: + 400 eV.
Since for every series.a new target was used, in order to prevent unwanted contamination due to prolonged exposure to the pro-
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Figure 4. The yield of single a-particles in the three different series of coincident measurement of a-particles and electrons of the incident proton energy. The results are corrected
for the background of back-scattered protons in the solid-state
particle detector. The full curve represents a fit to the data
with a Gaussian function to which an exponential tail is added.
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ton-beam, the maximum yield of «-particles was not equal for each
experiment. Also the discriminator levels for the detectors were
set anew each time. Therefore each yield of single «-particles
during the coincidence experiment was corrected separately for background of double pulses and target thickness. The background was resp.
for series 1: 12.5%, series 2: 0.5%, and series 3: 30%. The target
thickness corrections with respect to series 1 were: series 2 20%, series 3 - 30%. The resulting yields of single a-particles
for all series of measurements are shown in fig. 4. The full curve
represents the result of a fit as described above.
The coincident data normalised to the incoming beam show a
double resonance structure. The lower resonance is positioned at
the place of the singles resonance, This resonance corresponds to
a-particle production coincident with electrons, which are produced
by the outgoing a-particle. The second resonance corresponds to aparticles which are coincident with an electron that is produced
by an incoming proton.
In the analysis of the coincident data different corrections
are needed. When measured in a quick scan across the resonance the
electron signal is constant within 1%. The coincident experiment
took 15 hrs. per measured point and therefore a correction for the
electron efficiency was needed. Mo corrections are needed for
target thicknesses because only electrons from the first 50 8 are
detected, so no real coincidences can originate from the deeper
layers of the target [ 10 ]. Real coincidences can however originate
from electrons, produced by protons back-scattered from aluminum.
The ionisation probability for these protons is twice as large as
the ionisation probability for the protons involved in the nuclear
reaction, because their trajectory through the atom is twice as
large. Tveter [ 12 ] has shown that the resonant variation for this
resonance in the back-scattering from aluminum is less than 10% at
the angle at which the particle detector is positioned. Therefore
an energy independent background subtraction was performed on the
coincident data, taking into account the above mentioned twice as
large ionisation probability. The results are shown in fig. 5.
The corrected data are fitted with two Gaussian functions.
Their width was taken equal to the width found in the fit to the
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Figure 5. The yield of a-particles which are coincident with
1390 eV electrons as a function of the incident proton energy.
The full curve represents a fit to the data with two Gaussians
to which exponential tails are added.
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singles yield. The position of the first peak was fixed at the resonance energy of 1183,3 keV. The ratio of the two peaks and the
energy difference between the two peaks were kept as parameters in
the fit. The energy shift was found to be 2.0 ± 0.2 keV and the
ratio between the first and second maximum 0.48 ± 0.05.

4. Discussion
The energy distance and the ratio of the maxima of the two resonances in the coincident data can have several origins. The
electrons with which the «-particles were measured in coincidence
have an energy of 1350 eV. As can be seen in the electron spectrum
in fig. 3, a large background of secondary electrons is present
underneath the aluminum KLL-Auger peak at 1350 eV. This means that
the coincident signal can have originated from sources suoh as:
i) a KLL Auger-electron emitted after a K-shell ionisation of
27

Al by a proton,
ii) a secondary electron emitted in L-shell ionisation of 2 7 A1 by
a proton,
iii) a secondary electron emitted in K-shell ionisation of 2 7 A1 by
a proton,
iv) a secondary electron emitted in L-shell ionisation of 2l|Mg by
an a-particle,
v) a secondary electron emitted in K-shell ionisation of 21*Mg by
an a-particle.
The probability that the electrons originate from other shells can
be neglected. Process i) involving an aluminum KLL Auger-electron
can never have occurred in the same atom, because the lifetime of
the K-shell vacancy is long compared to the lifetime of the compound
nucleus. All other processes can have either occurred in the same
atom or in different atoms. Only in the case that the nuclear and
atomic excitation happen in the same atom the processes can influence each other.
It is clear that in the cases i ) , ii) and iii) the proton has
lost energy, so the ionisation occurred before the nuclear reaction
leading to a shifted resonance. The non-shifted resonance consists
öf coincident events of the types iv) and v ) . The possible energy
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losses for the proton are i ) : 1560 eV, ii); 1470 eV and iii): 2910
eV. The contributions to the coincident data of these three processses will differ in magnitude. The experimentally observed shift of
2.0 ± 0.2 keV is in fair agreement with the energy losses of the
processes i) and ii), which thus give the main contribution to the
shifted resonance. The various contributions of the above mentioned
ionisation processes to the double resonance structure can be estimated with the calculations of the impact-parameter dependent ionisation-probabilities within the SCA-theory I 13 ]. Assuming half the
full probabilities for the trajectories to and from the nucleus,
central collisions, the ionisation probability for protons is
I w = 0.8 x 1O~ 2 , IT = 0.13 and for a-particles: IT = 0.85. Prom the
1/AE2 (AE = E B + E k i n , Efa - binding energy, E k i n - kinetic energy)
behaviour of the secondary electrons ejected from a certain electronic shell with binding energy E„, it can be concluded that the probability for producing an electron with an energy of 1350 eV in an
interval with a F.W.H.M. of 7 eV in L-shell ionisation of aluminum
or magnesium is only a few percent of the total probability. Therefore the contribution of secondary electrons ejected from the Lshell and of the KLL-Auger electrons to the coincident data is of
the same order of magnitude. Thus the contribution of aluminum KLLAuger electrons coincident with a-particles due to ionisation by
the protons, causes the shifted resonance to be larger than the
lower resonance. Further analysis of our data is needed to extract
information relevant to the study of the interaction between atomic
innershell ionisation and nuclear scattering.

5. Conclusion
It has been shown that shifted resonances can be observed in
nuclear resonance reactions, when a clearly defined energy loss
is selected to suppress the background of reactions with neglible
energy loss due to atomic excitation or ionisation before or after
the nuclear reaction occurs. In our experiment it was not possible
to select the ionisation process in such a way that quantitative
estimates of the ionisation probabilities involved could be made.
For this reason the ratio of the peaks of the double resonance
structure can only be understood qualitatively.
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Chapter VI

OBSERVATION OF ENERGY SHIFTS DUE TO K-SHELL IONISATION IN THE
REACTIONS

26

Mg(p,Y) 27 Al and

27

A1(p?y) 28 Si

Abstract - An energy shift, due to K-shell ionisation is observed
for the 1288 keV 26 Mg(p,y) 27 Al and the 992 keV 27 Al(p,y) 28 Si resonance reactions. The measured probabilities for K-shell ionisation
accompanying the reactions, are half the calculated SCA ionisation
probabilities for a full passage of the proton through the atom at
these resonance energies.

The symmetrical Breit-Wigner shape of the energy dependence
of the yield of y-rays from proton capture resonances in light
nuclei is always influenced by atomic collision processes. The
asymmetry of these yields has been calculated to arise from energy
losses due to excitation and ionisation processes in the atomic
electron shells of the target [1, 2 ]. A maximum in the yield just
above the resonance energy - the "Lewis" effect - [ 3, 4 ) is caused
by the discreteness of these losses. Both effects are dominated
by processes in the outershells of the atoms. Effects due to innershell ionisation have never been observed explicitly. In order to
study the influence of the innershell ionisation in detail we have
performed measurements on the 1288 keV 26 Mg(p,y) 27 A1 and the
992 keV 27 Al(p, Y ) 28 Si resonance reactions.
We report here - for the first time - the observation of (p,y)
resonances shifted in energy by energy loss, due to K-shell ionisation, for the incoming proton. The absolute probability for Kshell ionisation induced by a proton, before it is captured to form
a compound nucleus, can then be determined under such conditions,
that the nuclear capture and the atomic excitation occur in the
same atom with a likelihood of more than 99%. This probability, to
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produce a K-shell vacancy, is usually estimated by half the ionisation probability for close collisions, i.e. backscattering from
the Coulomb-field of the nucleus. We have tested the validity of
this assumption by comparing our results with known ionisation
probabilities for Rutherford scattering of protons at small impact
parameters. With the above mentioned assumption the lifetime of a
compound nucleus can be deduced from the lifetime of a K-shell
vacancy through the observation of X-rays, coming from the decay
of a K-shell vacancy in an atom with a compound nucleus ( 5-7 J.
Protons will lose energy, before they are captured in nuclei,
due to excitation and ionisation processes. The kinetic energy,
obtained by an ionised electron, has to be taken into account,
along with the binding energy, in calculating these energy losses.
The l/(Ei + E g ) 2 like energy dependence for these losses [ 8 j (EA
binding energy, E e = kinetic energy) results in a high-energy tail
for every yield curve of a (p,Y) resonance. This is even the case
for a target of a monolayer of atoms, where the ionisation processes occur in the same atom, in which the proton is captured by
the nucleus. For very thick targets, when the width of the resonance is much smaller than the energy loss due to the total stopping power of the target, the tail of the yield curve changes into
a steplike behaviour; this effect obscures any structure due to
ionisation of different shells. These structures should consist of
a rather abrupt jump at an energy loss equal to the binding energy
followed by a 1/(E^ + E ) 2 tail for the higher energy losses. For
targets of about 30 monolayers (« 1 ng/cm2 for 27 A1) the structure
due to innershell ionisation may show up, if the total width of
the yield curve caused by the width of the resonance, the experimental energy resolution and the energy loss due to the total
stopping power, is smaller than the binding energies of the innershells of the target atom.
It has been shown that for K-shell ionisat.lon only impact
parameters comparable to the K-shell radius coril^ibute to the
ionisation cross section [9 ]. This radius ao/2 2 (Z2 = target atomic
number, ao = Bohr radius: 0.5 x 10~ 8 cm) is small compared to the
interatomic distance (as 5 a 0 ) in solid targets. By detecting a ruclear reaction a selection is made for small impact parameters of

the proton with respect to the atom in which the nuclear reaction
occurs. Therefore in targets of about 30 monolayers the probability for a nuclear reaction in combination with K-shell ionisation
in the same atom is enhanced compared to the probability that the
ionisation occurs in an atom of another layer of the target. For
targets with an apparent thickness of a few monolayers the probability for occurrence of the two processes in the same atom is
more than 99%.
For target atomic numbers between 10 and 20 and for proton
energies of a few MeV the L-shell ionisation cross section is
about 10" 1 7 cm 2 , as can be seen from the work of Stolterfoht et al
[10 ]. When for a target of a few monolayers the nuclear reaction
does not occur in the first layer of atoms, the trajectory of the
proton towards the nucleus can also pass through the outershells
of other atoms. Therefore L-shell ionisation tends to obscure the
structure in the yield curve due to K-shell ionisation in these
targets. This structure can be optimally seen in experiments using
extremely thin targets or aligned crystals [ 11 ], which act like
monolayer targets. Care has to be taken that no contaminants are
present at the surface of the target, since for the above mentioned
reason ionisation processes in these atoms can also obscure structure due to K-shell ionisation.
Measurements on the 1288 keV 2 6 Mg(p,Y) 2 7 A1 and the 992 keV
27
Al(p,y) 28 Si reactions were performed with the Utrecht 3 MeV
Van de Graaff accelerator, which has an energy resolution of 200 eV.
This choice of resonances gives an optimal combination of resonance
strength, resonance width (as 100 eV) [ 12 ], K-shell binding energy
(resp. 1305 eV and 1560 eV) and a maximal K-shell ionisation probability [ 13 ] to study effects of K-shell ionisation. The energy
of the proton beam was varied with a computer controlled positive
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6 keV high-voltage supply, which was connected to the target. The
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accelerator was kept at a constant setting. The voltage was measured during the experiment with the aid of a voltage divider network. Through the use of several separate insulators it was possible to measure the total charge deposited on the target without
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any systematic deviation due to leakage currents from the supply
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to ground. The beam current used was about 10 uA. The y-rays were
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Figure 1. (a) The figure shows the summation of the yield of
the 1288 keV 26 Mg(p, Y ) 2 7 A 1 resonance reaction, as obtained
from 21 different targets (in 20 eV steps with total charge
2.52 mC for the main curve, and in 80 eV steps with total
charge 10.08 mC in the tail of the curve). Target thickness
< 0.1 ijg/cm2 on Ta backing, (b) The difference between the experimental data and a fit with an exponential (EK = K-shell
binding energy).
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detected at an angle of 60° by two Nal(Tl)-detectors (12.7 cm 0 x
x 12.7 cm) at 6 cm distance from the target. Spectra were registered on magnetic tape for every voltage and analysed off-line.
For the 26 Mg(p,y) 27 A1 resonance y-rays were selected between 7.5
and 10 MeV, for the 2 7 A 1 ( P , Y ) 2 8 S i resonance between 2,95 and 11
;

:

MeV. To prevent the formation of carbon deposits the target spots
were never exposed to the proton beam longer than 10 minutes (the
duration of a 5 kV scan in 20 V steps). The tail of a resonance
was measured by sweeping from a low to a high positive voltage.
The target materials were sputtered on 0.3 mm thick Tabackings and placed at 90° with respect to the beam in a vacuum of
10~6 torr. To observe the resonances, shifted due to K-shell
ionisation, we have performed measurements on extremely thin targets. The summation of the results for a set of 21 different targets for the 26 Mg(p,Y) 27 Al resonance and 18 different targets for
the 27 Al(p,f) 28 Si resonance are shown in fig. 1 and fig. 2 , respectively. No adjustment was made in the accelerator settings of voltage» focussing and magnet current, when one target was replaced
by another. The 26 Mg was enriched to 99.4%. The amount of material
on these targets can be estimated by comparing the maximuio of the
yield of the resonance with the maximum of the yield of thicker
targets of known thickness [ 14 ]. Monte Carlo calculations [15 ]
support the assumption that for very thin targets the extrapolation
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can be made linearly with the given resonance width and energy resolution of the proton beam. For a 1 ug/cm2 natural Mg target
(11.1% 2 6 Mg) the maximum was 750 counts per 600 yC, while for the
sum of the 21 different 2 6 Mg targets it was 2200 counts per 2.52
mC. For the 27 Al(p,y) 28 Si resonance it was 3800 counts per 130 uC
for a 1 vg/cmz target and 25500 counts per 6.48 mC for the sum of
the 18 different targets. This comparison indicates that the target thicknesses were of the order of or less than 0.1 ug/cm2, which
amounts to targets of two or three monolayers.
The tails of the yield curves for both resonances show a
little bump at an energy distance from the resonance peak equivalent with the respective binding energies. Because for all targets
the experimental conditions were the same, the consistency of the
result was easily checked by comparing different subgroupes of the
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Figure 2. (a) The figure shows the summation of the yield of
the 992 keV 27 Al(p, y) 2B Si resonance reaction, as obtained from
18 different targets (in 20 eV steps with total charge 270 wC
per point, and 80 eV steps and total charge 6.48 mC in the tail
of the curve). Target thickness < 0.1 ug/cm2 on Ta backing,
(b) The difference between the experimental data and a fit with
an exponential (ER = K-shell binding energy).
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sets of targets. The data heve been fitted with an exponential for
the tail of the resonance and a constant background, excluding a
1200 eV wide region around the bumps. The fit gave a reduced
X 2 = 1.5 value for the 2 6 Mg case and X 2 = 0.7 for the 2 7 A1 case.
The difference between the data and the fits is shown in fig. lb
resp. fig. 2b, While the resonance yield curves themselves have a
FWHM of 400 eV, the shifted peaks are clearly broadened due to
extra energy loss (26Mg FWHM: 680 eV, 27 Als 750 eV).
By dividing the contents of the shifted peaks by the contents
of the total resonance curves it is possible to determine the absolute K-shell ionisation probability I along the trajectory of
the incoming proton. We obtain the following values: for a 1?98 keV
proton on Mg I = (1.0 ± 0.2) * 10~ 2 , for a 992 keV proton on Al
I = (0.8 ± 0.1) x 10" 2 . Since the measurements were performed on
targets with an apparent thickness of a few monolayers of atoms,
the probability that the ionisation and the nuclear capture ocurred
in the same atom is more than 99%. The error in the ionisation probability due to statistics is 10% for aluminum and 15% for magnesium; the remaining error is due to the uncertainty of a few percent in the parameters of the fitted function.
Table 1. Comparison between experimental and calculated K-shell ionisation
probabilities. For the calculated values [ 19 ] a scaled impact parameter B
= b/aj. = 0.2 was used (b = impact parameter, a„ = K-shell radius). For the
lower energy data the discrepancy between experiment and theory is due to
the neglect of binding and Coulomb deflection effects.
I for Al
P
Experiment

SCA [ 19 ]

2

KOxlO"

(0.8 ±0.1)10"2

0.82xl0~ 2

2.0xl0" 2

(3.0 ±1.5)10~ 2

1.64x10"2

(0.65±0.1)10" 2

0.63xl0~ 2

(2.0 ±0.2)10~ a

3.3 *IO~3

I for Mg
SCA [ 19 ]

Experiment
2

present 1 MeV
(1.0±0.2)xl0~
(p> Y) reactions
1 MeV protons [17]
(5 ±2 )xlO~2
scattered over 8°
300 keV protons [16]
scattered over 5°
200 keV protons f 18]
scattered over 3
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In table 1 a comparison is given between experimental ionisation probabilities for scattered protons and calculations within
the semiclassical theory, where the trajectories of the projectile
are approximated by straight lines. Taking into account the errors
in the experimental results the ratio of the calculated ionisation
probability for scattered protons to the ionisation probability as
measured by us over half the distance is compatible with 2. It is
known that interference effects between the dipole amplitudes of
the two pathways of the scattering process may vary this ratio between 2 and 4 [ 20 ], Experimental evidence for this is found in the
comparison of ionisation probabilities for a-decay and for backscattering of a-particles 121], This may be the reason for the discrepancy between our results and half the values of the ionisation
probabilities for proton scattering of Mg and Al, as measured by
Chemin I 17 ], although these protons were scattered over an angle
of only 8°.
We conclude that we have measured the absolute probability
for-K-shell ionisation induced by a proton in the same atom in
which the proton is captured in the nucleus and that the hypothesis
to approximate this ionisation probability by half the ionisation
probability for scattered protons is justified considering the
experimental errors.
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SAMENVATTING
In dit proefschrift worden een aantal experimenten beschreven,
die als onderwerp hebben de binnenschil-ionisatie van atomen,
wanneer deze beschoten worden door zware deeltjes i.e. protonen.
De algemene eigenschappen van dergelijke processen zijn reeds tientallen jaren bekend. De details zijn echter pas de laatste jaren
bestudeerd. Hoe deze details naar voren komen in vrijwel centrale
proton-atoom botsingen wordt bestudeerd in dit proefschrift.
De amplitude voor binnenschil-ionisatie kan ontbonden worden
in verschillende multipoolmomenten. Elk komt overeen met een zekere
impulsmoment-uitwisseling tussen de deeltjes betrokken bij de botsing en het ionisatie-proces, te weten het invallen proton, het beschoten atoom en het binnenschil-electron. In botsingen met grote
botsingsparameter, in de orde van grootte van de binnenschil-straal,
zal de amplitude van de monopool (Al = 0) overheersen over de andere
multipolen. Dit is speciaal het geval als het projectiel een snelheid heeft in de orde van enkele tientallen atomaire eenheden
(<v 2.109 cm/sec). Echter door processen te selecteren, waarbij
kleine botsingsparameters betrokken zijn, is het mogelijk de invloed van hogere multipolen te identificeren. Deze kleine botsingsparameters worden gekenmerkt door verstrooiing over grote hoeken
(9 > 90 ) . Dit kan de zogeheten Rutherford-verstrooiing aan de lading van de kern zijn of directe nucleaire verstrooiing; hierbij
is de laatste al dan niet resonant.
In hoofdstuk II is een experiment beschreven waarin de ionisatiewaarschijnlijkheid van argon wordt bestudeerd in het geval dat
de ioniserende protonen over grote hoeken verstrooid worden. Hierbij worden Röntgen-fotonen in coïncidentie met verstrooide protonen
gemeten. Daar de quantisatie-as, voor de toestanden van de uitgeworpen electronen in het continuum voor impulsmomenten groter dan
nul, langs de baan van het projectiel ligt, zal deze as bij verstrooiing van het proton over grote hoeken draaien. Dit heeft tot
gevolg dat de ionisatie-amplitude voor het proton op zijn weg naar
de kern toe constructief of destructief kan interfereren met de
ionisatie-amplitude voor het proton op zijn weg uit het atoom. Het
interferentie-effect,dat zich zal manifesteren als een toe- of af-
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name van de ionisatiewaarschijnlijkheid zal afhangen van de verstrooiingshoek. De in hoofdstuk II beschreven experimentele resultaten bevestigen de toename van de ionisatiewaarschijnlijkheden
voor verstrooiingshoeken groter dan 90°, zoals die reeds eerder
door enkele buitenlandse groepen was waargenomen.
Binnenschil gaten, die zijn ontstaan door ionisatie, kunnen
op twee manieren vervallen. Deze zijn i) het verval onder uitzending van een Röntgen-foton of ii) stralingsloos verval door emissie
van een Auger-electron. Het laatste is het dominante proces voor
lichte atomen zoals koolstof en aluminium. Om binnenschil ionisatie
in vrijwel centrale botsingen op dergelijke atomen te bestuderen is
een spectrometer nodig, die met een grote efficiency Auger-electronen in coïncidentie met verstrooide protonen kan meten. Een dergelijke electronenspectrometer en zijn eigenschappen worden beschreven in hoofdstuk III.
In centrale botsingen tussen protonen en atomen is de kans,
dat naast binnenschil ionisatie een simultane excitatie van de
kern van het atoom optreedt, redelijk groot. In een dergelijk geval kan de ionisatie amplitude die het ionisatie proces beschrijft
weer in twee gedeelten opgesplitst worden: êën voor het gedeefte van
de baan naar de kern toe en één voor het gedeelte van de kern laf.
Net als bij verstrooiing over grote hoeken aan de lading van de
kern, kan in dit geval een constructieve of een destructieve interferentie tussen de twee amplitudes optreden. Speciaal in hét
geval van de formatie van een "compound kern" (een door versmelting van projectiel en doelwit gevormde kern) is het mogelijk dat
tengevolge van de eindige levensduur van de kern ontstane tijdsvertraging interferenties optreden die in andere gevallen niét
aanwezig zijn.
Berekeningen hebben aangetoond dat de bovengenoemde gevallen
kunnen optreden,als het energieverlies tijdens de ionisatie van
dezelfde orde van grootte is als de energiebreedte, i.e. de inverse van de levensduur van de "compound kern". Om aan te tonen
dat dergelijke,specifiek bij resonante kern-reacties optredende,
interferentie-effecten in de ionisatiewaarschijnlijkheden ook Wndere oorzaken kunnen hebben dan de eerder genoemde tijdsvertraVging is een experiment uitgevoerd dat dit effect bij de 461 key
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C(p,p) 12 C resonantie bestudeert. Hier is het energieverlies
slechts 270 eV terwijl de energiebreedte voor de kern-resonantie 38
keV is. Dientengevolge wordt wel coherentie tussen de twee ionisatie amplitudes verwacht, maar geen interferentie-effecten tengevolge van tijdsvertraging. Het door ons waargenomen effect (hoofdstuk IV) wordt dan ook toegeschreven aan de invloed van de dipoolamplitude op de interferentie tussen de resonante kern-verstrooiing en de Coulomb-verstrooiing van het proton, dat de binnenschil
geïoniseerd heeft.
Ook kan bestudeerd worden hoe deze effecten zich manifesteren
als het ingaande deeltje niet identiek is aan het uitgaande deeltje in de kernreactie. Hiertoe is de 1183,3 keV 27Al(p,ci)2 4 Mg resonantiereactie simultaan met K-schil ionisatie bestudeerd (hoofdstuk V ) . Twee resonanties worden waargenomen: één bij de oorspronkelijke energie en één verschoven over een energie van 2 keV. De eerste
komt overeen met ionisatie door het uitgaande a-deeltje, de tweede
met ionisatie door het invallende proton. De verhouding van de
sterkten van deze twee resonanties wordt bepaald door:
i) de verschillen in de ionisatiekans langs de baan door het atoom
van de betreffende deeltjes en ii) door de invloed van de terugstoot van de kern (recoil) tijdens de reactie.
Het is te verwachten dat de ionisatiewaarschijnlijkheid voor
een deeltje dat in een kern verdwijnt of uit een kern te voorschijn
komt de helft is van de waarschijnlijkheid voor een deeltje dat aan
een kern verstrooid wordt. Ter verifiëring van deze aanname werd
de K-schil ionisatie bestudeerd die voorkomt bij de kernreacties
27
Al(p,Y) 28 Si en 26 Mg(p,y) 27 A1 (hoofdstuk V I ) . Ook in dit geval
werden verschoven resonanties waargenomen. De grootte van de gemeten absolute K-schil ionisatiewaarschijnlijkheid komt overeen
met de bovengenoemde aanname.
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NAWOORD
Het onderwerp van dit proefschrift ligt tussen twee vakgebieden
van de natuurkunde. Voor de totstandkoming was dan ook de medewerking van twee vakgroepen van het Fysisch Laboratorium nodig.
Als eerste wil ik de werkgroep A IV bedanken voor de steun bij
mijn werk. Voor de wetenschappelijke begeleiding dank ik mijn promotor prof.dr, A. Niehaus en dr. Jaap van Eek. Vooral de laatste
wil ik bedanken voor het vertrouwen dat hij me heeft gegeven, zodat ik vaak mijn eigen weg kon gaan. De technische steun van Jitze
van der Weg op het mechanische terrein en van Klaas Goslinga op
het electronische vlak was onontbeerlijk. Het op papier zetten van
de resultaten gaf nooit problemen met hulp van Riny van Schip en
Corine Lamberts. De studenten Wim Slooten, Ted Hendriks en Cornelis
Boersma hebben bijgedragen aan de meetresultaten beschreven in dit
proefschrift.
Daarnaast wil ik de 3 MeV werkgroep bedanken voor de gastvrijheid die zij mij hebben verleend. Prof.dr. Cor van der Leun ben ik
dankbaar voor de belangstelling en de mogelijkheden die hij mij
heeft gegeven om dit werk tot stand te brengen. De discussies met
drs. Robert-Jan Elsenaar en dr. Gert-Jan Nooren waren erg nuttig
voor de realisatie van de experimenten. De technische bekwaamheid
van Aart Veenenbos en Flip van der Vliet zorgde er voor dat de
1 MeV en 3 MeV v.d. Graaff versnellers altijd beschikbaar waren.
Het Laboratorium voor Ruimte-onderzoek stelde, via de persoon
van dr. A.F.J. den Bogende, een xenon-gevulde proportionele teller
ter beschikking voor mijn experimenten. Dr. Wim Turkenburg maakte
het mogelijk om metingen uit te voeren onder hoog vacuum condities
door mij zijn opstelling tijdelijk toe te vertrouwen.
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De schrijver van dit proefschrift behaalde in 1967 het HBS-B
diploma aan het Rembrandt-Lyceum te Leiden. Vervolgens verbleef
hij een jaar in het kader van een uitwisselingsprogramma op het
Hendrix-College te Conway, Arkansas, U.S.A. met als studieonderwerp wiskunde. In 1968 begon hij aan de studie natuurkunde aan de
Rijksuniversiteit te Utrecht. Het kandidaatsexamen NO werd in 1971
behaald. Tijdens de doctoraal-studie werd naast experimenteel werk
in de Kernfysica en in de Atoomfysica op het Fysisch Laboratorium
van de Rijksuniversiteit te Utrecht, werk verricht op het European
Center for Nuclear Research (CERN) te Genêve, Zwitserland. In de
zomer van 1972 nam hij als CERN-student deel aan een experiment
bij de Intersecting Storage Rings (ISR). Aansluitend werd gedurende een jaar gewerkt in de groep van prof.dr, G. Charpak aan de ontwikkeling van draden-kamers (plaatsgevoelige instrumenten voor de
detectie van geladen deeltjes), als afstudeeronderzoek. Het doctoraalexamen in de experimentele natuurkunde legde hij af in 1973
aan de Rijksuniversiteit te Utrecht. Vervolgens werd twee jaar in
de CERN-Rome groep van het CERN gewerkt in het kader van een proton-proton verstrooiings-experiment bij de ISR. Het eerste jaar
als wetenschappelijk medewerker in dienst van de stichting FOM,
het tweede jaar als CERN-fellow. In de zomer van 1974 werd de international School of Subnuclear Physics te Erice, Sicilië, Italië
bezocht. Vanaf 1976 werd, als wetenschappelijk medewerker in dienst
van de stichting FOM, onderzoek verricht in de vakgroep Atoom- en
Molecuulfysica van het Fysisch Laboratorium van de Rijksuniversiteit te Utrecht. Het resultaat van dit onderzoek is weergegeven in
dit proefschrift.
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