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THE EXPERIMENTAL APPARATUS

The element directly under the upper turbomolecular pump contains the

position sensitive detector. The collision chamber is located in the ele-

ment just below the detector housing. The next lower section contains an

electrostatic einzel lens. The ion beam extraction stage is situated just

above the lowest section. This lowest stage contains the surface ioniza-

tion source. All elements can be adjusted to the electro-optical axis of

the ion beam by means of the micrometer screws. The total height of the

instrument is approximately 50 cm.
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INTRODUCTION

This thesis reports on the experimental investigation of the small

angle scattering of alkali ions by alkali atoms and by rare gas atoms.

The experiments have been performed in the laboratory angular range

0-0.3 degrees and over the energy range 250- 1250 eV.

The experimental research of the systems described herein is justi-

fied by a continuing interest in ion-atom collisions and was made pos-

sible through recent developments in detection techniques and data pro-

cessing systems. Ion-atom collisions and associated inelastic effects,

such as excitation and charge exchange are of fundamental importance to

the understanding of the physics of the upper atmosphere, astrophysics,

plasma fusion research, the collisional pumping of lasers and the in

depth understanding of the chemical bond. Furthermore the experimental

results are used to test theoretically calculated intermolecular poten-

tials and to obtain information about the coupling mechanisms between

the various adiabatic eigenstates of the colliding system.

1. THEORETICAL

Up to approximately ten years ago it was generally assumed that, as

long as the relative motion of the colliding atoms was much slower than

the "orbital" velocity of the valence electrons, the atoms move along

the adiabatic potential energy curves. These adiabatic potential energy

curves are the corresponding eigenvalues of the electronic Hamiltonian,

defined for each internuclear distance: R, assuming no motion between

the particles. However in a real collision experiment, involving excited

states, the quasi molecular system of the colliding particles is not

stationary and the motion is governed by the total Hamiltonian. The

total wave function can still be described as a linear combination of

eigenfunctions of the electronic Hamiltonian but there will be off-

diagonal terms in the potential energy matrix. These terms couple the

various adiabatic electronic eigenstates, describing possible inelastic

processes such as excitation or charge exchange.

In a multistate expansion the total wave function for the scattering

system can be expressed:

* - E F£ (R) •. (r,t) (1)
i
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Fig. 1 - Collision geometry.

The particle (B) moves with a constant velocity along the s-axis

from s=-°°tos=+°°, passing the target (A) at an impact para-

meter, b.

where R is the internuclear distance, r the electronic coordinates, F.

is the nuclear wave function and ty- describes the adiabatic electronic

wave function. For relatively high energies and small scattering angles

(which are the subject of this thesis) the nuclei can be assumed to move

on straight, unperturbed trajectories (fig. I) and the nuclear wave func-

tion can be approximated by:

s

(2)Fi(R) - a.(s) exp{i J k£(s') ds'}

2 2 2
where s (s=vt) is given by: s =R -b , b is the impact parameter; k.

i ,- *•

is given by: k. = {2M(E-V.)} , M is the reduced mass, E is the center of

mass collision energy for the separated system and V. is the energy of

the i molecular state. Substitution of (2) into the time dependent

Schroedinger equation yields the set of coupled equations:

d a.(s)
3 * - I r..(s) expC-iu..(s)] a.(s) (3)
us • lj Lj J

j

where

and



- 18 -

Given the initial conditions {a. (-«•)} the coupled equations can be sol-

ved to obtain a.(+°°) and thus the corresponding transition probabilities.

The r..'s represent the non-adiabatic coupling terms between the molecu-

lar states I/J. and can be grouped into two parts:

r..=f .M..+£.N.. (5)

where

and

The first term (eq. (6)) depends only on the radial velocity along the v

internuclear axis of the colliding system and is consequently called

Radial Coupling. This term couples states with equal angular momentum

quantum number (I •+ I, II •*• II, A •* A, etc.). Radial coupling has been the

subject of many theoretical investigations commencing with the well known

work by Landau, Zener and Stueckelberg [1] for the case of a crossing of

two potential energy curves. A recent review of this type of coupling is

given by Child [2L For "non-crossing" potentials radial coupling can be

important when the relevant potential energy curves are parallel over a

large range of internuclear distances. This coupling was first investi-

gated by Demkov [3] and was recently reexamined by Dinterman and Delos

[4].

The second term (eq. (7)) depends on the velocity of rotation of the

internuclear axis and is usually referred to as: Rotational Coupling.

This coupling is important for states with different angular momentum

quantum numbers and couples: £ > It, n •+ A, etc. The effect of rotational

coupling was studied in general by Russek L 5 J and in particular for

Li+ + Li by McMillan [6].
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2. ALKALI ION-ATOM SYSTEMS

Alkali ion-atom collisions are attractive systems to obtain insight

in the coupling mechanisms just described for several reasons: both theo-

retically and experiinentally.

The one-electron nature of the alkali molecular ion has motivated

theorists to calculate the adiabatic potential energy curves, utilizing

the pseudo-potential method [7]. In this method the innershell electrons

are simulated by a single pseudo potential and only the valence electron

is treated separately. Figure 2a shows the result of such a calculation

by Habitz [7a] for the homonuclear system, Na2 and fig. 2b presents the

heteronuclear system, LiNa • All other systems yield similar curves. The

potential energy system for the Na2 system bears some resemblance with

the extensively studied H_ system [8]. The lowest I-state splits into an

attractive gerade part and a purely repulsive ungerade part due to the

nuclear symmetry (fine splitting of these states, resulting from the

nuclear spin, is not important in the experiments described in this

thesis and will be ignored).

UV)

tz

15

Rto.1

No|3pl

Lll2pl.No'

Li(2*|.No'

N o . Nn|3pl

IS

R(oo]

Fig. 2 - Adiabatic potential energy curves for two of the alkali molecu-

lar ions.

&, The four lowest states of the Na, system, ref. 7b.

b̂ . The six lowest states of the LiNa system, ref. 7a.
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During a collision the phases will develop differently along the two

E-curves, which leads to interference at the detector surface; much like

the interference of a light beam passing through two slits. The crossing

between the 1£ and the in -state at small internuclear distances results

in excitation via rotational coupling. This effect is very important in

all the alkali ion-atom systems described in this thesis. For more details

concerning the homonuclear systems: Li~, Na_ and K™, the reader is refer-

red to chapter IV.

For the asymmetric alkali ion-atom systems the two lowest F-states are

not degenerate at large internuclear distances, but are coupled by means

of the radial coupling matrix element (eq. (6)). At relatively high col-

lision energies, where the energy uncertainty becomes comparable to the

splitting of the two E-states at large internuclear distances, this cou-

pling is strong and leads to interference effects similar to those des-

cribed for the homonuclear case.

Also for the heteronuclear system the crossing with the lowest n-state

is important and it will be shown in chapter VI that at least four states

are involved in the proper description of the collision dynamics for the

LiNa system. However, for the NaK and the LiK systems the radial cou-

pling between the two lowest I-states can be ignored and in principle

only the rotational Z-n coupling is important in the analysis. This rota-

tional coupling is the subject of chapter V and several additional effects

were shown to be important. Firstly, in order to obtain an adequate des-

cription of the observed differential cross sections it was necessary to

include the imaginary part of the transition amplitude (resulting from

solving eq. (3)). Secondly, diffraction effects have been observed due

to the relatively sharp "edges" of the transition probability with res-

pect to impact parameter. A short description of this effect is published

elsewhere [9] and is described in more detail in paragraph V-5.

From the experimental point of view the alkali ion-atom systems are

attractive because of the simplicity of the alkali surface ionization

source to obtain a pure ground state ion beam in the required energy

range.

3. EXPERIMENTAL

It was shown by Aberth et al. [10] for the Lij system and by von Busch

and coworkers [11] for the LiNa system that a very high angular resolu-
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tion would he necessary to study the heavier alkali ion-atom systems.

Therefore an apparatus was constructed whirh utilizes a new technical

development: the channelplate detector. With this detector it is possible,

not only to count a particle but also measure its relative position. The

principles and operating conditions of this detector are presented in

detail in chapter II. The apparatus, in which the position sensitive de-

tector operates, is basically similar to the apparatus used by Boersch

and Forst [12], In this apparatus they observed oscillations in the dif-

ferential scattering of Li by the rare gases at very high collision

energies: up to 80 keV. The physical explanation for the observed oscil-

lations was not satisfactory at that time, which motivated us to repeat

some of these experiments at somewhat lower collision energies. The re-

sults of these experiments are presented in chapter III, where also a

description of the apparatus can be found. The observed oscillations were

used to obtain information concerning the absolute ranger of the Li -rare

gas potentials.
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A position dependent
particle counter using
microchannel plates

pulse height distribution (Guest 1971). Therefore two channel
plates can be used in cascade to achieve a gain of about 107

with a more useful pulse height distribution. This was first
done by Parkes and Gott (1971). The construction is shown
in detail in figure I. The use of gold foil for the electrodes is

R VV Wijnaendts van Resandt H C den Harink and J Los
FOM-Institute for Atomic and Molecular Physics, Kruislaan
407, Amsterdam/Wgm, The Netherlands

Abstract The use of cascaded channel plates as position
dependent particle counters is described. A one- and two-
dimensional dissection technique, based on the spread of
charge between channel plate and collector, is used. The
one-dimensional detector is developed for use in atomic
scattering experiments. The system is tested by measuring
the relative, total differential scattering cross section of
electrons by helium between 1 and 3-4 \

1 Introduction
With the advent of microchannel plates it is possible to
construct a position sensitive detector (PSD). Compared to
conventional scanning detectors the PSD gives a large reduction
in measuring time, as for example in measuring the scattering
distribution in an atomic collision experiment. Also applica-
tion in a mass spectrometer CCuithof et al 1975) or an energy
analyser results in shorter measuring times. In all cases where
scanning detectors are used the application of a PSD can
permit a new range of possible measurements.

Two limitations are inherent in the currently available
channel plates. In the first place there is the relatively low
gain of one microchannel plate (104). Therefore the use of two
plates is advantageous for single particle detection (Parkes
and Gott 1971). The second problem is the low permitted
counting rate, typically about 7000 counts/s.'cm2.

Many different techniques have been reported for the
conversion of the positional information into electronic
signals. One possibility is to use a resistive anode to collect
the charge pulse from the channel plate assembly. This tech-
nique has been extensively described together with the elec-
tronic signal processing methods (Lampton and Paresce
1974, Parkes et al 1974). Another method, especially suited
for one-dimensional position dissection, makes use of a
capacitor string and two charge amplifiers (Gott et al 1970),
and this method is used in this paper. Additionally, a second
dissection method which takes advantage of the charge
division caused by the spatial spread of charge between the
second channel plate and the charge collector is utilized.

2 Cascaded channel plates
The disadvantages of using a single channel plate for particle
counting are its relatively low gain (I04) and its exponential

'ollector
plate

Figure 1 The cascaded channel plate construction

recommended. Other materials may cause spurious pulses
due to a bad contact between the electrode and the channel
plate surface The distances between the two channel plates
and between the channel plate and the anode are dictated by
the electronic dissection method used and will be mentioned
later The channel plates used, t>pe G 40-25, by Mullard
(Torrington Place. London) have a useful diameter of 25 mm,
a channel diameter of 40 /im and a channel angle of 77
with respect to the channel plate surface. In order to avoid
ionic feedback from the output surface to the input surface
of the detector, the plates are placed as in a chevron (Parkes
and Gott 1971) The type of channel plate used is commercially
available and is not made specially for this purpose A larger
detector, using lype G 25-50. is being constructed. Some of
the most importam properties of the cascaded channel plate
assembly have been measured. For these measurements a
simple collector, without any position dependent properties,
was used. The measurements were performed in the apparatus
shown in figure 2. The vacuum in this apparatus ranged from
1 • 50 n Torr. obtained with an oil diffusion pump. The channel
plates were exposed to air quite often. No appreciable
decrease in performance of the channel plate assembly has
been noticed during approximately 1 i years.

O'I6
minicomputer

_L

Electron sjuri.c

- 20 ym c£ diophraqm

\ Deflection plates for alignments

— - M O Aim 4> diaphragm

- Flectrostatic lens

Collision chamber

anc

Amplifiers

Deflection plates lor scanning

A scattered beam

Channel plate assembly
— R i n g collector

Figure 2 Apparatus for testing the channel plate detector
and for simple scattering experiments. ADC: analogue to
digital converter
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2.1 Relative detection efficiency
The relative detection efficiency against the angle of incidence
of a particle with respect to the channels has been measured.
The measurements have been carried out between 7° and 12'
with respect to the channels, using 2-5 keV electrons. The
results are in agreement with the measurements for soft
x-rays between 2 and 68 A by Parkes el at (1970). Aiso, the
relative efficiency as a function of position of incidence of a
particle has been measured using a very thin electron beam.
The beam width was 100 ^m, illuminating an average of 6-7
channels. The beam intensity was kept low enough to avoid
saturation of the channel plates. Scanning the beam over the
channel plates •• beam position dependent noise appeared on
the anode signal. From the RMS value of this noise an estimate
of the equality of detection efficiency per channel could be
made. It was found that this efficiency changed no more than
a mean of I2°o from channel to channel.

2.2 Pulse height distribution
By measuring the pulse height distribution two important
saturation effects can be studied. The first effect is the charge
saturation due to the geometry of the channels (Guest 1971).
The saturation, which is similar to the charge saturation found
in ordinary channel electron multipliers, causes a convenient
maximum in the pulse height distribution. The mean charge
per pulse depends on the overall voltage applied and is shown
in figure 3. The other saturation effect is caused by the limited

IOr

2600 V

Figure 3 Pulse height distributions of the cascaded channel
plates

amount of charge that is available in the channel wall. For
very high counting rates the channels do not recover in time
for the next pulse. This recovery time was measured by
Parkes and Gott (1971) and was found to be about 4 s per
channel. This effect causes a nonlinearity for high counting
rates. Our measurements showed a fall-off at 7000 counts/s/cm3.
Thus this is the maximum count rate one can use with this
type of channel plate assembly. The maximum count rate
presents a serious limitation of the utilization of channel
plates 'for PSDS.

3 One-dimensional dissection system
The obvious method is to shape the anode as a large number
of individual collectors, each with its own amplifier. Such
straightforward systems are also used in multiwire detectors
in nuclear physics (Bischer et al 1972). This would also be
the best method for a PSD with channel plates. However,
as was mentioned before, the maximum count rate of the

channel plate assembly is limited to about 7000counls/s/cm-
prescnting a natural deadtime for the detector. This means
that for a detector with a useful area of 5 cm2 the probability
of detecting two particles within 1 us is about 003 (that is, if
the arrival times of the particles are uncorrelated). In order
to decrease the number of required preamplifiers, an electronic
dissection method is used. Due to the natural deadtime effect,
a sampling time up to about 1 /is may be used. Two dissection
systems have been constructed: a one-dimensional and a
two-dimensional system. The one-dimensional system was
primarily developed for use in an atomic scattering experi-
ment. In such an experiment one is interested in the scattering
angle of the collision process. Since this process is circular
symmetric around the primary beam axis, an anode is con-
structed which consists of 50 concentric collection rings
(figure 4). The ring on which the charge is collected then

Figure 4 The 50 concentric ring collector. The real diameter
of the largest circle is 20 mm

determines the angle of scattering of the particle with respect
to the primary beam. The anode is made of gold, evaporated
on a glass slide. The width of each collector ring is 100 /xm
and the centre to centre distance of the rings is 200 jitm.

The electronic position processing system which is con-
nected to these collector rings should satisfy the following
requirements: (i) It must be able to accept almost all pulses,
independent of pulse height, in this case between 0-1 and 4 pC
at 2600 V (figure 3). (ii) The electronic noise should be below
the minimum pulse heighl of 0-1 pC. (iii) The sampling time
should not exceed 1 /is in order to avoid errors due to double
pulses. (iv> The electronic deadtime should be in the same
order as the natural deadtime of the channel plate.

Two different one-dimensional electronic dissection systems
have been developed. The first one, a binary charge division
system, proved to be less satisfactory.

3.1 Binary charge division
hor simplicity the system is shown in a reduced form in figure
5 with only 14 inputs and 4 amplifiers. Each collector input is,
b> means of a capacitor, connected in a binary fashion to a
number of summing charge amplifiers. Thus the input charge
on a collector is divided between the amplifiers according to
the binary value of the collector. The output of each amplifier
is connected to a level detector and to an analogue summing
amplifier. The output of the summing amplifier represents the
total charge collected and triggers a level detector with control-
lable trigger level. When a pulse is detected by this circuit the
outputs of the other level detectors represent the binary value
of the position of (he pulse. This binary value is then fed into
a minicomputer, where a corresponding memory location is
incremented. The positional spectrum then builds up inside
the minicomputer and can be processed by a proper program.

The binary charge division system satisfied points (i) to
(iv) very well. However it did not work properly since the
charge pulse, initiated by an incident particle, spreads through



- 26 -

um>(,jt.:r

Figure 5 The binary charge division vvstem

the channel plate assembly 10 actuate sometime'- more than
one input Although the distances </i and </.• from figure I
were at a practical minimum (</i - .'2 fun. i/ : 22 jim). while
the highest possible voltage was kept across these distances
(100 V|, it was found that the charge cloud spread to at least
100 /.<ni diameter. There-Cure using the collector rings of !00 nm
thickness a large nuiiiner of charge clouds divides between
two collector rings and is dctivtcd bv two collectors in coinci-
dence. The binary charge division system then gives a com-
pletely unrelated code for the position of the pulse. COR-ing'
of the two coincident codes). To adapt the system to this
effect would make it very complicated, while larger collector
rings would decrease the spatial resolution beyond our pur-
pose. For these reasons this system was aborted. However,
the system might satisfy in cases where the probability of
exciting more inputs in coincidence is very small.

.1.2 Linear charge diiision (figure 6)
The system described here is similar to the one reported by
Gott el ai (1970) I'.ach collector is connected to its neighbour
by means of a 1500 pH capacitor At each end of the capacitor
chain there is a simple, integrated circuit, charge amplifier.
The amplifiers are followed by a fast sample and hold circuit
and by a fast analogue to digital converter. At every 10th
collector an amplifier is used to decrease nonlineariltes due
to the leakage of charge to ground through the stray capaci-
tance. An analogue summing amplifier is used to measure the
total charge per pulse and to trigger the system For each
pulse detected the outputs of the analogue to digital converters
are read by the minicomputer. Frroni this information the
computer calculates the position of the detected pulse. For
the case of only two amplifiers, one at each end of the capaci-
tor chain, the position of excitation of the chain can easily
be related to the charge measured by amplitiei A. Ca* and
the charge measured by amplifier B, Qw.

\ 0 represents the middle of the chain Thus' - 1 •=•.!•-, I.
ThUcan be extended to the four-amplifier case of figured:

v-(l'3»(3Oa+Oi.- Q> W>I'(<?.. + £>i, + 4?. + (?.!)• (2)

It can be shown thai, when the charge spreads between two
or more collectors, the value for the position calculated from
(I) or (2) represents the centre of gravity' ol the charge cloud.
This 'centre of gravity' is just the position of the incident
panicle that initiated the charge cloud on the collector. The
distances d\ and di were made large enough for (he charge

L Uk

Figure 6 The linear charge division system. ADC, analogue
to digital converter; SH. sample and hold; VI.D, variable
level detector

to spread between at ICJM two or three- collection rings. Also
the voltages across d- and 1/ were adjusted to achieve this
spread ot charge. Then, the spatial resolution of the system
does not depend on the si/es of the collector rings but only
on the electronic noise ot lilt charge amplifiers.

1.3 Resolution

The spatial I'liceiiaintv between two amplifiers. Ax. is
mainly caused bv the electronic noise from the charge ampli-
fiers. The mean square, charge equivalent noise. 14. is givc'n
by (Mdthieson •-/ nl I*J74 equation (1) in simplified t'oim)

•I' - A,(f „ • ( ,)-•* k-

where A1 and Audepend on [he charge amplifier configuration;
( » is the feedback capacitance and ( , represents the total
capacitance at the input minus the feedback capacitance The
main capacitance at the input of the charge amplifier is the
capacitor string (UX)pK). This capacitance determines the
main portion of the noise in this case. The spatial resolution
can be approximated bv:

Av7?(\) - 2</ Q O)

where R(.\) is the range of v values, 1/ is the charge equivalent
noise and Q is the total charge content of the delected pulse.
Assuming a gaussian noise distribution, then for a delta
function input at v, and the standard deviation of the noise
distribution given bv (3), the transfer distribution function
of the system can be written as:

r(.\..\) ) c.f\. v\ Q)P(Q)dQ
Vmin

(.v, \ , Q\ is given by

(4)

[QHITT? -2</]exp[ )•' Q~(2tif-].

\ is the coordinate of the input and \' is (he coordinate of the
oulput P{Q) is the normalized pulse height distribution. Q
and Qvms are the lower and upper thresholds of the system.
The ultimate resolution of the svstem can then be found by
calculating the second moment of the transfer function. This
was done by numerical integration and using. Qml,.--0-l pC;
Qnm\--4pC:q- 0 01 pC and the pulse height distribution for
2600 V of figure 3. This resulted in a theoretical system
resolution of A»--0029 for -1 s-.»* 1. The system resolution
was verified experimentally using two methods:
(i) The channel plate assembly was covered by a plate with a
hole of 20 (iin diameter This hole is small compared to the
channel diameter (40 uni) and the expected resolution. The
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plale was then illuminated. The signal was kept below 4
counts s in order to avoid saturation. After a measurement «>l
100 s the resulting linewidth was determined (IWUMI and
found to be 2 7 channels out of a total range ol .200 channels
This resulted in a resolution of Av - 0027 for I c \- \
(ii) The resolution was also determined by focusing a thin
electron beam on the channel plates. The beamwidth. It
oviiivuis then measured as a function of the charge (Q- pulse
height) per detected panicle. This measured be.imwidth. B. is
given by the sum of the square- of the actual beamwidlh. S.
and the resolution. The resolution. Av. is given by |3) thus,
when the beam shape is assumed to be guussian:

where S is the actual beamwidth (IWHMI not comoltuud
with the system resolution The actual beamwidlh can then
be found b> plotting B- against (1 £>)'-' and extrapolating to
infinile charge per pulse, where A\ -̂  0. The resolution limit
sel by the channel diameter of 40 /im of the channel plates
used is ignored. The system resolution can then be found
from a normal (integrated o\er all charges'pulse) measure-
ment of the beamwidth. The beamwidth was I 3 channels for
Q:puke -> 'i and 20 channels for a normal measurement
The total range was 200 channels. The system resolution is
then [(20)- (l-.1l-')1 --• 1 52 channels This results in
Av-0015 foi -I *.- > < I.

3.4 Linearity
The most important reason for using more than two amplifiers
is the linearity of the system with respect to position. The
large value of 1500 pF for the chain capacitors was chosen to
minimize the leakage of charge from the collectors to ground.
The stray capacitance of the collection rings is, for the largest
ring, 5 pF. This, compared to the 150 pf per 10 collectors
gives an undetectable nonlinearity. The linearity has been
tested by scanning a very thin electron beam (100 /<m) in a
radial direction over the detector and the results are shown
in figure 7. The edge effects are caused by the collection of
charge clouds the centres of which are outside the 30 collec-
tion rings in use. These 30 rings are between 2 and 8 mm
from the centre of the collector.

8 -

20 40 60 80 "100
System output (channel)

Figure 7 The linearity of the one-dimensional array

3 5 Distu.witm
In order to construct j linear one-dimensional detector
which is sensitive to (he radius of impact of a particle the use
of a multicollcLtnr anode seems unavoidable. The use of a
continuous resistance sheet as anode will produce a nonlinear
dependence in this lase Hie advantage of the capacitor chain
is that the information necessary to determine ihe position
of the particle is presented almost immediately at the output
of the charge amplifiers. The only Jelay is the risetime of the
amplifiers ( ^ 100 ns in this ca^i An RC line (Parkes el til
1974) with discrete components can also he applied. However,
due to the large sampling lime ol such a system, pile-up errors
can be important at the maximum counl rale set by the channel
plate properties. The spatial resolution obtained with the
system described here is more than sufficient for our purpose,
but can be improved by us'iig capacitors of a lower value
at the cost of a decrease in linearity and by using low noise
charge amplifiers.

4 Two-dimensional dissection system
The two-dimensional dissection system (figure 8) uses only
the spread of charge between the two channel plates and

Figure 8 The two-dimensional detection system with the
four-quadrant detector

between the second channel plate and the collector. The distan-
ces </i and d- of figure 1 are made quite large: di -0 7 mm,
ili • 2-2 mm. Then, with no voltages applied across ctt and
tli a charge cloud of an average diameter of approximately
10 mm is achieved at the collector. The exact size of the cloud
can be controlled by applying a ssrull. variable, decelerating
voltage across i/i.

Thus each incident particle causes a charge 'illumination'
of a 10 mm spot at the collector By shaping Ihe colleclor
into four quadrants a value dependent on the position of the
incident particle can be calculated from the signals of each
quadrant by:

V
S \ S.,~ (Si . - S I I

S , 4 - . V . + S : i t - . V i "

These calculations are performed lor each pulse by the mini-
computer. The computer also checks for valid signals The
signals should satisfy the following conditions:

Q,,»s •• Si ' .Si + .S:i + S, > <?„„„. and Si, -VL-, V;), 5a * 0.

4.1 Linearity ami intenlependeiuv of X and Y
As to be expected the system is not linear. The relation
between the system output. X, and ihe position of the particle,
.>, depends on the spatial distribution of charge al the collector.
The function X(\) is measured by scanning a very thin
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0 50
Output channel number in \X\ or \Y\

Figure 9 The positional dependence of the two-dimensional
detection system (curve A) and the theoretical positional
dependence for a gaussian circular illumination of the form:
exp l-(x2+ys)/Rs] for R=5mm (B) and 10 mm (C). The
function is symmetrical about the x and y axes. The centre
of the system is .v=0, y=0

electron beam along the x and the y axis of the collector
(figure 9). By assuming a gaussian circular illumination of
charge at the collector the function X(x) can be approximated.
This is achieved by simulating the detector in a computer
program. The signals on each quadrant are calculated by
integration of the gaussian 'illumination', positioned at x, y on
each quadrant. Equation (S) is then'calculated and the output
coordinates of the system X, Y are compared to the input
position of the gaussian 'illumination'. This is compared to
the experimental curve in figure 9. It shows that the assumed
gaussian shape fits very well in the central part of the detector,
where there is an approximately linear region of about 1 mm.

By changing the size of the charge illumination the linear
region of the detector can be increased. This could be achieved

by increasing ihc distance between the second channel plate
and the collector (ch). Due to the geometry of the collector
there should in principle be no interdependence of X and Y.
This has been verified experimentally by scanning a thin
beam (100/<m diameter) across the channel plate in both X
and Y directions for one quadrant of the detector. The result
is shown in figure 10. At the edge of the detector there is
some interaction betwi-n X and Y, probably due to the
finite size of the collector. For example, when moving in the
Y direction the displacement in the A"dircclion is a maximal

56", ,

4.2 Resolution
The resolution is determined by the electronic noise at the
output of the charge amplifiers and by the geometrical struc-
ture of the channel plates. The parallel input capacitance to
the charge amplifiers is only about 10 pF, which is formed
by the capacitance between one collector quadrant and the
channel plate surface and by the connection wire. Therefore
in this case the main portion of the noise is not determined
by the combination of input capacitance and charge amplifier,
but by the noise of the charge amplifier without input capaci-
tance. The resolution is not independent of the position due
to the nonlinearity of the system. Therefore the resolution
was measured as a function of one coordinate using the
second method described in §3.3 (figure II). In the centre of

30
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0 50 100
Output channel number in \X\ or \y\

Figure 11 The resolution of the two-dimensional detector
as a function of the position along the X or Y axis
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Figure 10 The interdependence of X and Y by scanning a
thin beam in straight lines at different positions

the detector the resolution is not set by the electronic noise
but by the individual channel diameter (50 /xm in this case).
An example of system operation is shown in figure 12. A
two-dimensional array is used in the computer to accumulate
a three-dimensional picture. In order to save memory space
only 30x30 channels are used to cover the range of the
detector. In this case the beam was positioned at different
spots of the channel plate detector using the deflection plates.

-TO

Figure 12 The collection of a small electron beam at
different positions of the two-dimensional system



4.3 Di.\vus.sion
The use of the spatial spread of charge is a convenient method
to extract positional information from a channel plate
detector. The main advantage is the extremely simple con-
struction. By using charge amplifiers in a feedback mode
there is no crosstalk between the signals of the four segments
The linear range of the system can be extended by using a
collector about twice the size of a channel plate. Also the
spatial resolution can be improved by using low noise charge
amplifiers mounted close to the detector, and will then be
limited by the size of the channels of the channel plate for the
entire detector.

The two-dimensional detector proved to be a very useful
tool in the alignment and focusing of the primary beam in the
apparatus of figure 2.

5 Signal processing equipment
The same electronic signal processing equipment is used for
both the one- and two-dimensional position sensitive detection
systems. The charge amplifiers are high impedance, fast,
integrated, operational amplifiers, type HA-2-2055 by Harris.
A second amplifier of the same type is used to bring the pulse
into 'he 0-10 V region of the analogue to digital conversion
components. The sample and hold circuit, type DATEl,
SMH2 holds the top of the pulse for 4 /its. This time is needed
by the 8-bit analogue to digital converter, type DATkL, EH 1.
The outputs of the AD converters go to a specially made
input/output interface in the D116 minicomputer. The
minicomputer has a 16 k memory, hardware multiply/divide
and a teletype for communication. The system operates by
means of a BASIC program. The data flow is controlled by
machine language routines, which can be called by a BASIC
program. Real time data collection is achieved by a program
controllable clock on the data collection interface. The col-
lected data can be displayed on a storage monitor or can be
plotted on an X- Y recorder.

6 Small angle scattering of e + He
The one-dimensional system was mainly developed for use in
atomic scattering experiments. Therefore the detector was
tested by measuring the relative, total, differential scattering
cross section of electrons by helium. For this experiment the
apparatus of figure 2 is used. The primary electron beam is
focused into a small spot of 100 ftm diameter. The collision
chamber has an entrance diaphragm of 0-2 mm diameter, an
exit diaphragm of 0-7 mm diameter and a length of 1 mm.
A pressuie of 01 Torr could be maintained in the collision
chamber, with a helium background pressure in the rest of
the system of about 10 jiTorr. In this manner, the signal
produced in the collision chamber is at least 70 times higher
than the signal from the flight path between the collision
chamber and the channel plate detector. Electrons scattered
at an angle, 0, in the collision chamber, will be focused into
the detector surface in the form of a circle of radius R-ltan 0,
where / is the distance from the collision chamber to the
detector, 127 mm. With this detector the range from 0= I
to 0= 3-4'; can be measured. The maximum angular resolution
depends mainly on the size of the focus of the primary beam
and is about 005'. The primary beam intensity was monitored
by measuring the DC signal on the smallest ring collector
(figure 4). This intensity could not be measured absolutely
since the beam locally saturates the channel plate assembly.
This local saturation did not influence the performance of the
rest of the detector. In fact, the channel plate surface works
as a perfect beam sponge, without any reflections or secondary
emission effects. Also the absolute pressure of the helium in
the collision chamber could not be measured. Therefore only

relative measurements could be made. The scattering measure-
ments were done at two energies, 500 eV and 2000 eV, and
are compared to similar measurements performed in our
laboratory by Jansen ci at (unpublished) using an electron
spectrometer. The results are shown in figure 13.

500

Channel
50

ntjfftber

• i
100
1

i 4 T
Figure 13 The total differential relative scattering of
electrons by helium. •• -- Jansen et al (unpublished)

7 Conclusions
The main disadvantage of using channel plates is the limited
counting rate, due to saturation effects. This problem is
partially compensated by the use of electronic dissection
methods, reducing the amount of hardware. However, when
channel plates with higher count rates become available,
multi-amplifier systems seem unavoidable. The high informa-
tion density (position and time) at the output of a channel
plate detector requires the use of complicated electronic:
processing systems, such as on-line computers or multichannel
analysers.
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DIFFRACTION EFFECTS IN THE DIFFERENTIAL SCATTERING
OF Li+ BY THE RARE CASES

R.W. WIJNAENDTS VAN RESANDT, R.L. CHAMPION • and J. LOS
FOMInstituut voor Atoom- en Molecuulfysica, Kruislaan 407, A msierJam'Wgm.. The SetherlanJs

Relative elastic differential cross sections for L.+ + rare gas s> xtcins have been measured ovci the energy range 300 to
1000 eV for scattering angles between 0 and 5 mrad The tesults have been analysed using the uniform approximation and
the potentials retrieved from these analyses have been compared »nh recent Luk-ulatiom.

I. Introduction

Recently, calculations for the intermolecular poten-
tials of closed shell species which are based on an
electron gas model have been made for several alkali
ion-rare gas atom combinations by Kim and Gordon
[1 ] and by Gianturco [2J. In the example of U* and
the rare gas atoms, a small attractive well leads to
rainbow scattering and corresponding interference
effects in the differential scattering cross sections.
These diffraction effects have first been observed (for
10 <E < 30 keV)by Boersch and Forst [3];
Schoenebeck jfi] has analysed the system by applying
the Born approximation. In order to reproduce the
observed oscillations in the differential cross section.
a(0), Schoenebeck found it necessary to invoke un-
realistic constraints in the analytic form for the polar-
ization potential. More recent differential cross sec-
tion measurements for Li+ + Ar, Kr, Xe in the low
energy range (3 < £ < 9 eV) have been reported by
Bottner et al. [5] . They were able to resolve the low
frequency rainbow structure due to the small attrac-
tive well and compared their results to calculations
based upon the potentials of Kim and Gordon [1 ] .
It was found necessary to effect a slight increase in
the well depths of Kim and Gordon in order to fit cal-
culation to experiment; their experimental results were

• Permanent address: College of William and Mary,
Williamsburg, Virginia, USA.

not sensitive to the positions of the potential minima,
since high frequency oscillations could not be resolved.

Subsequent calculations bv Gianturco [2] indicated
larger well deptlb and smaller values for the positions
ol the potential minima when compared to the re-
sults ot Kim and Gordon oi to Bottner et al.

The purpose of this paper is to report on the ex-
perimental results and subsequent analysis for the
differential elastic scattering of Li+ + X, where X = He,
Ne, Ar, Kr, Xe. The energy range of the experiments
is 300 < / : ' < ! 000 e V. It will be shown that the ob-
served structure in o{0) is due to the "high frequency"
interference on the dark side of the rainbow, thereby
giving information concerning the range of the poten-
tial. Calculations based upon semi-classical considera-
tions and the potential energy curves of refs. [1 ] and
[2] will be compared to the experimental results.
The apparatus used for these experiments is similar to
that used by Boersch and Forst [3] , but for the detec-
tion a new technical development has been utilized;
the "channelplate" [6| With the advent of these
channelplates a position sensitive detector can be
constructed, the main advantage being the capability
of collecting all particles scattered into the angular
range of the apparatus, independent of their azimuthal
scatlering angle, 0. For the differential cross section
measurements, a(0), of Li* by the rare gases.an an-
gular range 0 < 8 < 5 milliradians was used with a
resolution of =s 0.2 milliradians. For collision energies
between 300 and 1000 eV the instrument is capable of
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investigating the most interesting region of the inter-
action potential. the region of the small attractive
well. The use of relatively liigh energies together with
a very small angular untie is quilf advantageous !or
the theoretical analysis ui the data. Specifically. one
may use the Jeffreys Born approximation [7] and.
when the potential V(R). is expressed :is a simple
analytic function, the semiclassical calculations for
a(0) do not require numerical integration or funi-tion
inversion and hence the use of long computational
schemes is avoided.

2. Apparatus and experimental method

2.1. Apparatus

A schematic diagram of the differential scatteiing
apparatus is shown in fig. 1. The ion wince h a sur-
face ioni7ation unit ohtaincJ from SpiYliu-Mai fXj.
The puiity of the alkali ion beam has been checked
occasionally by making a lime of flight spectrum.
Since primary ion beam intensity requirements are
minimal, the ion source can be operated at a compar-
atively low temperature of about 900CC. In this way

spectrum

channel plate
assembly

scan plates

collision chamber

2"° lens

correc/chop plates

I " lens

correction/chop plates

KM urn hole

alkali ion source .1 I

U
I. Schematic diagram <>f llu-

the source seems to have an almost infinite lifetime.
Alter extraction the ions are focusseil onto a very
small diaphragm of 100 /uin diameter which determines
the 'iltiihiie insular resolution that can bo ohtainrtV
l ie ion imago formed hv this diaphiagm is projected

onio the centre of the position soiiMiivc cieteftor by
mean.-, of two lenses. The first lens reduces the image
si/.e by at least font times, depending on the ptimary
energ). The second K-ns IOCHSM-S the reduced linage
•.>nio the detector. In this manner it is possible to ob-
tain a heam locus ot less than 50 /Jin. The two lenses
jre designed from the tables of Adams and Read [9]
and it was found thai the lenses performed, within
experimental error, as predicted by the tables. Both
lenses have entrance diaphragms to reduce spherical
abberations io less than 10/um.

Between the second lens ,iiiu tlie duto-tor is the
collision chain be i with ().s nun diaphiapms and a
scalVrine "'rii'tli .•! 1 nun. During the experiments a
pressure nf about 0.1 !w,i is uijiuiaiueii in this chain
bei. The dist.uk>' "VtU'.vn the collision chamber and
the detector dcicmunev the angular icgion of liii, ex-
periment. For the nuMsurcmenls reported here this
length is 300 mm. This region is differentially pumped
to achieve y picture of 2 X 10 7 torr.

The dct i-ft or used : i • this experiment is of the four
quadrant type, ai:d is cxtensivoly described in a pre-
vious papei 110|. With this detector the spatial reso-
lution is ot the same order as the maximum resolution
set by the beam properties. The absolute cahbiation
of the detector is achieved by mechanically moving
the detector across a fixed, well focused, low intensity
primary ion beam. This motion is effected by a micro-
metei dim- system. The absolute calibration isrepo-
ducablc to within 57>.

The data processing is a very important part of the
experiment Fot each scattered ion the coordinates
must be computed and stored at a corresponding
place in a memory. All data processing is done on-line
by a Digital Computer Controls, Dl 16 minicomputer.
A BASK program is used for data handling and data
analysis. Afiei accumulation the data can be dis-
played on a storage scope or plotted on an X-Y re-
corder.
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2.3. Experimental

Typical beam intensities .ire 10 1 5 A. With a target
gas pressure of 0. ] torr ii takes about 20 minutes to
measure a complete relative differential cross section
between 0 and 5 milliradians.

The angular resolution depends mainly on the
primary beam properties. With a beam diametei of
50 iim (fwhm) a resolution of 0.2 milliradians can be
obtained. The angular range is divided into 200 chan-
nels (memory locations of the mini-computer) and
each channel number, n, is computed from the X- Y
coordinates for every particle detected, i.e.,
n = X2 + K2. Therefore, with the primary beam at
X = 0, Y = 0 the scattering angle is proportional to
y/n, and consequently the density of the channels
(dfl/drt) is proportional to M\/n. This causes the spa-
cing of the channels to change from - 0.3 mrad at
channel 1 to ~ 0.02 mrad at channel 200. However,
beyond 0.5 mrad the resolution is determined by the
primary beam diameter as the channel spacing becomes
less than 0.2 mrad.

The function rj(fc) ha:> been compared to JWKB
phases, obtained numerically, and these were found
to be in excellent agreement. The differential cross
sections may be obtained by using the uniform approx-
imation, first discussed by Berry [12] and subsequent-
ly investigated in detail by Mullen and Thomas [13].
(The latter authors point out a phase error of n/4 in
ref. [12], which is crucial to the calculations reported
herein.) Mullen and Thomas have shown that an ex-
pansion procedure (eqs (11') of ref. [13]), which is
used to determine the rainbow scattering amplitude,
is very accurate on the dark side of the rainbow. Since
the rainbow angle. Qs < I mrad for ail systems investi-
gated here, these expansion techniques can be used in
the computation of o(0) over our angular range with-
out any serious loss ol accuracy. Hence the phase
function of eq (2) can be used in a straightforward
and simple manner to compute o{6). and the calcula-
tion is performed in a metter of seconds on a mini-
computer This interactive mode of computation is
quite advantageous when a potential must be adjusted
slightly in order ihat o(d\^ agree with o(0) (.xp.

3. Theoretical considerations

Kim and Gordon f 1J have calculated the interaction
potential between the Li+ ion and the rare gas atoms
using a statistical model and their results can be very
well represented in our region of interest (V(R) < 2 eV),
by the analytic function:

^8 C6 Q
V(R) = — +— + — , (I)

R* R6 R*
where C4 = -ae2l7 and a is the polarizability of the
target atom [11 ]. In the experimental range (0-5
mrad, 300-1000 eV) the Jeffreys-Born approximation
to the action integral is extremely accurate and can be
used to get analytic expressions for the phase function,
r,(f), and subsequent derivatives. For the potential
given in (1), the nature of the J -B approximation (the
action integrals are linear in V(R)) allows the phase
function to be written

'„ 0.2945 Ce 0.3927 C

where b = the impact parameter * //*, and E = the c m
collision energy, and A: = the wave number.

4. Results

Differential cross section measurements have been
performed for Li4 + He, Ne, Ar, Kr and Xe in the lab-
oratory energv range of 300 1000 eV at 100 eV inter-
vals and an angular range of (0 5) X 10 •* radians.
An example of an experiment is shown in fig. 2a,
where the logarithm of the reduced cross section,
p = o(d)Q sin0 is plotted versus the laboratory scatter-
ing angle, 0.

The potential lor l i + + Ar, as calculated by Kim
and Gordon [1] has a well depth, e, of 0.297 eV, and
range parameters Rmin = 2.25 A, a - 1.90 A, where
V(Rmin) = c and V{o) = 0. The parameters Cb and
C8 in eq. (1) are determined by these latter two equa-
tions.

The phase function given by eq. (2) along with the
potential given by Kim and Gordon leads to a labora-
tory rainbow angle, 0 R , of 0.88 mrad for £' lab = 600
eV. In this case the "rainbow" angular momentum
quantum number (which is defined by 2|rj'(/R)| = 0 R )
is /R * 3500 and the "hard core" angular momentum
quantum number (defined by r?'(/c) = 0) is /c « 3000.
Semi-classical considerations predict that phase inter-
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Li* 4 Af

£^•600**'

Pig. 2. Relative differential cross section for Li+ + Ar fur
^Ub = 600 eV. (a) I'xpcrimental result (b) o(8) from poten-
tial given by table 2. (c) o(0) from potential given by ref. 111.
(d) o(8) from potential given by ref. | 2 | . All calculated cross
sections are arbitrarily vertically shifted.

ference will cause the differential cross section to os-
cillate with a period of AJ& =r 2rr/(/R + /c) * 1 mrad.
This interference is clearly resolved by the experi-
ment as shown in fig. 2a.

A calculation of the differential cross section of
Ii+ + Ar for £ b b = 600 eV, based on the procedure
described in section 3, and the potential of Kim and
Gordon is shown in fig. 2c. The calculated differential
cross section has been convoluted with the apparatus
resolution to compare experiment with theory. How-
ever, it should be noted that no high frequency terms
have been removed. Due to the long wave length
structure of the rainbow (i.e., the aigument of the
Airy function in o(0) is slowly varying with 8), the
normal rainbow maximum in a(9) associated with
scattering from attractive potentials cannot be seen.
On the other hand, the dampening of the high fre-
quency modulation in the calculation is caused by
the decrease of the Airy function for positive argu-
ments, i.e., 6 > |0R | . In the present experimental range
the calculated differential cross sections are not very

35-

log p
(Ortjun)

LiNKr

- 1 T "

Li'.Ne

3 5 - • • " - ,

3-

r
3 1 ~

lig i. Relative differential moss sections for Li* + Kr and
l.i4 + Ne. (a) o(fl) fi.r l.i+ + Kr (/^h = 800 cV) from poten-
tial given by table 2. (b) I xpcrimental result for Li* + Kx
(/••lab - 800 eV) U) o«J) Im l.i+ + Ne (i'^b = 500 eV) from
potential given by table 2 (d) I- xpenmental result for Li+ +
Ne(£ l a b = 500 eV)

sensitive to the well depths used in the potentials.
The well depths could be changed by + 25'?? without
any substantial effect on the relative differential cross
section. However the positions of the maxima and
minima in the differential cross section do depend
upon the potential range parameters a and Rmn\ an
increase in a and Rmtn shifts the maxima in a(6) to-
wards smaller angles For example, a change of 0.2 A
in a and Rmin results in an angular shift of the high
frequency maxima of about 0 25 mrads. As can be
seen by cunij.ariiig fi^s. _a ami . \ , uit.i; is a slight
disagreement in the experiment and calculation con-
cerning the location of the maxima. Consequently in
order to fit the calculation to the experimental data
o and Rmin had to be increased by approximately
0.4 A, the result of which is shown in fig. 2b. In this
case the well depth of Kim and Gordon is used for
the calculations. Fig. 2d shows the result of a calcula-
tion using a potcniial for l i 1 + Ar calculated by
Gianturco [2 | The range j«rji;is.;t is !->t ih:s poten-
tial are much too small to fit the experiment as can be
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seen by comparing figs. 2a with 2d. Experiments and
calculations based upon the above fitting procedure
were done for energies between 300 1000 eV at
iOOeV intervals: the "best fit" potential range param-
eters (o, /?mjn) were found to be invariant to the col-
lision energy to within + 0.05 A.

The above procedure has also been employed for
the experiments and subsequent analyses for the sys-
tems U* + He, Ne, Kr and Xe. Examples of these ex-
periments and calculations are shown in fig. 3 for the
case of l i + + Ne at 500 eV and U+ + Kr at 800 eV.
In the case of Li+ + Ne the agieement between calcula-
tions and experiment was never quite satisfactory for
angle* less than 1.5 mrad.

The potential range parameters, determined from
the experirrents for all these systems are presented in
table 1 together with those calculated by Kim and
Gordon and by Gianturco. These experimental values
were always found to be slightly larger than those val-
ues resulting from the potential calculations based
upon statistical models. Table 2 gives the potential
parameters of eq. (1) as determined by this experiment

Table 1
Well depths and range parameters for the Li* + rare gas aunn
systems

1.88 ±0.15 a>
1.68 b)

2.0 ±0.2 a)
1.70°)

2.3 ±0.2 a)
1.90 b)
1.65 c)

2.15 ±
1.95 b)

2.3 ± 0 . 2 a )
1.99 fc)

2.65 ± 0.2 a)
2.25 b)
2.01 c>

U + + K i 2.35 ±0.2 a) 2.7 ±0.2 a>
1.99 W 2.37 b)
1.68c) 2.12C)

2.5 ±0.2»)
1.84 c)

2 . 8 5 t 0 . 2 " )
2.41 c>

0.069 b )

0.124 b)

0.297 b)
0.448 c>
0.303 d»

0.360 b>
0.546 <••>
0.391 d>

0.630 <••)
0.51 d)

a) Present results.
b) Theoretical results of ref. (1].
<=) Theoretical results of ref. | 2 ] .
d) Experimental results of ref. [5].
•) Well depths used in present analysis are from rcf. 11 j

with the exception of Li+ + Xe, where the result of ref. |5]

is used.

Table 2
Parameter and corresponding laboratory rainbow angles lor
* b b ' ftl)() eV obtained Irom this experiment for the poten-
tial nl eq (1)

+ He
+ Nc

+ Ar
+ Kr
+ Xe

f4 leV A 4 )

1.47
2 84

118
1 7 . 8
29.0

C6(cV A6)

16.9
-48 9
271.6
347.0

-768.0

O(eVA«

78.2
241.0

1767.0
2459.0
5936.0

) 8r,hb<mrad)

0.20
0.36
0.88
1.05
1.51

It is instructive to compare the experimental re-
sults of Boersch and Forst [3] for high collision ener-
gies to calculations which use the potential parameters
of table 2. An example of such a calculation is seen
in fig. 4 for Li+ + Ar at t. = 10 keV. The arrows along
the abscissa indicate the positions of the first two ex-
perimentally observed maxiina as reported by Boersch
and Forst and the agreement in their locations is seen
to he satisfactory. It is interesting to note that they
observe mare maxima than the calculations would
suggest should bo observable. This may be due,in part,
to the Airy function approximation contained in the
semi-classical description of the differential cross sec-
tion on the dark side of the rainbow.

In conclusion, the relative differential cross sections
for the \i* + rare gas atom systems have been pre-

1 \ Ar

loop
(urtjin)

6

Q2 06 aa

I Ig. 4. Differential cross section for Li+ + Ar (F\^ = 10 keV)
calculated from potential given by table 2. The arrows indi-
cate the positions of the first two maxima observed by
Boersch and I orst (3| .
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sented and used to obtain information about the rele-
vant potential energy curves which govern the colli-
sional dynamics. The procedure which fits the calcu-
lated cross sections to those experimentally measured
is sensitive to the distance scale of the intermolecular
potential. Consequently the work reported upon
here provides a useful study which compliments the
recent experimental work of Bottner et ai. which was
sensitive to the well depths of the Li+ + rare gas sys-
tems. Inherent in the comparison of the "inverted"
potentials to those calculated is the assumption that
the range of validity of the Born - Oppenheimer ap-
proximation can be extended to include collision
energies of seveial hundred electron volts. The high
energy (10 keV) results of Boen>ch and Forst tend to
confirm this assumption.
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DIFFERENTIAL SCATTERING CROSS SECTIONS FOR COLLISIONS OF
ALKALI IONS AND ATOMS.

I. Homonuclear systems

R.W. WIJNAENDTS VAN RESANDT, R.L, CHAMPION*and J. LOS
FOM-lnstitute for Atomic and Molecular Physics,
Kruislaan 407, Amsterdam/Wgm, The Netherlands

Relative differential cross sections, for both direct and charge exchange scattering, have been measured for the symmetric
alkali ion atom systems- Li* + Li, Na*+ Na and K*+K, over the energy range 250-1250 eV and for scattering angles be-
tween 0-6 miad (0 < r < 400 eV deg). The results have been compared to a multi-state semi-classical analysis, based upon
recent calculations of the molecular interaction potentials for these systems.

1. Introduction

The measurements by Daley and Perel [ 1 ] of total
charge transfer cross sections for alkali ion--atom col-
lisions stimulated a good deal of interest concerning
the collisional dynamics of those systems for both
symmetric and non-symmetric reactants. The rela-
tively simple "one electron" nature of these quasi-
molecules has prompted several theoretical investiga*
tions of the total charge exchange cross sections [2].
In the most simple approach to the problem, only the
two lowest electronic states of the molecular ion are
considered: for homonuclear systems the collisional
dynamics (in this two-state approximation) are deter-
mined solely by the Su and 2 g molecular states and
no further coupling is involved. On the other hand,
for heteronuclear reactants the two lowest S-states
are not degenerate at large internuclear separation
but are coupled by means of the radial matrix element

Any improvement in the above theoretical approach
necessitates the inclusion of further electronic states
which lead to excited (nP) levels of the alkali atoms;
of primary importance is the angular coupling be-
tween the lowest nu-state and the 2U-state of the mo-

* On leave from College of William and Mary, Williamsburg,
Virginia, USA.

lecular ion (see fig. 1 for the example of Nat). The im-
portance of these excited states has been demonstrated
by Aquilanti and co-workers [4] in experiments which
involve light emission from the collision products.

Considerably less theoretical attention has been
given to the differential scattering for alkali ion-atom
systems. Experiments involving Ii+ + Li have been
measured by Aberth et al. [5] and elastic differential
cross sections for Li* + Na (for low collision energies)

1
t

" T ~
f,

•• "t
8

-r~
'0

T "
12

1

u
" 1

I t
1

I t

R
20

(On)

Fig. 1. Potential energy curves for Naj. The points are from
refs. 17,12]. The solid lines are from eq. (1) and the param-
eters of table 1.
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have been reported by Von Busch and co-workers [6].
The latter results have been analysed by Habitz and
Schwar/ [7], where three states have been considered
and the agreement between experiment and theory is
encouraging. Apart from the collisional dynamics,
these differential and total cross section measurements
have motivated theorists to calculate accurate adiabatic
potential energy curves for several electronic states of
the alkali molecular ion and the result of these calcula-
tions are just becoming available.

The purpose of this paper is to report on the experi-
mental results and subsequent analysis for the differen-
tial scattering of

U+ + Li,

Na* + Na,

over the laboratory energy range 250 < £' < 1250 eV
and angular range 0 < 0 < 6 milliradians. Both the
relative ionic- and the charge-transfer (neutral)-differ-
ential cross sections have been measured. The scat-
teied ions and neutrals have not, however, been sub-
jected to energy analyses.

For small scattering angles, such that r = E0 ^ lOOeV
deg, the differential cross sections should be uniquely
determined bj the 2U- and £g-states of the molecular
ion. It will be shown that in this range the experimen-
tal results can serve as a meaningful test for the accura-
cy of recent calculations for intermolecular potentials.
For values of r *Z 100 eV deg, the angular coupling to
the II-state of the alkali molecular ion can not be ig-
nored and has been included (albeit in an ad hoc fash-
ion) in the semiclassical calculations in this paper.

The results of these experiments for homonuclear
systems allow one to determine the experimental de-
tection efficiency for neutral alkali atoms as compared
to mat for the ions. This information is essential to the
analysis of heteronuclear (non-symmetric) reactants,
which will be presented in a subsequent paper.

2. Experimental method

The apparatus employed in these experiments util-
izes a position sensitive detector (channelplate) for de-
termining both the ionic and neutral (relative) differ-
ential cross sections. This detector allows for the simul-

taneous accumulation of all the scattered ions and neu-
trals over the angular range of the apparatus, 0 - 6 milli-
rad. The detector, associated electronics as well as the
apparatus have been described previously [8,9]. The
schematic diagram of the apparatus is shown in fig. 2.
Two modifications in the apparatus, as described in
ref. [9], have been made: first, an alkali oven is con-
nected to a temperature-controlled scattering gas cell
to replace the previous collision chamber. Secondly, a
Wien filter was installed in the region immediately after
the surface ionization ion source. This latter addition
was necessary as both the "Na" and "K" Spectra-Mat
[10] ion sources were found to yield roughly equal
amounts of Li, Na and K ions. The neutral differential
cross section was measured by sweeping the ions away
from the detectors with the scan plates of tig. 2. The
ionic differential cross section is obtained by subtract-
ing the neutral angular distribution from that due to
the ions + neutrals. In a typical experiment the neutral
distribution was measured for one minute followed by
a one minute measurement of the ion + neutral distri-
bution. This wa: repeated for 20—40 cycles: thus any
deleterious effects due to long term drift in the prim-
ary ion beam intensity are minimised. The background

angular spectrum

channel plate
assembly

i plate:

collision chamber—

2nd lens

correc/chop plates

1" lens

correction /chop plates

Wien f l l ter- |

tOO|im hole

alkali ion source

Fig. 2. Schematic diagram of the apparatus.
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counting rate was insignificant in these experiments
and all data have been corrected for this small effect.

The scattered ions are accelerated to a kinetic en-
ergy of 2.7 keV in the region immediately before the
detector in a manner which does not alter the scatter-
ing angles for the ions. The neutrals, however, strike
the detector with a kinetic energy equal to the labora-
tory collision energy, i.e., 250-1250 eV. Consequently
the detection efficiency of the channelplate for scat-
tered ions is certainly larger than that for neutrals.
This is in no way relevant to the aforementioned pro-
cedure for determining separate ionic and neutral ang-
ular distributions, but the determination of neutral
detection efficiencies (as a function of kinetic energy)
for each alkali is of considerable interest and will be
discussed in detail later in the Appendix.

3. Theoretical considerations

The adiabatic potentials which are pertinent to the
discussion of the collision dynamics are shown in fig. 1
for the example of Na^. These potential curves have
been calculated, using pseudo-potential methods by
several groups [11-13] and the resulting potentials
are almost identical. The classical deflection functions
corresponding to motion along the two lowest 2-states
cf Nat are displayed in fig 3, for a laboratory collision
energy of 505 eV*. It is immediately obvious from this
figure that both the ionic (elastic) and neutral (charge
exchange) differential scattering cross sections (for
0 < 0 Is 6 mrad) should display a rather complicated
oscillatory structure due to: (i) the rainbow and asso-
ciated oscillations for 0 ^ 3 mrad, (ii) interference be-
tween the repulsive branch of 0g and 0U, and (iii) inter-
ference between 0U and the attractive branch of 0g.
For the example of fig. 3, the periods of the last two
interference terms in the laboratory frame of reference
will be given approximately by

A02 « i [27r/(/2 M l * 1 2 m f a d <<*(").

and

A03 « £ [2rr/(/2 +/j)J =0.3 mrad for (iii).

* All energies and angles mentioned hereafter refer to the labor-
atory coordinate system unless specifically stated otherwise.

The crossing of the nu-state with the 2u-state oc-
curs in the neighborhood of 4.9 a0 and 0U (4.9 a0)
« 8 mrad for E = 505 eV. Consequently, for collision
energies smaller than about 500 eV, the rotational
coupling to the FIu-state should not strongly influence
the differential scattering cross sections.

A two-state calculation for a(0) should suffice in
the angular range 0 ^ 6 mrad.

Let us consider how to perform such a calculation
within the framework of the semiclassical approxima-
tions. First, it may be noted that the calculated inter-
molecular potentials can be accurately represented (for

^ 3 eV) by two exponential terms, viz..

(1)V(R)=AtaR

An example of the "goodness of fit" attainable is seen
in fig. 1, where the solid lines are from eq. (1) and the
points are the results of the calculations of Habitz [12].

The Jeffreys- Born approximation is excellent over
the range of energies and angles employed in this ex-
periment. For the potential given by (1), the phase
shifts can be expressed as [ 14]:

nm(b) = -(//2Ft) [A K, (ab) + B K, (/»)], (2)

|
•a 1

0

1

-2 .

3 .

1000 5O00 7000 9000 11000

quont*'"1 number

Fig. 3. Classical deflection functions for the Eg and £ u poten-
tials of fig. 1: Fiab = 505 eV.
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wheie

b = impau parameter,
/ *kb
k - wave number,
/•',- = center ot mass coihsiim energy, and
K{ = modified Bessol fiiiiciion.

The vaiious denvalives of i?(Z>) which are necessary for
a semidassical calculation of 0(8) can be written in
terms of KQ{X) or K^X). Furthermore, KQ(X) and
Kl (X) can be expressed in a rather simple closed form
(15) to a high degree of accuracy for the range of X
which is relevant to the analysis of the experiments
reported herein. The scattering amplitudes,fA8) and
fu(8) associated with motion along the two f-states
may then be expressed analytically following a simple
numerical inversion of 0g(£>) and Qu(b). For the attrac-
tive Sj,-state, we have utilized the uniform approxima-
tion (16,17,9) to calculate fJfi)- Neglecting the nu-
clear symmetry terms, the ionic and neutral differen-
tial cross sections can be written (in a two-state ap-
proximation) respectively as:

and

Since there will be complicated interference struc-
ture in the differential cross sections, it is instructive
to examine the two combinations of 0+(0) and a JO)
in an attempt to isolate the various sources of the inter-
ference. The difference in the ionic and neutral cross
sections (which can be readily determined in these ex-
periments) is

D(0) = a+(0) - ao(0) = 4/*(0)/u(O). (4)

Hence, D(8) should exhibit oscillations, the frequencies
of which are related to the potential difference, VU(R)

l'e(R)-
Similarly the sum of the two cross sections is

5(0) s o+(0) + oo(0) = ou(0) + oe(8), (5)

and since ayl(0) is monotonic this sum may be used to
examine the rainbow structure due to the attractive

2 ,-state. As will be seen, it is essential to have experi-
mental determinations of both a+(8) and oo(0) if one
is to identify correctly the position of, e.g., the rain-
bow maximum: the complicated interference structure
ot a+(0) or ao(0) alone can lead to erroneous conclu-
sions concerning the location of such a maximum.

For collision energies higher than about 500 eV,
the effect of the 2 u ~n u crossing must be considered
in the determination of a(0), 0 < 6 mrad (which is the
angular range of the current experiments). Just how to
include the rotational coupling is a semi-classical man-
ner is, however, not clear. Russek [18] has discussed
the problem and derived an expression (equivalent to
the Landau-Zener approximation) but it is not useful
in the threshold region. Our approach has been to in-
clude the effect of the rotational coupling as a simple
sink which removes flux from the ungerade channel
and deposits it elsewhere. If this sink is represented by
Z(b), then the scattering amplitude for the ungerade
channel is modified as follows:

„» =/u
m (6)

such that the cross sections for ions and neutrals (in-
cluded excited states) becomes:

{6(bn)}\2,

o0(6) = \fg{6) - f'u(8)\2 +\Z {8{.bu)} \fsll{8(bj}\2,

(8)

where l/sril is the classical cross section for motion
in along the 2u-state and out along the nu-state. The
sink, Z(b), has been represented by a gaussian centered
at Rx, where Rx is the location of the 2U ITU cross-
ing, viz.,

(9)

This shape is suggested by the results of several theore-
tical calculations for alkali ion-atom collisions [2a, 2b]
in which the coupled Schrodinger equations have been
solved for E * 1 keV.

For small scattering angles, the classical turning
point is, to an excellent approximation, equai to the
impact parameter. This feature of small angle scatter-
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ing allows deflection functions for complicated trajec-
tories (where the "in" and "out" motions are along
different potential energy curves) to be easily approxi-
mated. The deflection functions needed to calculate
lfvn(0)l2 of eqs. (7) and (8) can be estimated by

^zn^^'^z^ + ^ n / ^ x ) ^ * - ( ^ Y ) > HO)

where for b <RX only motion along the 2U-potential
curve is assumed, which should be fairly accurate as the
2U- and the IIu-potentials are nearly parallel in this re-
gion.

There is an excited 2-state of the alkali molecular
ion which falls below the nu-state of fig. 1 for large
R, but this outer crossing of the outgoing FIU-state is
not important either for the present experiments or
their analysis.

All computations reported herein have been made
on a minicomputer, with a calculation of a(6) being
performed in a matter of seconds. The relative simplic-
ity of the numerical calculations is, of course, due to
the Jeffreys-Born approximation and the subsequent
simple relationship between the intermolecular poten-
tial and the phase shift function [eq. (2)1.

4. Results

4.1. Na+
2

Relative differential cross sections have been meas-
ured for the direct and charge exchange scattering of
Na+ by Na for the laboratory energy range 250-1000 eV
at 250 eV intervals and between 0 and 6 mrad. In this
region, two exit channels contribute to both the ionic
and neutral (charge transfer) cross sections:

Na+ + Na -* Na+ + Na,

and

Na++Na->-Na++Na*,

and for charge exchange:

Na+ + Na •* Na + Na+,

and

(i)

0)

Na+ + Na -* Na* + \ a ' (ji)

Since the scattered products were not energy analysed
the processes (i) and (ii) could not be separated.

The experimental results for £ - 50i eV are shown
in tig. 4a and d, where the logarithm of the reduced
cross section, p(d) = o{6) d sin 0 for direct and charge
exchange scattering is plotted versus the laboratory
scattering angle, 6. The data shows clearly the rainbow
maximum due to the attractive well of the Sg-state at
about 2.2 mrad. Furthermore, the low frequency inter-
ference between the Sg- and the Su-state can be seen
for angles larger than the rainbow angle. The period of
this interference term is described by A£>2 (section 3)
and varies between 1 and 2 mrad over the angular range
investigated. As predicted by eq. (3) this interferences
pattern for 'he ion spectrum is 180° out of phase with
that for the neutrals High frequency interference as
given by A6~ with a period of approximately 0.3 mrad
cannot be seen very clearly in these pictures due to the
limited apparatus resolution and the logarithmic dis-
play of fig. 4. However, both of these interference terms
between the S-states may be experimentally examined
in detail when the difference spectrum, D(d), between
ionic and neutral cross sections is plotted. This differ-
ence spectrum is presented in fig. 5a and the interfer
ence term with a period of ~ 0.3 mrad is clearly ob-
servable. In order to construct such a difference spec-
trum the relative detection efficiency of neutrals with
respect to that for the ions must be estimated. This
was done by comparing the absolute intensities of the
ions and neutrals around the rainbow maximum (see
Appendix). The sum spectrum, S (6), is seen in
fig. 5c. The rainbow structure due to the attractive
state is clearly evident.

Intermolecular potentials governing the collision
dynamics for this system have been calculated by
several groups [11 13] and the differential cross sec-
tions have been calculated using the method described
in section 3. In this analysis the potential energy curves
ofHabitz [12] were used (due to the small grid of the
Habitz calculation) although all these potentials agree
very well. The parameters obtained in fitting eq. (1)
to these potentials are given in table 1. First a two-
state calculation is made for the system of fig. 1, the
results of which are plotted below the experimental
curves in fig. 4. (This result, and all theoretical results
presented hereafter, have been convoluted such that
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I j | ! . 4. Nu* + Na differential cross sections for E = 505 cV:
(a) o*W) experiment; (b) o*(0) two-state, and (c) three-state
calculations, (d) o°{0) experiment; (c) o°{0) two-state, and
(f) thrcr-stutr calculations. I lie scale on the ordinatc refers
tu loi:|0|/(»> (sin fl)fl(nu)| where 1(1)) sin(«) is the total num-
ber of count* observed at tlic anplc 0.

theory and experiment could be compared.) The agree-
ment between theory and experiment is quite satisfac-
tory. Although there is only a small effect due to the
inclusion of the Hastate (at 505 eV the 2 - [I crossing
is such that 0u(Rx) * 8 mrad), it is instructive to look
at the effect of this channel upon the differential cross
sections (fig. 4, curves c and 0- For this calculation,
which utilizes. ci|s. (7) and (8), the Eu FIU crossing is
represented as a gaussian-shaped sink (eq. (9)) with
/?x = 4» a0; Z o = 1 and y = 0.56 a^l. The only effect
of this crossing is to slightly reduce the coherence of
the clastic channel by adding inclastically scattered
products to the differential cross section for angles
less than about 6 mrad.

JS

©

c

6

Fig. 5. Difference and sum spectra for Na* + Na with E = 505 eV.
(a) experimental D(6), (b) calculated D(8); (c) experimental
S(0); (d) two-state, and (e) three-state calculated S($l

A sensitive test of the accuracy of the calculated
intermodular potentials is made by comparing the
experimental and calculated difference spectra,/) (0)
and Dcak(9). This comparison is shown in fig. 5a and
b and the agreement between experiment and theory
is very good. The phases of both the high frequency
and the low frequency terms seem to be correct, in-
dicating a correct absolute range of the calculated po-
tentials. The calculated sum spectrum, 5(^(8) , which
can be used to examine the rainbow structure of the
attractive £g-state, is shown in fig. 5d (two-state) and
Se (3-state) the agreement between 5cafc(f?) and Stxp(8)
is seen to be good although the calculated rainbow
maximum appears to be too large.

It is important to ascertain the degree to which the
accuracy of the pseudo-potential calculations can be
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Table 1
Parameters used in eq. (1) for V(R). The sources for the poten-
tial calculations are discussed in the text. The values for
Trainbow a r e t l l o s e calculated with these parameters

Molecular A
state (eV)

B
(eV)

Trainbow
(eV deg)

Na2 Xs -38.S
- 5.0

15.5

-47.0
- 4.0
- 7.5

• 77.0
- 7.0
-16.0

0.38
0.33
0.30

0.378
0.20
0.32

0.34
0.27
0.29

82.5 O.5S3
23.0 0.37
31.5 0.41

80.0 0.517
17.0 0.297
19.8 0.507

112.4
20.5
34.0

0.409
0.295
0.40

77

94

63

checked by these experimental results. Consequently
we have made small variations in several of the poten-
tial parameters (A, a, B, 0) and compared Scatc(6) and
AalcW w'*h 'he corresponding experimental spectra.
For example, if the range parameters, a and 0 of the
2U-state of Na^ are both changed by 2%, the resulting
A:ak(0) n o l °ng e r agrees satisfactorily with Dexp(6) as
the positions of the (low frequency) extrema in 1 ) ^ ( 0 )
are shifted by * 8%. Furthermore, if the well depth of
the 2g-state is increased by 5% (by increasing A by
1.5%), the corresponding 5% increase in the position
of the rainbow maximum is just resolvable in Sexp(0).
These observations concerning the sensitivity of D(0)
and 5(0) to the potential parameters can serve as a
rough guide to the accuracy with which the pseudo-
potential calculations for Na^ have been verified.

The experimental results for E = 1000 eV are pre-
sented in fig. 6 curves a and d. The corresponding two-
state calculations are plotted in fig. 6 curves b and e.
At this energy the 2U—flu crossing (0 u (#x ) ) o c c u r s

at «* 4.2 mrad. It is clear from the comparison between
experiment and calculation that a two-state description
does not suffice for this range of T. The inclusion of the
nu-state in the calculations does seem to have the prop-
er effect on the theoretical differential cross sections
(fig. 6, c and f). However, the minimum at 3.1 mrad
predicted by the 3-state calculation for direct scatter-
ing, which should be experimentally resolvable, cannot
be seen in the experiment. This could suggest that these
semi-classical 3-state calculations probably will not be
very good in the transition region of the S-Tl cross-

Fig. 6. Na* + Na differential cross sections for E = 1000 cV.
(a) a*(6) experiment; (b) o*(d) two-state, and (c) three-state
calculations; (d) o°(0) experiment; (e) o (0) two-state, and
(f) three-state calculations.

ing. In fig. 7a, the experimentally obtained difference
spectrum is plotted and compared to the 2-state (fig. 7b)
and the 3-state (fig. 7c) calculations (at this energy the
high frequency term could not be resolved experimen-
tally and is removed from the theoretical cross sections).
Here the effect of the 3rd state is even more pronounced
due to the rapid dampening of S u -S g interference.
Again the 3-state calculations indicate a better but not
completely satisfying description of the process. The
sum spectrum, Sexp(0) is plotted in fig. 7d together
with ScgfciO). Comparing this to rainbow maxima in
the figs. 6a and 6d, it is clear that only the sum spec-
trum can indicate the proper position of the rainbow
maximum.
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1'ig. 7. Difference and sum spectra for Na* + Na with E =
1000 cV. (a) experimental D(6), (b) two-state, and (c) three-
state calculations; (d) eNperimcntal S(0); (e) two-state, and
( 0 three-state calculations.

4.2. Li*

Differential cross section measurements, for both
direct and charge exchange scattering, have been ob-
tained for the scattering of Li* ions by Li atoms. An
example of the experimental results is shown in fig. 8a,
where the charge exchange spectrum is plotted for a
laboratory energy of 750 eV. In this spectrum the
high-frequency modulation of what appears to be a
broad rainbow maximum can be observed. This high
frequency (AO % 0.5 mrad) can be examined more
closely in the difference spectrum, D(6) (fig. 8e), which
also shows some evidence of a lower frequency struc-
ture with a period of approximately 2--3 mrad. The
origin for both of these oscillations in the differential
cross sections is identical to that for the Na-> case and
arc given by AOj and

S 2
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Irig- 8. Li* + Li cross sections for E = 750 ©V. (a) a°(e) ex-
periment; (b) o°(0) two-state, and (c,d) three-state calcula-
tions; (e) experimental D(B); (0 two-state calculation for Die).

Potential energy curves for lit have been calculated
recently by Miiller and Jungen [19] and by Bottcher
and Dalgano [20]. Both calculations result in nearly
identical curves for the S u -state. For the Sg-state the
Botter curve gives a slightly deeper well (approximately
4%). For the analysis of the data the intermolecular po-
tentials by Miiller and Jungen have been utilized and
the corresponding potential parameters are given in
table 1; However, it should be pointed out that the ex-
periments, reported herein, cannot differentiate be-
tween the two calculations.

First, a two-state calculation for the charge transfer
spectrum at 7S0 eV, based upon eq. (3) was made, the



- 48 -

result of which is given by fig. 8b. Also, a difference
spectrum was computed which is plotted in fig. 8f. The
following observations can be made There is a good
agreement of the high frequency component over the
entire angular range. Furthermore, looking at £>exp(0),
the first minimum of the low frequency component
of the 2g- Su interference is in exact agreement with
£>calc(0). However for 6 > 2.5 mrad there is only a
slight similarity between acalc(0) and oexp(0). There-
fore a 3-state calculation was made in the same fashion
as for the Na^ analysis, discussed previously, resulting
in curve 8c. For this calculation the (lux into the out-
going H-channel is represented by eq. (9) with / ? x

- 5.9 aQ (slightly larger than the value of ref. [18]),
7 = 0 .56a 0

2 andZ 0 = 1, with 0U(/2X)* 4.1 mrad.
It is clear that ocalc(0) is still not a good fit to

oexp(0) for 6 > 2.5 mrad. A slightly better fit is effec-
ted if one alters the above parameters to / ? x = 4.7 <»0,
Zo - 0.5 and 7 = 0.56 a'Q

 2 , the result of which is pre-
sented in fig. 8d. The main problem remains however
that the calculations cannot be made to appear as
smooth as the data for 0 > 3 mrad.

In conclusion it seems that the two-state calcula-
tion can only explain the experimental data for a T-
range which is smaller than that for the comparable
Na^ case even though the TX values [TX ^E 8U{R^)]

for these two systems are similar. This could be due
to the smaller wave number K, in the case of Lij, re-
quiring a more rigourous 3-state, full quantum analysis.

Although every possible precaution was taken to
exclude experimental errors, the following comments
are appropriate: the relatively high oven temperature
(~ 720 K) in the case of the Li target gas could result
in an unknown amount of contamination, which could
give rise to a background in 0(6). However, such con-
taminants should not strongly influence the resonance
charge exchange spectrum, as presented in fig. 8a. Li-
thium dimers should only be present in small amounts
(=» 0.5%) [21] at this temperature and should not
seriously effect the measured cross section. In view of
this we feel that the disagreement between acaIc(0)
and oexp(0) for 0 > 3 mrad is primarily due to the
shortcomings of the semi-classical 3-state calculations
utilized in this analysis.

and charge exchange scattering of K+ ions by K atoms
at a laboratory energy of 750 eV. The experimental
curves look similar to those of the two previous cases:
a rainbow maximum can be identified at approximately
1.5 mrad and the Eg - 2U interference is very clearly
visible. This interference can be inspected more closely
in the plot of D(d) in fig. 10a and l la for 750 and
500 eV. The high-frequency interference, A03, cannot
be resolved in these experiments, due to the high wave-
number, K, for the K2 system.

In contrast to the Lij and the Na| systems, there is
little information on the intermoleculat potentials of
K -̂ The only calculations which seem to be available
at the present are due to Habitz [7,12]. Using these
potentials differential cross sections have been calcula-
ted by the semi-classical method, described in section 3.
These results can be found in fig. 9c,d and compared to

4.3.

Fig. 9a,b shows the experimental results for direct

Fig. 9. K* + K differential cross sections for E = 750 eV.
(a) o*(6), and (b) o°(fl), experiment; (c) o*(9), and (d) o°(9),
and (d) o°(fl), two-state calculation.
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I'ig. 10. K* + K difference and turn spectra for E = 750 eV.
(a) experimental D(d); (b) two-state calculation for D(0);
(c) experimental S(0); (4) two-state, and (e) three-state calcu-
lated 5(0).

the experimental curves of fig. 9. This comparison shows
clearly tha the Habit/ potential is not able to describe
the experimentally observed features as well as, for ex-
ample, in the Na^ case. An even more sensitive test of
the theoretical potential can be made through the D(6)
and the S(0) curves (figs. 10 and 11).

The comparison of 0,^(8) to Dexp(0) shows clearly
that the frequency of the £ g - 2 u interference inDcak;(0)
is not exactly the same as that for Dexp(0). This would
indicate that the potential difference between £„ and
l u is not quite correct. The phase of the interference
term is also not in agreement with the experiment, which
indicates that the absolute scale of the calculated po-
tential is perhaps not exactly correct.

The rainbow structure can be observed very clearly
in the 5(0) spectra and the comparison between
sak(°)and 5exp(°) shows that the experimentally ob-
served rainbow maximum is at a larger angle than the

a
3.

©

35-

© 3

ELXB = 5 0 0 eV

Fig. 11. Same as fig. 10, but with E = 500 eV.

calculated rainbow maximum. Also the intensity of
the rainbow maximum is much larger for S^id) than
for iSexp(0). This would indicate that the potential well
from the pseudopotential calculation should be slightly
deeper and sharper. Attempts were made to adjust this
potential minimum, so that Sg^iB) would agree more
closely to 5 e x p(0). The rainbow maximum could be
moved in place by using a well depth of about 0.9 eV
(the potential of Habitz predicts 0.83 eV). However, no
small variation in the potential parameters of table 1
could be found which reduces the intensity of the rain-
bow maximum so that 5 (^(6 ) agrees with Sexp(0). N°
attempt was made to utilize a more complicated analy-
tic function to describe V(R). Nevertheless the general
agreement between 5 ,^ (5 ) and Sexp(0) is satisfactory,
especially when the H-state is included in the calcula-
tions (fig. lOe, 1 le). A drop-off can be observed at
3 mrad for 750 eV and at 4.5 mrad at 500 eV, due to
the rotational coupling between the 2 U - and the Fly-
state. For this sink the following parameters were used:
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5. Conclusions
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Fig. i 2, Reduced deflection function, r s EB, for K+ + K.
(a) Tg(b), and (b) TU(b) calculated from parameters of table 1.

Rx = 7 a0, Zo = 1 and 7 = 1.7 a^ 2 , indicating that the
S-FI coupling occurs at r = 140 eV deg. (This value for
7, was found to give the best agreement between experi-
ment and theory.)

Although no unique inversion from the experimental,
relative, differential cross section has been made, the de-
flection function, du(b), can be constructed, if, e.g.,
0g(b) is assumed to be correct. Using the observed
2 g - S u interference in Dexp(0) and the relationship,
Ab = 2nlAdK, a reduced deflection function, ru(Z>),
can be determined from all experimental data. The re-
sults of this procedure are seen in fig. 12. Although
there is considerable scatter in the experimental points
for Tu(b), the manner in which rucak(b) must be
slightly modified is represented by the dashed curve
in fig. 12.

The experiments reported herein offer a meaningful
test of theoretically calculated intcrmolccular poten-
tials of the alkali-dimer ions. In particular the ability
to measure S(0) and D(0) allows one to separate the
cross-interference effects of the two relevant S-states.
The rotational coupling between the Su- and the In-
state has been included in an overly simplistic manner,
but the method does seem to have the proper effect
on the calculated differential cross sections, it is clear
that quantum calculations involving the coupled
Schrodinger equations need to be performed. From
the experimental point of view the 2 Tl coupling may
be investigated in detail in the existing apparatus by
means of a correlation measurement between light
emission and scattered particles or by means of a time
of flight analysis.
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Appendix

The position sensitive detection of the scattered
neutral alkali atoms is a critical aspect of the present
experimental results. To reiterate, the scattered neu-
trals strike the (channelplate) detector with a kinetic
energy corresponding to the laboratory collision energy,
250 1250 eV, whereas all ionic products are accelerated
to 2700 eV in the region immediately prior to the de-
tector surface. Consequently the probability of neutral
detection is somewhat less than that for ions (the posi-
tion sensitive aspect of particle detection does not de-
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lij!. 13. Relative detection efficiency for ions with respect to
neutrals <eq. A-l) as a function of neutral energy.

pend upon any gain factors associated with ions or
neutrals, however). In order to construct the sum and
difference spectra, Sexp(fl) and Dexp(8), one must de-
termine the relative probabilities for ion and neutral
detection at each collision energy, E. Let us define
such a ratio as follows:

„ „ ys = probability of detecting 2700 eV X* . n
( ' ' ~ probability of detecting E eV X" ' ( '

Then the sum and difference spectra may be construc-
ted for each energy E from laboratory intensities by

5(0) = /+(0) + /?(£", X)I°(0),

and

where P(0) and l°(0) are the measured intensity dis-
tributions of ions and neutrals for identical time per-
iods (as described in section 2).

In order to determine R(E, X) the following simple
procedure has been used: First, it was observed that
calculations for the cross sections always showed that
o+(0)/o°(0) * I for 0 being that angle which corres-
ponds to the maximum in the principle rainbow oscil-
lation. This is due to the fact that this rainbow con-
tribution to the differential cross sections is dominant
for these angles. Since these rainbow maxima are easily
observable features of both o|tM,(0) and o?xp(0) they

can be used to determine R{E, X) in a unique and
straight-forward manner. The results of such a detec-
tor calibration are seen in fig. 13.

The error associated with this method of determin-
ing R(E, X) should be no greater than I 5%. A varia-
tion of this order lor R(E, X) does not appreciably
alter the results for S(0) and D(0).

The functions R(E, Na) and R(E, K) show an al-
most identical energy dependence; however, for
R(E, Li) a quite different curve is obtained. Contam-
ination effects, associated with the use of Li as a target
gas could cause an error in R(E, Li) due to the addi-
tional elastic scattering of Li+ by unknown targets.
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ABSTRACT

Relative differential cross sections, for both direct and charge ex-

change scattering have been obtained for the Li + K, Na+ + K and K+ + Na

alkali ion-atom collisions, over the energy range 200-1200 eV and for

scattering angles 0-6 milliradians (in one case 0-15 mrad). The expe-

rimental results are compared to semi-classical calculations, based

upon recent potential energy curves. The charge exchange probabilities

are calculated by solving the time dependent Schrodinger equation in a

two-state approximation. In the Li +K experiment diffraction effects

are observed, which can be compared to the Fraunhofer diffraction of an

annular diaphragm.

1. INTRODUCTION

In a previous paper I 1] the differential scattering for homonuclear

alkali ion-atom systems has been discussed. It was shown that the

direct and charge exchange scattering were effected by two mechanisms;

On leave from College of William and Mary, Williamsburg, Virginia,

U.S.A.
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the resonant charge exchange and the rotational coupling between the

repulsive IE and the in -state of the quasi molecule. In the example

of an asymmetric alkali ion-atom collision, there is a radial coupling

mechanism between the bonding and anti-bonding Z-states, The coupling

between these states has first been described by Demkov [2] and subse-

quently is called: "Demkov coupling". This coupling is the principle

source of charge exchange when the system is prepared in the lowest

E-state (fig. 1) of the quasi molecule (K +Na, K +*Li). On the other

hand, in the case where the electron is on the other collision partner

(Na +K and Li +K) the rotational coupling between the 21 and the in-

state is the main source of charge exchange.

Asymmetric alkali ion-atom systems have been the subject of theore-

tical investigations by several groups [31. Non-resonant charge exchange

at large internuclear distances was first discussed by Demkov and sub-

sequently investigated in detail by Melius and Goddard for the case of

LiNa [3a] . Theoretical treatments of rotational coupling, which are

very suited to our problem are given by Russek [41 and others [5!.

Apart from the well known total cross section measurements from Perel

and Daley [6] and the inelastic, optical measurements of Aquilanti i"7J

the only experimental differential cross section measurements thus far

are due to von Busch and coworkers [8].

This paper reports on the experimental investigation of the. differ-

ential scattering of Na + K, K + Na and Li + K in the laboratory energy

range 200- 1200 eV and the angular range of 0 - 6 milliradians (in one

case, 0-15 mrad) . The analyses of the experimental results are based

upon semi-classical considerations and the potential energy curves cal-

culated by Habitz L9]. It will be shown, both experimentally and theo-

retically, that the Demkov-coupling is negligible for the energy and

angular range of the experiments reported herein. The rotational exci-

tation has been included in the analysis by solving the time dependent

Schrodinger equation via the method which McMillan has applied to the

Li» system [5b.]. The elastic differential cross sections for Li +K and

Na+ +K are shown tc be distorted by the rotational coupling mechanism

and this effect is included in the calculations in a semi-classical

manner. The very small effect of the Demkov coupling for the energy

range of th.* experiments reported herein allows one to investigate the

rotational sxcitsciori in terms of a two-state approximation. Further-

more there is strong evidence that diffraction effects from the "sharp
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edges" associated with the rotational coupling play an important role

in the Li + K experiments and it will be shown that these effects can

be regarded as the Fraunhofer diffraction due to an annular diaphragm,

The LiNa system will be presented in a subsequent paper since in this

case the Demkov effect is large (almost resonant for E > 200 eV) and re-

quires an analysis based on at least four states

2. EXPERIMENTAL METHOD

The apparatus and the experimental procedure have been described on

previous occasions [1,10,11]. Briefly, an alkali ion beam is focussed

onto a position sensitive channelplate detector by means of two electro-

static lenses. In this manner the primary beam has a diameter of appro-

ximately 50 vim at the detector surface. Scattered ions or neutrals from

the collision chamber, which is situated just after the last lens, are

recorded on the same detector. These ions or neutrals are, according

to their radius of impact with respect to the centre of the detector,

accumulated in the memory of an on-line minicomputer. Both ionic and

neutral products of a collision can be measured in a single experimental

run by first accumulating the ion + neutral signal for a certain period

of time and then accumulating just the neutral spectrum for the same

time period. The ionic spectrum is then obtained by subtraction. The

absolute ratio between ionic and neutral collection efficiencies has

been calculated from the rainbow scattering for homonuclear alkali ion-

atom collisions which has been described in detail previously [1].

In the experiments for K +Na reported in this paper it was necessa-

ry to determine the exact amount of potassium contamination of the

sodium target gas since it is well known that most alkalis contain some

percentage of other alkalis (even though 99.99% pure Na was used). In
+ 4

the case of K + Na the presence of 1 part K in 10 parts Na could be
misleading in the charge exchange data for the following reasons:

(i) In order to achieve a Na-target gas pressure of approximately 10

Torr, the collision chamber is operated at a temperature of 600°K. At

this temperature the partial vapour pressure for K is of the order of

1 Torr. And (ii) ; the charge exchange cross section for K +K is theore-

tically roughly 1000 times higher than for K +Na at the energies and

angles of the present experiments. Therefore it is crucial to find out
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Fig. 2 - Schematic diagram for coincidence experiment described in

section 2.



- 59 -

which of the two possible processes give rise to the neutral charge

exchange spectra. For this purpose a coincidence measurement was per-

formed between the resulting (slow) target ion and the fast neutral

particle resulting from a charge exchange collision. This experiment

is schematically drawn in fig. 2. A small accelerating voltage (~ 2 V)

is applied across the collision chamber in axial direction so that slow

ions are accelerated out of the collision chamber into a transverse

electric field which focusses the ions onto a channeltron particle de-

tector. The corresponding pulse from the channeltron then starts a

time-to-amplitude converter (TAC). In the mean time the fast neutral

travels 30 cm to the channelplate detector and the resulting pulse is

used to stop the TAC. The output from the TAC, At, is now proportional

to the time difference between the flight time of the fast neutral

particle, t , and the flight time of the "slow" ion from collision

chamber to channeltron, t.; thus: At = t - t..

Therefore the TAC output, At, can be considered as a relative measure

of the mass of the target particle. First, the system was tested by

the process ]( +K ->• K + K at E = 750 eV and the coincidence peak ap-

peared at, At = 1 usec (fig. 2a). The flight time of the fast neutral

K atom can be easily calculated; t = 4.8 usec, and the flight time

for the slow ion, t. = t - At = 3.8 usec. Then, sodium was put in the

collision chamber and the measurement was repeated for the expected

process: K ++Na ->• K + Na+, also at 750 eV (fig. 2b). The flight time of

the fast neutral is again 4.8 usec and the expected flight time for the

slow Na ion can be estimated: t. « 3.8 * Z23/39 = 3 usec, so that At

is expected to be ~ 1.8 usec. However, a coincidence peak appeared

again at the K position of 1 usec and even after a long accumulation

of 3 hours no Na peak could be found at the expected time of 1.8 usec.

In order to show that the Na peak really existed the K ion source was

replaced by a Na ion source. The experiment was performed for the

Na +Na ->• Na + Na process, at 575 eV (fig. 2c) so that the flight time

of the fast neutral, t , would be the same as in the two previous

cases. Now the Na peak appeared at the predicted position of 1.8 usec.

In view of this evidence we feel very confident that, in this ener-

gy range no_ charge exchange is observable in the case of K +Na-*K + Na

and all observed charge exchange is due to the potassium contamination

of the sodium metal.
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This statement should also hold for the reaction K + Li -> K + Li . The

latter process was not checked because of difficulties with the ion

extraction mechanism at the relatively high temperatures associated

with the use of Li as the target gas.

3. THEORETICAL CONSIDERATIONS

Adiabatic potential energy curves for the alkali ion-atom systems

discussed in this paper have been calculated by Habitz L9] utilizing

pseudo-potential methods. The result of such a calculation is shown in

fig, 1 for the case of NaK . The experimental results presented in sub-

sequent sections probe these potentials over the range 4<R<15 a .

Features in the differential cross sections one may expect when the

system is prepared in the 2I-state (M + K, where M = Na, Li) are:

(i) Small angle rainbow structure with associated oscillations due to

the small attractive well in the 25>state. (ii) Demkov coupling between

the IE and the 2£ states resulting in charge exchange (the "coossing"

radius of this coupling can be estimated [3aJ: R (NaK ) » 9.7 a ) ;

(iii) rotational coupling at the intersection of the 21 and the IF.

states leading to charge exchange and excitation; and (iv) excitation

of the target particle by means of a two-step process: rotational cou-

pling (1Z - in) on the ingoing part of the trajectory and Demkov coupling

(III — 211) on the outgoing part.

On the other hand when the system is prepared in the 1Z molecular

state (K +M) one can expect: (i) A pronounced rainbow structure in

the elastic scattering due to the large well in the IE state and (ii)

quasi-elastic charge exchange through the Demkov coupling to the 2E

state.

In both cases (M +K and K +M) it is important to ascertain the

strength of the Demkov coupling and this can be found from the asymp-

totic formula for zero impact parameter (b =0) where the crossing pro-

bability, p(v,b), reaches its maximum value [3a]. This maximum probabi-

lity is estimated by:

p(v,0) « 1/{1 +exp(iv AV^/gv)} (1)

where &Vm is the separation of the relevant potential energy curves at

infinity; v is velocity and 6 is the decay rate of the coupling matrix

element which can be estimated from the ionization potentials (I) of

the atoms as [123: 0 « 0.61 (I* + I*); for LiK+ 0 » 0.52 and for NaK+
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8 as 0.51. The total Demkov transition probability can then be found

from, P(v,0)=2 p(v,0){1 - p(v,0)}• At the energies of the experiments

reported herein, these probabilities given by eq. (1) are extremely
-9 -4 +

small and vary between 10 and 10 in the case of K +Li and between

10 and 10 for the K +Na system. Moreover no_ detectable charge ex-

change was observed in the K +Na experiment. Therefore, further dis-

cussion of the Detnkov coupling is not essential at this point and will

be postponed until the LiNa results are presented; for that system

the Demkov coupling cannot be discarded. For the remainder of this

article, however, the coupling between the two lowest £-states will be

neglected.

However, the rotational excitation from the 21 to the in-state cer-

tainly cannot be ignored. The effect of rotational coupling on the

differential cross sections has been a subject of several theoretical

investigations [3a-5bl. The conclusions of these studies show that

rotational excitation predominantly occurs for trajectories of which

the impact parameters, b, are approximately equal to the crossing

radius, R , and secondly that transition probabilities are still sig-

nificant for b •• R . This implies that the transition process cannot

be separated into two single crossings as for example in a Landau-

Zener or a Demkov coupling. Therefore the treatment of McMillan [5b~>

will be adopted here. For the purpose of calculating classical trajecto-

ries the further assumption will be made that the transition occurs at the

turning point of the trajectory (where the radial velocity, v =0).

In this approximation the iji motion is always along the 2z-state and

the out motion is either along the 2£-state for an elastic collision,

or along the IJI-state for an inelastic charge exchange collision,

At the energy and angular range of the experiments reported in this

paper the straight line impact parameter approach should be excellent

and the time dependent Schrb'dinger equation in the two-state approxi-

mation can be written [5b]:

b M , .
T; j \ ^ e

(2)

da(s)
a_(s) e
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- b (do)

Fig. 3 - The result of the coupled differential equations (2) for

Na + K at E = 600 eV, P (b) is the charge exchange proba-

Lty and <f>CT(b) is the phase

from the rotational coupling.

bility and <)> (b) is the phase shift in the elastic channel
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? )

where s.= vt; js i.s) | and |a (s) | are the probabilities of finding the

system in the 2)': or Ill-state respectively; M is the coupling matrix

element, which is approximately constant in the transition region ^5b,

4]; <j>(s) is the phase difference between the v and TI-wave:

s

(Va-V7T) ds" (3)

o

which can be expanded about the crossing radius, R , to give (V =

d(V -V )/dR)
O IT

s

<f>(s) a 1 f (R-R c) V
1 ds' , (4)

o

which can be solved analytically. (The accuracy of this approximation

was verified by solving (3) numerically and is better than 5% in the

relevant region of the impact parameter.)

The system (2) can now be solved numerically using the boundary

conditions a (-™) = 1 and a (-«>) =0. The transition probability from the

E to the n-state is then given by P (b) = [a (»)| . The results of nume-

rical integration of (2) shows that a (s) is approximately real after

the collision but a (s) remains complex and is responsible for a phase

shift which will be important in further discussions, viz.,
4) (b) •- tan~l[Im(aa(«.,b))/Re(a (,b)) ] (5)

In fig. 3 the results of such a calculation for P (b) and <)> (b) are
air a

shown for Na +K at a laboratory energy of 600 eV*. It is immediately

obvious from the foregoing discussion that the rotational excitation

is characterized by the coupling matrix element M and by V and R .

M is not known for the systems treated here but it only affects the

strength and not the shape of P (b) and can, in principle, be deter-

mined from the experiment. V' and R are characteristic of the calcu-

lated adiabatic potential energy curves. For the picture of fig. 3 we

used: M = 0.65, V'=-0.011 and R =6.6 (all atomic units). This value of M

is reasonable and similar to that calculated for alkali molecular ions

[3b,5b].

All energies and angles mentioned hereafter will refer to the labora-

tory frame of reference unless specifically stated otherwise.
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Fig. 4 - Reduced deflection function for the NaK system: curve a and

d are for elastic scattering along the 21 and 11-state res-

pectively. Curve c is the pseudo-deflection function (eq.(9))

for Na + K at 600 eV and curve b is the pseudo-deflection

function for charge exchange in Na + K (for motion in_ along

the 21 and out along the III state).
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Let us consider how to include the numerical evaluation of P (b)
CTTT

and <j> (b) within the framework of the semiclassical approximations.

First, it should be mentioned that the calculated intermolecular poten-

tials can be accurately represented by (for JV(R)' £ 3 eV),
5 -a.R

V(R) = I A£ e (6)
i=l

which allows for the analytic evaluation of the phaseshifts in the

Jeffreys-Born approximation:

where £«kb, k is the wavenumber, E is the center of mass collision

energy, and K. is the modified Bessel function. The various derivatives

of n(b) can be written in terms of KQ(x) and Kj(x) and the accuracy of

the J.-B. approximation (at the relevant scattering angles and energies)

utilized in this analysis has been tested on previous occasions t 1,1)1.

Reduced deflection functions corresponding to the three possible

trajectories:

(a) M+ + K + M+ + K,

(b) M + + K + M(np) + K+ and (8)

(d) K+ + M -v K+ + M

have been calculated and are presented in fig. 4 for the example of

NaK • It was mentioned previously in the discussion of the rotational

coupling that in the elastic scattering case (a), an extra phase shift,

<j> (b), is developed during the motion. The semiclassical equivalence

relation (0 = 2 -—• ) can be extended to include <j> (b) and a pseudo

deflection function may then be constructed as: (see also Bobbio et al.

[14] )

0 = 2 .^- (nTn(b)+<j> (b)/2) (9)
Ql J D cr

which is plotted in fig. 4 for a laboratory energy of 600 eV. In order

to evaluate (9) and subsequent higher derivatives necessary for the

calculation of the cross section, <f>(b) was tabulated so that

derivatives could be calculated numerically.
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We are now able to calculate differential cross sections correspon-

ding to motion along the trajectories a, b and c of (8):

Path a: M + K -»• M +K (elastic scattering)

aa<9)« |fr2E(0)a;Kb(0r)} + f2E(0)a^{»,b(0)}|
2 (10)

where f . (S) is the scattering amplitude associated with the small well

in the 2£-state and 0 is the corresponding rainbow angle calculated in

the uniform approximation [13], f,-(0) is the scattering amplitude of the

repulsive part of the 2I-state and a^X^.b) = (1 -P ff(b)) e . (a^

varies slowly in the region bwb and thus the use of b(0 ) in (10) is

quite reasonable).

Path b: M +K •* M(np) +K (endothermic charge transfer)

where the îi motion is along the 2E-state and out along the In-state.

Thus:

(12)

Path c: K + + M -*• K ++M (elastic scattering)

which is a simple one-state problem, f . is the rainbow contribution

calculated utilizing the unifon

repulsive part of the lS-state.

calculated utilizing the uniform approximation [13] and f. is from the

In the case of path (b) there are possibilities for coupling to other

states on the outgoing trajectory: rotational in-*-3E, which almost does

not affect the calculated cross sections and a Demkov coupling Hl-*-2n

which could lead to: M+ + K •+ M +K(4p). The probability of this coupling,

P , can be estimated from (1) and is negligible for Li +K, however in

the Na +K experiments (AVm « 0.3 eV) this effect cannot be neglected

(0.01 < P_ < 0.15).

Since the experimental apparatus cannot discriminate between elastical-

ly and inelastically scattered ions, (10) and (11) should then be modi-
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fied to read:

and

where no further change in action is assumed when the system goes from

the III to the 2IT-state.

4, RESULTS

4.1. Na ++K

Differential cross sections have been obtained for the direct pro-

cess:

Na+ + K > Na+ + K (a)

and the charge exchange collision:

Na+ + K - Na + K+ (b)

Since the scattered products could not be energy analysed in the pre-

sent apparatus it was not possible to discriminate between elastic or

inelastic scattering. The energy range of the experiments was 200 to

1200 eV and the angular range 0-6 mrad, and in one set of experiments

0-15 mrad. Results of the experiments are shown in figs- 5, 6, 7

curves £ for direct and curves b_ for charge exchange scattering at la-

boratory collision energies of respectively 400, 600 and 800 eV. In

these plots reduced parameters are used:

p(0) =a(9) . C-) . sin 0 and i = EO .

The charge exchange cross sections exhibit a threshold behaviour at

T « 60 eV . deg while the elastic differential cross sections show a

"fall off" at T «120 eV.deg. Furthermore, a maximum and some struc-

ture can be seen in the elastic curves just before the rapid decrease.

It was shown in section 3 that in this case the results should be ex-
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TABLE 1

Molecular

State

NaK+

LiK+

11

21.

in

21

in

°V
A

-125

199

129

192

80

= 0 . 8

1

.682

.575

.714

.029

.6778

A

184

-212

- 98

-208

- 50

•0.6

2

.828

.905

.3085

.792

.157

* 3 - 0 . 4

A 3

-52.2784

96.4356

43.9302

97.1217

19.3096

« A - 0 . 2

\

1.10634

-12.4761

-10.3746

-14.9473

- 4.30394

o5 - 0 . 1

A5

-0.0033

1.41613

1.7550

1.98553

0.82927

Table 1: Parameters used in eq. (6) for

a. is expressed in a and A. in eV.
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Na*»K
E L A B-400eV

' --i
(arbun)

• r (ev.deg)
zoo

Fig. 5 - Na ++K differential cross sections for E - 400 eV:

(a) elastic scattering, (b) endothermic charge exchange,

(c) calculation for elastic scattering with ^ ( b ) , (d) calcu-

lation for elastic scattering without $_(b) and (e) calcula-

tion for endothermic charge exchange scattering.
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plained in terms of two states; the 2Z and the Ill-state (see fig. 1)

and the associated rotational coupling between these states. The data

clearly shows further evidence to this point since no neutrals are ob-

servable at small angles: neutrals would appear at small angles as the

result of the quasi-resonant charge exchange from the 2Z to the 151

state.

Intermolecular potentials for this system have been calculated by

Habitz [91 and differential cros.. sections have been computed using the

method described in section 3. First, the potentials were fitted to the

analytic form of eq. (6) and the constants A. and ou are presented in

table 1. Then, for each energy, the coupled differential equations (2)

were solved numerically; the resulting P ^ O O a n d •0-G
)) w e r e s u b s t i~

tuted in eqs. (10) and (11) and the resulting differential cross sections

are presented in figs. 5-7, curves c and e. (All these and also the

theoretical curves presented hereafter have been convoluted by the

approximate apparatus resolution.) The values V1 and Rc, necessary for

the evaluation of (2) were first determined from the Habitz potentials:

V1 = - 0.012 and R = 6-26 a . When comparing a ( 0 ) to a , (0)
Q O SXp CalL

it was clear that these values for V and R were not able to make o (Q)

agree reasonably with o . (0). This may be due to the simple model used

for the calculations. However, V and R were adjusted slightly (V =

-0.011 and R = 6.6 a\ in order to affect a better agreement between

acalc(9) a n d a
e x p

( 0 ) '

The coupling matrix element, M, which only controls the strength

of the rotational coupling was determined by comparing the ratios of

the experimentally determined direct and charge exchange spectra to

those calculated ratios and for this system M=0.65.

At this point it is interesting to compare calculations which include

the phase shift, <|>a(b), to more conventional calculations which do not

include this effect. These calculations are presented in figs. 5-7

curves _d. It is clear that these curves are quite monotonic and not

able to describe the structure found in the elastic scattering jus.t

before the "drop off" at ~ 120 eV . deg. Similar structure was observed by

von Busch and coworkers C8] for Li +Na at low collision energies. This

structure can now be explained from the pseudo-deflection function for

elastic scattering (fig. 4, curve c). Outside the crossing for b>6.6 a

the pseudo-deflection function is slightly weaker than the classical de-

flection function (fig. 4, curve a) and consequently gives rise to an in-

crease in the differential cross sections at angles just before the cros-

sing followed by a more rapid decrease after the intersection of the po-

tential energy curves.
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Na**K

(orbtun)

f

50-

T(eV.degT

Fig. 6 - Na +K differential cross sections for E=600 eV: (a) elastic

scattering, (b) endothermic charge exchange, (c) calculation for

elastic scattering with <i> (b), (d) calculation for elastic scat-

tering without 4> (b) and (e) calculation for endothermic charge

exchange scattering.



Fig. 7 - Na+ + K differential cross sections for E = 800 eV: (a) elastic

scattering, (b) endothermic charge exchange, (c) calculation for

elastic scattering with <J> (b), (d) calculation for elastic scat-

tering without <t>a(b) and (e) calculation for endothermic charge

exchange scattering.
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Fig. 8 - Experimental results and theoretical differential cross sec-

tions for the endothermic charge transfer in Na +K at 1200,

500, 300 and 200 eV over the angular range 0-15 mrad.



In order to study the energy dependence of the shape of the charge

exchange spectrum, experiments were performed over an increased angular

range so that even at energies of 200 eV the entire r-range from

0-200 eV . deg is covered. The results of some of these experiments

are shown in fig. 8, together with their calculated equivalents. Since

these experiments are relative differential measurements, the peak

heights have been adjusted to agree approximately with the calculated

ones. The comparison between a 1 (0) and a (9) generally shows that
cai c exp

the experimental maxima occur at larger angles than the calculated maxima.

Also the calculations predict secondary maxima which are not present in

the experimental curves. The reason for this could be that the relevant

potential energy curves are much more parallel over a larger region (this

reduces V'). Furthermore, the approximation used for <f>(s) in eq. (4),

which essentially assumes straight lines for the potentials at the cros-

sing is probably not adequate for a Large range of impact parameters.

4.2. K ++Na

Relative differential cross sections have also been measured for the

elastic scattering of K by Na. Coincidence experiments, described in

section 2 between the ionized target particle and the fast neutralized

beam particle showed that all experimentally observed charge exchange

(which was about 100 times less than the elastic scattering), was due

to the process K +K -»• £ + K and n£ charge exchange due to K + Na was

experimentally detectable.

The results of the elastic scattering experiments are presented in

fig. 9, curves a and b for laboratory energies of 400 and 800 eV res-

pectively. The sharp rainbow maximum at t K 50 eV . deg is very clear

and at 400 eV the first supernumary rainbow is just resolved. Further-

more, the background scattering due to the repulsive part of the II-

state is clearly visible for T > 100 eV • deg. Based upon the Habitz II

NaK potential a calculation of the differential cross section was made
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(arbtun)

50_

K»*Na-»K**Na

••«*

100
-rteVdeg)

200

Fig. 9 - Elastic differential cross sections for K +Na: (a) experi-
ment at ET. =400 eV and (b) at 800 eV and (c) calculation,

LAS
for 400 eV.
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(arb.un)

r

ELAB=500eV

100

- HeVdeg)

Fig. 10 - Li +K differential cross sections for E=500 eV:

(a) elastic scattering, (b) eudothermic charge exchange,

(c) calculation for elastic scattering with 0 (b) and

(d) without <t> (b) and (e) calculation for endothermic charge

exchange.
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and the position and shape ot the rainbow agrees reasonably with

the experimental data. However, close inspection of the ratio between

the rainbow maximum, p (0), and the background scattering for T ;> 100

eV . deg, pb(9),shows that fPr(G)/pfa(0) ! * 2.5fpr<0)/pb(0)lcfllc.

This could indicate that the repulsive part of the Habitz potential is

too "hard" or that the potential well in the lS-state should be slight-

ly sharper. We do not believe that the background scattering is increa-

sed by the small potassium contamination, which is obviously present,

in the target gas. This should give rise to strong oscillations in the

elastic differential cross sections foi i > t . , 111.
rainbow

The present results concerning charge transfer for K +Na are not com-

patible with the measured total cross sections for np excitation of the

projectile or target particle as reported by ref. I7i,

4.3. Li+ + K

Both, direct and endothermic charge exchange differential cross

sections were obtained experimentally over the angular range 0-6 mrad

and the energy range 200-1200 eV. The results of these measurements

for 500 and 800 eV are presented in figs. 10 and II, curves a and b.

The general features in these experiments are similar to the Na +K

experiments, however, the threshold for charge exchange is considerably

smaller at T « 20 eV . deg and the "edge" in the elastic scattering due

to the rotational excitation is at i =» 70 eV . deg. Furthermore, very

clearly at 500 eV, an oscillatory modulation with a wavelength of

T » 15 eV . deg can be observed in both the ionic and neutral spectra.

In the elastic differential cross sections this oscillatory structure

can be partially attributed to the high frequency oscillation at the

dark side of the small angle rainbow, associated with the attractive

well in the 22-state of the LiK molecular ion. Such structure can be seen

for T < 50 in fig. 10. The origin of the oscillations in the charge exchan-

ge spectrum can not be attributed to the above phenomena, but can be ex-

plained from diffraction effects which are of considerable interest and

will be discussed in a separate section.

Habitz also calculated LiK adiabatic molecular potentials which can

be presented by the analytic form of eq. (6) and the corresponding pa-

rameters A., a. are tabulated in table 1. Utilizing these potentials,

differential cross section calculations have been made in the same

manner as that described for Na +K. The results of these calculations

are shown in figs. 10, 11, curves c and e and the curves without the
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Li**K
EWB= 800 eV

I
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r(eV.deg)

Fig. 11 - Li +K differential cross sections for E * 800 eV: (a) elastic

scattering, (b) endothermic charge exchange, (c) calculation

for elastic scattering with 4>0(b), (d) without ^(b) and (e)

calculation for endothermic charge exchange.
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phase, <f> (b), are presented in figs. 10, 11, curve d.

Since the disagreement between threshold values for charge exchange

is quite substantial (T , . . a 20 and T , . « 50) no attempt was
^ th(exp) th(calc) r

made to adjust R and V from the Habitz values, which are R = 6.7 a ,

V = -0.0127. The coupling matrix element was estimated from the experi-

mental data, using the same procedure as for Na + K and yields M = 0.5

for this system.

As stated previously, the calculations of the elastic differential cross

sections show the high frequency rainbow oscillations at small T values.

However, it is clear that the dampening of these oscillations in

a , (0) is far too strong to be able to explain the oscillations in

a (0) for T .> 75 eV , deg. As expected, the calculations for the charge

exchange spectrum do not reveal the high frequency rainbow oscillations

since the charge exchange probability at the rainbow angle, P (b(G )},

(eq. 11) is essentially zero. The experimentally observed oscillations

in the charge exchange spectrum should therefore have another explana-

tion.

5, DIFFRACTION EFFECTS IN Li ++K

In order to discuss the origin of the observed oscillations in the

charge exchange spectrum of Li + K •»• Li + K it is instructive to isolate

this structure from the general shape of the spectrum. This can be

achieved by smoothing the spectrum through convolution with a "window"

with a width of 1.5 mrad, which removes all structure. The oscillatory

part of the spectrum, Ap(0), can now be plotted by subtracting the

smoothed spectrum from the experimentally obtained data. The result of

this operation is shown in fig. 12a, and the oscillatory behaviour is

now obvious. There is a clear maximum in the amplitude of the oscilla-

tions between 2 and A milliradians and an increase in the frequency

of the oscillations can be observed towards larger angles.

Since it was shown in section 4.3 that no semi-classical effects appear

to be responsible for the observed structure, we believe it is due to

the Fraunhofer diffraction scattering of an annular diaphragm. The

principles of Fraunhofer diffraction in heavy particle scattering have
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P(b): J l

Fig. 12 - a. Diffraction contribution to the charge exchange spectrum for

E-SOO eV.

b. Theoretical cross section using a window function for P ^ O O

eq. (17).

c. Theoretical cross section using a smooth function for Poir0>)

eq. (19).
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been discussed hy several authors . I^Jb' for the example of scattering

by a "black" sphere. In this explanation the starting point is the scat-

tering amplitude in the case of inelastic scattering (for small angles)

•: 17,181:

fT(0)«ik (P (b)*J b J, (kb0")e db (14)

o

where all variables have their asuai neaning >see e g eq T)> and J,(xi

is the first order Bessel function

Figure 3 for P (b) shows that it is iioi unreasonable to replace P (b^

by a window function and consequently rhree regions can be defined:

O ) P (b) = 0 , 0 - b ci

( 2 ) P (b l = i ,. b • r, b ( 15 )
Q1T | - y

(3) P (b) = 0 . b b.

Thus (l&J can be approximated b\
b2

f j f G ) * ^ b J,(kb0)e db (16>

b l

This expression is similar to Fraunhofer diffraction v̂f an annular dia-

phragm and interference oscillations can be expected with two frequencies:

A 6 1 * k ( b , + b 2 )
 and A 02

Since k-«600 a (at E T A n = 500 eV):A0. il mrad and AG,»1O mrad = TheO LAB 1 I

i mrad oscillatory pattern is clearly visible in fig. 12a.

Equation (16) can be approximated and integrated when n(b) is assumed

to be approximately constant (for example "(5.5 a ) m~5.2 rad and

n(6.5 a ) =-3.b tad, for E=500 eV) and replaced by its average values

n nt (bj +b2)/21- Moreover n(b; is only responsible for the gross fea-

tures in the differential cross section, which are not the subject of

this analysis. The differential cross section is then given by:

b, + b 2

{sin(k b o0 --7-) - sin(kb,0 --7-) I 07)
IT k 0

This result is presented in fig. 12b using b. «4.5 a and b« •= 6 a and
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there is excellent agreement between the period of the high frequency-

oscillation of the diffraction cross section presented by eq. (17) and

the experimentally obtained diffraction spectrum over most of the angu-

lar range of the experiments. The application of a rectangular window

function may give rise to unrealistic results. Therefore a calculation

was performed where P (b) was represented by;

IP (b)]i=Im[b/(b2 + z2)] (18)
air

where z=0.9+5.3 i. With thin form for P (b) eq, (14) can still be in-
cnr

tegrated analytically to give;

cfjCO) a[k . Im{zt . Rj(kQz)}]2 (19)

(where K. is the modified Bessel function). This result is presented in

fig. 12c and the oscillatory behaviour is evident.

The increase in frequency towards larger angles is not predicted by

eq. (18) or by eq. (19) and this effect is not understood at present.

The oscillations in the elastic scattering of Li +K (fig. 10a) can

also be identified in the above manner. The scattering amplitude can be

written in a small angle approximation:

- b2
, i(2n(b) -kbO-ir/2) 2in t

fE(0>*[aE(class)(0)] e - TTk j b V k b 0 > db

bl (20)

Thus, the elastic diffraction contribution of the ditferential cross

section can be approximated by

a..(0) = = {at cos(kbo0--T-)-b: cos(kb.0—j-)t (21)
DE . , 3 I £• 4 1 1 4

which is similar to the result for inelastic diffraction and therefore

the diffraction effects in both direct and charge exchange scattering

should have the same oscillatory structure.

The observed diffraction effects may allow one to determine the abso-

lute range over which rotational coupling is effective without any detail-

ed knowledge of the relevant potential energy curves.
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6. CONCLUSIONS

The experiments reported in this paper present a sensitive test, of

recently calculated intertnoletular potentials and study the effect of:

the rotational coupling in alkali ion-atom collisions.

For the NaK system reasonable agreement was found between experiments

and calculations based on the Habitz potentials. However, for the LiK

system it was not possible to obtain more than a qualitative agreement,

The comparison between theory and experiments indicates that the LiK -

22 potential should be slightly softer than the theoretical curve. The

observed diffraction effects for the Li +K system show that the inter-

section of the 21 and the III potential should be at: a smaller inter-

nuclear distance ( 6 a ) than the crossing predicted by the Habitz cal-

culations (6.7 a
Q ) •

It was shown that the inclusion of the phase shift, associated with

the E-II transition, is necessary to obtain a better agreement between

experiments and calculations. The rotational excitation should probably

be studied at lower energies and over a larger angular range, where

secondary maxima of the transition probability should be observed and

give a more detailed investigation of the behaviour of the phase shift,

<j> (b), and its effect on the differential cross section.

The observed diffraction effects probably offer a unique opportunity

to study the impact parameter dependence of the I-Jl transition without

any knowledge of the relevant potential energy curves and this effect

certainly deserves a more detailed study-
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ABSTRACT

Relative differential cross sections, for direct and charge exchange

scattering, have been measured for the Li + Na and the Na + Li system,

over the energy range 200- 1200 eV and for scattering angles 0-6 milli-

radians. The experimental results have been compared to a quasi-resonant,

multi-state, semi-classical analysis based upon theoretical potential

energy curves. In order to obtain agreement between theory and experi-

ment it was necessary to assume quasi-diabatic potential energy curves,

which smoothly join the IE and the 21 potentials in the Demkov coupling

region.

:. INTRODUCTION

Differential scattering cross sections tor homonuclear and some hete-

ronuclear alkali ion-atom systems have, been discussed in two previous

papers [1,2]. Measurements were reported for both elastic and charge ex-

change scattering. In the homonuclear case the principle source of char-

ge transfer was shown to be due to resonant charge exchange.

On leave from College of William and Mary, Williamsburg, Virginia,

U.S.A.



- 87 -

In the asymmetric systems (Li++K and Na + K) the charge transfer was

shown to be primarily the result of rotational coupling between the 27.

and the 'II potential energy curves of the quasi-mo lec.ule (see e.g. fig-

1). For these asymmetric systems, charge exchange through the radial

coupling (2E-*-lZ) could be ignored due to the relatively large distance

between the II and the 21 states at large internuclear distances (for

NaK+; 0.8 eV and for LiK+; 1.05 eV). However, for the case of LiNa+ the

asymptotic separation of the l£ and the 21 states is only 0.25 eV and

there is considerable coupling between these states. This can directly

be understood from the uncertainty relation: AE . At « h. In the energy

range of the experiments (200 < E * * '200 eV) a typical velocity is 0*05

a.u. and setting the interaction length to approximately 5 a , the colli-

sion time, At, can be estimated to be «» 100 a.u. The energy uncertainty,

AE, is then approximately 0.01 a.u., which is comparable to the separa-

tion of the IE and 21-states at large internuclear distances.

Quasi-resonant charge exchange, in particular for Li +Na, has been

of interest during the past decade, commencing with the weJl known mea-

surements of total charge exchange cross sections by Daley and Perel [33.

The first differential cross section measurements for this system have

been reported by von Busch and coworkers [4]. Since these measurements

were performed at relatively low collision energies the quasi-resonant

charge exchange was not the principle mechanism for charge transfer and

the resulting'oscillations in the differential cross sections were very

weak and could just be resolved [4b]. The importance of excited states

was demonstrated by Aquilanti and Belu 15? who measured total inelastic

cross sections for Li + Na through the observation of the light emission

from the collision products.

The one-electron nature of the alkali molecular ion and the wealth of

experimental data stimulated a number of theoretical investigations of

these alkali ion-atom systems. The LiNa system was studied very thorough-

ly by Melius and Goddard in a series of publications C6] and their work

showed that no less than 6 molecular states are involved in the theore-

tical description.of the experiments by Daley and Perel [33. Bottcher and

All energies and angles mentioned hereafter refer to the laboratory

coordinate system unless specifically stated otherwise.
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Li(2p) -r Nc

u • NQ|3S)

u|2s).Na

.„ +Fig* I - Po ten t i a l energy curves ca lcula ted by ref . [81 for the LiNa

molecular ion.



Oppenheimer ."7] have also made total cross section calculations for the

LiNa system and they suggested that experimental, differential cross

sections should be necessary for the detailed study of the quasi-resonant

charge exchange mechanism. The differential cross section measurements

of von Busch et aJ.. !4~i were analysed by Habitz and Schwarz 18] who show-

ed that the rotational coupling is the principle source of charge ex-

change at collision energies less than approximately 100 eV. An analysis

for Li + Na based on the Demkov-theory [91 for quasi-resonant charge

transfer has been made by Olson [101, who found reasonable agreement be*

tween calculations and the experiments of Daley and Perel, Recently,

Delos and Dinterman completed a theory for non-crossing potentials and

applied the results to the Li + Na system. Demkov < 12"- has investigated

the threshold behaviour (with respect to impact parameter) of the quasi-

resonant charge exchange in the Li + Na case, however no experiment

exists at the moment that can test his theory.

The quasi-resonant charge (or excitation) exchange mechanism has been

of considerable interest. A general theory has been developed by Demkov

19] and the quasi-resonant exchange effect is usually referred to as

"Demkov"-coupling. Formulas for the transition probabilities in the case

of Demkov coupling are given by several authors \6,19»'1,13.1.

The purpose of this paper is to report on the measurements of differ-

ential cross sections for Li +Na and Na +Li at laboratory collision

energies between 200 and 1200 eV and for scattering angles 0-6 millira-

dians. At the energies of these experiments the Demkov coupling is the

principle source of charge exchange. For the highest collision energies ^

tne Demkov transition probabilities are close to 0.5 and the system can

bt regarded as a near-resonant charge transfer collision.

The rotational coupling is important for large scattering angles and

a semi-classical quasi-resonant analysis has been made which involves 4

molecular states. The adiabatic potential energy curves for these states

which have been used in the analysis are those calculated by Habitz [8]

(fig. 1). Comparison between theory and experiment showed that it was

necessary to construct a set of quasi-diabatic potential energy curves,

which smoothly join IE and the 21 potentials in the Demkov coupling

region.
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2. EXPERIMENTAL METHOD

The. apparatus and the experimental method have been discussed in de-

tail on several previous occasions [ 1,2,14.1 and the reader is referred

to these papers. Differential scattering measurements are performed using

a channelplate detector for the simultaneous detection of both the ionic

and neutral products of a collision, The angular range of the measurements

is 0-6 milliradians at collision energies between 200 and 1200 eV> Tar-

get gas contamination problems, which were shown to pJay an important

role in the scattering of K +• Na [2] are also expected in the Na +Li ex-

periments. Using the coincidence technique described in paper ."2.1 it was

shown that a charge exchange collision was only the result of the pro-

cess Na + Li -f- Na + Li and contamination was not a problem for this chan-

nel. However, in the elastic scattering case, Na +Li •->• Na +Lit it was

not possible to obtain a reproducible differential cross section spectrum,

Problems associated with the use of Lithium as a target gas have been dis-

cussed before L11 and we Believe that these are also present in r.he elas-

tic scattering experiments. The highly corrosive nature of Lithium at high

temperatures (~- 850 K) could lead to a high contamination of the target

gas- These contaminants would then give rise to a large contribution in

the elastic scattering. However, the quasi-resonant charge exchange reac-

tions Na +Li - Na+Li is probably not sensitive co these contaminants <

to its relatively high cross section, Therefore, in subsequent sections,

involving Na

reproducible.

tion: Na +Li - Na+Li is probably not sensitive co these contaminants due

ti\

involving Na +Li, we present only the charge exchange results, which were.

3, THEORETICAL CONSIDERATIONS

The adiabatic potentials of the LiNa molecular ion have been calcula-

ted by several groups 16,7,8] utilizing pseudo potential methods. The

results of the calculations by Habitz and Schwarz [8] are used in the

present analysis and the potential energy curves of the six lowest states

are displayed in fig. 1. Coupling matrix elements between these states

have also been calculated and the results of the Melius and Goddard cal-

culations show that there is a radial coupling between the IE and the It

states which is effective at a radius of 12.8 a . This coupling gives

rise to quasi-resonant charge exchange and is usually referred to as

"Demkov"-coupling. Near 5.7 a there is rotational coupling between the

2£ and the ln-states. When the system is prepared in the 2E-state
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(Li + Na,< this coupling leads tu ĥargfc exchange and excitation. In the

outgoing trajectory along the •n -state several processes may lead to ex-

citation of the target particle without charge exchange (11-* 31 ̂ 4F and

in -r 2n).

It was mentioned previously i thai, in che case of J.i +Na, charge

exchange is not the result of a. single coupling mechanism; at least four

states are involved in the dynamics of the collision. The calculations

of Melius and Goddard indicated that six states were necessary to explain

the data from Daley and Perel '3! However, Melius and Goddard also show-

ed that the collision may be regarded in terms of successive two-state

approximations. This idea is applied in the semi-classical analyses pre-

sented in this paper.

.3.!. Demkov coupling

In order to decide what approximation to use for the description of

the radial coupling between the !L and the 22>states, it is necessary to

obtain an estimate of the strength of this coupling at the energies and

angles of the present experiments, This can be found from the asymptotic

formula for zero impact parameter (b=0) where the transition probability

p(v,b), reaches its maximum value f6c.U

p(v,0) * ]/{l+exp(ii AV^/Bv)}, (1)

where AV^ is the separation of the IE and the 2E-states at infinity, v is

the velocity and $ is the decay rate of the coupling matrix element, which

has been calculated by Melius and Goddard I 6c] to be 6 =0.42. Eq. (1)

shows that p(v,0) is approximately 0.31 at the highest collision energy

(1200 eV) and p(v,0) =0.1 at the lowest energy (200 eV) of the Li + + Na

experiments. If the separation of the relevant potential energy curves,

AV ->0 then the system would be resonant and p(v,0) would be 0.5. This

case has been investigated in detail in paper [1] and, certainly at the

high collision energy of 1200 eV, the LiNa can be regarded as quasi-

resonant. Furthermore, a detailed analysis of the Demkov-coupling shows

that for high velocities the total transition probability expression in-

deed approaches the resonant charge exchange formula f15 ].

We therefore propose to utilize the methods developed for the case of

resonant charge exchange theory /or the purpose oi calculating differ-

ential cross sections.
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M. 16 18

Fig. 2 - Transition probabilities: Pyjr(b) is the total transition proba-

bility for rotational coupling and p__ is the Demkov transition

probability upon crossing the interaction region once (eq. (2)).
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For the dependence of the Demkov transition probabilities with respect to

impact parameter Melius and Goddard give an analytic expression which

agrees with their numerical calculations, viz.,

p(v,b) =;2p(v,0)sin2{-~ tan"1 Fsinh (6(1^ - b) ) ! +^IT} <2)

Where R^ is defined as the "crossing" radius. An example of p(b) for Li

+ Na at a laboratory collision energy of 1000 eV is given in fig. 2

Quasi-symmetric differentia] cross sections for Li +Na, T _(9), may

be formulated as follows:

For direct scattering;

oQS(6) = |f,p(b,) + f2tl -

and for charge exchange; (3)

aQS ( 9 ) = l f2 [P ( b2 ) { 1 - P < V } l i ~flff ' -pfb^fpCb,) I*'
2

where all scattering amplitudes, f, and impact parameters, b, are a func-

tion of the scattering angle, 9; f~ is the scattering amplitude associa-

ted with the 2E-state and f. is the scattering amplitude from the In-

state.

Calculations based upon (3) include the basic assumption that there

is a vertical transition between the II and the 2£-states at large inter-

nuclear separation involving no further classical action and subsequent

deflection. However, in a more reasonable description of the classical

motion the system will move along some diabatic trajectory, as for in-

stance in a Landau-Zenar transition.

In the L-Z case the diabatic trajectories can be found using relative-

ly simple methods [16] which is however not possible in the case of a

Demkov coupling. The diabatic curves in the Demkov coupling region are

parallel over a large range of impact parameters and do not cross [11].

The application of the Landau-Zener formula only yields crossing points

in the complex plane [16] and probably involves complex trajectories.

For the analysis presented in this paper it is necessary to define a

classical trajectory. This path is obtained by assuming a set of quasi-

diabatic potentials, which cross at the midway point of the radial cou-

pling (R,̂ ) and smoothly join the relevant adiabatic potentials. The range
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of these connections between the IE and 21-states has been estimated

from the width of the coupling matrix element calculated by Melius and

Goddard. The resulting quasi-diabatic potentials (IE' and 25:') are given

in fig. 1 by the dashed curves. Differential cross sections for Li +Na,

using these quasi-diabatic curves can then be calculated:

and W

a°D(9) = |f22,[p(b22,){l -p(b22,)}]*- fn,ril -p(b n,)}p(b n,):
i | 2

where the primed quantities refer to the corresponding II' and 2£' poten-

tials and f... and f2o'
 a r e t*ie result of averaging the incoming trajec-

tory and the outgoing trajectory in the case that they are along different

potential energy curves. (This is achieved by simply using the arythraetic

average of the two relevant potential curves to compute 0(b..f).)

The detailed theoretical analysis of the Demkov coupling case by

Grosser [15] yields, apart from transition probabilities, the phase of the

radial wave functions. Preliminary results show that the cross section for

elastic scattering should be written (in a two-state approximation):

+ • ~ 2 i*,2

a (9)-|p(b1)f] +{l-p(b2)}f2e I

and for charge transfer: (5)

aO(6) = |[p(b2){l -p(b2)}]* f2e -[{J-pftjMpCb,)]* f,e | 2

where the phase factor, <j>, is given approximately by:

(k, - k 2 is the difference in wave numbers when the system is in the 1Z

and the 2£-state.)

Calculations, based upon (5) yield similar theoretical cross sections

as those calculations using the quasi-diabatic trajectories. Further com-

parison between the two methods has to await the completion of the

theory by Grosser [15].
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3.2. Rotational coupling

At the smaller impact parameters b £ 6 a the rotational coupling to

the in state becomes an important mechanism for charge exchange and ex-

citation. It was shown in paper [2] that the strength of this coupling

depends on the rotational coupling matrix element, M, which has been cal-

culated by Melius and Goddard; M = 0.9. The shape of the rotational cou-

pling depends on the difference of derivatives of the potential energy

curves at the intersection:

V =-£: (V -v )
dr n Z Rc

and can be calculated from the theoretical potentials:

V =-0.016 (Hartree < a ^ 1 ) .

Finally, the position of the maximum in the rotational transition proba-

bility with respect to impact parameter depends on the crossing radius:

Based upon these values for M, V and R the time dependent Schroedinger

equation was solved numerically, using the method of McMillan E 17], which

has been described extensively in [2D. For the purpose of speeding up

cross section calculations the resulting, P_n(b) was represented by a

Gaussian of the form:

(6)

where both Pu and y are velocity dependent, (P., is almost constant forM M „

200 < E L A B < 1200 eV, PM = 0.90; and ̂ (Ej^g- 1000 eV) =0.16 a" , Y ( E L A B =

500 eV) =0.21 a" and Y(E T. =300 eV) =0.31 a~ . The phase shift associa-
O LiAo Oted with the rotational coupling effect in the elastic channel has been

ignored in the further calculations since the effect of this shift is of

secondary importance to the present experiments. The rotational coupling

is included in the calculations as a simple "sink" (see also [1]) and

the flux into this sink is deposited elsewhere. The "elsewhere" is deter-

mined by an algorithm where the motion it» is along the 22(or 2I')-state

and out is along the in-state in the same fashion as described in [2].
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5 6 7 « 9 10 11 12 13 U

b(ae)

Fig. 3 - Classical deflection functions ( E T A B " 1 < ^ ^ for "o^ 0 1 1 fll°ng

the IE, IE', 2Z, 21' and for motion in along the It and out along

che in state (0_n).
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In the outgoing part of the trajectory, after rotational couplings

there are possibilities for coupling to other states from the in-state.

The rotational coupling between the III and the 3E-state does not change

the state of the final products and has been ignored. For the remainder

of this paper we assume only radial coupling between in-211, (this then

also includes in an ad hoc manner possible transitions between the 3E

and 41 states when the system is in the 3I-state.) The outgoing 117-211

coupling can now be estimated by applying eq. (1) and using the resul-

ting p (v,0) to distribute the outgoing flux among the ionic and the

charge exchange spectrum. Transition probabilities for this coupling ran-

ge between 0.16 and 0.06 over the energy range of the experiments. The

relevant value for 8, necessary for the evaluation of eq. (1) has been

estimated from the ionization potentials, (I), of the excited atoms [19]:

B * 0.61 (ij +l|),

The scattering amplitudes associated with the 2£(or 2Z1) state can

now be modified to include the rotational coupling effect:

so that the differential cross sections, including excited states, can

be written:

(a): Li+ + Na -»• Li+ + Na

J (7)

(b): Li + + Na ••* Li + Na +

and

(c): Na + Li -> Na + Li
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where |f__| is the classical cross section for motion ijn along the 2E~

state and out along the in-state. 0__(b) is calculated in the same manner

as in [2], equation (12).

3.3. Cross section calculations

The classical cross sections and the semi-classical phases have been

calculated in the Jeffreys-Born approximation by representing the theore-

tical potentials in the form:

5
V(R) = Z A. exp(a. . R) (10)

i=l X L

The values for A- and a. are presented in table 1 for all relevant poten-

tial energy curves. Semi-classical phases are then calculated from [1,2]:

o 5
n J B ( b ) = - 2l-. E, A£K,(a-.b; <">

c i=l

where i x k.b, k is the wavenumber, E^ is the center of mass collision energy

and K is the modified Bessel function. Various derivatives necessary for

the calculation of the differential cross sections can be expressed in

terms of K (x) and K.(x). The minimum in the IE (or the II') state causes

a rainbow in the differential cross section and this effect is included

in the calculation by applying the uniform approximation tl8].

Classical deflection functions which result from motion along the two

adiabatic and the two quasi-diabatic potentials have been calculated and

are presented in fig. 3. It is immediately obvious from this picture that

the differential cross sections should display a rather complicated in-

terference pattern due to the fact that many impact parameters lead to

the same scattering angle. For the example of fig. 3 there is:

(i) Rainbow structure and associated oscillations for 9j.» £ 1.5 mrad;

(ii) low frequency interference between the repulsive branch of 0._ (or

0._t) and Q-j- (or SOJ;
1^ w*1*1 a period (in the laboratory frame of refe-

rence) of approximately:

for E L A B= 1000 eV and k = 770 a~\ and:
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TABLE 1

Molecular

state

LiNa+ 11

21

in

IE1

2E1

ct. = 0.8

A.

- 10.4135

133.388

100.86

- 69.6797

132.492

a2 =0.6

A2

- 83.459

-148.999

-101.21

149.935

-125.488

cu = 0.4

A3

-31.9539

71,9946

49.64

-54.4564

52.0089

a 4=0.2

A4

-1.90085

-8.36587

-8.06

0.56877

-1.83052

a5 =0.1

A5

0.52769

0.98489 I

1,27588

0.03633

0.08272

Table 1: Parameters used in eq. (10) for V(R).

a. is expressed in a and A. in eV.
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(iii) high frequency interference between the attractive branch of

(or Qiyi) and Oor (°r ®?J"f^ ŵ 1-*1 a period of approximately

A9 - ^ g L . 2l -r » 0.4 tnrad (13)
H ELAB k ^ h + b )

The crossing of the III and the 2E-state occurs at 5.7 a and ©2j.(5.7) a:

3 mrad for E ._ = 1000 eV, so that beyond 3 mrad the rotational coupling

effect should strongly deplete the elastic cross section in favour of

charge exchange scattering [2]. Neutrals resulting from rotational cou-

pling should contribute in the charge exchange spectrum for angles larger

than approximately 1.5 mrad, since 0 (5.7) »1.5 mrad (fig. 3).
2* Jl

A. RESULTS

4.1. Li* + Na

Relative differential cross sections have been obtained for direct

scattering:

Li+ + Na -> Li+ + Na (a)

and for charge exchange:

Li+ + Na -> Li +Na+ (b)

The energy range for these experiments was 200 - 1200 eV and the angular

range was 0-6 milliradians. Since the scattered products could not be

energy analysed both (a) and (b) can contain possible excitation of the

neutral particle. (At the energies and angles of the present experiments

excitation of"the ion is highly improbable.)

Results of these experiments are shown in figs. 4, 6 and 7 curves (a)

for direct scattering and curves (b) for charge exchange scattering for

laboratory collision energies 1000, 500 and 300 eV respectively. In these

figures the reduced cross section is presented: p(6)=o(6) .6 . sin(6) for

the purpose of removing the steepness of the differential cross sections.

The detection efficiency for neutrals compared to that for ions has

been obtained from the rainbow scattering for homonuclear systems [1] and
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Li**Na

E,AB=1000eV

_ .._ OlAB(mrad)

Fig. 4 - Li +Na differential cross sections for E-j_ « 1000 eV.

(a) direct scattering,

(b) charge exchange scattering,

(c) 4-state calculation for charge exchange scattering using

quasi-diabatic trajectories,

(d) 4-state calculation for direct scattering using quasi-

diabatic trajectories,

(e) 4-state calculation for charge exchange scattering using

adiabatic potentials only and

(f) 4-state calculation for direct scattering using adiabatic

potentials only.
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0 1

0LAB (mrad)

Fig. 5 - Calculations at E = 1000 eV for direct scattering:

(a) involving only the 2I-potential,

(b) 2-state calculation, 21 and 15',

(c) full 4-state calculation and

(d) the contribution of inelastic scattering to (c).

Calculations at 1000 eV for charge exchange scattering:

(e) full 4-state calculation and

(f) endothermic charge exchange only.
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Ll**Na

ELAB=500»V

(arb.un)
3

(a,,2)

.6(mrad)

Fig. 6 - Li + Na differential cross sections for E • 500 eVs

(a) direct scattering,

(b) charge exchange scattering,

(c) 4-state calculation for direct scattering using quasi-dia-

batic potentials,

(d) 4-state calculation for charge exchange scattering using

quasi-diabatic potentials,

(e) rainbow contribution in the calculation of (d).
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the experimental curves have been corrected for this. Both the direct and

the charge exchange spectra exhibit a relatively sharp maximum at 1 mrad

at E = 10Q0 eV which can be attributed to rainbow scattering from the at-

tractive well in the lZ-state (fig. 1). Furthermore, below the maximum

both curves show high frequency oscillations with a period of A9 » 0.4

mrad, which should obviously be due to interference between 0-- and the

attractive branch of 0._ (eq. (12)). A clear anti-phase relation can be

scsn for these high-frequency oscillations between the direct and the

charge exchange spectrum. The expected low-frequency component (eq. (13))

with a period of 1.5 mrad is not clearly visible, but is possibly respon-

sible for the apparent shift in the rainbow maxima between the direct and

charge exchange spectra. For the lower collision energy of 500 eV the

rainbow maximum in the ionic spectrum becomes less pronounced and dis-

appears almost completely at 300 eV. The high frequency oscillatory term

is clearly visible in both the direct and charge exchange spectra at 500

eV and 300 eV. The stepwise behaviour of the neutral spectra at small

scattering angles will be discussed later.

Utilizing the semi-classical methods, described in section 3, calcula-

tions have been made of the differential cross section involving four

states. First, at E = 1000 eV, using the quasi-symmetric method based upon

eq. (3). The result of this calculation is given in fig. 4, curve (e) for

a (9) and curve (f) for a (6). The only thing that seems to be correct

in this result is the period and phase of the high frequency oscillations

and the position of the rainbow maximum of the charge exchange spectrum.

At angles larger than approximately 1.5 mrad a , (6) shows a maximum at

2.3 mrad, whereas a (6) shows a maximum at this angle. Also it is clear

that the rainbow maximum in o ^ (6) does not agree with the experimen-

tal results. In order to ascertain the sensitivity of the position of

maxima and minima with respect to the shape of the theoretical intermole-

cular potentials, the potential energy curves were modified slightly

(the potential range parameters a. of eq. (10) were changed by _+ 10%).

Differential cross sections were calculated using these modified poten-

tials and comparison of these results with those previously calculated

showed that for angles smaller than approximately 2 mrad no dramatic

change in the position of maxima and minima could be obtained. Therefore

we must conclude that the observed discrepancy in the position of the

rainbow maximum for a (9) is not the result of incorrect intermolecular
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Li**Na

ELAB=300eV

i. 5 6

_ _0LAB(mrad)

Fig. 7 - Li +Na differential cross sections for E • 300 eV:

(a) direct scattering,

(b) charge exchange scattering,

(c) 4-state calculation for direct scattering using quasi-dia-

batic potentials,

(d) 4-state calculation for charge exchange scattering using

quasi-diabatic potentials.
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potentials and must he due to the quasi-sytnmetric approximations contai-

ned in the application of eq. (3). The position of the experimentally ob-

served rainbow maximum in a (6) is clearly at larger angle than the rain-

bow maximum in cr°(6). This has led us to the conclusion that along an

elastic trajectory a larger attractive well is experienced than along the

path that leads to charge exchange scattering. Led by this observation,

the quasi-diabatic potentials of fig. I were constructed and computations

based upon these quasi-diabatic potentials and eqs. (A) have been made and

are shown in fig. 4, curve c and curve d. Excellent agreement is now ob-

tained between these curves and the experimental spectra. The agreament

tends to indicate that the introduction of the quasi-diabatic potentials

is not arbitrary; this probably deserves a more thorough theoretical stu-

dy. For the remainder of his paper the quasi-diabatic potentials are used

for the analysis of the experimental data.

At this point it is interesting to examine the theoretical results by

analysing these in terms of the various potential energy curves. Fig. 5

contains a calculation of the differential cross section (Li + Na, 1000

eV) involving only the 2E-state (fig. 5, curve a) and a quite smooth curve

is obtained. When the ll'-state and the Demkov coupling is included (fig.

5, b) in the calculations the results look more like the experimental

spectrum, certainly for 8 ^ 2 mrad. However, clearly for 9 ^ 2 mrad it is

necessary to include the sink due to the rotational coupling between the

2E and the in-state (fig. 5, c). The latter calculation already includes

the 111-211 radial coupling and the contribution of the process Li + Na -*

Li+ + Na(3p) to a (6) is given in fig. 5, d.

Similarly, for charge exchange scattering the total differential cross

section (fig. 5, e) is compared to the inelastic contribution Li + Na •*•

Li(2p)+Na+ (fig. 5, f). This analysis clearly shows that, at 1000 eV

charge exchange for scattering angles, 6 < 1.5 mrad is primarily due to

quasi-elastic charge exchange (Demkov coupling) and for 8 > 1.5 mrad most

of the charge exchange is the result of rotational coupling.

Calculations have also been performed for the laboratory collision

energies 500 and 300 eV and the results are displayed in figs. 6 and 7,

curves c for a (6) and curves d for a (9). The stepwise increase in the

charge exchange spectra which was mentioned previously, is even more pro-

nounced in these calculations and in this case, it can be shown that this

is the result of a supernumery rainbow. The contribution of the attractive

part of the IS potential (rainbow) has been isolated from the calculations
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(drhun) I
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NaM.i

ELAB=1000eV

Kv. /

- 0,.» (mrod)'LAB

Fig. 8 - Na +Li differential cross section for charge exchange at

E= 1000 eV.

(a) experiment,

(b) 2-state calculation using quasi-diabatic potentials, and

(c) 4-state calculation.
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Fig. 9 - Na +Li differential cross section for charge exchange at

E = 500 eV.

(a) experiment,
(b) 4-state calculation using quasi-diabatic potentials.
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and is presented in fig. 6, curve e. The slight disagreement between

a , (9) and a (8), which still exists for angles smaller than the

rainbow angle is probably due to the quasi-resonant description of the

charge exchange process. This description should fail for large impact

parameters and hence small angles, where the transition probability be-

comes strongly dependent on the impact parameter (see fig. 2).

it.2. Na+ + Li

Relative differential cross sections have also been obtained for the

charge exchange collision;

Na + Li •+ Na + Li +

Differential cross sections for elastic scattering could not be obtained

due to difficulties associated with the use of lithium as a target gas

(section 2). The results of some of the charge exchange measurements are

presented in fig. 8, for a laboratory collision energy of 1000 eV and in

fig. 9 for E = 500 eV. The data clearly shows the expected rainbow maximum

at 1.4 mrad for 1000 eV and at 2.8 mrad for 500 eV. Furthermore the 1000

eV experiment shows a damped oscillation for angles larger than the rain-

bow angle. In both experiments some oscillatory structure can be seen

for angles smaller than the rainbow angle.

Calculations of the differential cross section have been made by means

of eq. (9). The result of such a calculation involving only the IS' and

2V states (in fact the calculations use £(1X+U') and ^(21 + 21')) is

shown in fig. 8, curve b. Comparison between theory and experiments show

that a ,,,(9) properly predicts the position of the primary rainbow maxi-

mum and also the structure for angles smaller than the rainbow angle.

However, the phase of the low frequency oscillation on the right side of

the rainbow maximum seems to be incorrect. It should be mentioned at

this point that these oscillations are very sensitive to the difference

of the relevant potential energy curves and since these curves (involving

IE1 and 22') were chosen rather arbitrary, more accurate calculations of

the classical trajectories are probably necessary. Also, the center of

mass velocities for these experiments are rather small and the transition

probabilities between the IS and the 2E states are also small (« 0.1).

Therefore the quasi-resonant description of the differential cross section
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(eq. (9)).may be incorrect. The inclusion of the in-state in the

calculation is essential in order to reproduce the experimentally obser-

ved dampening in the low frequency oscillations for 6 > 2 mrad as can be

seen by the four-state calculation in fig. 8, c. Also at 500 eV a four-

state calculation was made (fig. 9, b) and there is reasonable agreement

with the 500 eV experiment. The calculation properly predicts the phase

and frequency of the structure for angles smaller than the rainbow angle.

5. CONCLUSIONS

The experiments reported in this paper clearly show that at least four

molecular states are involved in the correct description of the Li + Na

and the Na +Li collision. Calculations of the differential cross sec-

tions have been made based upon recent theoretical potentials. The effect

of Demkov coupling on the differential cross section has been described

using a quasi-resonant description of the collision dynamics. For the

transition probabilities an analytic expression given by Melius and

Goddard has been applied. The definition of the classical path in the

case of Demkov coupling has been solved in an ad hoc fashion through the

introduction of quasi-diabatic potentials. The comparison between theory

and experiments shows evidence for these quasi-diabatic potential energy

curves due to the experimentally observed shift in rainbow peaks between

direct scattering and charge exchange scattering.
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SUMMARY

The subject of this thesis is the differential scattering of ion-ato:?;

collisions at relatively high energies (200-1200 eV) and very small

angles (0-0.3°). At these small angles and consequently large impact

parameters only a few states are involved in the description of the col-

lision dynamics. The mayor part of this thesis is devoted to the alkali

ion-atom collisions and several charge- and excitation mechanisms have

been studied.

A brief theoretical account on non-adiabatic coupling mechanisms is

given in the first part of the Introduction and the application of this

theory to alkali ion-atom systems is given in the second part.

The very high angular resolution, necessary for the investigation of

the alkali ion-atom systems was obtained in a specially designed appara-

tus, which makes use of a position sensitive detector. The principles of

this detector are described in detail in chapter II. Two versions are

described: the first one utilizes a set of concentric collector rings,

which registers only the radius of impact of the impinging particle with

respect to the center of the detector. The second version gives both, X

and Y information and this detector has been used for most of the repor-

ted measurements.

The third chapter contains a brief description of the apparatus, which

was designed to make optimal use of the position sensitive properties of

the detector. The main subject of the third chapter, however, is the

scattering of Li ions by the rare gas atoms. Interference effects were

observed in the elastic differential cross sections for all of these sys-

tems. The oscillations were shown to be the result of interference be-

tween "rays" scattered at, and non-classically beyond, the rainbow angle

and "rays" scattered by the repulsive core of the interaction potential.

The period of the observed oscillations was used to obtain information

about the absolute range of the Li -rare gas atom potential.

The alkali ion-atom collisions have been studied in great detail and

the results and analyses for these systems are presented in the last

three chapters.

The homonuclear systems Li-. Na~ and K_ are described in chapter IV.

Measurements are reported for both elastic and charge exchange scatte-

ring. The interference of scattering via the gerade part and via the un-

gerade part of the lowest molecular state for these systems could be



isolated by calculation of the difference between the ionic and charge

exchange spectrum. The phase and amplitude of the resulting oscillations

were shown to be very sensitive to the shape of the interaction potential-

In the case of Na» excellent agreement was obtained between experimental

data and calculations, based on theoretical interaction potentials. For

the Li» and the K. system the agreement was less satisfactory and for the

Ky system an attempt was made to construct a better ungerade part of the

interaction potential with the aid of the observed oscillations. Rota-

tiona] coupling was shown to be responsible for the damping of the gerade-

ungerade oscillations towards larger angles.

Rotational coupling in LiK and NaK is the subject of chapter V. It

was shown that for Li +K and Na +K collisions only two states, and the

rotational coupling between them, are involved in the discussion of the

collision dynamics. The analysis of the experimental data is based upon

the numerical integration of the coupled differential equations to find

the transition probabilities versus impact parameter. Comparison of the

resulting calculations and the experimental data showed that it was

necessary to include the imaginary part of the transition amplitude in

the calculations. In the Li +K experiments diffraction effects have

been observed, which were shown to be the result of the relatively sudden

"rise" and "fall" of the rotational coupling transition probability

with respect to the impact parameter. These diffraction fringes can be

compared to the Fraunhofer diffraction from an annular diaphragm.

Finally the last chapter deals with the most complex LiNa system.

Experiments have been carried out for both the Li +Na and the Na +Li

collisions. The analysis clearly showed that at least four states are

involved in the proper description of the collision dynamics. The experi-

mental results have been compared to calculations based on the Demkov

theory for radial coupling and two different assumptions concerning the

classical trajectory. Firstly, the system was regarded as quasi-resonant

and no satisfactory agreement between experiment and theory could be ob-

tained. Next, the quasi-adiabatic potentials were introduced. The results

of calculations with these quasi-diabatic trajectories agreed remarkably

well with the experiments. Further interpretation of the experimental

data will have to await a more complete theoretical description of the

quasi-resonant charge transfer process.
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Dit proefschrift behandelt de differentiële verstrooiing i.g.v. hot-

singen tussen ionen en atomen. De experimenten werden uitgevoerd bij

energieën tussen 200 en 1200 aV '.\ het hoekgebied van 0-0,3°. Bij deze

zeer kleine strooihoeken en dientengevolge grote botsingsparameters zijn

slechts enkele quasi-moleculaire toestanden betrokken. Het accent van het

proefschrift rust op ladingsuitwisseling en excitatie bij alkali ion-atoom

botsingen.

Een korte theoretische beschouwing over niet-adiabatische koppelingen

en de toepassing hiervan op alkali ion-atoom systemen vormt het onderwerp

van hoofdstuk I.

Het onderzoek naar de differentiële werkzame doorsneden voor alkali

ion-atoom botsingen vereist een zeer hoog hoekoplossend vermogen. Hiertoe

werd een speciaal apparaat ontworpen, dat gebruik maakt van een plaats-

gevoelige deeltjes detector. De principes van deze detector worden behan-

deld in hoofdstuk II. Hierin worden twee verschillende detectie-systemen

beschreven. De collector van het eerste systeem bestaat uit een groot aan-

tal concentrische ringen en deze detector registreert alleen de afstand

tussen de plaats waar het invallende deeltje de detector treft en het

midden van de detector. Het tweede systeem, dat zowel X als Y informatie

levert, werd hoofdzakelijk gebruikt voor de in dit proefschrift beschre-

ven metingen.

In het begin van het derde hoofdstuk wordt de experimentele apparatuur

beschreven. Door het gebruik van de positie-gevoelige detector wijkt deze

apparatuur sterk af van de conventionele verstrooiïngsspectroscopen. De

rest van hoofdstuk III bevat de experimentele resultaten en analysen van

de verstrooiing van Li door de edelgassen. Voor ai deze systemen werden

interferentie effecten waargenomen. Deze effecten zijn het resultaat van

interferentie tussen trajecten, bepaald door attractieve verstrooiing on-

der de regenbooghoek (en, niet-klassiek, grotere hoeken) en trajecten,

bepaald door repulsieve verstrooiing door de harde kern van de interactie

potentiaal. Uit de periode van de geobserveerde oscillaties werd infor-

matie verkregen omtrent de absolute draagwijdte van de Li -edelgasatoom

potentiaal.

In de laatste drie hoofdstukken worden de resultaten en analysen van

directe en ladingsomwisseling verstrooiing voor alkali ion-atoom botsin-

gen besproken.
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De symmetrische systemen li-} Nso
 s n ^7 V C T^ e n behandele ir. u?ofdstv--.

IV. Door het verschil tussen de directe meting var. de di£fereni:.'-ele werk-

zame doorsnede en de meting voer ladingsomwisseling te berekenen werden

oscillaties geïsoleerd, die het gevolg zijn van interferentie tussen

verstrooiing aan het gerade gedeelte en verstrooiing aan het ungerade ge-

deelte van de laagste quasi-moleculaire toestand. De fase en amplitude

van de oscillaties in het aldus verkregen verschilspectrum bleken zeer ge-

voelig te zijn voor de exacte vorm van de interactie poter tiaal. Voor Na^

werd een zeer goede overeenstemming gevonden tussen berekeningen, geba-

seerd op theoretisch verkregen interactie potentialen, en experimentele

data. In het geval Li„ en K„ was de overeenstemming niet zo bevredigend.

Voor het K„ systeem is nog een poging gedaan om het ungerade gedeelte van

de interactie potentiaal enigszins te verbeteren. De demping van de geob-

serveerde gerade-ungerade oscillaties bij grotere hoeken kon worden ver-

klaard door rotatiekoppeling met een hogere toestand.

Hoofdstuk V bevat de experimentele resultaten en theoretische analysen

betreffende rotatiekoppeling in LiK en NaK . Eerst wordt bewezen dat in

het geval van Li +K en Na +K slechts twee toestanden en de rotatiekoppe-

ling tussen deze toestanden van belang is. De theoretische analysen zijn

gebaseerd op de overgangswaarschijnlijkheden, welke werden verkregen door

de numerieke integratie van het systeem van gekoppelde differentiaalver-

gelijkingen. Uit de vergelijking van de experimentele data met de resul-

taten van de berekeningen bleek dat het nodig was het imaginaire gedeelte

van de overgangsamplitude in de berekeningen mee te nemen. Diffractie

effecten werden waargenomen in de Li +K experimenten. Deze bleken het ge-

volg te zijn van de relatief grote verandering in de overgangswaarschijn-

lijkheid voor rotatiekoppeling met betrekking tot de botsingsparameter.

De waargenomen interferentie ringen kunnen worden vergeleken met het

Fraunhofer diffratiepatroon ten gevolge van een ringvormig diafragma.

Het meest complexe LiNa systeem wordt besproken in het laatste hoofd-

stuk. Zowel voor Li +Na botsingen als voor Na +Li botsingen worden metin-

gen gerapporteerd. Uit de analyse blijkt duidelijk dat tenminste vier toe-

standen nodig zijn voor de adequate beschrijving van de botsingsdynamica.

De experimentele resultaten worden vergeleken met berekeningen, welke ge-

baseerd zijn op de theorie voor radiële koppeling van Demkov en twee ver-

schillende veronderstellingen t.a.v. het klassieke traject tijdens de bot-

sing. In de eerste veronderstelling wordt het systeem beschouwd als zijnde

quasi-resonant; hierbij werd geen bevredigende overeenkomst tussen theorie
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en experiment gevonden. Vervolgens werden quasi-diabatische potential«?;;,

aangenomen en met behulp hiervan differentiële werkzame doorsneden bere-

kend. De resultaten van deze berekeningen stemmen onverwacht goed overeen

met de experimentele data. De uiteindelijke conclusies over het LiNa

systeem kunnen pas getrokken worden als de theorie voor quasi-resonante

ladingsomwisseling een meer gedetailleerde beschrijving van het proces

weet te geven.


