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Davidovits en Bellisio houden onvoldoende rekening met de
adiabaticiteit van geëxciteerde toestanden in hun interpre-
tatie van het absorptie spectrum van thallium-halogenideu.

- P. Davidovits, J.A. Bellisio J.Chem.Phys. 50(1969)3560
- J.C. White, G.A. Zdasiuk J. Chem.Phys. 69(1978)2256

II

De structuren waargenomen door Okado in energie-verlies-
spectra van K -ionen gevormd in botsingen tussen K-atomen
en HCl, N0_ en SF , alsmede hun interpretatie kunnen naar
het land der fabelen worden verwezen.

- S. Okada Chem. Phys. Lett. 63(1979)322, 70(1980)45
en Chem. Phys. 41(1979)423.

- M. Kimuna, K. lachmann Chem. Phys. Lett. 70(1980)41

III

Op grond van beschouwingen over koppelingsmechnaismen kan
aannemelijk gemaakt worden dat enkele Pieken in het energie-
verlies-spectrum van Huber voor Ar op Ne niet juist ge-
ïdentificeerd zijn. Dit wordt bevestigd door optische me-
tingen.

- B.A. Huber J. Phys. B 13(1980)809

IV

Cohen et al. bedrijven hun röntgenbron (roterende anode)
bij een laag vermogen om geen kortgolvige straling op te
wekken die na Bragg reflectie als tweede orde straling zou
samenvallen met de gebruikte eerste orde straling. Door
analyse van het signaal van de voor detectie proportionele
telbuis zou echter ook een factor 2 in energie opgelost
kunnen worden, waardoor de röntgenbron bij een veel hoger
vermogen gebruikt zou kunnen worden.

- G.G. Cohen, D.A. Fischer, J. Colbert en N.J. Shevchik
Rev. Sci. Instr. 51(1980)273.



V

Als verantwoordelijk proces voor het optreden van structuur
in de elastische doorsnede van electron-schaduw verstrooiing
aan edelgassen wijzen Geiger en Morón-León ten onrechte
Fraunhofer-buiging aan.

- J. Geiger en D Morón-León Phys. Rev. Lett. 42(1979)1336
- H.A. Bethe "Preludes in Thoretical Physics" ed. A. de
Shalit, H. Feshback en 1. van Hove (North-Holland,
Amsterdam, 1966) p.240-249.

VI

Bij de berekening van experimentele onzekerheden is het niet
juist om de geschatte systematische fouten kwadratisch op te
tellen.

VII

Het verdient aanbeveling om voor het element argon uniform
het symbool Ar te gebruiken.

- American Institute of Physics Handbook, Ed. D.W. Gray,
Mc. Graw-Hill Book Company, New York.

- CRC Handbook of Chemistry and Physics, Ed. R.C. Weast,
CRC Press Inc., Florida.

VIII

Het getuigt van weinig inzicht in de mentaliteit van de
Nederlandse automobilist om woonerven aan te leggen zonder
daarbij van verkeersdrempels gebruik te maken.

IX

In verband met het toenemend gebruik van racefietsen op de
openbare weg is te overwegen om voor rijwielen een maximum
snelheid in te stellen.
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Chapter 1

Introduction

Collisions between multiply charged ions and atoms have

been investigated experimentally as well as theoretically with

increasing interest in recent years. Thia has been stimulated

by the recognition that knowledge of these collision processes

is needed in the development of a possible thermonuclear

fusion reactor (see for instance de Heer 1980, Gilbody 1979) .

In fusion plasmas, impurities such as C, O, Fe, Mo and W

(created by plasma-wall interactions) are partially or fully

ionized. Charge exchange processes with neutral particles in

the plasma considerably influence the energy balance of the

plasma because the product ions often are in excited states

which radiatively decay. This radiation leads to a consider-

able cooling of the plasma (because the radiating plasma

loses energy).

Collision processes involving multiply charged ions play

also a role in the injection of fast neutral beams for plasma

heating. It is not possible to heat the plasma by Ohmic hea-

ting to temperatures which are high enough to initiate further

heating by the «-particles of the fusion reaction itself

(d + t -*• a + n) . The most promising method of additional heating

is the injection of a fast neutral beam of a hydrogen isotope

(e.g. deuterium). This form of plasma heating is hampered by

- 21 -



- 8 -

the presence of small fractions of impurity ions- If the

injected neutrals collide with these impurity ions at the

outer edge of the plasma, they will easily be ionized (via

charge exchange or ionization). This could lead to a local

deposition of beam energy and the plasma can become unstable.

In addition the fast ions formed at the outer edge of the

plasma will be deflected towards the wall of the reactor

chamber and will liberate even more impurities.

Injection of a neutral beam can also be used for plasma

diagnostics. In this case one needs information about partial

electron capture cross sections (i.e. cross sections for elec-

tron capture into a specific excited ionic state), as was

stressed at a recent meeting on atomic and molecular data for

fusion of the IAEA (IAEA 1980). Therefore, study of electron

capture into excited states for the relevant collision systems

is urgently needed.

Charge transfer processes involving multiply charged ions

in various astrophysical situations were overlooked until

Steigman (1975) called attention to their possible importance.

These processes will influence the abundance of multiply

charged ions in astrophysical plasmas. It is important to

know the charge transfer cross sections because the ionization

distribution of an element gives information about the ioni-

zing source (Dalgarno 1979) .

Another field of research, in which multiply charged ions

play a role, is that of the development of a soft X-ray laser

(Vinogradov and Sobel'man 1973, Waynant and Elton 1S76) .

Electron capture into specific excited states of a multiply

charged ion may lead to the required population inversion.

Besides these "applications", the collisions between mul-

tiply charged ions and atoms (molecules) are also of funda-

mental interest. Electron capture from the target atom into

the projectile ion has been extensively studied for a long

time, mainly for singly charged ions. For multiply charged
2 +

ions X electron capture is (due to the large recombination
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energy) mostly an : -.< • i.ermic process (energy defect AE > 0)

with a largo cross section ( 1 0 - 1 0 cm )

X z + +Y >X ("~ 1 ) + -)-Y+ (1)

If the charge state z is high enough, also capture into exci-

ted states of the product ion (indicated by the asterisk) be-

comes exothermic and a large contribution of these capture

processes to the total capture cross section can be expected.

Many total capture cross sections for multiply charged

ions have been measured (Crandall et al. 1978, Salzborn 1980,

Gilbody 1979). In these experiments the ion beam was charge

analysed after it had passed the collision chauber. In this

way, cross sections not only for capture of one electron but

also for the capture of two or more electrons could be deter-

mined. Generally, the latter cross sections are much smaller

than the former ones. No information about the formation of

excited states was obtained. In 1972 Siegel et al. studied
2+He -He, Ne, Ar collisions and found that capture strongly

populated the n = 2 excited state in the He + ion. In this expe-

riment the kinetic energy of the He ions was determined by

an electrostatic analyser. From the kinetic energy and the

scattering angle the excited state of the He ion was deter-

mined. This so-called "energy-loss spectroscopy" has been

used, for instance, by Afrosimov et al. to investigate He
z+on noble gases as well as Ar (z = 3 to 8) on He (Afrosimov

et al. 1977, Panov 1980). By measuring the fast projectile

ion in coincidence with the slow target projectile (analysed

to charge state) a complete and detailed picture of the col-

lision can be obtained.

Besides the capture process (1) also other processes lead

to the formation of excited states (and therefore to emission

of photons) such as direct excitation of the target (2) or

of the projectile (3)

X Z + + Y + X z + + Y* •* X z + + Y + hv (2)

-̂  X Z +* + Y-*X Z ++Y + hv (3)
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Also combined capture and excitation is possible

XZ++Y •+ X ( z- 1 ) ++Y +*-X ( z" 1 > ++Y +
+hV (4)

Around 1960 Fedorenko et al. published a number of articles

in which they studied ionization of noble gases by multiply

charged ions (see for instance Fedorenko et al. 1960, Flaks

et al. 1962). They found that capture combined with ionization

of the target (capture ionization) can contribute significant-

ly to the cross section for the production of electrons a ,

if this process is exothermic.

(5)

Also direct ionization of the target or the projectile (strip-

ping) contribute to a .

We have investigated the above introduced processes for

collisions of multiply charged neon and argon ions on noble

gases and molecular hydrogen. The projectiles were chosen

because they could be produced with sufficiently large in-

tensity up to reasonably high charge states (for Ne up to

four; for Ar up to six, in some experiments even up to eight).

The collision experiments were done in the intermediate velo-

city region, i.e. for velocities between 0.2 and 1.3 au (1 au

= 2.2 x10 cm/s) which are comparable with the velocity v

of the captured electron in the outer shell of the target

atom (v «1 au). In this velocity region large cross sections

can be expected. From a theoretical point of view at these

velocities the collisions are complicated to describe as will

be discussed later on in this thesis.

In order to investigate the role of excited states in elec-

tron capture and excitation by multiply charged ions, we used

optical spectroscopy. This method has also been used by Wolter-

beek Muller and de Heer (1970) in their study of electron cap-

ture by helium ions.

Optical spectroscopy has the advantage of a higher resolu-

tion (closely separated excited states can be distinguished)
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and a simpler exper i :•-.;•.tal set-up as compared to energy loss

spectroscopy. There are some disadvantages of the optical

method, however, such as

1) a lower sensitivity (due to the low detection efficiency

of the optical equipment); therefore higher beam inten-

sities are needed,

ii) the determination of the sensitivity of the optical

equipment in the extreme ultraviolet wavelength region

(10 < A <60 nm) is a difficult problem,

iii) capture into the ground state and into metastable states

cannot be investigated. Nevertheless, a lot of useful

information about excited states can be obtained.

We have investigated the electron capture process (1), the

direct excitation processes (2) and (3) and also the combined

capture-excitation process (4) by measuring the photon emis-

sion. We also measured cross sections for the production of

electrons and slow target ions. These cross sections can be

used to determine the total single-electron capture cross

section and give information about the capture ionization pro-

cess (5). All these experimental results are presented and

discussed in chapter 6.

In the second chapter a brief description of the experi-

mental set-up is given. The determination of the sensitivity

of the optical equipment (absolute calibration) is discussed

in chapter 3. The calculation of the cross sections from the

experimental data is discussed in chapter 4. Theoretical con-

siderations are presented in chapter 5. We shall see that

still a lot of theoretical work has to be done before it is

possible to explain our results quantitatively. At present

we have to be satisfied with a more qualitative explanation.
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Chapter 2

Experimental set-up

2.1. ACCELERATOR

The beam of multiply charged ions is obtained from the AMI

accelerator which is described by Bannenberg et al. (1978).

This accelerator includes a high-power cold-cathode Penning

ion source. The ion beam can be accelerated to voltages of

300 kV and is focused by electrostatic lenses. Just in front

of the collision chamber the beam is collimated by two dia-

phragms of 3 mm diameter. Typical currents vary between 10~ A

(for the lowest charge states e.g. Ne+, Ar+) and 10 A (for

the highest charge states such as Ne and Ar ).

2.2. COLLISION CHAMBER

After traversing the collision chamber the ion beam cur-

rent is measured in a Faraday cup. At the front side this

Faraday cup is provided with an isolated electrode which is

biased at a negative potential to prevent the escape of se-

condary electrons.



- A drawing of the parallel-plate condenser set-up and

Faraday cup in the collision chamber.
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Fig. 2 - Schematic diagram of the electronics.
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We have used two collision-chamber configurations for our

experiments. In the first one the collision chamber length

(i.e. the distance between the diaphragm at the beginning of

the collision chamber and the entrance of the Faraday cup)

is 2 cm. This set-up can be used for the photon-emission mea-

surements. The second configuration is the one in which we

have the parallel-plate condensor set-up in the collision cham-

ber (see 2.3). In this case the length of the chamber is 10 cm.

This set-up has been used to measure the electron and slow ion

production in the target gas.

The collision chamber is differentially pumped via the

entrance diaphragm of the ion beam by an oil diffusion pump

and is provided with a liquid nitrogen trap. The background

pressure was about 1.3 * 10~ Pa (10 Torr). Via a gas inlet

system we could fill the collision chamber with the target

gas. The pressure was measured with a capacitance membrane ma-

nometer (MKS Baratron). In most cases pressures between
-4 -3

0.027 Pa (2xio Torr) and 0.4 Pa (3x10 Torr) were used.

At both sides of the collision chamber, monochromators

could be placed at 90° to the ion beam. The two vacuum mono-

chromators were directly connected to the collision chamber,

whereas the two LEISS monochromators observed the emitted

radiation through a quartz window in the wall of the collision

chamber.

2.3. PARALLEL-PLATE CONDENSOR SET-UP

In figure 1 a sketch of the configuration inside the colli-

sion chamber is shown. Such a system is described e.g. by

Massey and Gilbody (1974). The ion beam enters the collision

chamber from the right side via aperture 4_. After passing

plate 6̂  which is biased at an expropriate negative voltage to

suppress electrons released from the edge of the beam defining

aperture (4), the ions enter a parallel-plate condensor system.

This system consists of two collector plates 2̂ and 8) which

are guarded (plates _1 and T) to assure a homogeneous electri-

cal field. Plate 2̂  has an active length of 3 cm and is biased
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at a positive potemi.iL to collect the. produced electrons.

Plate 8_ collects slow ions. For suppression of secondary elec-

trons released from the ion collector plate the latter is

shielded by a mesh with 81% transparency. The length of the

mesh-covered collector plate is chosen appropriately to

correct for the mesh transparency. After traversing the col-

lection region the ion beam current is measured by the Fara-

day cup consisting of three parts _11_» Ü. an<^ 1A' ^ n e i° n

current is measured on these three parts together. The plate

in front of the Faraday cup (_3) is biased at a negative poten-

tial in order to prevent the escape of secondary electrons.

2.4. OPTICAL EQUIPMENT

Four different monochromators were used to cover the wave-

length region of 10 to 600 nm. In the following these mono-

chromators will be briefly described. For the calibration of

the monochromators (i.e. the determination of the sensitivity

of monochromator and detector, expressed as the number of

counts per incoming photon) we refer to the next chapter.

The vacuum monochromator GRINS covers the wavelength region

of 10 to 60 nm. It is a grazing-incidence monochromator which

is designed and built at the FOM-Institute in Amsterdam. The

spectrometer works with a fixed angle of incidence on the

grating of 84°. The entrance slit and the grating are fixed,

whereas the exit slit with the detector moves along the Bow-

land circle. Tne grating is a Bausch & Lomb type with 600

lines/mm, a dimension of 20 x 20 mm, a radius of curvature of

998.8 mm. It is blazed at a wavelength of 17 nm. The recipro-

cal dispersion is 1.67 run/mm. The GRINS was equipped with a

channel electron multiplier (VALVO B 413 BL-01).

The vacuum monochromator BROEK is a 1 m radius spectrome-

ter with a Bausch & Lomb grating of 1200 lines/mm (reciprocal

dispersion 0.84 nm/mm). This monochromator is also designed

and built at the FOM-Institute and can be used in normal and

grazing incidence (Moustafa Moussa and de Heer 1967). We have

used it in normal incidence for the wavelength region of 90

to 250 nm. It can be equipped with different detectors to
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cover the whole wav-*.longth region. These detectors are: a

channel electron multiplier (VALVO B 413 BL-01), an EMR

(model 542) solar blind photomultiplier and an EMI 6256 S

photomultiplier.

The LEISS I monochromator is used in the wavelength region

of 300 to 600 nm. It has a grating of 1800 lines/mm, blazed

at 500 nm (Czerny-Turner mounting). The reciprocal dispersion

is approximately 1.8 run/mm. As detector an EMI 9 789 QA photo-

multiplier was used.

The LEISS IV is a monochromator of the same type as the

LEISS I. It is equipped with another grating (2400 lines/mm,

blazed at 150 nm, reciprocal dispersion about 1.3 nm/mra) and

a 6256 S EMI photomultiplier. This monochromator has been used

in the wavelength region of 210 to 450 nm.

2.5. ELECTRONICS

The electronic scheme of our set-up is given in figure 2.

After discrimination in a pulse-height discriminator, the

output pulses of the detectors are amplified, counted and

stored in a multi-channel analyzer. The signal is counted

during the time that a certain (preset) charge Q is collected,

in order to be independent of variations in the beam current.

The current integrator can be started either manually or

automatically (by the control unit of the monochromator).

The two vacuum monochromators are adjusted to a certain

wavelength using a step motor which is driven by the control

unit. The position of the monochromator at the wavelength

scale is given on the digital display of the control unit.

An automatic wavelength scan can easily be made with this

set-up. The data stored in the multi-channel analyser can be

transmitted to a PDP 11/70 computer for further analysis.

At the time of the experiments the two LEISS monochromators

were not provided with a step motor control and had to be

adjusted manually. Wavelength scans with these monochromators

were made with a continuous motor drive.
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Chapter 3

Absolute calibration of

the optical equipment

3.1. INTRODUCTION

In order to measure absolute emission cross sections, it

is necessary to know the sensitivity or quantum yield of the

optical equipment at the relevant wavelengths, i.e. one has

to know the output signal of the detection system (number of

counts) produced per incoming photon of a certain wavelength.

Ps described in section 2.4 , we have used four different mo-

nochromators to cover the wavelength region between 10 and

600 nm. A short review will be given of the methods which

can be used for the absolute calibration of these monochroma-

tors in this wavelength region. A more detailed description

of the methods we have used, is given in the section 3.2

(calibration of the two LEISS monochromators), 3.3 (calibra-

tion of the normal-incidence monochromator BROEK) and 3.4

(calibration of the grazing-incidence monochromator GRINS).

The most straightforward calibration method makes use of an

absolute standard source that radiates a known number of pho-

tons per second. The only absolute standard source that can

be used in the whole wavelength region of 10 to 600 nm is syn-
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chrotron radiation (Uainson, 1976). Besides experimental dif-

ficulties involved in using synchrotron radiation for the ca-

libration of monochromators, synchrotrons are not widely

available.

Another absolute standard source is blackbody radiation.

A tungsten ribbon lamp is often used for wavelengths above

300 nm. In section 3.2. the calibration between 250 and 600

nm is discussed, using a tungsten ribbon as well as a special

quartz-iodine tungsten lamp. For lower wavelengths the

tungsten lamps are not appropriate due to their lack of inten-

sity. Much higher temperatures are required to get enough in-

tensity in the region below 300 nm. These higher temperatures

can only be reached in plasma sources (Samson, 1976).

Instead of using an absolute standard source f it is often

more convenient to use absolutely calibrated detectors.

Examples of such absolute detectors are thermopiles, photo-

diodes (calibrated against synchrotron radiation) and photo-

ionization chambers (Samson, 1964). This method requires a

radiation source which gives radiation with enough intensity

in the relevant wavelength region and a second monochroma-

tor. The monochromatic radiation from this second monochroma-

tor passes alternately into the absolute detector to deter-

mine the intensity and into the optical system which has to

be calibrated.

We made also use of absolute detectors to calibrate our op-

tical equipment. However, we applied a different method. The

radiation produced by electrons or ions incident on noble gases

passed through a aluminium filter in order to get only radia-

tion in a limited region of wavelengths incident on our abso-

lute detectors. In this way we tried to evaluate absolute

cross sections for some strong emissions in the wavelength

region of 10 to 60 nm. These absolute cross sections can be

used to calibrate the optical equipment at corresponding wave-

lengths. In section 3.4.2. we describe this method using an

ionization chamber.
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The method of using known emission cross sections as second-

ary standards has often been applied. This method relies on

the accuracy of the used emission cross sections. A set of

known cross sections which can be used as secondary standard,

has been given by Van Sprang et al. (1979) for the wavelength

region of 120 - 250 nm and is used to calibrate the normal

incidence monochromator BROEK (section 3.3.).

Very useful is the application of the branching ratio method-

The method is based on the simultaneous observation of two

transitions having a common upper level. If the intensity of

one of the two transitions can be measured by an absolutely

calibrated monochromator and if the transition probabilities

are known, the intensity of the other transition can be cal-

culated. From the absolute intensity of this transition and

the output signal of the optical equipment, the sensitivity

can be determined. This method has been applied in the cali-

bration in the region below 60 nm (section 3.4.).

3.2. CALIBRATION OF THE LEISS MONOCHROMATORS (210-600 nm) .

In this section we discuss the determination of the sensi-

tivity of the two LEISS-monochromators we used in our experi-

ments. The first monochromator LEISS I was used in the region

of 300 to 600 nm and was calibrated by means of a tungsten

ribbon lamp. This is a well-known procedure which has been

described by van den Bos et al. (1968) and Wolterbeek Muller.

We will only outline the general procedure and describe the

used method for correction of straylight. For further details

we refer to the above mentioned references.

The tungsten ribbon lamp emits a continuous spectrum, the

intensity of which has been measured as a function of wave-

length and ribbon temperature by de Vos (1954). The current

through the tungsten ribbon determines its temperature and was

accurately measured. The tungsten lamp was used at tempera-

tures of 2400, 2600 and 2800 K. We can calculate at each tem-

perature for each wavelength the number of photons entering
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the monochromator u-i-.g the tables of de Vos- The results of

the calibration performed at the various temperatures agreed

within a few percent. A suprasil window was placed between

the lamp and the monochromator to correct for the (same) win-

dow in the collision chamber.

Besides the light selected by the monochromator, straylight

caused by diffuse scattering from the surface of the grating

also contributes to the total intensity. This straylight no-

ticeably contributes to the total intensity for wavelengths

below 400 run, because the intensity of the tungsten lamp ra-

pidly decreases towards lower wavelengths. To correct for the

straylight we used the following method.

Firstly, we measured the signal without and with a glass

window between the lamp and the monochromator, respectively

S and S' for wavelengths below 320 ran (see fig. 1). Below 260

nm the signal we measured without a qlass window remains con-

stant, although the emission of the tungsten lamp strongly

decreases towards smaller wavelengths, which indicates that

the signal at these wavelengths only consists of straylight.

From the ratio of S1 and S (signals measured with and without

a glass window) we get the transmittance T for straylight of
s

the glass window (T = 0.90). Above 260 nm S (the signal

measured without a glass window) increases due to the emission

of the tungsten lamp, whereas S' (the signal measured with a

glass window) remains constant up to 290 nm from which we

conclude that the glass window absorbs all radiation at these

wavelengths. For the wavelength region of 260 to 290 nm we

calculate the corrected signal SC(A) and the straylight signal

S (A) using the following formulas with T, = 0 and T =0.90
S A S

S(A) = S (A) + S_(A)

Sc(A) + Tg SS(A)
(1)

The transmittance of the glass window for radiation of wave-

length A is given by T..
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Secondly, at 318.8 nm the transmittance of the glass win-

dow has been determined with a He-lamp (no troubles with

straylight arises here, because the lamp has only a discrete

spectrum). If we measure with and without a glass window at

this wavelength and use again (1), now with x^ = 0.35 and

T = 0.90, we can calculate S (318.8) and S (318.8).s c s
Thirdly, we extrapolate linearly the straylight towards

larger wavelengths and determine the straylight signal S_

(361.4) at 361.4 nm (see fig. 1). The real signal (corrected

for straylight) can now be determined by substracting the

straylight signal from the measured signal at 361.4 nm. The

reason why we determine the corrected signal especially at

this wavelength will become clear in the following.

Fourthly, the corrected signal at 361.4 nm can be used to

evaluate the straylight signal at the double wavelength 722.8

nm. We calculate the second-order contribution at 722.8 nm

from the first-order signal at 361.4 nm. This can be done as

follows. Going from first to second order, the reflectivity

of the grating and the spectral width at the exit slit change.

As far as the reflectivity concerns, this can be determined

by measuring the He-line at 361.4 nm in second and first or-

der (using the He-lamp, the straylight contribution can be

neglected). The ratio of the two signals is equal to p. o,

the ratio of the reflectivity in second and first order. The

spectral width at the exit slit (this has to be taken into ac-

count for a continuous spectrum) is equal to

AA = — s -z cosgn 1

with n the order of the spectrum, s the width of the exit

slit, d the groove spacing of the grating, f the focal length

of the monochromator and p the angle between the diffracted

light and the normal on the grating.

The ratio of the spectral width at second and first order

(fi. o is equal to
11 /.

&x2 _ 1 cose2
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which can be calcuiiiLed for each wavelength. Multiplying the

first-order (corrected) signal at 361.4 nm with p o <(>. 9,

the second-order contribution at 722.8 nm can be determined.

The first-order signal is negligible due to the small sensi-

tivity of the photomultiplier, so the signal at 722.8 nm only

consists of second-order signal and straylight. The straylight

signal can be determined, substracting the calculated second-

order signal from the measured signal at 722.8 nm.

By linear interpolation betweem 361.4 and 722.8 nm the stray-

light can also be determined in that wavelength region.

The whole procedure can be checked by measuring with the

tungsten lamp at 637.6 nm the signals without and with a glass

window, for which we can write respectively:

S (637.6) =S ( 2 )(318.3)+S ( 1 ) (637.6) + S (637.6)
s

(2)
S' (637.6)=T313>8 S

( 2 ) (318.8) + T S ( S
( 1 ) (637.6)+S,_ (637. 6)

The first and second order contributions at 637.6 nm are re-

presented by respectively S(1)(637.6) and S(2)(318.8). In the

second formula of (2) we took the transmittance of the glass

window for the 637.6 nm (T,.,., ,) equal to the transmittance
DO/ *D

for straylight (T ) , which is justified because T is constants
in the wavelength region above 400 nm. Solving (2) with the

measured signals S and S1 together with the straylight signal

S (637.6) obtained from the interpolation between 361.4 and

722.8 nm (see before), we obtain the first and second order

signals S(1)(637.6) and S(2)(318.8). On the other hand, we

can evaluate from the corrected signal at 318.8 nm (as deter-

mined before) the second-order signal Sv '(318.8). By com-
(2)

paring both values of Sx ' (318.8), we can check the reliabili-

ty of the described procedure. It turned out that both values

agreed within 5%.

The corrected signal at 637.6 nm S*1'(637.6) can be used

to determine the sensitivity of the monochromator and photo-

multiplier at 637.6 nm. In this wavelength region the stray-

light contribution again becomes significant due to the de-
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creasing sensitivity of the photomultiplier. It is possible

to apply the described procedure for the calibration at wave-

lengths above 600 nm, using other spectral lines in the rele-

vant wavelength region. Because the wavelengths region above

600 nm is not so relevant for us we have only calibrated our

equipment up to 600 nm.

The second monochromator LEISS IV covers the range between

210 and 450 nm. In the region above 300 nm the tungsten rib-

bon lamp was used to determine the sensitivity of the mono-

chromator and photomultiplier. As explained before (section

3.1) to get enough intensity below 300 nm the lamp should

operate at a higher ribbon temperature. We used a special

quartz-iodine lsmp with a tungsten filament (Stair et al. 1963)

which could be operated at a higher temperature (+ 3000 K).

The lamp is absolutely calibrated by the National Bureau of

Standards in the region of 250 to 2600 nm. We only used it to

obtain relative sensitivities in the region of 250 to 400 nm

and fitted them to an absolute scale using the absolute sen-

sitivities determined by the tungsten lamp. For both tungsten

lamps the previous described method was used to correct for

the straylight contribution.

In the region between 210 and 250 nm we based our calibra-

tion on absolute cross sections of electron impact on CO and

NO, as given by Van Sprang et al. (1979). We measured a num-

ber of transitions of the NO y band and the CO first nega-

tive bands and normalized the results to the cross sections

given by Van Sprang et al. to obtain absolute sensitivities.

The sensitivities obtained in this way below 250 nm fit

smoothly with those found above 250 nm using the tungsten

lamps. The uncertainty in this calibration is about 15%.

3.3. CALIBRATION OF THE NORMAL-INCIDENCE MONOCHROMATOR BROEK

(90 - 250 nm).

This monochromator can be equipped with different detec-

tors in order to cover the whole wavelength region of 90 to

250 nm (see section 2.4.). Our calibration is based on known
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absolute emission cress sections for electron impact on a num-

ber of gas targets (Ar, Kr, Xe, H_, 0_, CO) obtained by other

groups. We will discuss successively the calibration of the

monochromator equipped with a channel electron multiplier

VALVO B 413 BL-01 (90 - 120 nm), an EMR (model 542) solar

blind photomultiplier (110 - 230 nm) and an EMI 6256 S photo-

multiplier (150 - 250 nm). At the end we will compare the

different detectors.

We measured the photon emission from the nsnp states of Ar

(n=3), Kr+(n=4) and Xe (n=5) with the monochromator equipped

with a channel electron multiplier at an electron impact ener-

gy of 300 eV. If we use the cross sections given by van Raan

et al. (1971) we get the results given in table 1. The cross

sections of the Ar II 92.0 and Kr II 91.7 nm emissions given

by van Raan et al. (1971) are not consistent. Using these

cross sections we find a sensitivity of 1.6xlO~ counts/pho-

ton at 91.7 nm and of 0.96x10 counts/photon at 92.0 nm

(see table 1). The value of 1.6x10 counts/photon at 91.7

nm seems to be unrealistic, therefore we have not used the

Kr II cross section at 91.7 nm to determine the sensitivity..

The accuracy of the sensitivity of the optical equipment is

mainly determined by the accuracy of the used absolute cross

sections. Van Raan et al. claimed an accuracy of about 25%.

An emission cross section that is well-known in this

wavelength region is that of the Ly-o (121.5 nm) produced by

electron impact on molecular hydrogen. The Ly-o radiation is

formed by dissociative excitation of the molecular hydrogen

to the H(2p) state and successive decay to the H(ls) ground
_2

state. A sensitivity of 0.20x10 counts/photon is found,
— 18 2using the absolute emission cross section of 5.27x10 cm

at 300 eV electron energy as determined by de Heer and

Carrière (1971) (Uncertainty of about 20%). Mumma and Zipf

(1971a) have found a Ly-« cross section of 6x10 cm at

300 eV.

For e - H2 also a number of bands of the Werner band system

in the wavelength region of 105.0 to 124.0 nm have been

measured at an electron impact energy of 300 eV. Following
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_ 1 o 2
TABLE 1. Emission cross sections (a . in units of 10 cm )

for electrons incident on Ar, Kr and Xe at 300 eV

(van Raan 1971) and the calculated sensitivities K(X)

(in units of 10 counts/incoming photon) of the mo-

nochromator with a channel electron multiplier.

target transition A(nm)
em

K(X)

Ar 3s3p6 -v 3s23p5 92.0 3.19 0.96

1/2 93.2 1.80 0.84

Kr 4s4p6 •* 4s24p5 91.7 1.33 1-6

1/2 96.5 3.32 0.69

Xe 5s5p6 -> 5s25p5 2P 3/2 110.0 5.90 0.36

the method described by de Heer and Carrière (1971) absolute

cross sections can be evaluated and used to get the sensiti-

vity of the optical equipment (see table 2). The accuracy in

the determination of the sensitivity is about 25%.

Mentall and Morgan (1977) have measured absolute emission

cross sections for electron impact on O2. They measured the

relative sensitivity of the monochromator-detector combina-

tion using a set-up in which the incident photons were

measured alternately by a sodium-salicylate coated photon-

multiplier and by the monochromator-detector combination.

Relative measurements were made absolute by normalizing to

Mumma and Zipf's cross section for producing the N I 120 nm

multiplet by electron impact on N 2 (Kumma and Zipf, 1971b).

In table 3 the wavelengths are given, together with the

absolute emission cross sections at 200 eV. We also measured

these emissions and used the cross sections to calculate the

sensitivity of the optical equipment K(X).
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TABLE 2. Emission cross sections of the Werner band system

for electrons incident on H2 at 300 eV (de Heer and

Carrière, 1971) and the calculated sensitivities

K(A) of the monochromator with channel electron

multiplier.

A(nm) 10~19 cm2) K(A)( x 10~2 counts/photon)

105.0

105.6

110.1

114.8

116.3

117.7

119.0

123.0

124.0

4.49

8.83

8.67

4.22

10.9

9.89

5.05

7.95

6.34

0.38

0.29

0.22

0.25

0.21

0.21

0.22

0.13

0.13

TABLE 3. Emission cross sections for electrons incident on

O2 at 200 eV (Mentall and Morgan, 1977) and the

calculated sensitivities of the monochromator with

a channel electron multiplier.

A (nm) o<

83.3

99.0

99.9

102.7

115.9

2m( x 1 Cf1 9 cm2)

6 . 2

5 . 7

1.4

5 . 7

2 . 9

_2
K(X)( x io counts/photon)

2.5

0.9

1.1

0.47

0.30

The cross sections from table 3 are estimated to be accurate

to + 20%. The sensitivity found in this way at 102.7 and

115.9 nm is 30 to 40% larger than the sensitivity found with
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Fig. 2 - Sensitivity of the BROEK monochromator with a

channel electron multiplier.
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Fig. 3 - Sensitivity of the BROEK monochromator equipped

with different detectors.
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other electron impact measurements.

However, at 83.3, 99.0 and 99.9 ran we find a sensitivity that

is much larger, especially at 83.3 nm. The large increase in

sensitivity towards lower wavelengths seems to be unrealis-

tic. It seems that the cross sections given by Mentall and

Morgan (1977) at 83.3, 99.0 and 99.9 nm are too small.

If we use the transition probabilities for atomic oxygen

of Pradhan and Saraph (1977), we can calculate the branching

ratio of the 99.9/121.7 nm emissions (accuracy + 10%).

Taking this branching ratio and the sensitivity at 121.5 nm

calculated from the Ly-a- emission, we find for the sensitivity

at 99.9 nm 0.34x10 counts/photon, which is a factor 3

smaller than calculated with the cross sections of Mentall

and Morgan (1.1x10 counts/photon). This also indicates

that the cross sections given by Mentall and Morgan are not

correct.

In figure 2 the sensitivity of the BROEK monochromator

with a channel electron multiplier is given.

Next, we determined the sensitivity of the monochromator

with a solar blind photomultiplier as detector. At 110.0 and

121.5 nm we used respectively the Xell and the Ly-a emission

to obtain the sensitivities at these wavelengths. At 110.0

nm we found a value of 0.08x10 counts/photon, which is

much smaller than the sensitivity of the monochromator with
_2

a channel electron multiplier (0.36x10 counts/photon).

We found a sensitivity of 0.16xl0~ counts/photon at 121.5

nm which is comparable with the sensitivity of the monochro-

mator equipped with a channel electron multiplier (0.20x
_2

10 counts/photon).

For the calibration at larger wavelengths (130-230 nm)

we used emission cross sections of CO given by Van Sprang

et al. (1979) at an electron impact energy of 300 eV. The

sensitivity increases between 120 and 150 nm, reaches values
_ 2

of 0.5 to 0.6x 10 counts/photon between 150 and 190 nm and
decreases for wavelengths above 190 nm.
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In order to compare the solar blind photomultiplier with an

EMI photomultiplier we also determined the sensitivity of

the monochromator equipped with a photomultiplier as detec-

tor in the wavelength region of 150 to 250 nm. As before we

used emission cross sections of CO given by Van Sprang et al.

(1979). The sensitivity strongly increases in the region of

150 to 180 nm with a maximum of about 0.8x 10 counts/pho-

ton. A strong decrease of a factor 4 is found between 180

and 210 nm, while above 210 nm the sensitivity again in-

creases. The accuracy of the CO cross sections ranges from

10 - 14%.

In figure 3 a comparison is made between the different detec-

tors. As can be seen, the channel electron multiplier can be

used up to about 120 nm. Above that wavelength it is more

favourable to use the solar blind photomultiplier, which can

be used up to about 220 nm. In the region above 170 nm, the

sensitivity of the monochromator with an EMI photomultiplier

is comparable with that of the monochromator with the solar

blind photomultiplier. For wavelenghts larger than 220 nm

an EMI 6256 S photomultiplier is the most efficient detec-

tor.

3.4. CALIBRATION OF THE GRAZING-INCIDENCE MONOCHROMATOR

GRINS (10-60 NM)

3.4.1. Calibration procedure

The determination of the absolute sensitivity of a mono-

chromator in the extreme ultraviolet region of 10 to 60 nm

is rather difficult. Due to experimental difficulties we de-

termined the sensitivity of the monochromator only at four

wavelengths in this region (20.8, 30.4, 46.1 and 53.7 nm)

and by interpolation and extrapolation we extended the cali-

bration over the whole wavelength region. The determination

of the sensitivity at 20.8 and 30.4 nm was done in the

following way. We determined absolute emission cross sec-

tions of the Hell emission at 30.4 nm produced by electron
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impact on helium and of the NelV emission at 20.8-20.9 nm

produced by Ne + ions incident on helium using an ionization

chamber, which is described in the following section 3.4.2.

With these cross sections the sensitivity at 20.8 and 30.4

nm can be obtained. In table 4 the relevant cross sections

together with the evaluated sensitivities are given.

In section 3.4.3. a method is described to obtain the sensi-

tivity at 20.8 nm in another way. This method is based on the

influence on the 20.8 nm emission of cascading from higher

levels to the level from which the transition at 20.8 nm

takes place.

At 46.1 nm the emission cross section of the Nell 46.1/46.2

nm radiation produced by electron impact on neon can be used

to obtain the sensitivity at this wavelength. Relative cross

sections have been measured by Luyken et al. (1972). For the

absolute scale Luyken et al. used electron impact cross sec-

tions given by van Raan (1973), who obtained the absolute

calibration by extrapolating the sensitivity of the monochro-

mator from the wavelengths of the helium resonance lines down

to 46 nm. At 200 eV Luyken et al. found a cross section of

8.29 xlO~ 1 8 cm2 (+ 50%).

Recently two different methods have been used to evaluate

this absolute cross section. Firstly, de Heer (to be publish-

ed) used the data of Luyken et al. on a relative scale and

brought them to an absolute scale by means of the data of

Codling et al. (1976) for photoionization of 2s electrons

in Ne and the Bethe formula for electron ionization. It turn-

ed out that the cross sections thus obtained are 3.56 times

smaller than those of Luyken et al., normalized on the cor-

responding experimental cross sections of van Raan (1973).

This would lead to a cross section of 2.33xlO~ cm at 200

eV (accuracy + 30%).

Secondly, Beyer et al. (1979) used the branching ratio method

for a number of Nelll and NelV transitions in the wavelength

region of 37.9 to 60.7 nm to get relative sensitivities.

These relative numbers were put to an absolute scale by using
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the known electron impact cross sections of helium and neon

resonance transitions. By this method they redetermined the

cross section of the 46.1/46.2 nm transitions and found a
— 18 2value of 3.19x10 cm which is 2.6 times smaller than

the one, Luyken has given. The overall accuracy was claimed

to be + 35%.

It is quite clear that the cross sections given by Luyken

et al. are much too high. We have based our calibration at

46.1 nm on the cross section given by de Heer (to be publis-

ed).

At 53.7 nm we used the branching ratio method as described

by van Eek et al. (1963). We observed the Hel transitions

31P-21S at 501.6 nm (LEISS I) and 31? - 11S at 53.7 nm (GRINS)

These emissions were produced by He - Ne collisions at 80

keV. The intensity of the 501.6 nm can be measured using the

absolutely calibrated LEISS I monochromator. The transition

probabilities of the 31P-21S and 31P-11S are accurately

known, so the absolute intensity of the 53.7 nm can be calcu-

lated and used to determine the sensitivity of the GRINS mo-

nochromator at 53.7 nm (see table 4).

To check the calibration between 46.1 and 53.7 nm we applied

the branching ratio method to the 47.0 and 52.2 nm emissions
4 2 3+which have the same upper level (2s2p D) in Ne (Beyer et

al., 1979). These emissions, produced by Ne + - Ne collisions

at 750 keV, were observed by the GRINS monochromator. If we

use the theoretical branching ratio of these transitions

(6.6, see Wiese et al., 1966), we are able to calculate the

ratio of the sensitivity at 47.0 and 52.2 nm. This ratio can

be compared with the one obtained by interpolation of the

sensitivity between 46.1 and 53.7 nm. The interpolation

gives a ratio of 1.22 which agrees with the calculated ratio

of 1.28.

As can be seen in table 4, the uncertainty in the sensi-

tivity varies between 15% (at 53.7 nm) and 30% (at 46.0 nm).

It is mainly this uncertainty that determines the overall

uncertainty in the measured cross sections in this wavelength

- 48 -
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region. Finally, in figure 4 the sensitivity is given as a

function of wavelength between 10 and 60 nm.

50 60 70

X (nm) •

Fig. 4 - Sensitivity of the GRINS monochromator.
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Fig. 5 - Schematic view of the ionization chamber.



TABLE 4. Emission cross sections used to calibrate between 10 and 60 nm and the

evaluated sensitivities K(X).

collision X(nm) transition
e m -ift 9
( x io 1 8 cm2)

K(A)

10 counts/
photon)

Ne4+-He 20.8-20.9 Ne IV 3s 4P - 2p3 4S° 340 + 140

200

e -

200

e -

200

He+

keV

He

eV

Ne

eV

"- Ne

30.

46.

53.

4

1/46.2

7

He

Ne

He

II

II

I

2p lP- IS

2s2p6 1S-

ls3p 1 P -

l8

-2s 22 P
5 2P°

IS2 ! S

0

2

1

.56

.3

.5

+ 0.

± °-

+ 0.

14

7

2

1.3 + 0.5

1.2 + 0.3

2.0 + 0.6

1.5 + 0.2

I

80 keV

If we use the a _, obtained with the ionization chamber (3.4.2) we obtain a sensitivity
-3 -3

of 1.2 xio . The result of the method described in section 3.4.3. is 1.4x10 . The
given value is the average of the results of both methods.
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Z.4.2. lonization ehambei'

A detector for measuring absolute photon intensities for

wavelengths below 102.2 nm can be constructed utilizing the

principle of photoionization of a noble gas (Samson 1964,

Samson and Haddad 1974). It is based on the observation that

for the noble gases the photoionization yield, defined as

the number of ions produced per photon absorbed by the gas,

is unity. If we know the photon absorption in the gas and

measure the number of ions produced, we can determine the

absolute photon flux.

In fig. 5 a schematic view of the constructed ionization cham-

ber is shown. This ionization chamber has been used to deter-

mine the cross sections for emission of He II 30.4 nm radia-

tion from electron-helium collisions and Ne IV 20.8-20.9 nm

radiation from Ne impact on He. These cross sections can

be used to determine the sensitivity of a monochromator at

these wavelengths.

The radiation produced by the above mentioned collision

processes and of which the absolute intensity has to be de-

termined, enters through a 115 nm thick foil made of evapo-

rated aluminium, which acts both as a gas seal for the ioni-

zation chamber and as a bandpass filter for the desired

wavelength region (20 - 60 nm). It was necessary to use some

kind of filter because it is clear that the radiation pro-
4+duced by electrons incident on helium and Ne ions on helium

is certainly not monochromatic- The principle of measuring

the intensity of radiation by an ionization chamber, as de-

scribed by Samson (1964), is based on the use of monochroma-

tic radiation. Although we used an aluminium filter and the

total emission was dominated by one wavelength, we still had

to correct for other wavelengths present in the used radia-

tion. This correction will be described when we discuss the

results of the experiments with the ion chamber.

The ion chamber can be filled with gas of which the pres-

sure is measured with a capacitance manometer (MKS Baratron).

We used gas pressures between 1.3 and 133 Pa ( 1 0 - 1 Torr).
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The vacuum system of the chamber consists of two sorption

pumps (Riber) filled with liquid nitrogen, which can be eva-

cuates by a rotary pump (Edwards). The sorption pumps eva-

cuated almost no helium and neon, but nitrogen (and also the

heavier noble gases) is efficiently pumped away. So for he-

lium and neon we have an almost static vacuum system. In

most cases we have used neon as the absorbing gas in the ion

chamber because it has larger photoionization cross sections

than helium and argon in the relevant wavelength region.

The ions produced in the gas by photoionization are

measured in a parallel-plate condensor of 10 cm length pro-

vided with guard plates to ensure a uniform electrical field

in the ion collection region. One of the plates (repeller)

is put on a positive voltage to drive the ions to the collec-

tor plate. By choosing a suitable collector voltage, the pro-

duced ions can be completely collected and the current is

directly related to the number of photons absorbed in the

collection region. The ion currents of the order of 10~ to

10~ A are measured with a CARY 401 vibrating reed electro-

meter. In order to reduce the leak currents, one has to take

care of an appropriate shielding of the electrical circuit

used for the current measurement. Typical leak currents were

in the order of 10~16A.

After traversing the ionization chamber the intensity of

the photon beam can be measured relatively by a photomulti-

plier (EMI 6256 s) provided with a plastic scintillator (NE

102, Harshaw Chemical Co). In front of this detector an alu-

minium foil is placed to ensure that the detector is only

sensitive to wavelengths below 60 nm. With this detector it

is possible to check whether the absorption by the gas obeys

the Lambert-Beer law (this is an assumption made to derive

expression (4), see below). It is also possible to determine

the photoabsorption cross section (which is the same as the

photoionization cross section), which can be compared with

the value given by Marr and West (1976). From this compari-

son we can estimate the relative contribution of the diffe-

rent wavelengths.



- 39 -

As mentioned before, in these experiments we used radia-
4+tion produced by electron impact on helium and Ne ions on

helium. For the electron impact measurements we connected the

ion chamber to a collision chamber in which an electron beam

could collide with gas atoms. For a more detailed description

of this electron impact apparatus, we refer to Möhlmann
4+

(1977). For the experiments with the Ne ions the ion cham-

ber was connected to the Multicap apparatus and the AMI acce-

lerator, described in section 2.2.

The photon beam from the collision chamber (at 90° with re-

spect to the electron or ion beam) was collimated by two dia-

fragms, which determined the observation length and the solid

angle from which photons were detected. The first one is a

vertical slit (5x 14 mm) and the second one a round aperture

of 5 mm diameter. For this configuration one can easily cal-

culate the product of observation length L and solid angle o>

(Bederson and Fite, 1968). The number of photonsentering the ionization chamber per second I , is given by

,„ ' T CTem Nc T <3)

4+I is the electron beam current (in the case of Ne ions as

projectiles, one has to replace Ie/e by the number of ions

passing per second through the observation region), o is

the emission cross section (cm ), N_ is the target gas par-
c _3

ticle density in the collision chamber (cm ) and T is the
transmission of the foil between collision and ionization

chamber for the used radiation.

If we take the distance from the Al-foil (beginning of the

absorbing gas region) to the beginning of the ion collection

region to be 1^, the distance to the end of the ion collec-

tion region L, and the whole length of the chamber L 3 {see

fig. 5), we can determine the relation between the incoming

photon intensity I Q and the absorbed intensity in the col-

lection region I2 - I2. After applying the Lambert-Beer law

we find
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I1 - I-2 = Io|exp{- No(A) L1 } -e.xp{-Nö(A) L2 }] (4)

with N the number of gas atoms per cm and a(X) the photo-

ionization {photoabsorption) cross section at wavelength X,

Because every absorbed photon produces just one ion

(and electron) we can write for the measured ion current i

to = ed, - I2) (5)

Using N = 2 . 4 5 x 1 0 x p cm (p i n P a ) , L2 = 7 .2 cm, L2 =

17 .5 cm and t h e e x p r e s s i o n s (4) and (5) we o b t a i n

i Q = e I Q [ e x p { - 0.0176 o(X) p } - e x p { - 0 . 0 4 2 9 a(A) p } ]

(6)
— 17 2

with a (A) in units of 10 cm and p in Pa. The photoioni-

zation cross sections a(A) have been taken from Marr and

West (1976), which are believed to be more accurate than the

ones we have determined. Substituting A(p) for the term in

parentheses we can write

io = e Io A(p) (7)

If we measure the ion current i as a function of the gas

pressure p in the ionization chamber, we can determine I ,

the photon intensity entering the ion chamber.

In practice, the measured ion current is larger than i

indicated in (7), because besides by direct photoionization,

ions are also produced by secondary ionization, caused by

photoelectrons released in the photoionization process. If

a photon of energy hv ionizes an atom with ionization poten-

tial I, an electron is ejected with an energy E = hv - I .

If E > I (i.e. hv > 21), the released photoelectron has suf-

ficient energy to produce new ions by secondary ionization

in the gas. This happens if the wavelength of the photons

is smaller than 25.2 nm for He, 28.8 nm for Ne and 39.3 nm

for Ar.

However, even if the released photoelectron initially does
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not have enough energy to ionize the gas, it will gain ener-

gy due to the electrical field applied to collect the ions.

Depending on the distance the photoelectron can drift to-

wards the positive repeller plate and depending on the elec-

trical field strength, it is possible that the electron

gains enough energy to ionize the gas. One has to take care

of the fact that the applied repeiler voltage is large

enough to retard all the electrons which are drifting to-

wards the ion collector plate. Reference to fig. 6 illus-

trates this point. An electron is produced at a distance x

from the ion collector plate. According to Samson (1964),

the most probable direction of the ejected electrons is at

right angles to the photon beam, i.e. in the plane of the

cross section in fig. 6. In this figure some possible elec-

tron trajectories are given. Let us look to z„ electron,

starting with an energy hv - I, traveling perpendicular to

the ion collector plate (trajectory 1). In order to prevent

this electron to reach the ion collector plate, we have to

apply a voltage V to the repeller plate that satisfies

(energies given in eV)

V > i (hv - I) (8)

Electrons, which are traveling at an angle smaller than 90°

to the plates can be retarded at lower voltages. So, in or-

der to determine the minimal voltage to retard all the elec-

trons, we have to use formula (8) with the smallest possible

value of x (determined by the size of the photon beam be-

tween the collector plates). In practice, this means that

voltages of at least 100 volt had to be used. It is clear,

that with.such high voltages the energy gained by the ejected

photoelectrons is in most cases enough to ionize the gas.

The measured ion current i can be written as

where i is the initial photoionization current and i theo *• sec
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ion collector plate ion repeüer plate

Fig. 6 - Schematic cross section of the ion chamber at a

right angle to the photon beam. The photoelectron

is produced at a distance x from the ion collec-

tor plate. The hatched area is the cross section

of the used photon beam at the end of the ion

collection region.
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contribution due to secondary ionization.

Dividing (9) by the already introduced absorption factor

A(p) times e and using (7) we obtain

(10)
eA(p) -""o eA(p)

Because for small pressures, i is quadratic in p (second-

order process) and A(p) linear in p, the r.h.s. of (10) is

linear in p. Plotting the term i/eA(p) as a function of p

for small pressures, we can determine I using a least-

squares-fit method.

With no gas in the ion chamber, still a small current was

measured if the photon beam traversed the ion chamber. It

turned out that this current was produced mainly by photons

scattered onto the ion collector plate. These photons eject

electrons, which are measured as an extra positive current.

To correct for this effect, we subtracted the current

measured at zero pressure from the current measured at other

pressures.

The ions which are collected on the collector plate can

release secondary electrons from it, which increase the

measured ion current. We have investigated this effect by

mounting a grid of high transparency in front of the ion

collector plate. The grid can be put on a small negative

voltage with respect to the collector plate in order to sup-

press the secondary electrons from the ion collector plate.

The ion current was measured with the grid biased 15 volt

negative as well as with the grid on the same potential with

respect to the collector plate. We found in the former case

a current which was systematically a few percent higher than

in the latter case. This was found for helium as well as for

neon in the ionization chamber. However, the experimental

uncertainties are rather high due to the presence of leak

currents which could not be suppressed. Therefore we can only

estimate an upper limit of 5% for the effect of secondary

electrons on the measured ion current. A very low secondary
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electron yield (less than 1%) was also found by Samson (pri-

vate communication). Because the effect is rather small, we

have neglected it and measured without a grid in front of

the ion collector plate.

In the following, we will discuss the determination of the

emission cross sections of the Hell 30.4 nm (e - He) and the

NelV 20.8 - 20.9 nm

ionization chamber.

4+
NelV 20.8 - 20.9 nm lines (Ne - He), using the described

a) Electron impact on He (emission cross section of the

Hell 30.4 nm line)

By electron impact on helium at 200 eV electron energy,

the radiation produced below 60 nm consists of Hell 2p - Is

at 30.4 nm. Hell 3p - Is at 25.6 nm, He II np - Is (n > 4) at

22.8-24.3 nm and the Hel resonance radiation at 58.4, 53.7

and 50.6 - 52.2 nm. We have made scans of the relevant wave-

length region using the grazing-incidence monochromator

GRINS (see fig. 7). From the obtained spectra it turned out

that the strongest emissions are the Hell 25.6 and 30.4 nm

and the Hel 58.4 nm.

If we use neon in the ionization chamber all radiation

above 57.5 nm (the ionization potential of neon is 21.6 eV,

corresponding to a photon of 57.5 nm) will not be absorbed

and will not contribute to the photoionization current. This

means that for instance the Hel 58.4 nm radiation is not de-

tected.

By taking spectra with and without the Al-foil placed in

between the collision chamber and the monochromator, we were

able to determine the transmittance of the Al-foil for the

different wavelengths. We found a transmittance of 0.47 at

30.4 nm and of 0.53 at 25.6 nm, whereas at 58.4 nm the trans-

mittance has decreased to 0.15. Due to the low transmittance

of the Al-foil the contribution of the weak Hel resonance

radiation at 53.7 and 50.6-52.2 nm can be neglected. The

only radiation which is detected in the present set up is

the Hell np- Is (n > 2) .
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Because we are interested in the intensity of the Hell

2p - Is at 30.4 nm, we have to estimate the contribution of

the Hell np - Is (n > 3) radiation. From the spectra we could

deduce the ratio between the 25.6 (3p- Is) and the 30.4 nm

(2p- Is) emissions to be approximately 15%. However, one has

to take into account the relative sensitivity of the mono-

chromator at these wavelengths to get the correct intensity

ratio. Because we expect that the sensitivity will not change

much in this wavelength region, the correct intensity ratio

will also be approximately 15%. The cross sections for

producing np(n= 2/3,4) states in He in electron impact on

helium have been calculated by Gillespie (1972) employing the

Born approximation and a Hartree-Fock function for the ground

state of helium. The absolute magnitude of these cross sec-

tions is not so reliable due to the problem of using the cor-

rect electron correlation in the theoretical description.

If we use his cross sections for producing the 3p and 4p

state in He only relative to the one for the 2p state we

find that at 200 eV the 3p cross section is 36% of the 2p

cross section and the 4p cross section 14%. using a n~ law

for the cross sections for producing higher np levels

(n > 5) it turns out that the cross section for producing the

np (n > 3) states is 70% of the one for the 2p state. How-

ver, in this calculation we are dealing with excitation cross

sections whereas we are interested in emission cross sections.

Due to cascading of higher levels to the 2p state (which is

much larger than to the np states with n > 3) the relative

contribution of these states is less than 70%.

It is also possible to estimate the contribution of other

radiation to the total helium emission by using the results

of the absorption measurements. In figure 8 the result is

given of the absorption measurements using the Al-foil-

scintillator-photomultiplier combination at the end of the

ion chamber. Besides neon, we also used helium and argon.

Within experimental error the measured attenuation obeys the

Lambert-Beer law quite well, leading to photoabsorption

(photoionization) cross sections of 2.63xlO~ cm2 (He),



- 47 -

8.43xlO~18 cm2 (Ne) and 2.11xio"18 cm2 (Ar). Marr and West

(1976) give for the photoionization cross section at 30.4 nm

values of 2.96 xlO~ 1 8 (He), 8.62 xio" 1 8 (Ne) and 2.85xl0~l0

cm*" (Ar) . In comparing these numbers, one has to keep in mind

that contrary to Marr and West, the radiation that enters

the ionization chamber is not monochromatic. In fact, the

calculation of the absorption cross sections from the measured

attenuation is not correct, due to the presence of other wave-

lengths in the attenuated radiation. Under such circumstances,

one cannot properly define the absorption cross section, but

one should define an apparent absorption cross section which

is dependent of the used pressure. In the Appendix we will

clarify this and we will also evaluate the contribution of

other radiation from the absorption measurements. It turns

out that this contribution amounts 38 + 13% of the contribu-

tion of the 30,4 nm radiation, which seems to be in reason-

able agreement with the estimates we have made, based on the

observed spectrum and on the calculation of the intensities

of the lines of the np - Is series. We will take this value

to correct the obtained result for the contribution of other

wavelengths.

We checked the linearity of the photoionization current

and the photomultiplier signal as a function of the pressure

in the collision chamber (fig. 9) and as a function of the

electron current. It turned out that both current and photo-

multiplier signal were linear up to at least 250 pA (we used

200 iiA). As can be seen in fig. 9 both were also linear up

to a pressure in the collision chamber of 0.9 Pa (we used

1.27 Pa and made a correction for the non-linearity deduced

from fig. 9).

In the.figures 10a and 10b ic/eA(p) is plotted as a func-

tion of pressure p for repeller voltages of 100 and 150 volt

(i_ is the photoionization current corrected for the current

at zero pressure, A(p) the absorption in the ion collection

region).

According to equation (10), we can write for small pres-

sures
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PcoHchamber

1.5

. Fig. 9 - Pressure dependence of the photomultiplier signal

S and the photoionization current i.

10
Pion chamber

Pa 15

Fig. 10a - i /eft(p) (see text) as a function of the neon

pressure in the ion chamber for a repeller vol-

tage of 100 volt; 200 eV e-He.

10b - the same for a repeller voltage of 150 volt.



= 1 + 3P (IDeA{p) o

Using a least-squares-fit, we determined IQ (the incoming

photon flux) and B (which is related to the amount of secon-

dary ionization). For repeller voltages of 100 and 150 volt

we find for I respectively 2.21x10 and 2.11x10 photons/s
° 4 4 - 1

and for g resp. 3.3x10 and 5.6x10 (Pa.s) . The larger &

the larger the influence of secondary ionization, so we find

a larger 3 value for a repeller voltage of 150 volt. The va-

lues found for I at 100 and 150 volt agree very well. We

take I = 2.16x10 and after applying a small correction

for the non-linearity of the ionization current with the

pressure in the ion chamber, we finally get IQ = 2.25x10

photons/s (electron current 200 uA, pressure in collision

chamber 1.27 Pa, electron energy 200 eV). This value has to

be corrected for the contribution of other radiation (25.6

nm, 22.8-24.3 nm) to get the photon intensity for the 30.4

nm radiation only. For small pressures we can relate the

measured photon intensity I to the intensity of the 30.4

nm photons I as follows

Tj J o

In (12), the indices 1 and 2 indicate wavelengths of 30.4 nm

and 25.6 nm respectively (for simplicity we take the radia-

tion at 22.8-24.3 nm and at 25.6 nm together). For the ra-

tio a of the intensities of the 25.6 and 30.4 nm radiation

produced by the electron impact process, we take 0.38 + 0.13.

Using expression (3), we can calculate °em(30.4 nm).

The uncertainty in the contribution of other radiation

results in an error of 10%. The uncertainties in pressure,

current and solid angle lead to an error of 5%. The trans-

mittance of the Al-foil is accurate within 5% and the ioni-

zation current is measured with an accuracy of 5%. Adding of

all these errors leads to an overall-error of 25%.

For the emission cross section of the Hell 30.4 nm radia-

tion at 200 eV electron energy, we find (5.6 + 1.4) x 10~19
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P(Pa)

Fig. 11 - ic/eA(p) (see text) normalized to a Ne
4+ particle

current of one as a function of the neon pressure

in the ion chamber; 200 keV Ne4+-He.
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cm . At the same energy Moustafa Moussa and de Heer (1967)
— 19 2

found a cross section of 3.8x10 cm . However, their cali-

bration at 30.4 nm was based on an extrapolation of the sen-

sitivities at 53.7 and 121.5 nm and is rather inaccurate.

In the above calculated emission cross section, the in-

fluence of the polarization of the radiation has not be taken

into account. However, in electron impact experiments, pola-

rization is in general small around 300 eV impact energy

(Heddle, 1979). So, probably in this experiment the influence

of polarization is small.

b) Ne impact on He (emission cross section of the Ne IV

20. 8 - 20. 9 nm lines)

4+The radiation produced below 60 nm by Ne impact on helium

at 200 keV is dominated by the Ne IV 20.8-20.9 nm emission.

Other (much weaker) emissions that could be detected, were at

17, 18.5, 22.3, 23.4, 29.6 and 30.4 nm. From scans of this

wavelength region the relative importance of these emissions

compared to the 20.8-20.9 nm emission could be determined

(assuming a constant sensitivity over the relevant wavelength

region). The transmittance of the Al-foil was measured in the

way as we have described before. If we use a formula analogous

to the one for the He II 30.4 nm emission (formula (12)) we

are able to correct for the contribution of other emissions.

The photoionization current was measured as a function of

the neon pressure in the ionization chamber. Due to the low

photon intensities we had to measure the photoionization

current also at somewhat higher pressures than for the He II

30.4 nm radiation. At higher pressures the linear dependence

as given by formula (11) is not valid and should be replaced

by an exponential one (Samson and Haddad, 1974) . In figure 11

the pressure dependence of the measured i /eA(p) (normalized
4+ c

to a Ne particle current of one) is plotted on a logarith-

mic scale. From this graph the extrapolated normalized photo-

ionization current at zero pressure can be obtained. In the

same way as for the determination of the He II 30.4 nm emis-



— 52 —

sion cross section :..!:••,• cross section for the emission of

Ne IV 20.8-20.0 nm can be calculated. A cross section of

3.4 x 10~16 cm2 was found for 200 keV Ne + on He. If we mea-

sure the same emission with the GRINS monochromator the sen-

sitivity at 20.8 nm can be determined. We found a value of

1.2 * 10~ counts/photon. Taking into account all possible

errors, an uncertainty of 40% is estimated. The possible in-

fluence of the polarization of the Ne IV radiation has been

neglected. However, its influence will probably be small.

3.4.3. Calibration based on the influence of cascading

Another method exists which can give information about the

sensitivity of the GRINS monochromator at 20.8 nm. This method

is based on the influence of cascading from higher levels on
4+the measured emission at 20.8 nm in collisions of Ne on

He(Ar). The upper level of this transition (Ne IV 3s4P) is
4+populated not only directly by electron capture into the Ne

4 oprojectile but also via cascading from higher levels (3p P ,
4 o3p D ). The lifetime of these cascading levels is much larger

A

than the one of the 3s P level. It turns out that this can be

used to obtain the sensitivity at 20.8 nm. In chapter 4 the

influence of the lifetime of the involved levels is discussed.

For the definition of the various quantities and the deriva-

tion of the used formulas we refer to that chapter.

Suppose one measures the emission at 20.8 nm together with

the emission of the cascading transitions in a small (length

2 cm) as well as in a long (length 10 cm) collision chamber.

For the small collision chamber (indicated by the index s)

we can write for the relation between the excitation and the

emission cross sections (see equation (7) of chapter 4)

°exc(3s4p) =Y(20.8)oJm(20.8) -ay'(l)o|m(l)

-f3Y'(2)oJm(2) (13)

The factors a and 3 (0<a,3_<l) and the lifetime correction

factors Y and y' depend on the lifetime of the involved levels



- 53 -

and of the length and the position of the observation region

in the collision chamber. The 0s (1) and os (2) axe the

emission cross sections for respectively the 3p P - 3s P

transition and the 3p4D° - 3s P transition. Due to the small

lifetime of the 3s4P level (0.17 ns) y(20.8) «1.

In the long collision chamber (indicated by the index £.)

all the factors a, 3, y and y' become unity and we obtain

If we make the reasonable assumption that the cascading tran-

sitions are not influenced by cascading from higher levels and

if we have used the correct lifetime for the upper levels we

may state o*m(l) = Y'(1)0^(1) and 0^(2) = y' (2)0^(2) . The va-

lidity of these equations can be checked experimentally.

Combining (13) , (14) and the above equations we can write

aem(20-8) -aem(20-8) = ( 1 " a ) o L ( 1 ) + ( 1~ B ) oem ( 2 ) (l5)

The emission cross section of the 20.8 nm radiation is rela-

ted to the normalized signal S (normalized to a beam current

and a target gas pressure of unity) as follows

S (20.8)

% ' 2 0 - 8 ' = F X K ( 2 0 . 8 )

with F a factor containing geometrical factors and some con-

stants (see equation (3), chapter 4) and K(20.8) the sensiti-

vity of the monochromator at 20.8 nm. From (15) and (16) we

can resolve K(20.8)

F x {8^(20.8) - SS(20.8)}
K(20.8) —q °- 5 (17)

(l-a)a^m(l) + (1-3)0^(2)

We have measured simultaneously the emission at 20.8 nm with

the GRINS monochromator and the emission of the cascading

transitions at 220.4 nm and 235.1-236.3 nm with the LEISS IV

monochromator. The measurements were done for 800 keV Ne on
4+

He and for 800 keV Ne on Ar in the long as well as in the

small collision chamber. The results are given in table 5.
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We see that within the experimental uncertainty of about 15%
aim(1) ~ 7' ( 1 ) aim ( 1 ) and °em(2) ~ Y l ( 2 ) oem ( 2 ) which suggests
that the lifetime of the cascading levels used to calculate

Y1, is correct. Because in (17) CT
em(l)

 a n d a
em^

2) depend on

the sensitivity of the LEISS monochromator, the above des-

cribed method depends on the reliability of the calibration

of this monochromator. In the wavelength region of the casca-

ding transitions (220 - 240 nm) the calibration can be perfor-

med (section 3.2) with sufficient accuracy (15%). If we use

(17) for Ne 4 + on He and Ne 4 + on Ar we get K (20.8) =(1.4 + 0.6)

x 1O~3 counts/photon (Ne4+-He) and (1.5 + 0.6) * 10~3 counts/
4+ —3

photon (Ne - Ar) . As final result we take (1.4+0.6) x 10

counts/photon which is in good agreement with the result ob-

tained with the ionization chamber (3.4.2).

TABLE 5

small collision chamber

length = 2 cm

S*(20.8)

a

Y1 (1)

Y' (l)as
m(l)

Y'(2)

Y'(2)a|m(2)

long collision chamber

length = 10 cm

°lm(2)

K(20.8)(counts/photon)

800 keV

Ne4+ - He

27.5

0.65

1.57

29

0.54

1.88

160

48.6

25

173

(1.4 +O.6)xiO~3

800 keV

Ne 4 + - Ar

73.9

0.65

1.57

88.5

0.54

1.88

411

129

76.1

409

(1.5 + 0.6)*l0~3
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The emission cross sc.vt ions are given in units of 10 cm .

S is the signal normalized to a current and a pressure of

unity.

For the calculation of «, 3, y and y' (see chapter 4) the

following values have been used:

£1 = \ U-L) with L(GRINS) = 0.56 cm and L(LEISS IV) =1.46 cm.

T(20.8) = 0.17 + 0.01 ns

T(1) = T(3p4P°) = 3.2 + 1.6 ns

T(2) = T(3p4D°) =4.4 + 0.5 ns

The lifetimes were obtained from Buchet and Druetta (1975) and

Denis et al. (1970).
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APPENDIX (section 1.A.2)

The radiation produced in collisions between electrons

and helium, entering the ionization chamber, only consists

of the He II np-ls (n>_2) lines at 30.4, 25.6 and 22.8-24.3

nm (see figure 7)• Because we are interested in the intensity

of the 30.4 nm radiation, we need an estimate of the con-

tribution of the 25.6 and 22.8-24.3 nm. In the following we

show how one can use the absorption measurements performed with

the ionization chamber (see section 3.4.2) to calculate the

contribution of radiation at other wavelengths than 30.4 nm.

For simplicity, we take the He II transitions np-ls (n^3)

(22.8-25.6 nm) all together at 25.6 nm (the emission at

25.6 nm is the strongest one). Because the transmittance of

the AÏ-filters at the beginning of the ion chamber and in front

of the detector decreases towards larger wavelengths (see be-

fore) we can neglect the He I resonance radiation with wave-

lengths above 50 nm.

The total photon intensity after passing through the Al-

filter at the beginning of the ion chamber is equal to

Io"" rl*l + T2*2 I = T1*1 + T2 a*l

<[>. and <f>2 are the intensities of the photon beam just before

passing through the first Al-filter for the 30.4 and 25.6 nm

respectively, whereas a is the ratio of the intensities of

the 25.6 and 30.4 nm radiation produced by the electron impact

process and T-^ and T„ are the transmittances of the Al-filter

for 30.4 and 25.6 nm respectively. At the end of the ion cham-

ber filled with gas at a pressure p the total photon intensity

is

Ip = Tl<t)l exp{-N(p)a(l)L} + a T ^ exp{-N(p)a (2)L}

The photoabsorption cross sections at 30.4 and 25.6 nm are

indicated by a(l) and a(2). The filter-scintillator-photo-

multiplier combination at the end of the ion chamber has a

different efficiency for the 30.4 and 25.6 nm radiation, pro-

portional to e1x1 resp. ^2
X2'' el a n d e2 a r e t h e e f f i c i e nc i es
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of the scintillator at 30.4 and 25.6 nm . Because the Al-foil

at the end of the ion chamber has approximately the same thick

ness as the one at the beginning, the same transmittances x,

and T_ are used.

For the ratio of the signals measured with and without gas

a we can write

fp e l T l * l exp{-N(p)a(l)L}+ae2T2<J>1 exp{-N(p)a (2)L}
So e ^ ^ + z2-z\è2

This can be simplified to

exp{-N(p)a(l)L} +ae T? exp{-N(p)a(2)L}
a= ^-~ : (Al)

e2= — and

We can calculate the exponential terms in (Al) using the known

photoabsorption cross sections of Marr and West (1976). Using

expression (Al) and the measured attenuation factors a at
2

various pressures, aerxr can be determined. The above described

procedure has been applied, using argon and helium in the ion
2

chamber. In table 6 the values of ae T at various argon pres-

sures are given. As can be seen, at the various pressures con-
2

sistent values of aerxr are obtained (only at 28.8 Pa the ob-

tained value of ae x^ seems too high). The weighted average
2

of a£rxr is 0.43 ± 0.06. The value of a can be evaluated using
tie measured transmittances x, and x~ and the efficiencies e.

and &2 obtained from Samson and Cairns (1965) and is equal to

0.38 + 0.13.

We can define an apparent absorption cross section
£ n « <A2)

which can be determined either by using the experimentally de-

termined values of a or by using the calculated values accor-

ding to expression (Al) with a =0.38. In table 6 both values
app

of aph.abs.
 a r e Siven. The agreement between the two sets of.ph.abs.

experimental and calculated cross sections is within the expe-

rimental errors.

- 71 -
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TABLE 6

Result of the absorption measurements with argon

a S E T 2 a
P h . a b s . ( e x p ) °ph.abs.

a
e x D

 a E r r -18 2 -18 2
e x p r r ( x 10 i B citT) ( x 10 l ö cm"2)

7
14

28

42

57

71

85

.22

.4

.8

.8

.1

.3

.6

0.91
0.84

0.72

0.60

0.51

0.43

0.37

0

0

0

0

0

0

0

.26

.48

.64

.45

.46

.42

.39

+ 0.21
+ 0.16

+ 0.12

+ 0.07

+ 0.06

+ 0.05

+ 0.05

2.4
2.19

2.03

2.15

2.08

2.14

2.09

+ 0.5
+ 0.25

+ 0.12

+ 0.08

+ 0.06

+ 0.05

+ 0.04

2.25 + 0.07
2.23

2.22

2.16

2.14

2.11

2.04

0.43 + 0.06 2.11 + 0.06

In table 7 the results are given for the absorption measure-

ments with helium.

TABLE 7

p(Pa, a

14.3
29.1

44.4

76.9

106

135

0.80
0.64

0.51

0.321

0.220

0.121

0.12
0.33

0.35

0.51

0.79

0.58

+ 0.25
+ 0.21

+ 0.16

+ 0.17

+ 0.26

+ 0.26

2.86

2.70

2.78

2.66

2.56

2.62

+ 0.25

+ 0.13

+ 0.08

+ 0.05

+ 0.04

+ 0.04

2.51 + 0.03

2.58

2.66

2.65

2.65

2.64

0.44 + 0.21 2.63 + 0.05

For helium the value obtained for aerT
2 agrees with the result

obtained for argon, although for helium the inaccuracy is lar-

ger because the absorption cross sections for the 30.4 and

25.6 nm photons differ less for helium than for argon (the

ratio of both cross sections is 0.72 for He and 0.32 for Ar).

The ratio for neon is 0.92, so for neon the above described

procedure to determine a cannot be applied. In the wavelength
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region of 25 to'50 nm the photoabsorption cross section of

neon varies within 12%, so the determined apparent absorption
~ 18 2

cross «ection of 8.43x10 cm (see section 3.4.2) is close
"•18 2

to the value of 8.62 xio cm given by Marr and West (1976)

at 30.4 run.
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Chapter 4

Determination of the

cross sections

4.1. INTRODUCTION

In this chapter we will discuss the determination of the.

cross sections from the experimental data. From the measure-'

ments of the emission of photons, emission and excitation

cross sections can be evaluated. In section 4.2 the concept

of emission and excitation cross section is treated, together

with the formulas to obtain these quantities. Measurements

with the parallel plate condensor set-up lead to the determi-

nation of cross sections for the production of slow ions and

electrons and the relation between these cross sections and

the experimental parameters is given in section 4.3.

Finally, in section 4.4 one of the correction factors which

is used to obtain the cross sections is treated in more de-

tail.



vacuum -
monochromator

collision chamber

Faraday cup

I, 1/2 12

Fig. 1 - Schematic diagram of the collision chamber. Iq(z) is

the (electrical) current of ion» with charge q at

position z.
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4.2. EMISSION AND EXCITATION CROSS SECTIONS

The concept of emission and excitation cross section in

atomic collision processes has been treated by Wolterbeek

Muller and de Heer (1970), Thomas (1972) and many others.

Therefore we will only give the definitions of these quanti-

ties and indicate how they can be calculated from the experi-

mental quantities.

Suppose, we have a beam of I/qe ions of charge q passing

per second through a gas with a density of N atoms per cm .

In the collision process, excited states in the target atoms

or projectile ions may be formed. Let us look to a particu-

lar excited state i. The emission cross section o.. is de-

fined as follows

J. . qe
o — ± 1 _ (1)

J N L I

J.. is the number of photons produced per second along the

observation length h by transitions from the excited state

i to a lower state j and is given by

dz

in which SL^ is the distance from the beginning of the colli-
sion chamber;5ta?the beginning of the observation region {see
fig. 1) , ï':?,defiTiés thé ̂position along the ion beam, n- (z)
represents the number of excited>atoms (or ions) in state i
per unit length at position z and'A. .' is defined as the

;.'. . t - - ' -. X J

transS-tron probability for decay of state i to state j (via

photon emission). If we are dealing with excited projectiles,

n. is a function of the position z, whereas in the case of

excited target atoms n^ is constant along the beam {assuming

that the target gas density is chosen sufficiently low).

In the case 'of excited projectiles, according to equations

(1) and ?{2) , a. Vis dependent on the location of the obser-

vation region in the collision chamber (£.,£_, see fig. 1).

This effect'which" .is caused by the finite lifetime of the
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decaying excited sUito will be discussed later on in relation

to the so-called lifetime correction factor.

The relation between the emission cross section a., and

the experimental quantities is given by the following formula

4 TT S ge a P D
a P Daij " («L) e f f QNK(A)

The output signal S of the optical equipment is given as the

number of counts measured during the time the charge Q is col-

lected in the Faraday cup. The charge of the projectile is

given by q e. The geometrical factor ("^off gives the effect-

ive product of the solid angle w in which the photons are

detected and the observation length L along the ion beam from

which photons can be observed. The detection efficiency of

the monochromator and detector (defined as the number of

counts per photon produced in thf collision process) is de-

termined not only by the sensitivity K(A) but also by the

geometrical factor (ÜJL)eff In the present set-up the geome-

trical factor for the normal incidence monochromator BROEK is

about a factor of ten larger than the one for the grazing in-

cidence GRINS monochromator. Typical values of (uL) ff are
— C A A

2.5x10 (GRINS), 2.4xiO (BROEK) and 6 .7 x 1O~4 (LEISS)

sr.cm. The number of target gas particles per cm in the col-

lision chamber is N, which is related to the measured pres-

sure p in Pa according to N = 2.45 xlO xp (at 22°C) .

In equation (3) three correction factors are introduced.

The first correction factor a takes into account the change

of the charge state composition of the ion beam during its

traverse through the collision chamber. In section 4.4 this

correction will be discussed.

The second correction factor P is related to the polariza-

tion of the observed radiation. If the radiation is polarized

the distribution of the photon intensity will be anisotropic.

Furthermore, the efficiency of the optical equipment to radia-

tion polarized parallel to the beam direction may be differ-

ent from that for light polarized perpendicular to the beam
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direction. If we deujj mine the sensitivity of the optical

equipment for the two polarization directions and measure the

intensities of the radiation polarized in both directions,

the correction factor can be determined (Wolterbeek Muller

and de Heer 1970). For wavelengths above 300 ran we have

applied this correction using a Glan Thompson polarizer. For

smaller wavelengths no correction for polarization has been

made. We estimate that neglection of this correction may re-

sult in an error up to 40% under the most "unfavourable"

conditions-

The third correction factor D takes into account the

Doppler broadening of the observed emissions if we are dealing

with the radiation from the projectiles. For more details we

refer to Wolterbeek Muller and de Heer (1970). In our energy

region the Doppler broadening is small and by choosing the

width of the exit slit larger than the width of the entrance

slit the whole intensity can be measured which leads to a

correction factor of one.

The cross section a. for the production of the excited

state i (often called excitation cross section) is defined as

the number of excited states i produced per projectile, in a

unit gas density over a length of unity. The number of excited

projectiles ni(z) in state i per unit length at position z is

determined by

dn. dn.(z)
= v = V(i/qe> n £ A + ^ nkAki <4>

with v the velocity of the projectiles and the other quanti-

ties as defined before (Wolterbeek Muller and de Heer 1970).

The relation between a.- and a. can be derived from the equa-

tions (1), (2) and (4). If we omit the cascade term in (4)

and solve the resulting equation we get

n±(z) =aiN(I/qe)Ti{l-exp(-z/z±) } (5)

with xH =1/ I A., as the mean lifetime of state i, and



- 68 -

If we substitute (5) into (2), integrate and put the resul-

ting J.. into (1) we obtain after some calculation

--^ expf-a./z.Hl-expC-L/z,)}] (6)

The distance between the beginning of the collision chamber

and the beginning of the observation region is given by £.,

the length of the observation region is L (see fig. 1).

The inverse of the term between brackets is called the life-

time correction factor (Wolterbeek Muller and de Heer 1970)

and is further abbreviated as y. A..T. is the branching ratio,

the fraction of states i that decay to j.

It is clear from equation (6) that y « 1 if & 1>>z i=vT i.

Depending on the value of £, only for a large velocity and

lifetime a correction has to be applied. In our experiment a

collision chamber length I (distance between the entrance

diaphragm and the entrance of the Faraday cup) of either 2 cm

or 10 cm was used, leading to different values of &j. For the

long collision chamber (A = 10 cm) in most cases no correction

was needed. For the small collision chamber length (1 = 2 cm)

Y varied between 1.0 and 2.0.

If the cascade term in (4) cannot be neglected the rela-

tion between a., and a. becomes more complicated. Wolterbeek

Muller and de Heer have given a first-order approximation of

the influence of cascading which can be used in such cases.

In the following we will derive a more general formula which

has to be used if the cascade corrections are large.

If we neglect cascade from higher states into the casca-

ding states k we can substitute expression (5) for n, (z) into

(4). After solving the resulting differential equation we

obtain

n±(z) =N(I/qe)xi[(ai+ £ okAkiTk) (1 - exp(-z/z±)

2 exp(- z/zk) -exp(- z/z.^

k>i"k"kilk TV - T . 3
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Substituting this expression into (2) and using (1), we ob-

tain after integration an expression which relates a. to the

emission cross sections a.. and a, .(=
X J Kl

a. . (z±) T. Y(z±)

XJ X K -̂  X K 1 Ĵ.

The lifetime correction factor y should be calculated with

the Ü, and L of the monochromator that measures a^. according

to the term between the brackets in formula (6). If a. . is

measured with another monochromator y' should be calculated

with the £. and L for that monochromator.

If the lifetime correction factors y and y' are close to

one (7) changes into the well-known relation between c. and

4.3. CROSS SECTIONS FOR PRODUCTION OF SLOW IONS AND ELECTRONS

Using the parallel-plate condensor set-up as described in

section 2.3, we can measure the currents I. and I e due to the

production of slow ions respectively electrons in the target

gas. The cross section for electron production is

in which q is the charge state of the projectile, N the target

density, L the length of the ion (electron) collection region,

I the measured beam current in the Faraday cup and a the cur-

rent correction factor (see section 4.4). If we take I. in-

stead of I e in (9) we obtain the cross section a^ for the pro-

duction of slow ions.

In the measurements of I ± and Ie<the long collision chamber

has to be used (£ = 10 cm). As we have already described in the

previous section, with such a long collision chamber one has
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to measure at very low pressures to ensure single collision

conditions. Under such circumstances the measured currents

I. and I are proportional to the target gas pressure.

4.4. CORRECTION FACTOR OF THE ION BEAM CURRENT

When an ion beam of charge state q passes through the

target gas in the collision chamber, the initial charge state

composition changes due to electron loss (stripping) and elec-

tron capture processes. In our velocity range ( <10 keV/amu)

the electron loss can often be neglected. We will consider

only single and double electron capture and neglect the cap-

ture of three or more electrons, which is generally much

smaller.

In figure 1 a schematical view of the collision chamber is

given. We assume that no electron capture occurs before the

ion beam enters the collision chamber. Hence, at z =0 the ion

beam is composed of charge state q only. The observation

region (or the collection region of slow ions and electrons)

is situated near the centre of the collision chamber between

z = X.^ and z=£ 2*
 I n this region the original current of ions

with charge q is attenuated due to single and double electron

capture to charge states q - 1 and q - 2. The ion beam current

is measured in the Faraday cup at z = Jl . This current has

to be related to the number of ions of charge state q in the

observation region. The number of ions with charges q, q-1

and q - 2 passing per second at position z is represented by

respectively P (z), P ,(z) and P__9(z). Taking into account

single and double electron capture and allowing double colli-

sions we get the following coupled differential equations

dP

+NVq,q-l
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N is the target ga» density and a, . . denotes the capture

cross section for capture from charge state k to k-i. The

first term at the right-hand-side of (11) gives the rate of

decrease of ions of charge q-1 due to a second collision,

in which capture of another electron takes place. We assume

the pressure in the collision chamber to be so low that the

• decrease of ions of charge q-2 due to capture to charge state

q-3 can be neglected (Pa_2
 i s small).

In the appendix of section 6.3.2 a calculation is made in

which all charge states P _ (n =0,...,q-l) are taken into

account. However, a serious disadvantage of that method is

that only single electron capture is considered. A comparison

between the calculation made in this section and the one given

in section 6.3.2 will be given later on.

If Ia(0) is the (electrical) current of ions with charge

q at the entrance diaphragm of the collision chamber, we can

write

= Pq(z) +Pq_1(z) +Pq_2(z) (13)

Solving the equations (10), (11) and (12) using (13) and the

initial conditions

Pq_1(0)=Pq_2(0)=0

we get

I (0)
(14)

J" ( 0 ) "

(15)

5 —) exp{ - (or +g )z}
3„ - a, c o o

a
---r-ai2}] (16)
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in which

ao=%,q-l;

and

As an example we calculated the composition of the ion

beam at the position of the Faraday cup, 10 cm from the be

ginning of the collision chamber using (14), (15) and (16)

for 100 keV Ar 6 + on H- at a pressure of 6.7 *10~ Pa
A

(5 x1O~ Torr). The results are given in table 1,column I.

We took P,-(0) = 1 and used a, K =53.4 * 10~
16 era ,

Gr ,=10x10 cnT and ac . =43.0 x 10 iD cnT (a, K and a,.
0,4 -3»4 o,-> ->f

measured with the parallel-plate condensor set-up and Og ^

estimated using the scaling law of Miiller and Salzborn,
1977).

TABLE 1. Beam composition at the position of

the Faraday cup for Ar on H, according to

different methods (see text)

I II III

P6(10) 0.35 0.41 0.41

P5(10) 0.37 0.40 0.40

P4(10) 0.28 0.19 0.14

P3(10) - - 0.03

In column II we present calculations on the beam composi-

tion neglecting double electron capture. In this case Ar

ions can only be produced by a double collision (capture from

Ar to Ar followed by a second capture from Ar to Ar ).

If we use the method described in the appendix of section

6.3.2, taking into account all charge states produced by

multiple collisions and assuming only single electron capture

we obtain the results as given in column III. Comparing

column II and III there appears to be a reasonable agreement
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between them, leading to the conclusion that triple collisions

can be neglected. From table 1 we learn that even at a rela-
— 2 —4

tively low pressure of 6.7 x10 Pa (5 x 10 Torr an appre-

ciable 'amount of double collisions takes place along a length

of 10 cm in the collision chamber.

For the measurements of the production of slow ions and

electrons we need a collision chamber of 10 cm length in order

to have enough place for the parallel plate condensor set-up.

For the photon measurements a much smaller length of the gas

target can be used. In the set-up we used for most of our

photon measurements the collision chamber length was 2 cm,
4+leading to a fraction of 4% of Ar ions if double capture

is taken into account and 1% if only double collisions can
4+produce Ar ions.

The current measured in the Faraday cup is given by

IFCm =qe Pq(£) + (q-1) eP jU) + (q-2) e P q _ 2 U ) (17)

in which SL is the length of the gas target (see fig. 1) . What

we are actually interested in, is the average number of ions

of charge q passing per second through the observation (collec-

tion) region between z =X-1 and z = £.« given by

q

For our set-up the error due to replacing the above integral

by P (1/2) appears to be less than 1%.

In order to calculate the emission cross section a., the

(electrical) current (charge) of projectile ions of charge q

in the observation region (qe P-U/2)) has to be used in

equation (3) instead of the current (charge) measured in the

Faraday cup (as given by (17)). The correction factor a as

introduced in equation (3) is equal to

q P„U) + (q-1) P , U) + (q-2) P - (£)-, _ 4 q-l ~ q-2

- 87 -
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If we apply (18) for the previously discussed collision sys-

tem of Ar on H», we obtain a = 1.43 (using the values of

column I in table 1). For a collision chamber length of 2 cm,

a is 1.07. One has to bear in mind that for Ar on H2» the

involved capture cross sections are rather large. For other

collision systems the change in beam composition may be

smaller. For such systems P 9(&) is small and it is justi-

fied to neglect its contribution. Then, the correction factor

a becomes

q /~ïr

with ir=exp(- N£a a_j) (see appendix of section 6.3.2).

If the capture cross section a , is unknown the measu-

red current attenuation i can be used to obtain a. Neglecting

all charge states lower than q-1 we can write for the measured

current at a pressure p

Ip=qe PqW-Mq-UePq^W

At pressure p=0 we measure IQ, so the attenuation i=I D/I O

and after some calculation using (14), (15) and (16) (with

P ~(z) =oti = 3 =0) we get

q e Pq ( £ / 2 ) /q . 1 - (q-1)

It is interesting to notice that even if the current attenua-

tion i is small, a can become quite large for the higher charge

states. For instance, if in case of q = 6 we have a current

attenuation of 0.90, a becomes 1.42 !

If double collisions occur they will influence not only

the beam composition (and the correction factor a) but also

the measured photon emission and electron or ion current. This

can be investigated by measuring these quantities as function

of the pressure. If single-collision conditions exist, a linear
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dependence should be found. Sometimes, however, the measured

signals were so weak that we had to work at such a high pres-

sure that double collisions occurred. In section 6.3.2 the

procedure, which has been followed in such a situation will

be discussed.

Another phenomenon that will influence the current measured

in the Faraday cup is scattering of ion projectiles at such

large angles that they are no longer collected by the Faraday

cup. In the set-up with the long collision chamber (Ü =10 cm)

ions, which are scattered at the beginning of the collision

chamber at an angle larger than 4 will not reach the Faraday

cup. In the short collision chamber (£ = 2 cm) this angle will

be 13°.

It is well-known that scattering in electron capture pro-

cesses is limited to a few degrees around 0° (see for instan-

ce Fedorenko 1960, Ziemba 1960). Electron loss processes,

especially those in which several electrons are removed from

the projectile have a much broader scattering angle pattern.

These processes, however, do not significantly contribute

to the collision processes. Hence, scattering of projectile

ions will not lead to a decrease in the measured beam current.
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Chapter 5

Theoretical considerations

The theoretical description of a collision between a multi-

ply charged ion and an atom is relatively straightforward

for a completely stripped ion as projectile and atomic hydro-

gen as target. Then, only one electron in the Coulomb field

of two bare nuclei has to be described. A lot of theoretical

work for such systems has been done (for a review the reader

is referred to Olson 1980). Experimentally these systems are

difficult to investigate although much progress has been made

in recent years (Olson 1980). Most experiments have been done

for many-electron systems with partially stripped ions on

targets containing more than one electron. Sometimes these

systems can be considered as quasi-one-electron systems, for

instance when closed-shell projectiles are used together with

alkali atoms as targets.

For many-electron systems the theoretical description is

far from being straightforward due to electron-electron inter-

actions which cannot be neglected and which lead to configura-

tion interactions.

The different theoretical methods can be classified in

terms of the collision velocity v in relation to v . the velo-
e

- 91 -



city of the electron around the target nucleus (for atomic
o

hydrogen equal to 2.2x10 cm/s, i.e. 1 au, the Bohr velocity).

At low velocities (v <1 au) the collision can be described

as the formation and successive decay of a quasi-molecule. It

is well-known that electron capture by multiply charged ions

may occur via one or more pseudo-crossings of the adiabatic

molecular potential energy curves (Massey and Gilbody 1974).

Application of the quasi-molecular model requires that all

relevant interaction potentials and coupling matrix elements

can be calculated. For one-electron systems calculations of

one-electron molecular orbitals have been made without large

difficulties (Piacentini and Salin 1974, Havel and Salin

1977). For many-electron systems one has to calculate .the po-

tential energy curves using configuration interaction techni-

ques (see for instance Olson et al. 1978).

If the potential energy curves and matrix elements are

known, cross sections can be calculated using the Landau-Zener

model (Landau 1932, Zener 1932). However, this method has

serious limitations and deficiencies as was pointed out by

various authors (see for instance Bates 1960) . The most se-

rious shortcoming is that it describes only transitions which

occur at the pseudo-crossing of adiabatic potential energy

curves of the same symmetry.

Salop and Olson (1976) have used a generalized multi-state

Landau-Zener model in their study of charge exchange between

fully stripped ions and atomic hydrogen at low impact ener-

gies. They took into account the transitions at the various

crossing points to calculate charge exchange cross sections.

In this way they obtained a qualitative picture of the invol-

ved collision processes.

A much better, but also more complicated way of calculating

the cross sections is to solve the set of coupled differential

equations which one obtains from the time-dependent Schrödin-

ger equation. Because the number of coupled equations is equal

to the number of relevant states, application of this method

is a laborious task when a lot of states are involved.

At velocities smaller than 1 au, charge exchange between

multiply charged ions and atoms has also been treated by
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Presnyakov and uianiKov (1975) with a close-coupling method

and by Chibisov (19 76) and Grozdanov and Janev (1978) with an

electron tunneling model.

At intermediate velocities (v s v ) the theoretical descrip-

tion of the collision becomes difficult, because in this velo-

city region the quasi-molecular approach begins to lose its

physical meaning, whereas for an approach in terms of a per-

turbation method the velocities are still too low. One may say

that in this region the molecular aspect of the collision

slowly fades away and that atomic aspects become more impor-

tant. In this region the change of the electron momentum, when

the electron jumps from the target atom to the projectile ion,

cannot be neglected and one has to take into account the so-

called electron translation factor (Delos and Thorson 1979).

A very powerful method which can be used here is that based

on the atomic orbital method. Ryufuku and Watanabe (1979) have

been very successful, using a unitarized distorted wave appro-

ximation (UDWA) based on travelling atomic orbitals. At some-

what higher velocities v _> v the classical trajectory Monte-

Carlo method has been applied by Olson and Salop (1977).

At still higher velocities (v > v ) perturbation methods

such as the Oppenheimer-Brinkman-Kramers approximation can be

applied (Mapleton 1972). In this velocity region Chan and

Eichler (1979) have used an eikonal treatment in order to

study capture into excited states by fast (completely stripped)

projectiles.

Our experiments have been done in the intermediate velocity

region with impact velocities of about 0.2 to 1.3 au. As we

have discussed before, collisions in this velocity region are

difficult to describe theoretically. Another complication for

the theoretical interpretation of our experimental results is

the fact that more than one electron is involved in the inves-

tigated collisions of partially stripped projectiles and noble

gases or molecular hydrogen. At present, no theoretical cap-

ture cross sections exist with which we can compare our expe-

rimental results. We can only look for general trends in exis-

ting theoretical cross sections and compare these with our re-

sults.
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Fig. I - Simple potential energy curves for the reaction

X z ++Y»X ( z~ 1 ) +*+Y + for a) AE < 0 (endothermic) ,

b) AE * 0 (quasi-resonant) and c) AE > 0 (exothermic).
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In order tc get some understanding of the underlying phy-

sical picture we will sketch here a simple curve-crossing

model which allows us to explain qualitatively our results.

This model is based on a quasi-molecular description of the

collision. Because we are primarily interested in processes
—16 2

with large cross sections ( >10 cm ), only processes taking

place at rather large internuclear distances (R > 2 au) have

to be considered. At such internuclear distances, details of

the quasi-molecule are of no interest, and this permits a

simplification of the whole treatment. Let us look to the

single-electron capture process

X" + Y-*-Xv* ±J" +Y z_>2 (1)

The initial and final state can be represented by their poten-

tial energy curves V(R). At small internuclear distances these

curves may be split into several components, each correspond

ding to one of the molecular states which is correlated with

the separated atomic states. At larger internuclear distances,

however, we may represent these degenerate states by one po-

tential energy curve. In the figures la, lb and lc the (dia-

batic) potential energy curves of both states in process (1)

are drawn (for a discussion of adiabatic and diabatic states

see for instance Delos and Thorson 1979). The polarization
—4attraction (~ R ) has been neglected so that the potential

energy curve of the entrance channel can be represented by a

straight line. In the exit channel Coulomb repulsion between

the two collision partners leads to a (z-l)/R behaviour of

the potential energy curve. At infinite internuclear distance

the difference between the two curves is the energy defect AE.

In figure la the curves for an endothermic reaction (AE < 0)

are shown, j.n figure lb those for a quasi-resonant reaction

(AE = 0), and in figure lc those for an exothermic reaction

(AE > 0). Only in this last case a crossing between the diaba-

tic potential energy curves occurs. At such a crossing transi-

tions can take place from one potential curve to the other.

For simplicity we neglect transitions away from the crossing.

We get for the crossing radius R (all quantities in au)



c ,AE

A large exothermicity leads to a small R , whereas processes

which are weakly exothermic have large R values. Simple argu-

ments show that only crossings at intermediate internuclear

distances can lead to largo cross sections of the order of
—16 2

10 cm or larger. If the crossing takes place at small
internuclear distances, the corresponding cross section will

2
be small due to the small geometrical factor TTR . For cros-

2sings at large internuclear distances irR is large, however,

the coupling matrix element is small and no transition will

take place. Cross sections will become large due to crossings

at intermediate values of R between about 3 and 10 au. These

arguments show that only moderately exothermic processes,

having these intermediate values of R , lead to large cross
C

sections.

In the case of endothermic processes (figure la) transitions

can only occur via a non-crossing type of coupling, which has

been treated by Demkov (1964), Olson (1972) and Dinterman and

Delos (1977). At low impact energies these processes lead to

smaller cross sections than moderately exothermic processes.

It is interesting to note that the quasi-resonant process

(fig. lb) has not special significance here. It will not lead

to large cross sections (as is sometimes thought) because only

at large R the potential curves are close together. Due to the

Coulomb repulsion at smaller internuclear distances the curves

are far apart, leading only to small cross sections.

How effective a transition can take place at the crossing

of two potential energy curves is determined by the coupling

between the involved states. We can roughly estimate at which

internuclear distances the coupling may become large by con-

sidering a classical model in which the electron is described

in the field of two charged particles (projectile and target

ion) with charges z and 1 (Bohr and Lindhard 1954). The poten-

tial energy of an electron on the target atom with initial

binding energy J is changed due to the presence of the Coulomb
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field of the projectile at an internuclear distance R (all

quantities in au)

E—J-f (3)

The potential at a distance x from the projectile is given by

From equation (4), the maximum value of V(x) for 0 <x <R

(the height of the potential barrier between the projectile

and the target ion) is given by

VR> (/£" + I)1
(5)

The electron can overcome the potential barrier and jump to

the projectile ion at a certain internuclear distance R ,

which can be calculated by equating (3) to (5)

(6)

In table 1 R is given for different values of the binding

energy J and the projectile charge state z.

TABLE 1

0

•

.5

Rx

au

tor

(13

different

.6 eV) 0

J

.9

and

au

z

(24• 6)eV

2
3

4

5

6

7.7
8.9
10.0

10.9

11.8

4.2

5.0

5.6

6.1

6.6

From these classical considerations we observe that the impor-

tant internuclear distances shift to larger values if the

charge state of the projectile increases and the binding ener-

gy of the target electron decreases. The values of R of
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table 1 agree reasonably with the earlier estimated range of

intermediate R values (3 < R <10 au).

One has to bear in mind that at higher impact velocities

the curve-crossing model loses its physical meaning. Indeed

we will see in chapter 6 that for the lowest experimental im-

pact velocities the results can be qualitatively explained

with this model but that for higher velocities other mechanisms

must become important.
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Chapter 6

Experimental results

and discussion

6 . 1 . INTRODUCTION

The reactions which can occur when a multiply (or singly)

charged ion collides with an atom have been introduced in chap-

ter one of this thesis. In this chapter we present the results

of the study of such collisions. Each of the following three

sections deals with a specific type of reaction. In section

6.2. we study the excitation of the target atom. The electron

capture into excited states of the projectile is the main

subject of section 6.3. In this section also attention is paid

to the direct excitation of the projectile ion.

The production of slow (target) ions and electrons will be

studied in the last section of this chapter. In particular

we will look at the so-called capture-ionization process.

6.2. EXCITATION OF THE TARGET

The excitation of the target atom has been .studied for a

wide variety of projectiles (electrons, protons/ singly charged

ions). In this work multiply charged neon and argon ions were



- 86 -

used as projectiles. We have investigated what happens to the

target atom in a collision with a multiply charged ion by ob-

serving the radiation originating from the excited target

using the experimental set-up and techniques as described be-

fore. Because He has a simple emission spectrum we selected

He as target.

Neon ions of various charge states (z =1,2,3,4) were acce-

lerated to energies between 20 and 900 keV (depending on charge

state) and directed into a differentially pumped target chamber

filled with helium at a pressure of 0.4 Pa (3 * 10 Torr).

Spectra were recorded in the extreme ultraviolet region below

60 nm and in the wavelength region between 200 and 600 nm.

(cm2

Iff*

ia17

(
10r«

ia1 9

KT20

<5s -

+-
. + +Hen ^P 0 - !^

^ -«Hm n=«-»3

\ -1

•̂Hel i¥'-23S

^"~-«H»I A'D-2'P0

Fig. 1 - Neon charge state dependence of emission cross sec-

tions for He I and He n transitions at 100 keV im-

pact energy. Connection between experimental points

for convenience only. The shown transitions are at

wavelengths of 30.4 nm (He II 22P° - 12S), 468.6 nm

(He II n»4->3), 388.9 nm (He I 33P°-23S), 447.2 nm

(He I 43D-23P°), 471.3 nm (He I 43S-23P°), 492.2 nm

(He I 41D-21P°), 504.8 nm (He I 41S-21P°) and

587.6 nm (He I 33D - 23P°).

Full curves: He II transitions, dashed curves: He I

transitions.
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Generally the polarization of the investigated emission was

found to be close to zero, causing only negligible effects of

anisotropy in the emission.

Emission cross sections are given in figure 1 for a number

of He I and He II lines for impact of neon ions of charge state

1 to 4 at 100 keV (v = 0.45 au) . It is seen that with increasing

z the cross sections for the He I emission decrease and those

for He II emission increase; at higher charge states (z = 3,4)

He II emission becomes much more intense than He I emission.

This behaviour was found throughout the energy range of 20 to

900 keV.

Regarding the energy dependence of the He I emission cross

sections for the system Ne /He our results bridge the energy

gap between existing data of other groups (Andersen et al.

1970, Hasselkamp et al. 1975, K-H. Schartner 1977 private

communication) and link up with them satisfactorily.

At low impact energies, the system (NeHe) has been investi-

gated both experimentally and theoretically by several groups

(Smith et al. 1967, Coffey et al. 1969, Tolk et al. 1970, Sidis

and Lefebre-Brion 1971, Barat et al. 1976) applying molecular

potential energy curves and molecular-orbital correlation dia-

grams .

Since, at the projectile energies involved in our case, the

CM velocity of the colliding particles generally does not ex-

ceed 1 au, a quasi-molecular description of the collision pro-

cesses can still be significant. We are considering quasi-mo-

lecular potential energy curves which have been constructed

by taking into account long-range Coulomb repulsion, polariza-

tion attraction and short-range repulsive forces respectively;

such potential energy curves are shown in figure 2 for differ-

ent charge states of Ne ions. Following Barat et al. (1976) we

label the different reaction channels as follows:

(A) Ne + He incoming channel (elastic)

(A1) Ne +He ground-state single-electron capture

(B) Ne z +He* direct single-electron excitation,

leading to He I emission

(B') Ne K£" ̂ '^ + He exchange projectile excitation
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Fig. 2 - Quasi-molecular potential energy curves for collisions

of Ne ions in charge states z = 1,2,3,4 with He atoms;

r is the internuclear distance between reaction part-

ners and V(r) is the interaction potential during the

collision. Thin arrows denote the energy defect of

direct target excitation processes; thick arrows show

the energy defects of exchange target excitation pro-

cesses (C1). In the figure only the curve C1 for the

Ho (n = 4) exit channel leading to He II emission at

468.6 nm is shown. The curve for the He+*(n = 2) exit

channel leading He II emission at 30.4 nm lies approx-

imately 0.4 au lie low thu shown C' curve,

l'or further explanation see text.
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(C) Ne +He direct projectile excitation

(C) Ne + He exchange target excitation,

leading to He II emission.

In our model, transitions occur as a consequence of radial and

rotational coupling of states corresponding to the respective

potential energy curves. An analysis of the various possible

coupling mechanisms shows that, in our energy range, radial

coupling at relatively large internuclear distances (r > 5 au)

might be of similar importance as rotational coupling; further-

more, it turns out that the radial coupling mechanism described

by Demkov (1964) (see also Olson 19 72 and Olson and Smith 1973)

is significant in our velocity range as compared to the radial

coupling according to Landau-Zener calculations (Olson et al.

1971). In Demkov1s model coupling considered in the two-state

approximation is most important between states whose respective

potential energy curves are close to each other along a large

range of internuclear distance. For Ne ion energies of 100 keV

the energy defect between two states leading to a large tran-

sition probability is approximately 3 eV and less.

To explain the decrease of He I emission with increasing z,

figure 2 shows that while the excitation of He I levels via B

is always endothermic with approximately 21 eV, with increasing

z an increasing number of channels B' couples strongly with the

incoming channel A and causes electron capture into excited

projectile levels; therefore reactions into the outgoing chan-

nel B become increasingly improbable with increasing charge

state of the projectile ions.

For an explanation of the increase of He II emission with

increasing z one has to take into account that the excitation

of He II levels can only proceed via the transition of at least

two electrons. Kishinevskii and Parilis (1969) have investiga-

ted ionization of atoms by multiply charged ions; in accordance

with their arguments we consider the following two processes

for excitation of He II levels as the most important ones:

Nez +
+He-MNe

( z- 1 ) +* +He
+)+Ne ( z- 1 ) +

+He
+*
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(a) Two-stage capture excitation; the transition probability

of the first stage is denoted by Pagi» that of the second

stage by PB.ci•

(b) Electron capture with simultaneous Auger excitation of

the second target electron; transition probability p.-,.

Considering both processes together, the probability for exci-

tation of He II levels becomes

P(He II) =PAB.PB,C, +P A C.

From figure 2 it can be seen that for Ne+ all three transition

probabilities are rather small and also that transitions into

channel A' (capture into the projectile ground state) are very

probable.

With increasing z, however, all three probabilities rise and,

moreover, an increasing number of levels B' becomes available

for highly probable transitions from A to B'. Thus the increase

of He II emission is also qualitatively explained. A quantita-

tive explanation can only be achieved within the framework of

molecular-orbital level diagrams. They have been constructed

so far only for NeHe .

We want to remark that for a CM velocity v >> v (the first
ft "• 1

Bohr orbit velocity, v =2.2 * 10 cm s ) where a quasi-molecu-

lar description is no longer relevant, He I cross sections

should increase with increasing z and should always be larger

than He II cross sections, contrary to our results. This follows

immediately from the simple Bethe theory for direct excitation

processes,, in which the cross section increases with the effec-

tive projectile charge and is generally smallest for reactions

with the largest endothermicity.

It is interesting to note that the emissions from the He I

4 S and 4 S states decrease much faster going from Ne+ to Ne +

projectiles than the observed emissions from the P and D states

(see fig. 1). *
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In a study of excitation of helium by He and H (de Heer

and van den Bos, 1965) it was observed that He is less ef-

fective than H in exciting S states, but is more effective

than H in exciting D states. It was concluded that, in general,

a higher (effective) projectile charge favours a higher azi-

muthal quantum number £ of the excited state. This result can

be explained qualitatively in terms of polarization forces

which increase with the projectile charge state and which de-

form the electron cloud in such a way that larger impact para-

meters become more important in the excitation process. This

will lead to relatively more excitation of states with higher

l (de Heer, 1966).

The present experiment indeed shows that going from Ne to
2+Ne projectiles the emissions of the higher angular momentum

states (P,D-states) decrease less than the emissions from

states with zero angular momentum (S-states).

In figure 3 the energy dependence of the cross sections

of the He II 30.4 nm (2p - Is) and the He II 468.6 nm (n = 4^3)

emissions are given for the various charge states. The He II

emission cross sections are relatively smallest for Ne on He

at the lowest impact energies, but rapidly increase with im-

pact energy. For the higher charge states a rather flat energy

dependence is found.

Barat et al. (1976) have studied the inverse collision sys-

tem He on Ne at low impact energies and proposed the follow-

ing mechanism for the formation of He+*(n£) states. At small

internuclear distance (r < 2 au) the atomic states of the se-

parate atoms merge in the molecular states. In a one-electron

picture the 2p orbital of neon is promoted and correlates to

the 3d level of the Mg united atom. This can be seen in the

schematic diabatic correlation diagram for the (He-Ne)+ sys-

tem as given by Barat et al. (1976) (fig. 4). Due to the va-

cancy in the Is orbital of helium the formed quasi-molecule

has a vacancy in the 2pcr orbital. It turns out that even in

the many-electron picture for the (He-Ne)+ system such a

vacancy can play an important role. The resulting quasi-molecu-

lar state has a configuration (2pa) (2pir)4 (3da)2. The 3da

electrons can couple to higher n£a orbitals which cross the
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Fig. 3 - The emission cross sections of the He II 30.4 ran and
the He II 460.6 nm as function of the impact energy
for Nez+ (z = 1,2,3,4) on He.
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Fig. 4 - Schematic one-e3.ectron diabatic correlation diagram
for the {He-Ne)+ system (Barat et al. 1976).
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promoted 3da orbital. This will lead to configurations like

(2pa) (2piT) (3da) (nüa) . Due to configuration interaction a re-
2 +arrangement of the excited (He-Ne) core (this core has a

2po vacancy) can lead to configurations such as (2pa) (2pir)

(3da) 2 (nJia) . If the two particles separate this molecular

configuration can dissociate into the final state He (n&) +Ne.

The configuration interaction which leads to a rearrange-

ment of the (He - Ne) core is caused by electron-electron

interactions. This means that the one-electron picture, which

is essentially an independent-electron approximation is not

valid anymore. Such a breakdown of the independent-electron

model can be expected for outer-shell processes. In fact,

the independent-electron approximation can be applied only for

inner-shell processes where the electron-nucleus interactions

are much stronger than the electron-electron interactions.

For the collisions of Ne on He we are studying, the fol-

lowing mechanism to produce the He (nft) state is proposed.

The potential energy curves of the entrance channel Ne - He

and the charge exchange channel Ne - He are close together

and are parallel over a large range of internuclear distance.

When a Ne ion and a He atom approach each other a transition
+ +

from the Ne - He potential energy curve to the Ne - He poten-

tial energy curve can occur due to Demkov coupling at relative-

ly large internuclear distance (region around 4 au, see Barat

et al.f 1976). After this first step the system will merge into

the (Ne-He) quasi-molecule and proceed further as described

by Barat et al. for the He +- Ne collision.

The probability for Demkov coupling will be very small at

low impact energy. Due to this small transition probability

the first step of the formation of He+*(n£) will be improbable

for low energies leading to small cross sections. For higher

impact energies the transition probability will increase and

higher cross sections can be expected. Such an energy depen-

dence is indeed observed for N e + - He collisions (fig. 3).

2+

For Ne on He the charge exchange is exothermic leading to

a crossing of the Ne + - He and Ne+ - He+ potential energy curves.

For such a crossing even at low impact energies the probability

for a transition can be appreciable. Consequently the first
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step of the He+*(nü) formation is much more probable for Ne

ions than for Ne+, leading to a large difference of the cross

sections for both projectiles at low impact energies as can

be seen in figure 3.

As explained before, for increasing charge state the number

of available (exothermic) charge exchange channels increases

and the variety of probable electron capture processes becomes

large. Due to the large number of possibilities it is difficult

to explain the observed energy dependences. For the highest

energies the description of the collision within the quasi-

molecular framework is less meaningful and atomic aspects of

the collision start to play an important role.

In figure 5 emission cross sections are given for He I
z+

388.9 and 492.2 nm and He II 468.6 nm in the case of Ar

(z = 1,2,3) incident on He at 200 keV (v = 0.45 au) . For compari-

son also the corresponding emission cross sections for helium

excitation by neon ions are given (at the same velocity). For

Ne and Ar the cross sections for He I excitation do not differ

much. For the higher charge states the large decrease as found

for neon ions is not found for argon ions. This large decrease

was explained by the increasing competition between the charge

iff17

(cm2)

ia19

10*

Ar11

He"

Fig. 5 - The emission cross sections of

He I 388.9 run, He I 492.2 nm

and He II 468.6 nm for 200 keV

ArZ+ (z = 1,2,3) on He (full

curves). For comparison the

corresponding cross sections

for Nez+ (2 = 1,2,3) as projec-

tiles (at the same velocity)

are given (dashed curves).



exchange channels A' and B' and the direct excitation channel B

(see fig. 2), when the charge state of the projectile increases.

However, due to the smaller charge exchange cross sections

for argon projectiles (caused by the smaller recombination

energy) the competition with the charge exchange channels plays

a less important role in the He I excitation, leading to a less

pronounced decrease for the higher charge states.

The smaller influence of charge exchange channels is also

reflected in the much smaller magnitude of the He II cross
7 + Z "I"

sections for Ar on He in comparison with those for Ne on He

(fig. 5).
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6.3. ELECTRON CAPTURE INTO EXCITED STATES AND DIRECT PROJEC-

TILE EXCITATION

6.3.1. Study of collisions with singly and multiply charged

neon ions as projectiles

During a collision between a (multiply) charged neon pro-

jectile and a target atom (molecule) an electron of the target

atom can be captured into the ground state or into an excited

state

N e + X - ^ N e + X + A E (1)

The energy defect AE is determined by the difference between

the recombination energy, which is released after capture of

an electron by the projectile, and the energy needed to

ionize the target atom.

We have investigated process (1) by detecting the radiation

produced by the excited neon projectiles. The wavelengths of

the detected emissions give information about which states

are populated and from the intensities one can determine the

relative importance of specific states.

In process (1) it is assumed that the resulting target ion

is left in the ground state. Generally, the simultaneous exci-

tation of X is less probable, because it involves a two-

electron process (one electron from the target is captured

and another one is excited) except in those cases where an

outer s-electron instead of an outer p-electron is captured.

Such processes most probably occur simultaneously with capture

into the ground state of the projectile because then more re-

combination energy is available to provide the extra excita-

tion energy. For a study of this type of capture processes the

reader is referred to Bloemen et al. (1978) .

Generally, cross sections for processes in which more than

one electron is captured are considerably smaller than single-

electron capture processes.

Besides the radiation produced by electron capture into

excited states also radiation which originates from direct

excitation of the projectile ion, could be observed, i.e.
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N e Z + + X - N e z + * + X ( * } + AE (2)

The target atom may be excited simultaneously, although due

to the large endothermicity one can safely assume that pro-

cess (2) is most probable with X left in the ground state.

Excitation of the projectile ion is always an endothermic

process, whereas capture processes can become exothermic if

enough recombination energy is released. It turns out that

cross sections for exothermic electron capture are consider-

ably larger than for excitation of the projectile.

We have studied the processes (1) and (2) for collisions

of singly and multiply charged neon ions (z=1,2,3,4) on

helium, neon and argon. For He as a target we measured the

energy dependence of the cross sections (impact energies ran-

ging from 25 to 800 keV) ; for Ne and Ar the observations were

made only at an impact energy of 100 keV (corresponding to a

velocity of 0.45 au). The radiation produced in these colli-

sions was observed with the experimental set-up as described

in chapter 2. Emission and excitation cross sections could be

obtained following the procedures described in chapter 4. To

avoid any confusion we state here that the term excitation

cross section is used either in the sense of the cross section

for the direct excitation of a certain state in the projectile

or in the sense of the cross section for the production of an

excited state via electron capture.

The energies and the notation of the excited states were

obtained from Wiese et al. (1966), Striganov and Sventitskii

(1968) and Bashkin and Stoner (1975). The energy defect of

each process was calculated for the target left in its ionic

ground state. The lifetime corrections have been carried out

with the lifetime values of Wiese et al. (1966), Denis et al.

(1969), Dénis et al. (1970), Fink et al. (1970), Baskin et

al. (1966), Buchet and Druetta (1975) and Kernahan et al.

(1977). The branching ratios have been obtained from Wiese et

al. (1966) . Corrections for cascading have been applied (if

necessary). No correction has been applied for the influence

of the polarization of the radiation. As explained in chapter

4, in the "visible" region of the radiation spectrum the pola-



- 98 -

rization could be measured. It turned out that usually the

polarization is small and can be neglected. For the radiation

below 300 nm no measurement of the polarization could be

made. Because the polarization is unknown no correction can

be applied.

Using the parallel-plate condensor set-up, measurements of

the production of electrons and slow ions were done. From

these measurements total capture cross sections can be ob-

tained (section 4.4 and 6.4).

Let us look first to the collision system of singly and

multiply charged neon ions on helium. The observed emissions

originating from excited neon projectiles produced in colli-

sions between Ne and He are given in table 1. The Ne I radia-

tion is produced via electron capture into an excited state

and the Ne II radiation is the result of a direct excitation

of the Ne projectile ion. In figure 6a the cross sections for

electron capture into the various Ne I states (partial cap-

ture cross sections) are given, together with the sum of these

cross sections E a . and the total capture cross section
capt.

a, «. The large difference (more than an order of magnitude)

between the total capture cross section and the various par-

tial capture cross sections indicates that capture into the

ground state plays a dominant role in the whole capture pro-

cess. This is understandable if one looks to the energy de-

fects of the different processes (table 1). For Ne on He all

capture processes are endothermic. However, capture into the

ground state is only moderately endothermic and has therefore

the largest cross section.

In figure 6b the cross sections for the direct excitation

of the Ne projectile are shown. The excitation cross sections

slightly increase with impact energy except the cross section

for the production of the Ne+ (2s2p6) state. It is remarkable

that this cross section increases by almost two orders of mag-

nitude when the impact energy increases from 25 to 200 keV.

A plausible explanation of this phenomenon can be found if

one studies the correlation diagram for the (He-Ne) system
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TABLE 1. Cross sections of electron capture and projectile exci-

tation for Ne on He together with the respective ener-

gy defects AE.

o(xio~löcm2) at impact ener-
X (nm) State n b gies (keV) of

Capture

Ne I 73.6

585.2

594.5

Z °capt.

°l,0

3s

3p

3P

q.S.

'1 V I
'I'.J

Projectile excitation

Ne II 40.6-40

44.5-44

46.1-46

333.5

371.3

°proj.exc.

g. s.= ground

sections; Z a

.7

.8

.2

state

3s

3s

2p

3?

3p

;

' 2D
2P

6 2s
4D°
2D°

(aV)

- 3.0

-19.9

-22.0

-21.7

-30.6

-27.8

-26.9

-30.9

-31.1

1 acaPt.
 s u m

sum of all

25

13.

1.

5.

20.

220

5.

6.

0.

3.

2.

24

5

1

9

5

9

5

15

0

0

of all

50

4.4

1.3

4.8

10.5

215

9.0

8.5

2.0

3.2

3.2

34

measured

measured Ne II

100

2.8

0.7

1.8

5.3

150

13.2

7.5

4.6

4.0

3.2

42

Ne I

cross

200

3

0

1

5

80

12

8

9

2

3

45

.8

.3

.1

.2

.0

.0

.5

.8

.9

cross

section
proj.exc

o. _ total capture cross section.
1 r U

The estimated uncertainty cf the total capture cross section a, n
is 40%. The cross sections measured with the LEISS I (X>300 nm)

have an uncertainty of 15%, whereas the cross sections for tran-

sitions in the extreme ultraviolet region of the spectrum will

have an error ranging from 30 to 5.)% (which is mainly determined

by the uncertainty in the calibration, see section 3.4.1!. Due to

the inaccuracy of the extrapolation necessary to obtain the sen-

sitivity at 73.6 nm the cross sections at this wavelength have an

estimated uncertainty of a factor of two.
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Fig. 6a - Cross sections for capture into various excited

states of Nc, the sum of all measured partial cap-
ture cross sections to . and the total capture

capt

cross section c „ for Ne on He as function of the

impact energy E (or impact velocity v) .

6b - Cross sections for excitation of the Ne+ projectile

together with the sum of all measured excitation

cross sections Z a_r{?. e for Ne+ on He as function

of the impact energy E (or impact velocity v) .
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as given in section 6.2 (fig. 4). In terms of a quasi-molecu-

lar description, the 2s2p state in Ne can be produced as

follows: a 2s electron following the 2so orbital has to couple

with the 2pir orbital which eventually leads to the 2p orbital

in Ne. However, due to the large gap between these two orbi-

tals, coupling will be small for low impact energies. At high-

er impact energies non-crossing types of coupling can increase

the probability of a transition which results in a considera-

bly larger cioss section. At low impact energies states such
2 2

as 3s' D and 3s P have much larger cross sections notwith-

standing a larger endothermicity. This can also be explained

with help of the correlation diagram. The 2p orbital of Ne is

promoted via the 3da orbital. This promoted orbital crosses

the 3s0 orbital and at this crossing a transition can occur

which leads to a 3s excited state in Ne. In the same way

states such as 3p D° and D° are produced. Schartner and co-

workers (see Beyer 1976; values for the 2s2p cross section in

this work have to be multiplied by 1.48 due to a changed cali-

bration, see Beyer et al. 1979) found at 100 and 200 keV for

Ne+ in He values for the 2s2p6 state of 6.4 and 11.9 *10~ 1 8 cm2

respectively. These values are a factor of 1.4 and 1.25 resp.

too high as compared to our values (see table 1). The differ-

ence is quite satisfactory if one takes into account that due

to different methods of calibration at 46.0 nm (see section

3.4.1) a factor of 1.35 can be expected.

If we add all the measured cross sections for direct exci-

tation of the Ne projectile we get the total cross section

lo . as indicated in figure 6b. In this total cross

section also cross sections for some other Ne II transitions

(not shown in fig. 6b and table 1) are included (all between

300 and 400 nm). Comparing the total capture and the total

projectile excitation cross sections we may conclude that at

low impact energies the capture process is most important.

However, at higher impact energies both cross sections become

of the same order of magnitude. In general, capture processes

are most important at low impact energies, whereas at higher

energies direct excitation (and also direct ionization) becomes

important (see for instance Olson and Salop 1977).
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TABLE 2. Cross sections of electron capture and projectile exci-

tation for Ne2

gy defects AE.

tation for Ne on He together with the respective ener-

X(nm)

Capture

Ne II 40.6-40.

44.5-44.

333.5

371.3

1 acapt.

7

8

State

g-
3s'

3s 2

3P 4

3p l

Projectile excitation

Ne III 28.3-28

48.8-49

259.0-259

261.0-261

E a
proj.exc.

.4

.1

.6

.6

3s'

2pb

3p b

3p'

s.
2D

P

D°
D°

V
V
P
JF

AE

(eV)

+ 16.

-14.

-11.

-14.

-14.

-43.

-25.

-43.

-48.

5

1

4

4

6

8

4

7

,5

o(xlO

25

12.6

6.2

6.5

6.3

44

110

2.0

1.4

0.9

0.6

4.9

" l öcm

50

12.

5.

6.

6.

44

195

3.

5.

1.

1.

12

h

3

9

5

1

7

6

5

0

at impact energies
(keV) of

100

10.8

5.7

5.8

4.8

38

220

7.9

10.2

2.2

2.0

22

200

14.4

6.1

•5.5

4.9

40

190

13.0

14.5

2.5

3.6

34

400

14.4

4.5

6.8

6.5

43

120

10.3

17.5

2.3

4.1

34

See text below table 1 for explanation of the various symbols;

°2,l t o t a l capture cross section; uncertainty o 2 x 40%; uncertainty

o(X>300 nm) 15%; uncertainty o(200<A<300 nm) 20%; uncertainty a

(X<60 nm) about 30 to 50%.
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2 +In the case of Ne on He cross sections for capture into

an excited state of Ne+ are given in table 2 (only the largest

cross sections are given) together with the energy defects of

the involved capture processes. All capture processes are en-

dothermic except capture into the ground state of Ne and just

as for Ne on He, capture into the ground state dominates the

capture-process. In figure 7a the largest partial capture

cross sections, their sum Za . and the total cross section

a~ are given. From the difference between E a , and aoz., L captz. A , x.

it is clear that capture into the ground state is still domi-

nant.
• 6 2

The lowest excited state in Ne is the 2s2p S state. How-

ever, this state can only be reached via a two-electron pro-

cess, viz. an electron of He is captured into the 2p orbital

and a 2s electron of the projectile is excited to the 2p orbi-

tal. Such a process is less probable than a one-electron pro-

cess, which is confirmed by the experiment. Only a small cross

section for the Ne 2s2p excitation was observed (an order

of magnitude smaller than other partial capture cross sections)

The capture cross sections show a rather flat energy depen-

dence whereas the projectile excitation cross sections increa-

se with energy (see fig. 7a,b). At the lowest impact energies

the capture process is dominant, at higher energies excitation

becomes also important.

The measured cross sections for Ne on He are given in

table 3 together with the corresponding energy defects AE.

Capture into the ground state is strongly exothermic (AE =
2++39 eV). Contrary to Ne on He also exothermic capture into

a number of (low-lying) excited states is possible. From the

energy level diagram (fig. 8) we see that three of these

states are metastable (and therefore could not be detected in

our experimental set-up) and that two states have the configu-

ration 2s2p , i.e. states with a 2s electron missing. These

states can only be populated via a two-electron process. From

the experimental observations we conclude that cross sections

for such processes are small. Capture into higher excited

states is endothermic and we still observe a large difference
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Fig. 7a-Cross sections for capture into various excited

states of Ne , the sum of all measured partial cap-

ture cross sections Z o c a p t and the total capture

cross section a2 1 for Ne
2^ on He as function of the

impact energy E (or impact velocity v).

7b - Cross sections for excitation of the Ne2+ projectile

together with the sum of all measured excitation

cross sections Z °proj _exc for Ne
2+ on He as function

of the impact energy E (or impact velocity v).
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TABLE 3. Cross sections of electron capture for Ne on He to-

gether with the respective energy defects AE. See text

below table 1 for explanation of the various symbols;

o, total capture cross section; uncertainties as

given below table 2.

\

Capture

Ne III 28

26

31

£ o (3s)

Ne III 259

261

267

263

286

E o(3p)

»a III 221

215

£ a (3d)

Z acapt.

°3,2

(run)

.3- 28.

.7- 26.

.3- 31.

.0-259.

.0-261.

.8-267.

.9-264.

.6

.2-221.

.9-216.

4

8

4

6

6

9

.2

.6

,4

State

g
3s'

3s"

3s

3p

3p'

3p

3P'

3p'

3d'

3d

.s.
3D°
' 3P°
3S°

5P
3F

3P

' 3P
lF

3G°
5D°

AE

(eV)

+39.

- 4.

- 7.

- 0.

- 4.

- 9.

- 5.

-12.

- 9.

-15.

-10.

0

8

4

6

7

5

2

1

7

1

5

a{

60

12.

4.

6.

24.

2.

-

3.

1.

2.

9.

4.

8.

13.

47

135

xio

3

9

9

1

5

1

8

4

8

6

5

1

-18cm2)

100

13.5

3.4

10.9

27.8

2.9

-

2.9

1.9

2.8

10.5

6.9

10.9

17.8

56

170

at impact energies
(keV) of

200

31.4

14.4

15.9

61.7

9.4

1.4

5.5

2.5

6.2

25.0

10.4

11.1

21.5

108

270

400

31.5

12.5

11.4

55.4

14.4

6.8

8.8

6.2

8.2

44.4

17.3

22.7

40.0

140

300

800

9.5

6.8

7.2

23.5

19.4

5.0

8.7

5.7

8.2

47.0

29.6

67.8

97.4

168

360
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Fig. 8 - Energy level diagram for Ne ;
gs ground s ta te ; ms metastable
s tate . At the right side the
ionxzation energies of the dif-
ferent targets are indicated.
All levels below the dashed
line of He can be reached via
an exothermic capture reaction
for Ne on He, l eve l s above
this l ine can be reached via
an endothermic capture reac-
t ion. The same applies for Ne
and Ar as target.
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Fig. 9 - Cross sections for capture into various excited
2 +

states of Ne , the sum of all measured.partial cap-

ture cross sections Z ° c a p t
 a n d t n e total capture

cross section a, 2 for Ne^+ on He as function of the

impact energy E (or impact velocity v) .
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iji'twc-T' t.Uf 1 ,'ruf.s' 't.i.il r.ipi ura rrnss sections and the

total riiplurc rro:->:- ivction ? (see f ig . 9) .

Prom Ciqun; ') it is clc.-nr that although the various p a r t i a l

• ••lpt «jro 'TOSS Keel ions show ,3 d i f ferent energy dependence

t.hoir sum '•• <• has an energy dependence s imilar to the

Lotal capture cross section •:., ., . The sum i o . i s a factor
J f £> capi- •

two to three smaller than .-.

The present observ'^ï-ions indicate that at higher impact

energies capture into 3p and 3d states becomes more important

than capture into 3s states. It seems that at higher impact

energies the capture into states with a higher azimuthal

quantum number is favoured. In 6.3.2. where a study of elec-

tron capture in the collision system Ar on H 2 is presented

we will see something similar.

For Ne on He no measurements of projectile excitation

were done. From preliminary measurements we conclude that

cross sections for excitation of the Ne projectile are much

smaller than the various capture cross sections. This can be

explained by the large endothermicity of the projectile exci-

tation process.

4+

The collision system Ne - He is the most interesting be-

cause now many excited states in Ne are available for exo-

thermic capture (see level diagram figure 10). The result of

the measurements is given in table 4 and in figure 11 (only

the largest cross sections are indicated).

In Ne the lowest excited states have the configuration
4

2s2p . Besides the rather large exothermicity (leading to

small crossing radii and hence to small cross sections, see

chapter 5) capture into such a state involves a two-electron

process and is therefore not so probable. The experiment in-

deed showed negligible small cross sections for capture into

these states.
The potential energy curves of the exothermic exit channels
3+*

(Ne ' -He) T O S S the potential energy curve of the entrance
4-»

channel (Ne -He) and the corresponding crossing radii R

;'ro given in table 4. According to the simple curve—crossing

] froir chnptnr ". <-n]y those reactions lead to large cross
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Fig. 11-Cross sections for capture into various excited

states of Ne , the sum of all measured partial cap-
ture crr>=s sections E o . and the total capture

capt c

cross section o. , for Ne*+ on He as function of the

impact energy E (or impact velocity v) .



TABLE 4. Cross sections of electron capture for Ne on He together with

the respective energy defects AE and corresponding crossing

radii R . See text below table 1 for explanation of the various

symbols; o. , total capture cross section; uncertainties as

ijiven below table 2.

Capture

Ne IV 20

22

21

I (3s)

Ne IV 235

29

225

228

E(3p)

Z aca Pt.

°4,3

(nm)

.8- 20.

.3/ 23.

.3

.1-236.

.3/220.

.8-226.

.6/229.

9

4

3

4

5

3

State

g

3s

3s

3s'

3p

3p

3p'

3P'

.s.
4P
2P
2D

4D°
4po

6P
2F°

AE

(eV)

+72.

+13.

+ 11.

+ 9.

+ 7.

+ 7.

+ 0.

+ 3.

5

I
9

1

9

4

3

7

Rc
(au)

1.

6.

6.

9.

10.

11.

272

22.

1

2

9

0

3

0

0

0 (xl0~

60

307

167

104

578

41

22

6.8

14

84

662

640

löcm2)

100

261

142

97

500

71

41

14

16

152

652

650

at impact energies
(keV) of

200

212

166

78

456

113

58

18

34

223

679

650

400

111

101

44

256

146

89

27

35

297

553

650

800

18

60

4

82

160

77

30

50

317

399

680



- 110 -

sections which are moderately exothermic and have intermediate

values of R (3 < R <10 au). This is confirmed by our results

(see fig. 11 and table 4).

The cross sections for capture into an excited state are

rather large as compared to the total capture cross section,

indicating that these processes dominate the capture process.

At low impact energies the largest cross section corresponds

to a capture process which has a crossing at 6.2 au. As the

crossing radius shifts to larger R values the cross sections

decrease (see table 4).

At higher impact velocities (towards 1 au) the curve-cros-

sing model (based on a quasi-molecular description of the col-

lision process) breaks down. Non-localized couplings become

important and there is no longer a simple relation between R
3+and the magnitude of the cross section. Similar as for Ne

on He, at higher energies higher azimuthal quantum numbers be-

come dominant. At 60 keV the sum of the 3s capture cross sec-

tions is considerably larger than that of the 3p capture cross

sections, but at 800 keV the situation is just the opposite.

The sum of all measured cross sections for capture into

excited states is equal (within the experimental uncertainties)

to the total capture cross section at energies below 400 keV.

From this we conclude that capture into the ground state is

not important anymore. This is due to the large exothermicity

of this process. The potential energy curves of the entrance

(Ne -He) and exit channel (Ne - He+) cross at a small in-

ternuclear distance (see table 4) which results in a small

cross section.

In the last section of this chapter we will see that be-

sides capture into excited states leading to emission of pho-

tons also another capture process is important, a process

which is radiationless and leads to the emission of electrons.

The cross section of this so-called capture-ionization process

should be added to Z aCapt
 t o °bta:*-n the total capture cross

section a^ 3> This will be discussed in the last section of

this chapter.

Similar as for Ne also for Ne4+ direct projectile exci-

tation is not a very probable process. For Ne the lowest
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excited states have the configuration 2s2p with energy de-

fects of -22 to -38 eV. Hardly any radiation from these exci-

ted states could be detected, the largest cross sections being
-17 2smaller than 10 cm .

In order to compare the results for Nez on He with those

for other targets having different ionization potentials (and

thus different energy defects of the capture process) we have

studied Ne z + on Ar and Ne, but only for an impact energy of

100 keV (corresponding to a velocity of 0.45 au). Capture

cross sections for these collision systems have been given

in the tables 5 (Nez+ - Ne) and 6 (Nez+ - Ar). For each capture

process the energy defect AE is given and for exothermic pro-

cesses the corresponding crossing radii R are calculated.
3+

The total capture cross sections a are given and for Ne
4+ z,^-i

and Ne also the sum of all measured partial capture cross

sections T. a . For comparison also AE for He and the ratiocapt. r

of the cross sections for the respective targets and He are

given.

For Ne on Ne the Ne I lines can be produced by capture

into the projectile ion or by excitation of the target. Be-

cause we did not discriminate between radiation arising from

\±ie target and the projectile, we have omitted this collision

system in table 5. For the other projectiles we can safely

assume that the observed radiation originates from the projec-

tile ion after capture because only processes in which two or

more electrons are involved, can produce the excited ionic

state in the target.

We will now discuss some aspects of the data collected

in the tables 5 and 6. Firstly, the strong influence of the

energy defect of the capture process can clearly be observed.

We compare the partial capture cross sections for collisions

of different projectile charge states with the same targets.

By increasing the charge state z by 1 the increase of the

cross section is considerably larger if AE changes from endo-

to exothermic (for Ar as z changes from 2 to 3; for Ne from

3 to 4; see table 5) than if AE remains either endo- or exo-

thermic (compare also for Ne on Ar the cross sections



TABLE 5 • Cross sect ions o£ electron capture for Ne~ on Ne a t 100 kaV
together with the respective energy defects AE and the corres-
ponding crossing radi i Rc- The r a t i o of the cross sections for
Ne and He as target and the corresponding energy defects for
He are also given.

Proj . Capture in to

Ne2+ Ne+ g . s .
3s 2P
i s ' 2D

°2.1

Ne 3 + Ne2 + g . s .
3 s ' 3D°

3 S " 3P°

3s 3S°
/ 1 O

3S D

3d V
3 d ' 3G°

3p 5P
3p 3P
3 P ' 1 F

3 p " 3P

3 p ' 3 F
Z °capt.

Ne 4 + Ne3 + g . s .

3s 4 P

3s 2P

3p 4D°

3 s ' 2D

3p V
3 p ' 2 F

3P
 4S°

3 P ' 6P
Z a cap t .
°4,3

AE

(eV)

+ 19.5

- 8.4

-11 .1

+42.0

- 1.8
- 4.4

+ 2.4

- 2.4
- 7.5

-12 .1

- 1.7

- 2.2

- 6.7

- 9.1

- 6.5

+ 75.5

+16.1

+ 14.9
+ 10.9

+ 12.1

+ 10.3

+ 6.7

+ 9.4

+ 3.3

Rc
(au

1. .

1 .

23

1 .

5 .

5 .

7 .

6 .

7 .

1 2 .

8 .

2 4 .

)

4

3

1

1

5

5

7

9

2

7

7

n(=<10~18cm2)

28

21

400

72

24
21

21
11

9 .

9 .

6 .

5 .

4 .

3 .

188
920

418

300

177

156

109

51

44

31

1286

1980

9

1

6

2

4

5

AEHe(eV)

+ 16

- 1 1

- 1 4

+ 39

- 4
- 7

- 0

- 5

-10

- 1 5

- 4

- 5

- 9

- 1 2

- 9

+72

+ 13

+ 11

+ 7

+ 9

+ 7

+ 3

+ 6

+ 0

.5

.4

. 1

.0

.8

.4

.6

.4

.5

. 1

. 7

.2

.7

. 1

. 5

.5

. 1

.9

.9

. 1

. 3

. 7

.4

. 3

a (Ne)/o(He)

4 . 9

1.9

5.3

7.1
1.9

1.0

1.4

3 . 1

2.3

1.9

2 . 3

1.6

2 . 1

2 . 5

1.6

2 . 7

3 . 2

2 . 1



TABLE 6. Cross sections of electron capture for Nez+ on Ar at 100 keV
together with the respective energy defects AE and the corres-
ponding crossing radii R . The ratio of the cross sections for
Ar and He as target and the corresponding energy defects for He
are also given.

Proj. capture into

Ne+ Ne g .s .
3 s ' 1%]°

° l , 0

Ne 2 + Ne+ g . s .
3s' 2D
3s 2P

°2,1

Ne 3 + Ne2 + g . s .
3s' 3D°
3s 3S°
3 P

5 P

3 s " 3 P°

3 s ' D°

3 P 3 P
3p' 3F
3d 5D°

3p' XF
3d' 3G°
3p" 2P

E "capt.
°3,2

4-4- ^+
Ne*+ NeJ g . s .

3p 4U°
3s 2P
3s 4P
3p V
3p 4S°
3 P ' 2 F°

3s ' 2D
3 P ' 6P

1 acapt.
°4,3

AE
(eV)

+ 5.
- 1 1 .

+ 25.
- 5.
- 2.

+47

+ 4
+ 8
+ 4
+ 1
+ 3
+ 3
- 0
- 1
- 0
- 6
- 3

+81

+ 16
+20

+21

+ 16
+ 15
+12

+ 17
+ 9

.8

.1

.3

.3

.6

. 8

.0

. 2

. 1

.4

.4

.6

. 7

. 7

.9

. 3

. 3

. 3

.7

. 7

.9

. 1

.2

.5

.9

. 1

Rc
(au)

1 .

1 .

13 .

6 .

13 .

39

16

15.

1.

4,

3

3

5

5

6

4

9

1

1

6

6

3

.1

.0

.9

.9

.7

. 1

.4

.5

.6

.0

o(xlO~18cm2)

15

410

74

66

720

650

257

217

216

214

111

103

87

49

42

42

1988
2650

466

383

305

247

216

146

135

72

1970
3700

AEHe(eV)

- 3.0
-19 .9

+ 16.5

- 1 4 . 1
-11 .4

+39.0
- 4 .8
- 0.6
- 4.7
- 7.4
- 5.4
- 5.2
- 9.5
-10 .5
- 9.7
- 1 5 . 1
- 1 2 . 1

+72.5
+ 7.9
+ 11.9
+ 13.1
+ 7.3
+ 6.4
+ 3.7
+ 9 .1
+ 0.3

a(Ar)/a(He)

5 . 3

6 . 8

11.6

48

24

75

63

38

8 . 0

17.5
6 . 1

22

6 .6

2 . 7

1 .2

6 . 0

9 . 1

1.4

5 . 0
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corresponding to an exothermic capture with those correspon-

ding to an endothermic process).

The importance of AE is seen even more clearly by comparing

excitation cross sections for the same projectile levels but

for different target gases. The ratios between the capture

cross sections for Ne and He, respectively for Ar and He are

given in the last column of table 5 (Ne) and table 6 (Ar).

The respective ratios increase rather steeply for z increased

by 1 if capture into excited states for Ar changes from endo-

to exothermic, while the same process for He still remains

endothermic; these ratios are much smaller if the compared

processes are both either endothermic or exothermic which is

the case for Ne at all values of z and for Ar at z = 1,2 and 4.

Secondly, for 100 keV Ne projectiles capture into the

3s' D° has the largest cross section for all targets. For

Ne on Ar this capture is exothermic with a crossing radius

of 13.6 au. Notwithstanding this rather large value of R a
— 16 2large cross section of 6.5 * 10 cm is found. At such a

large crossing radius the coupling matrix element is small

and only a small cross section can be expected. It seems that

in this case transitions away from the crossing play an im-

portant role.

Thirdly, for Ne projectiles the influence of R is nicely
c

demonstrated. The largest cross sections all have crossing >.
radii R which are around 5 au. Much larger crossing radii

4+lead to smaller cross sections. The same was found for Ne
on He.

The following conclusions can be drawn from the experiments

described in this section;

i) At low impact energies endothermic processes have con-

siderably smaller cross sections than exothermic proces-

ses. The strong influence of the energy defect can be

seen in the tables 5 and 6. Studying the charge state

dependence of the electron capture cross sections, we

observe a large increase of the cross section if the cap-

ture process becomes exothermic.

ii) At low impact energies electron capture processes are

more important than direct projectile-excitation proces-
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cs (see figs. «•.•..)• and 7a,b). This can also be explained

by looking at. the energy defects of the respective colli-

sion processes.

Lii) Electron capture processes which are moderately exother-

mic i.e. for which the potential energy curves of en-

trance and exit channel cross each other at intermediate

values of R (3 < R < 10 au) usually have the largest
4+

cross sections. This is nicely demonstrated for Nè on
4+He (table 4) and Ne on Ar (table 6), where we find the

largest cross sections for processes with crossing radii

around 5 au. In most cases only a limited number of exci-

ted states plays a role in the electron capture process.

iv) For higher charge states electron capture into the ground

state is strongly exothermic and is considerably less im-

portant than capture into excited states (for instance
4+

for Ne on He, table 4).

v) At higher impact velocities (velocities towards 1 au)

the description of the collision in terms of the curve-

crossing model loses its meaning and generally we observe

an increased importance of capture into orbitals with a

higher azimuthal quantum number (see for instance fig. 11,

where at higher impact velocities capture into 3p-states

becomes more important than capture into 3s-states).
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1. INTRODUCTION

In recent years there, has been an' increasing interest in

the study of collisions between multiply charged ions and atoms

or molecules in the intermediate energy region, i.e. with im-

pact velocities between 0.1 and 1.5 au (Afrosimov et al. 1977,

Crandall et al. 1977, Klinger et al. 1975 and Winter et al.

1977a,b). Besides the importance of these studies for the

development of controlled thermonuclear fusion and X-ray

lasers, they give insight into the nature of the reaction

mechanisms involved (see for instance Winter et al. 1977a,b)

and may serve as a test for the validity of the different

theoretical models (Salop and Olson 1976, Bottcher 1977,

Dinterman and Delos 1977, Harel and Salin 1977). The dominant

inelastic process in this region is charge transfer (electron

capture) where the cross section reaches values of the order
— 15 2of 10 cm . The charge transfer process is characterized

by the presence of pseudocrossings between the potential

curves of the quasimolecules formed before and after the col-

lisions (see for instance Bates 1962). The non-adiabatic

transitions near such pseudocrossings provide the primary

mechanism of excitation in the collisions.

The recent studies of Winter et al. (1977a,b) on collisions

of multiply charged Ne ions with He, Ar and H- show that for

high projectile-charge states, electron capture occurs prima-

rily into excited states of the projectile. The relevant

capture reactions involved in the formation of these excited

states have moderate exothermic energy defects which corres-

pond to pseudocrossings between 3 and 10 a.u. They also found

that these excited states decay both through radiative emission

in the far ultra-violet region and through autoionizing proces-

ses (see also Kishinevskii and Parilis 1969) leading to elec-

tron production. In view of these findings, it is of consider-

able interest to extend these studies to more highly charged

projectiles. For this reason, we present in this work experi-

mental cross sections for total single electron capture, photon

emission and electron production for Ar 6 + incident on H_ at

energies between 200 and 1200 keV (i.e. with impact velocities

between 0.5 and 1.1 au). The Ar 6 + projectile was chosen for
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study (El-Sherbini et al. 1978) because it has a closed sub-

shell 3s 1S configuration, and the spectra obtained, follow-

ing single electron capture into excited projectile states

can be simply interpreted. We started with H2 as a target,

because it has no emission of photons from excited states in

the relevant wavelength region and because the electron cap-

ture cross sections are relatively large with respect to He

and Ne. Qualitatively H2 will have similarities with H as a

target, but also differences may be present due to the Franck-

Condon overlap in the relevant coupling matrix elements.

The most important processes are expected to be exothermic

processes: electron capture into excited states of the projec-

tile leading to photon emission

Ar6++ H2-• Ar
5+* + H*->• Ar 5 ++ H* + hv (1)

and capture ionization

Ar6++H2-> (Ar H2)
6+*-»-Ar5+ + H + + H + + e (2)

Much less probable for these systems is electron capture in-

to the ground state of the projectile

Ar 6 ++ H2 ̂  Ar 5 ++ H2 (3)

Also, the probability of direct impact ionization

Ar6+ + H 2 •* Ar
6 + + H2 + e (4)

is expected to be small in the range of projectile energies

investigated.

2. EXPERIMENTAL PROCEDURE

2.1. Introduction

The accelerator for multiply charged ions (AMI) (Bannenberg

et al. 1978) was used for the production of Ar 6 + with energies
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entrance slit

to ion
accelerator

ion beam

+-
0

photons / ^

vacuum -
mcnochromator

collision chamber

\IaO/2) la(0

I, 1/2 l2

Fig. 1 - Schematic diagram of the apparatus (the parallel

plate condensor set-up is not shown). I„(z) is the

current of ions with charge q at position z.

05-

01

005-

0.01
to 20 30

NOI

Fig. 2 - The number of the various charge components of the

projectile versus NoH in the collision of 200 keV

Ar + with H2. The numbers of the various ions are

normalized to one for q = 6+ ions at the entrance

slit of the collision chamber.
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between 200 and 1200 keV. This beam of Ar ions at a well

defined energy passes through a collision chamber containing

H? gas at a known pressure. In fig. 1 a schematic diagram of

the apparatus used, is shown. Two kinds of measurements were

made, namely photon measurements and slow ion and electron

measurements. Each of these procedures is described below

(see also Winter et al. 1977a,b).

2.2. Photon emission

In the present experiment we used two vacuum monochromators

detecting the radiation emitted at 90° with respect to the

ion beam. The first was a grazing incidence monochromator with

a wavelength region between 5 and 80 tun (grating with 600

lines/mm, angle of incidence 84 , reciprocal dispersion

1.6 nm/mm). The detector used was a channel electron multi-

plier. We used slit widths of 0.5 mm. The second instrument

was a normal incidence monochromator covering the range be-

tween 50 and 250 nm (see Moustafa Moussa and de Heer 1967).

It contained a grating of 1200 lines/mm with a reciprocal dis-

persion of 0.82 nm/mm. This monochromator was used with an

entrance slit of 0.3 mm and an exit slit of 0-5 mm. For mea-

surements between 50 and 130 nm a channeltron electron multi-

plier was used as a detector, whereas between 110 and 250 nm

a solar blind photomultiplier (EMR Model 542) was applied.

Photon emission cross sections were obtained using the fol-

lowing equation:

CTem = V k(X)NLI a

where S is the number of photon counts per second measured

with the detector, N is the number of target gas particles

per cm determined from pressure measurements with a MKS-

Baratron capacitance manometer, oi is the solid angle from

which the photons are detected, I is the projectile ion cur-

rent measured by a Faraday cup at a distance £ from the en-

trance slit to the collision chamber, L is the length of the

beam region from which the photons are detected, q is the
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charge of the projectile, e is the electron charge, u is a

current correction factor which is needed to relate the cur-

rent measured at the Faraday cup to the ion current of the

given charge state actually present in the observation region

(see below) and k U ) is the sensitivity or the quantum yield

per photon of the optical instrument. No corrections were made

for the polarization of radiation.

We discuss below some of the considerations involved in ob-

taining these cross sections.

2.2.1. Lifetime aevvections

In the present experiment the radiation originating from

the fast projectiles was observed and for evaluation of the

cross sections for formation of excited projectile states,

one has to consider the effect of the finite lifetime of the

states involved (see for instance Wolterbeek Muller and de

Heer 1970). However, the relevant lifetimes are small (£4 ns)

and therefore no lifetime correction was needed.

2.2.2. Spectral sensitivity

One of the major problems in these measurements is the

determination of the sensitivity k(x). For the grazing inci-

dence monochromator we used the same method as Bloemen et al.

(1978). At 53.7 nm we used the branching ratio method for the

Hel 31F- l̂ 'S emission at 53.7 nm and 3 1P-2 1S emission at

501.6 nm produced in He ->-Ne collisions. The last emission

can easily be measured absolutely.

At 46.1 nm we used Ne II emission from collisions of 300 eV

electrons on Ne (aem=2.20x 10~
18 cm2) and at 30.4 nm He II

emission from collisions", of 200 eV electrons on He and a =
-19 2 e m

4.6x 10 cm . The approximate sensitivity at other wave-

lengths was obtained by linear interpolation and taking k(X)

constant below 30.4 nm. It is difficult to estimate the error

of this intensity calibration, but we estimate that it is

about 30% between 53.7 and 46.1 nm and increases to about a

factor of 2 at 30.4 nm and below.
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For the normal incidence monochromator at 5 3.7 nm as before

we use the emission from He (3 P) formed in He -»• Ne collisions.

At 92 and 9 3.2 nm we took the emission cross sections for Ar II

formed in R3+ •*• Ar collisions (see van Eek et al. 1963) and

between 100 and 250 nm we could use the relevant emission

cross sections for molecular bands in the cases of electrons

on H2 (see de Heer and Carrière 1971) and electrons on N2 and

CO (see van Sprang et al. 1979). Above 92 nm, k(A) obtained in

this way may contain an error up to about 20%, while values

for k(A) obtained by linear interpolation between 53.7 and

92 nm may be in error by a factor of about 2.

In general we can say that the experimental errors in the

absolute values of a as obtained from equation (5) in the

present work is mainly determined by the quoted errors in k(X).

2.2.3. Ion beam composition

In order to evaluate the emission cross section, see equa-

tion (5), one has to consider that the beam of ions originally

of charge q only when entering the collision chamber, undergoes

a change in its composition during its traverse through the

collision chamber. For multiply charged ions, as used in our

case, this is mainly caused by one-electron capture processes.

For this reason we have introduced a correction factor a in

equation (5), which is dependent on the gas pressure used in

the collision chamber and the locations of the Faraday cup and

the observation region of the monochromator along the ion beam

path (see fig. 1). Because of the weak photon intensities in-

volved in our experiment, sometimes the gas pressure had to be

chosen relatively large, so that the conditions of pure single

collisions for the projectile ions were not fulfilled.

In the appendix, it is shown that as a result of the charge

transfer processes, if I (o) is the current of ions of charge

state q at the entrance slit, the number of ions of charge

state q-n passing per second through the collision chamber at

distance z from the entrance slit, P _ (z) is given by
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Pq_nU) =
n
E

-a„z

n
n

m=o

(6)

where a = Ka , with N the number of target gas partic-
P <3-p»q~P~l

les per cm3 and a , the cross section for charge trans-
^"P/^P"1

fer from charge state q-p to q-p-1.

In fig. 2 the beam components for 200 keV Ar incident on H2,

are plotted as a function of the product N£a 1 (where the

total single capture cross section a , was obtained from

our measurements of the slow ion and electron currents, see

section 2.3).

We used eq. (6) to obtain the current correction factor a.

From the above analysis we can see that the current measured

by the Faraday cup is composed not only of the original ions

with charge q but also of ions with lower charges. Therefore

the current I (£/2) at the region where photons are observed

is different from the current I(£) at the Faraday cup (see

figure 1). The correction factor a which is equal to the ratios

of these currents is used in eq. (5) to get the correct photon

emission cross section. A gas pressure of 3.4 x10 Pa and an

interaction length £. of 10 cm correspond to an NAa , pro-

duct value <_ 0.4 for Ar + incident on H- with impact energies

between 200 and 1200 keV. These values of the N£a , product

correspond to an ion beam which is mainly composed of charges

q and q-1 as seen in figure 2, whereas the contribution of

the other charges to the beam is less than 10%. Therefore, in

our evaluation of the correction factor a, it is to a good

approximation justified to include only the effect of charges

q and q-1, so that

(7)

where
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We can then write <••: in the form:

g - J + T ( g \
(Ï = -3 — - » y I

q •/¥
where IT = Rxp (-NVo ) .

In fact due to the finite length L = 52 ~ ̂ 1 f r o m w n i c n photons

are observed (see figure 1), the current I (£/2) should be

replaced by the average currer.t along the observation region

V «2
I (z) dz

i

Ï = 1 do)
q ^ - ^

However, in our experiment it appears that the error due to

replacing Ï by I (H/2) was found to be less than 5%. We per-

formed experiments with two different geometries of the col-

lision chamber, namely

i } £ =4.7 cm, S.2~5.3 cm, I = 10 cm

ii) ^ = 0.7 cm, &2=1.3 cm, 'I = 2 cm

In the present experiment typical values for a are for con-

figuration (i) 1.4 (200 keV) and 1.2 (1200 keV) and for confi-

guration (ii) 1.1 (200 keV) and 1-0 (1200 keV) .

2.2.4. Corrections fov coincidence of radiation from Ar

and Ar>'* ions.

Partly because of the limited resolution used in the mono-

chromators, i.e. wide slits to get enough photon intensity,

in some cases the wavelength of radiation emitted from Ar5+*

formed in the first electron capture collision coincides with

radiation emitted from Ar4+* after a second collision. An

example is the 3s 3d- 3s 3p emission of Ar formed in the

reaction
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2
 5 + 2 H++ hv (11)

which has approximately the same wavelength (~ 46 nm, see
2 2 2

Striganov and Sventitskii 1968) as the 3s 3p3d - 3s 3p tran-

sition in Ar4+* formed in a second collision of the projec-

tile, according to the reaction

Ar 5 + + H2 + Ar
4+*(3s23p3d) + H+-> Ar4+(3s23p2) + H++ hv (12)

Therefore in order to calculate the cross section for the

3s23d-3s23p Ar5+* emission, we used the following technique.

Following the measurements with an incident beam of Ar ions,

we use equation (5) to determine the apparent emission cross

section for the (3d-3p) transition of Ar * denoted by a' (6)
4+*

(which contains also a contribution from the Ar emission

at ~ 46 nm resulting from second collisions). Then measure-

ments are made with an Ar + ion beam and we again use eq. (5)
2

to determine the emission cross section for the (3p3d-3p )

transition in the spectrum of Ar which we refer to as

The corrected 3d - 3p Ar emission cross section is then

given by

, I_ (~)
(13)

Using eq. (8) and substituting into eq. (13) we then obtain

(1 - exp(-Nü.cr

For instance, at 200 keV the correction term was 25% with

respect to o (6).

2.3. Slow electron and ion production

The slow electron and ion currents produced in the colli-

sion chamber were measured using a standard plate condensor

system (see Massey and Gilbody 1974). The two collector plates
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were enclosed by guard plates and carefully operated in order

to assure saturated collection conditions.

The total single electron capture cross section ag 5 (i.e.

the cross section for processes (1), (2) and (3) together)

was obtained from the following relation (neglecting stripping

and multiple electron capture processes).

where a. and a , are the cross sections for the productionion el

of slow ions and electrons respectively and are given by (see

Winter et al. 1977b)

öion,el = L I b N
 ( 1 6 )

where I. and I are the currents of the slow ions and elec-

trons, respectively, which are produced in the collision pro-

cess, and I, is the projectile-beam current at the centre of

the slow ion and electron-collector plates. The pressures

used were much lower than in the case of the photon measure-

ments and were of the order of 1.3x 10 Pa. Because of the

relatively low pressures we used in these measurements, the

value of I, was taken as the average value of the current

readings of the Faraday cup with and without target gas in

the collision chamber (linear current attenuation was assumed

along the collision chamber). The effect of multiple colli-

sion on the values of the slow ions and electron currents is

small and can be neglected due to the low pressures at which

the measurements were taken. Values obtained for a- and
ion

oe-^ were reproducible within 10% and are believed to be

accurate within + 20%.

3. PHOTON-EMISSION SPECTRA

3.1. Identification of the peaks

Photon-emission spectra between 20 and 50 nm were obtained

with the grazing incidence monochromator (FWHM 0.8 nm) and be-
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tween 50 and 250 nm with the normal incidence monochromator

(FWHM 0.3 nm), for Ar collisions with H2 at projectile-

impact energies of 200, 400, 800 and 1200 keV. Most of the

peaks in the spectra corresponded to the decay of Ar exci-

ted states formed according to reaction (1). Some peaks of

Ar 4 + excited states were also found. Availavle information on

Ar VI spectra is incomplete and many of the energy levels of

Ar 5 + are not listed in the literature (Moore 1958, Striganov

and Sventitdkii 1968, Bashkin and Stoner 1978). In order to

identify the unknown peaks in the observed spectra, we made

use of a technique which involves comparisons with the rele-

vant levels in an isoelectronic series. It is possible to de-

termine approximately the unknown term energies of a certain

many electron atom (or ion) if the energies of the corres-

ponding terms in other members of the isoelectronic sequence

of that atom (or ion) are known. The equation of the energy

of a term of an atom (or ion) with nuclear charge Z and a

total number of electrons N, following Edlên (1964) is given

by

T n = ̂  (£ + P ) 2 (17)
n

where R is the Rydberg constant = 109737.31 cm" , n is the

principal quantum number, P is the screening defect factor and

£ = Z - (N-l). For large values of Z, the screening defect fac-

tor P, which is a measure of the penetration of the excited

electron orbit into the orbits of the core electrons, approa-

ches a constant value. Therefore plotting T /E, against Z for

an isoelectronic sequence gives parallel curves for each n

value which asymptotically approach straight lines with slope
2

equal to R/n . By extrapolation or interpolation of these

lines the unknown term energies of any member of the sequence

can be determined. In figs. 3a and 3b are plotted such curves

for the isoelectronic sequences of 41 and 5£ levels of Ar VI

(i.e. Al I, Si II, .... Sc IX), where the term energies of

these elements were obtained from Moore (1958) and Ekberg and

Svensson (1970).

In table 1 are listed the energies of Ar excited levels

determined by this method together with the known levels ob-
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TABI.K I .

K n o r q y l ' - 'vols o f A r ' e x c i t e d s t a t e s (eV)

leve 1

3s23d

3s 4s

3s24p

3s24d

3s24f

3s25s

3s25p

3s25d

3s25f

3s25g

Htriganov and
Hventitskii

(1968)

27.10

42.44

-

56.38

-

-

-

68.88

-

—

isoelectronic
comparison

method

42.

48.

56.

60.

63,

66

69,

71

71

.44

.99

.38

.16

.38

.76

.47

.39

.64
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Fig. 3 - T /£ values of the isoelectronic members of ArVI
a) for the n = 4 levels, b) for the n = 5 levels.

(3s2l3p

Fig. 4 - Level scheme for the excited states of Ar . Full
lines correspond to the observed transitions in our
experiment. Dashed lines indicate the unobserved
transitions. All wavelengths are in nanometers.
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tained from the literature. The listed energy for the 4p

level, for which no literature value exists, was compared

with that obtained from a calculation by W.R. Johnson (priva-

te communication) using the multiconfiguration relativistic

Dirac-Fock program of Desclaux (1975). The difference was

found to be less than 0.1%, which gave us additional confi-

dence in the extrapolation method. Figure 4 shows a level

scheme for the relevant Ar excited levels. The observed

transitions are indicated by full lines and those which were

not observed by dashed lines. Although each excited state of
5+Ar possesses a doublet structure, we could not resolve these

doublets with our monochromators. in the region of the over-

lap between the wavelengtl "egions of the grazing incidence

and normal incidence monochromators (i.e. between 50 and 80

nm), it was clearly preferable to measure with the latter be-

cause of its better resolution and larger solid angle and ob-

servation length.

As discussed previously in section 2.2.4 there is a coinci-

dence between the 3d - 3p transition in Ar VI and the 3p3d - 3p

transition in Ar V produced most likely as a consequence of

double collisions. In order to minimize the contribution due

to Ar V transitions at this wavelength we also did some mea-

surements with a considerably smaller collision chamber (see

section 2.2.3). The emission cross sections for these and

other lines were found to be independent of the geometrical

conditions, which supports the validity of the correction

procedures discussed in sections 2.2.3 and 2.2.4.

It is also possible that the contribution due to Ar V

transitions results from double electron capture according to

Ar
6+

H, Ar4+* 2 H+
(18)

4+*where the photon is emitted by Ar . Most Ar V lines known

so far (Striganov and Sventitskii 1968) are emitted between

33 and 84 nm. Indeed in this spectral region we observed

emission peaks in the spectrum resulting from an Ar 6 + beam

which were identified as due to Ar 4 + transitions, namely

3s23p4s-3s23p2 (33.9 nm), 3s23p3d - 3s23p2 (46.0 nm) and
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3s3p3-3s23p2 (several peaks between 66 and 84 nm) . However,

these peaks could also be produced by impact of Ar on H2 by

one-electron capture under double collision conditions, and

it will be shown later on in section 5 that these latter pro-

cesses are primarily responsible for these emissions. In our

spectra a peak at 75.4 nm was observed, which was identified
2 2as Ar VI 3s3p - 3s 3p. The excited state is probably formed

via one-electron capture and a simultaneous promotion of a

3s electron according to

Ar6+(3s2) +H 2+ Ar
5+*(3s3p2) + H* (19)

Second order peaks for 5f - 3d, 5d-3p, 5s - 3pf 4f-3d, 4d - 3p

and 4s - 3p transitions were also observed in the emission

spectra.

3.2. Cascade transitions

From the level scheme of figure 4, we note that in general

the excited levels of the projectile are not only populated

by direct capture of electrons (see eq. (1)), but also by

"cascade" transitions of higher lying levels also formed in

the capture process. For example the 3d level receives cas-

cade from 4p, 4f and 5f levels. Evaluation of the cascade con-

tribution is important because, in order to understand the col-

lision process, we require the cascade free emission cross

sections. These are simply related to the excitation cross

sections of the projectile upper states in the relevant tran-

sitions (by excitation we mean formation of projectile excited

states by electron capture). For instance, to obtain the

3d - 3p emission cross section without cascade we subtract the

emission cross sections of 4p - 3d, 4f - 3d and 5f - 3d transi-

tions :

m e m e m Z °em(nf-3d)

n=4,5

(20)

where a e m is the cross section corrected for cascade. The
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relation between a and o c is dependent of the different
GXC Gin

possible decay modes of the upper level of the relevant tran-

sition. For instance, in the case of 3d, we simply get

and for 4p

A + A, . . corr, . -,. vj 4p-3d 4p-4s ,__.
°exc(4p) = oem (4p-3d)x ^ * (22)
exc em A4p-3d

where the A's stand for the relevant transition probabilities.

Because no 4p-4s radiation was found and cascading radiation

probably contributes little to the formation of the 4p state,

approx imately

( 2 3 )

we use the following equations:

°exc ( 3 d ) = aem (3d"3P> = oem(3d-3p) - crem(4P-3d) - a e m Z (nf-3d)

* c o r r " x "-•• -°Qm(5g-4f)

(24)

From figure 4 we can also see that the total excitation cross

section can be given by

aexc = £ üem ( n s~ 3P ) + Z a
Pm^

d~^P) (25)
4.5 34^
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4. ENERGY DEPENDENCE OF THE CROSS SECTIONS

Photon emission cross sections and excitation cross sec-

tions obtained according to (24) and (25) are given in table 2,

in the energy range of 200- 1200 keV for various excited levels

of Ar 5 + formed by electron capture in Ar + H2 collisions. In

table 3, we list the corresponding results of aion» a e l and

ac c obtained by the parallel plate condensor method (see

section 2.3). The results are plotted in fig. 5. Let us look

in detail now at the excitation cross sections for the various

specific Ar VI levels. It is interesting to note that transi-

tions from the 5p level were not observed and those from the

4p level (only 4p-3d was detected) were the weakest emissions

from the n=4 levels. The relatively small cross sections for

4p is not well understood. The corresponding reaction is mode-

rately exothermic (see below) and therefore one might expect

that the formation of 4p states would be quite probable. Also

in other types of experiments such as beam foil studies, the

formation of 4p states does not seem to occur since, up to the

present, no spectral lines having Ar VI 4p upper states have

been reported in the literature.

On consideration of figure 5 and table 2, it is clear that
5+electron capture goes mainly into n=4 levels of Ar , and that

excitation of the higher angular momentum states (4d and 4f)

dominates over the range of projectile energies. At the lower

collision energies 4d excitation is clearly most important.

However, the 4f excitation cross section increases while the

4d cross section decreases with energy so that at the highest

energies (corresponding to v >̂  1 a.u.) the two cross sections

are roughly equal (within experimental error). Our experimen-

tal data was not sufficiently precise to allow a definite

determination of whether capture into the 3d state occurred

in these processes. A significant 3d-3p emission was observed

but, to within experimental error, the total cross section for

emission of cascade radiation to the 3d level from higher ex-

cited levels given approximately by

n=4,5



TABLE 2

Photon emission and excitation cross sections for various excited states of

Ar , resulting from electron capture in collisions of Ar

units of 10 cm ) . See equations (24) and (25).

with H2 (in

E(keV)

200

400

800

1200

aem(3d-3p)

5

7,

9,

10,

.8

.2

.4

.6

aem(4f-3d)

3,

6.

8.

10.

.4

.3

.4

.0

4s

3.

3.

1.

1.

4

0

9

0

4p

1,

1,

1.

0.

.6

.4

.1

.8

4d

19.3

12.4

7.7

6.4

4f

2.

4.

4.

5.

a

7

1

6

5

exc(n'

5s

2.3

1.9

1.2

0.6

1)

5d

1.4

1.3

1.0

0.7

5f

1.

3.

3.

3.

9

1

5

9

5g

0.7

2.2

3.8

4.5

aexc

32

26

21

19

TABLE 3

Cross sections for slow ion and electron production and for

total single electron capture in the case of Ar colliding

with H2 (in units of 10~16cm2).

E(keV) 'el '6,5

20ü 67.4

4Q0 59.0

800 52.4

1200 53.6

14.0 53.4

14.0 45.0

14.6 37.8

17.0 36.6

I
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c

b

400 600 800
E(keV)—.

1000 1200

Fig. 5 - Cross sections for capture into excited states

(nl), for total capture into excited states (exc)

according to eq. (25), for electron production (el)

and for total single electron capture (6,5) versus

the projectile energy in Ar +K_ collisions.

See also tables 2 and 3.



TABLE 4

Energy defects and crossing radii corresponding to charge transfer processes

leading to the production of Ar in its ground state and in various excited

states. Positions of crossings estimated at R£5 a.u. have a large uncertain-

ty because of the approximations involved in Eg. (26).

level

AE(eV)

Rc(au)

3p

75.9

2.2

3d

48.

2.

8

8

4s

33.5

4.1

4p

26.9

5.1

4d

19.

6.

5

9

4f

15.

8.

7

7

5s

12.

10.

5

9

5p

9.1

14.9

5d

7.0

19.4

5f

4.

30.

5

2

5g

4.2

32.4

I
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was equal to a (3d-3p) (see table 2). This result taken to-

gether with the large energy defect for direct excitation to

3d suggests that a (3d) is small relative to the other cross

sections measured.

These results are consistent with the data of Winter et al.

(1977a,b), who, in their studies of collisions of multiply

charged neon ions with He, H2 and Ar also found that for high

projectile states capture into excited states of the projec-

tile ion dominates. This corresponds to the dominance of mo-

derately exothermic reactions involving potential energy curve

crossings between 3 and 10 au, as is also found in theoreti-

cal calculations for simple systems like CD , N and 0 col-

liding with H (Olson and Salop 1977). In table 4 we have eva-

luated the crossing radii for the relevant processes, neglec-

ting polarization forces in the entrance channel and taking

Coulomb repulsion only in the exit channels according to the

formula

( 2 6 )

where Rc is the crossing radius and AE the energy deficit of

the reaction (eV). Referring to this table, one sees that

the crossing separations corresponding to the n=4 levels fall

into the favoured 3-10 au region, consistent with the domi-

nance of n=4 excitation found experimentally. As seen in

table 2 an appreciable fraction (15 to 20%) of the excitation

goes into n=5 levels with 5f and 5g excitations being most

important. On the basis of this simple curve crossing model,

excitations at the corresponding large crossing radii (res-

pectively 30.2 and 32.4 au for 5f and 5g) should be relative-

ly unimportant. At these distances radial coupling matrix

elements at the crossing radii are too small for significant

capture to occur (Olson and Salop 1976). The mechanism res-

ponsible for the n=5 level excitation may be rotational coup-

ling transitions from X to II molecular states, becoming more

important at higher velocities (Russek 1971).

As has been noted, capture into high angular momentum

levels of the projectile is favoured, particularly as the
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velocity of the projectile approaches 1 au. This problem has

been studied theoretically by Salop (1979) using classical

Monte-Carlo calculations. This approach explains the relative

importance of capture into high angular momentum levels as a

consequence of the long-range interactions primarily respon-

sible for the capture transitions in collisions with highly

charged ions. There is a relatively high probability that

electrons, ejected from their atomic orbits in a large impact

parameter collision with the highly charged projectile, and

coming off with appreciable fractions of their atomic veloci-

ties, will be captured into bound orbits of high angular

momentum with respect to the projectile ion.

As we have pointed out in the introduction, next to the pro-

duction of photons, that of electrons can play an important

role in collisions between multiply charged ions and atoms

(or molecules)- The electron production in these collisions

is believed to be due primarily to the capture ionization pro-

cess (2) and over the energy range considered, the electron

production cross section ranges from about 30 to 40% of the

total excitation cross section (direct impact ionization should

be negligible below 1 au according to the recent calculations

of Salop and Olson (1977) on C +H collisions). We have also

plotted the sum of oexc + crê  in figure 5 since this includes

all of the single electron capture contributions and is the

quantity which should, in principle, be compared with ac ,-•

The agreement between the two curves is well within the ex-

perimental error throughout the range of energies considered.

5. DOUBLE ELECTRON CAPTURE

So far we have neglected the influence of double electron

capture processes on our experimental results. It is not

possible to determine the importance of these processes from

the condensor plate current measurements discussed in section

2.3. For that purpose one has to determine the charge compo-

sition of the beam leaving the collision chamber. Such measure-

ments were done by Klinger et al. (1975,1976) and Muller and

Salzborn (1976) for various multiply charged ions colliding
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with Ke, Ar. Kr and N2 target gases in the energy range from

10 to 110 keV (velocity range between 0.1 and 0.33 au). They

found that in general over the entire energy range the cross

sections for double electron capture by Ar ions are smaller

by about an order of magnitude than those of single electron

capture.

When we consider double electron capture for Ar on H^

into the ground state of Ar , the crossing radius R for this
2+process is roughly 1.9 au. For formation of H2 (dissociating

into 2H+) we have taken the vertical ionization energy, equal

to 50 eV (Dunn and Kieffer 1963). This R value is relatively
c

small and so also for H~, on the basis of geometrical consi-
2

derations (a£uR ) , we do not expect a large cross section for
double electron capture into the ground state.

In order to check the contribution of double electron cap-

ture to our experimental results, we measured the emission
2 2 2 4+*

cross section for the 3s 3p4s - 3s 3p peak of Ar at 33.9 nm

for both Ar and Ar projectiles. In the case of Ar , we

could calculate the contribution due to double projectile col-

lisions by means of equation (14). Considering that the con-

tribution due to double electron capture for Ar and that due

to double projectile collision will appear at the same wave-

length, we found that the formation of the peak at 33.9 nm is

almost entirely due to double projectile collisions. This peak

corresponds to o^m(6) equal to 6.4 x 10~ cm and the contri-

bution of double projectile collision (second term in the r.h.s.

of equation (14) is equal to 6.5 * 10"16 cm2. So within the

experimental error, this leaves little room for contributions

of double electron capture. Because these measurements are

made at. one given spectrometer setting, the uncertainty in

k(A) does not play a role.

A similar check was made for the 3s3p3 - 3s23p2 transition.

Here also, the contribution due to double electron capture

was found to be negligible.



- 141 -

APPENDIX

Formulas for the beam composition

The beam composition at distance z from the entrance slit

is indicated by Pq(z),
 p

q - i
( z ) ' Pj^z)» where Pq_±(z)

(i= 0,1,-...,q-l) stands for the number of ions with charge

q-i passing per second at distance z. If I (0) is the current

of ions with charge q only, at the entrance slit (other char-

ges are not present here), then:

: P (0) = P (z) + P , (z) + .. . + P. (z) (Al)
~[ y. y. *̂*

The rate of decrease of ions with charge q is given by

dP
-^ =-NP a _x (A2)

where N is the number of target gas atoms per cm and a ,

is the cross section for single charge transfer (electron

capture). We neglect double electron capture processes and

electron loss (stripping) processes- The rate of decrease of

q-1 ions is given by

= -NP a ± q_ 2
 + N Pq aq q-1 ( A 3 )

where the second term on the right-hand-side is the rate of

increase of q-1 ions from the decay of q ions. Similarly, the

rate of decrease of higher charges are given by

( A 4 )

=-NVnVn,q-(n+l)
+NPq-(n-l)XV(n-l),q-n (A5)

By solving the coupled differential equations (A2-A5) and

using the initial conditions
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I (o)
p (o) = q

e , p q_ n(°)=° (n=l,2,...,q-l)

we obtain the following relations for the numbers of q,q-l

and q-2 ions at z

I (o)
P (z) = —3 exp(— a z) (A6 )

I (o)

qe

exp(-aQz)

a l " a o

exp(-aQz)

( a o " a l ) ( a o " a 2 )

(A7)

where

al=\l,q-2

a2=NcFq-2,q-3

and

exp(-a2z)
(A8)

Similarly, if we take all charges into account, we get

(o)
Pq_n(z) = (- tn

qe o 1 2 n-1

exp(-aQz)

exp(-a2z)

exp(-anz)

(an~ao)(an~al)---(an~an-l)
(A9)

This last formula can be put in the generative form
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I (o) n-1 n exp(-ct z)

m=o

which gives the components of our beam at any distance z from

the entrance slit.
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IN COLLISIONS OF200 keV Ar6+' IONS

WITH NOBLE GASES

Th.M. El-Sherbini , A. Salop*, ï?- Bloemen and

F.J. de Heer

FOM-Institute for Atomic and Molecular Physics,

Kruislaan 407, 1098 SJ Amsterdam, The Netherlands

permanent address: Physics Department, Faculty of Science,

Cairo University, Egypt.

permanent address: Molecular Physics Laboratory, SRI

International, Menlo Park, California,

USA.

Published in J.Phys.B 12 (1979) L579.

The same calibration as described in section 6.3.2 is used

in this section.
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In collisions of multicharged ions with atoms at low and

intermediate velocities (v < 1 au), the dominant inelastic

processes usually involve moderately exothermic electron cap-

ture into excited states of the resulting projectile. Recent

investigations have been concerned with studies of both the

radiative and nonradiative modes of decay of these states

(Winter et al. 1977a,b,c; Winter et al. 1978; Bloemen et al.

1978; El-Sherbini et al. 1980). Most of the attention has been

directed towards energy and charge-state dependences of cap-

ture excitation. However, additional studies are also being

made in our laboratory, on the influence of target-electron

binding energy on these processes. In this letter, we report

some results of a recent study of capture excitation proces-

ses of the form

Ar 6 + + X->- (Ar5+)* + X+-• Ar 5 ++ X ++ hv (1)

where X represents various noble-gas atom targets. Ar is a

particularly useful choice as a projectile ion, since in the

context of available ion source technology, it is a highly
p O C p

charged ion with a closed subshell configuration Is 2s 2p 3s .

Radiation resulting from capture into excited states of the

post-collision Ar projectile has a reasonably simple inter-

pretation, and useful information on these processes can quite

easily be obtained. The present investigations were all carried

out at a projectile-ion energy of 200 keV corresponding to a

relative velocity of 0.5 au, where the collision system can be

considered to be quasi-molecular in nature.

In these studies, photon emissions in the spectral region

20 to 120 nm resulting from electron capture reactions between

200 keV Ar + ions and target gases of He, Ne, Ar, Kr and Xe

were observed at 90 to the ion beam direction using vacuum

monochromators at grazing and normal incidence. From the mea-

surements, both cross sections for excitation to specific

quantum levels and total excitation cross sections resulting

from these capture processes could be evaluated. The experimen-

tal apparatus and procedures for these measurements have been

described in a previous publication (Winter et al. 1977c).
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The various corrections applied to the data, taking into ac-

count the effects of projectile-beam attenuation, double beam

collisions and cascade contributions, together with the tech-

niques used to identify the observed spectra and the determi-

nation of the detection efficiency of the monochromators will

be explained in detail in a forthcoming publication (El-Sher-

bini et al. 1980) .

The significant results of the present study are summarized

in Table 1; here we list the cross sections for excitation to

all relevant excited nX. levels of the post-collision Ar pro-

jectile following collisions with various noble-gas targets

which result in electron capture. Also given are the total

n-shell excitation cross sections and the overall single-

electron capture excitation cross sections for each gas tar-

get. The uncertainties in the various partial cross sections

range from 30% to a factor of two depending upon the wave-

length, reflecting mainly uncertainties in calibration of the

spectrometer detection efficiency.

It becomes clear from an examination of this data that as

the target Z increases (with a corresponding decrease in elec-

tron binding energy), three important observations can be made.

Firstly, the total capture excitation.cross sections tend to

increase significantly with the increase in target Z, although

the values for Kr and Xe are roughly equal. Secondly, the dis-

tribution of excitation shifts to higher n levels. Thus, for

a helium target, about 11% of the capture excitation is in

the 3d level of the projectile and 89% in the n=4 levels,

whereas for Xe the excitation of the n=5 level becomes most

important. Thirdly, for the important n=4 excitation, the

£-state distribution peaks at 4s for He and Ne targets, but

shifts to 4d and 4f as the target Z increases. For n=5 an im-

portant contribution of the excitation comes from £=2-4 levels,

no Z=l contribution is detected, £=0 only contributes in the

case of Ar, Kr and Xe and for He no radiation could be detec-

ted.

The first observation is in agreement with the trends ob-

tained for the total capture cross section by Olson and Salop

(1976) using an absorbing sphere model and by Grozdanov and
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Janev (1978) with their electron-tunneling theory. (One can

assume here that for these highly-charged projectiles, cap-

ture into excited states dominates the overall capture pro-

cess .)

The second and third observations are in reasonable accord

with the expectation based c--.. a simple curve-crossing model

that as the binding energy of the target electron decreases,

capture into higher n,£ levels becomes more probable with sig-

nificantly larger cross sections. According to this model,

for exothermic processes, the significant electron transitions

occur primarily at rather large internuclear separations.

It is expected that at collision velocities v£0.5 the cross

section for capture will be dominated by the contributions

from crossings between the diabatic potential curves associa-

ted with the initial Ar + X channel and various exit channels

corresponding to the (Ar ) + X system. Neglecting the pola-

rization interaction in the entrance channel, and assuming a

Coulomb dependence for the exit channels, one can estimate

the crossing radii R in,I) corresponding to capture into

various excited n,£ levels of the Ar ions from the relation

Rc(n,£) =5/AE(n,£) (2)

where AE(n,&) is the energy defect corresponding to various

capture reactions (1).

In Table 2 we have listed the energy defects and associated

crossing radii corresponding to single-electron capture into

various n,& levels of Ar + during collisions of Ar with the

various noble-gas targets. Clearly, as the target becomes

heavier with a correspondingly smaller binding energy, the

crossing radii corresponding to the capture into given sub-
5+

shells of Ar decreases. Our experience in previous experi-

ments suggest that one can safely assume that the cross sec-

tions are usually appreciable for crossing radii in the region

of 3-10 au. Application of such an assumption leads indeed

to the prediction, that as the binding energy of the target

decreases, capture into higher excited levels becomes relati-

vely more favourable. This is in agreement with the data given
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in Table 1. The relevant crossing radii for capture into a

given n,I will decrease and move into the region where the

probability of capture becomes more favourable. Similarly, it

is not surprising that excitation of the lower-lying 3d level

is appreciable only for He, the target atom with the highest

binding energy. These simple considerations are, however, in-

adequate to explain the relatively large cross sections ob-

served for capture into 5d, 5f, and 5g levels with the heavier

targets. At the large values of R estimated for these reac-

tions, the relevant radial couplings are probably too weak

for significant capture to occur. Other mechanisms such as

rotational coupling transitions to molecular II states must

be involved in the production of these highly excited states.

This rotational coupling may also play a role for the dif-

ferent n=4 levels. We remark that the Ar (5s) state is only

formed in the cases using Ar, Kr and Xe and not in the cases

using He and Ne as a target. This is probably connected with

the fact that this state is only formed by E - E transitions

in the intermediate molecule, and so only by radial coupling.

In Table 2 we see that for He and Ne the R values are so

large for 5s, that this coupling is weak, reflecting our re-

sults. No contribution from 1=1 is found for n=5. As we see

in Table 2, the relevant crossing radii are rather large for

radial coupling to be important, except for the heavier target

gases. Similarly as for 5d, 5f and 5g levels, rotational cou-

pling could play an important role. For some reason, not well

understood, the radiation from the 5p level is too weak in

intensity to be observed.

Recently Ryufuku and Watanabe (1979) have studied charge

transfer in stripped ion-atomic hydrogen collisions using a

unitarized distorted-wave approximation and an atomic-orbital

basis set. Their calculations indicate that the «.-distribu-

tions for a given n depend primarily upon level-crossing

effects specific to the collision systems studied, as confir-

med by our data for Ar + on noble gases.

It is also of interest to compare our results with the

recent measurements of charge transfer in Ar 6 + +He collisions

at considerably lower energies by Afrosimov et al. (1977).
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In these experiments Ar beams at energies between 6 and 18

keV were passed through a He collision chamber, and the charge

transfer processes were studied by energy and charge analy-

zing the post-collision beam, and detecting coincidences with

the slow He+ ions formed. The measurements indicated electron

capture into the 4s, 4p and 3d excited levels only, and captu-

re into the 3d level appeared only above 12 keV. They conjec-

ture that the reason they do not observe capture into higher

excited levels such as the 4d level is that the associated

crossing points correspond to large internuclear separations

(about 13 au for the 4d level) with consequently weak inter-

action. However, our results for He targets at 200 keV (see

Table 1) show an important contribution of excitation to the

4d level. This may be connected with the increasing importance

of rotational couplings at higher projectile energies (Russek,

1971).
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TABLE 1

—16 2
Cross sections (10 cm ) for excitation resulting from electron capture in colli-

6+
sions between Ar and various noble-gas target atoms at 200 keV projectile ion

energy. £ signifies the total cross section for excitation to a given n level.

% signifies the percentage of the total cross section associated with the given

n level, a is the total excitation cross section obtained by summing over the
GXC

various

Target

atom

He

Ne

Ar

Kr

Xe

n levels.

n = 3

3d

1.4

-

-

-

-

%

11

-

-

-

-

4s

8.5

9.3

5.7

5.3

4.7

4p

0.8

1.9

2.2

5.2

6.3

n =

4d

2.6

5.9

17

21

11

4

4f

-

1.1

4.5

6.0

7.0

E

12

18

29

38

29

%

89

91

67

58

45

5s

-

-

6.0

12

13

5d

-

-

2.8

4.0

6.6

n =

5f

-

1.4

4.1

9.1

10

5

5g

-

0.3

1.4

2.7

5.6

E

-

1.7

14

28

35

\
%

-

9

33

42

55

a

13

20

44

66

64

I

I



TABLE 2

Energy defects AE and internuclear distances for potential curve crossings R for the
Ci

various excited states in the collision of Ar with He, Ne, Ar, Kr and Xe.

Excited

level

3d

4s

4p

4d

4f

5s

5p

5d

5f

5g

He

AE(eV)

39.6

24.3

17.8

10.4

6.58

3.36

-0.02

-2.14

-4.65

-4.96

R (au)
c

3.4

5.6

7.7

13.1

20.7

40.5

Ne

AE(eV)

42.7

27.3

20.8

13.4

9.60

6.38

3.00

0.88

-1.63

-1.94

R (au)

3.2

5.0

6.6

10.2

14.2

21.3

45.3

154

Ar

AE(eV)

48.5

33.1

26.6

19.2

15.4

12.2

8.80

6.68

4.17

3.86

Rc (au)

2.8

4.1

5.1

7.1

8.8

11.2

15.5

20.4

32.6

35.2

Kr

AE(eV)

50.2

34.9

28.3

20.9

17.2

13.9

10.6

8.44

5.93

5.62

Rc(au)

2.7

3.9

4.8

6.5

7.9

9.8

12.9

16.1

22.9

24.2

Xe

AE(eV)

52.1

36.8

30.2

22.8

19.0

15.8

12.4

10.3

7.80

7.49

R (au)
c

2.6

3.7

4.5

6.0

7.2

8.6

10.9

13.2

17.4

18.2
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6.4. RADIATIONLESS PROCESSES AFTER ELECTRON CAPTURE BY MUL-

TIPLY CHARGED IONS

6.4.1. Total electron capture cross sections

In the previous sections cross sections for capture into

excited states (leading to emission of photons) were compared

to the total single-electron capture cross section. Besides

emission of photons, electron capture can also result in

emission of electrons. Such radiationless processes are des-

cribed in the following section. Cross sections for these

radiationless capture processes are also compared to the total

capture cross section in order to investigate their relative

importance. Therefore we first consider the total electron

capture cross sections.

We used the parallel-plate condensor set-up (for a des-

cription see chapter 2) to measure the production of electrons
z+ z +

and slow ions in the target gas for Ne (z =1 to 4) and Ar

(z = 1 to 8) as projectiles and noble gases and H 2 as targets

in the energy range of 25 to 1200 keV (depending on projectile

charge state). From the measured currents of electrons and

ions we obtained (see chapter 4) the cross sections for pro-

duction of electrons and ions, respectively a and a..

Now, two assumptions can be made:

i) double-electron capture is considerably less important

than single-electron capture (which, in general, is

true for the lower charge states and for intermediate

impact velocities);

ii) stripping (i.e. ionization of the projectile) can be

neglected (this is certainly true for charge states

higher than one and for intermediate impact velocities).

If assumptions (i) and (ii) are justified, the total single-

electron capture cross section a can be evaluated

In this way we determined the single-electron capture cross

sections as used in the previous sections of this chapter. We

estimate the uncertainty in the capture cross sections to be

about 40%.
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Fig. 1 - Single-electron capture cross sections o . for

Nez+ on He, Ar and Hj at 100 keV impact energy.
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A better way to determine total capture cross section is

measuring the charge distribution of the projectile after the

collision (see for instance Salzborn 1976, Crandall 1977, Suk

et al. 19 78). Unfortunately, for our collision systems and

energy range only a few measurements of a , are available

with which we can compare our results (Muller, private commu-

nication; Suk et al. 1978, Wittkower et al. 1967, Flaks 1961,

Jones et al. 1959 and Flaks et al. 195 8). Taking into account

the experimental uncertainties the agreement between these

measurements and our results is quite satisfactory (in most

cases within 20%).
z+In figure 1 values for a , for Ne on He, H, and Ar at

100 keV impact energy are plotted. The relatively largest in-

crease for Ar and H- targets is seen for z increasing from 2

to 3 and for He for z increasing from 3 to 4. This can be

explained in the following way. For He, a . does not in-

crease drastically if z is changed from 1 to 2 although the

capture into the ground state changes from endo- to exothermic.

This is because for Ne+ appreciable "Demkov coupling" (i.e.

coupling between two states with parallel potential energy
2+

curves, Demkov 1964) is present, whereas for Ne the exother-

micity of ground-state capture is large. For such a large AE

the crossing, which is relevant for this cross section, takes

place at small internuclear distances (R «1.6 au) thus allow-
c

ing only small cross sections. Generally, for z^2 for all

targets the respective ground-state capture reactions cannot

cause any drastic change of a , with increasing z, because
z, z—i

the corresponding exothermicity always increases. Drastic in-

fluences, however, can be due to capture into excited states.

For He, only capture into Ne IV levels (z =4) will be exother-

mic, whereas for Ar and H2, exothermic capture is already

possible into Ne III levels (z = 3).

In the same way we are able to explain some peculiarities

in the z-dependence of a for other systems. The pronoun-
' z+

ced increase of a for Ar -Ar, Kr, N~, if z is changed

from 2 to 3 (Klinger et al. 1976), for Ar -Ne, if z is

changed from 3 to 4 (Salzborn 1976) and for Ar z +-He, if z is

changed from 4 to 5 (Muller and Salzborn 1976) occurs because



- 156 -

excited states with moderately exothermic energy defects are

available for electron capture. Moreover, in some collision

systems a even decreases if z is increased, contrary to

common behaviour; this is the case, for example, for Ar - Ne

(Salzborn 1976) if z is changed from 2 to 3. There, for both

charge states only ground-state capture is exothermic, but

for z = 3 a much larger exothermicity is involved than for

z = 2.

6.4.2. Cross sections for the production of electrons

The experiments described in the foregoing sections show

that in collisions of multiply charged ions with target atoms

capture into excited states of the projectile leads to the

emission of photons

X Z + + Y - X(Z~1) +* + Y + + x {Z"1) + + Y + + hv (2)

The excited state formed after capture of an electron may also

decay via a radiationless process such as Penning ionization

of the target which causes emission of electrons instead of

photons:

(3a)

This process competes with capture processes followed by ra-

diative deexcitation (process (2)). This non-radiative de-

excitation may also proceed via other channels:

(3b)

Auger ionization of the quasi-molecule formed during the col-

lision or

-Y +xl" ' +Y +e (3c)

double-electron capture into autoionizing states of the pro-
jectile.
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The results of Woerlee et al. (1979) for electron produc-

tion in collisions of multiply charged neon ions with noble

gas atoms at intermediate impact velocities (v^O.5 au) indi-

cate that processes (3b) and (3c) significantly contribute

to the electron production cross section a&. Processes of type

(3a), (3b) and (3c) have been discussed by Kishinevskii and

Parilis (1969) and are called capture-ionization processes.

Because the recombination energy of the projectile ion after

capture is available to ionize the target again, these proces-

ses can become exothermic. At higher projectile charge states

even exothermic production of two electrons (triple ionization

of the target) may take place:

X 2 +
+ Y + X

( Z - 1 ) +
+ Y

3 +
 + 2e (4)

Besides processes (3a,b,c) and (4) also direct ionization pro-

cesses lead to emission of electrons:

X Z + + Y -> X Z + + Y + + e direct target ionization (5)

projectile stripping (6)

Contrary to the capture-ionization processes, these direct

ionization processes are always endothermic. At comparable

endothermi city, the capture-ionization processes, which in-

volve transitions of at least two electrons will be consider-

ably less probable than the direct ionization processes, which

involve single-electron transitions.

Earlier measurements of the cross section for electron pro-

eduction a for Ne z +- Ar and Ar Z +- Ar (z =0,1,2) by Afrosimov

et al. (1962) and for Xe Z +-Ne (z = 1,2,3,4) by Flaks ct al.

(1962) have shown that, for a fixed impact energy, a de-

creased with increasing z. This was explained by a decreasing

contribution from process (6). We have indications that for

increasing z the contribution of process (5) to the electron

production also becomes smaller or at least does not increase

with z. In section 6.2 it was demonstrated that direct target

excitation cross sections decrease with increasing z because
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a Ne" - He (100 keV)
25

20

15

b. Ne»-- Ar (100keV)

Fig. 2a-Cross sections for the production of electrons a
z+ ^

for Ne on He at 100 keV impact energy.
2b-The same for So z + on Ar at 100 keV impact energy.

0.6--

0.5--

0,4--

0,3-•

0,2--

0,1--

0--

Fig. 3 - Fraction of radiationless transitions R= [a, + a . ] /

°z,z-l v e r s u s z for 200 keV A r z + (z = 1 to 8) incident
on noble gas atoms (see text for explanation of the
different symbols).
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of competing electron capture processes and we may expect

the same effect for direct ionization processes (5) because

they can be considered as an extension of excitation'into'the

continuum.

For the system Nez -Xe, however, Flaks et al. (1962) found

that at fixed impact energy the electron production rate in-

creased steadily, if z was increased from 0 to 4. This is due

to the contribution of capture-ionization processes, which

become exothermic at z = 2. Such processes can take place with

large probability if the corresponding reactions involve mode-

rate exothermic energy defects.

Our results of a with an uncertainty of 20% for Nez+ on He

and Ar at 100 keV (v = 0.45 au) are presented in the figures

2a and 2b. In table 1 we give the energy defects for the res-

pective capture ionization processes (3a,b,c).

TABLE 1

I-I

2

3

4

AE(eV)

He

-57.4

-37.9

-15.3

+18.0

Ar

-21.8

- 2.3

+20.3

+53.6

From figure 2a we see that a decreases for Nez - He going

from z = l to z = 3. This is caused by the decreasing contribu-

tions from processes (5) and (6); for z =1, 2 and 3 the cap-

ture-ionization process is endothermic and will therefore be

of minor influence. At z =4 however, a strong increase of a

occurs which is due to the exothermic capture ionization pro-

cess. Similarly, the dependence of a on z for Ar can be ex-

plained (see fig. 2b and table 1). Hence, we can conclude
4+ :

that for Ne on He and Ar, a is mainly determined by capture

ionization. We can consider a as an upper limit for the cap-

ture-ionization cross section. A lower limit for a
capt.ion
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can be found if we assume that a& at the highest charge state

for which capture ionization is still endothermic, is also the

contribution of direct ionization for higher charge states

where capture ionization is exothermic. If this contribution

is subtracted from the a values measured for higher charge

states we obtain a lover limit for G c a p t i o n • Similarly, we

will later consider the collision systems Ar z + on noble gas

atoms.

For Ne on He and Ar capture into the ground state is

strongly exothermic and therefore of minor importance (see

section 6.3.1). Under such circumstances we can write

°4,3 °capt capt.ion. - °capt. Ge

> Z 0 , +o'— capt. e

with a. , the total single-electron capture cross section,

£ a . the sum of the cross sections for capture into an
capt.

excited state (followed by radiative decay), o& the measured

electron production cross section and o' the corrected cross

section (as described above). In table 2 the different quanti-

ties are given.

TABLE 2 . 1 a . ,a (upper limit a ), a' (lower limitcapt. e c capt.ion. e „
) and a. -. (in units of 1O~16 cm ) for

.ion.' 4,3
on He and Ar.

Ne 4 +

Ne 4 +

-He

- Ar

E (keV)

60

100

200

400

800

100

capt.

6

6

6

5

4

19

.6

.5

.8

.5

.0

.7

CTe

1.4

2.2

2.0

3.0

3.6

18.4

°i

0.7

1.4

0.5

0.8

0.4

9.4

Eacapt.

8.0

8.7

8.8

8.5

7.6

38.1

Eacapt.

7.3

7.9

7.3

6.3

4.4

29.1

a4

6

6

6

6

6

35

,3

.4

.5

.5

.5

.8

.7
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For Ne on Ar we also measured a and a. , at other impact

energies. We found that at 400 keV a becomes alsmost equal

to a. ,, whereas at 800 keV a is much larger than a. .,.

This means that at higher impact energies direct ionization

processes strongly contribute to a . Cross sections for"direct

ionization in the case of He are much smaller, because He has

a higher ionization potential than Ar.

The experimental uncertainties are rather large (in I G c a D t

about 40%, due to uncertainties in the absolute calibration;

in a 20% and in a. , about 40%) . However, the results given

in table 2 strongly indicate that the assumptions made before

are reasonable. The agreement for Ne on Ar is quite satis-
4+factory. For Ne on He the values for E a . + a are some-

what too large compared to o. ,. However, probably our values

for o. , are too small. Muller and Salzborn (private communi-

cation) have measured values of about 9 *10 cm at 60 keV

and of about 8 * 10~16 cm2 at 100 keV.
4+For Ne on Ar the capture-ionizaticn process which leads

to the emission of two electrons (process 4 ) is exothermic

and may contribute to a . Because two electrons are produced,

the cross section a. for this process is counted twice in the

total cross section a , whereas the cross section a, for the

"normal" capture ionization (process 3a,b,c) is counted only

once (see formula (8) furtheron). This means that the total

capture-ionization cross section may be smaller than a even

if the direct ionization processes can be neglected.

It has been proposed to apply the process of electron cap-

ture into excited states of highly charged ions for the gene-

ration of amplified stimulated XUV emission (Vinogradov and

Sobel'man 1973, Waynant and Elton 1976), because one may ex-

pect that the pronounced population of excited states leads

to population inversion. It must be realized, however, that

deexcitation of excited projectile ions formed by electron

capture cannot only take place via radiative processes of

type (2) but, as we have seen in this section, also via radia-

tionless processes. These processes cause an essential problem

to the above mentioned XUV laser proposal. Processes (3a) and
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(3c) and related processes (4) compete directly with the ra-

diative processes (2) and, furthermore, process (3b) immedia-

tely populates the projectile ion ground state.

We have also studied the role of radiationless processes

for collisions of Ar Z + (z=1 to 8) with He, Ne, Ar, Kr and

Xe at 200 keV impact energy (velocity of 0.45 au). The results

for these collision systems are given in table 3. In order

to determine the role of radiationless processes (3a), (3b),

(3c) and (4) we have to compare the sum of the corresponding

cross sections a_ , + a with the respective total single

electron capture cross section a , which also includes the

radiative processes (2). For highly charged ions, neglecting

direct electron capture to the ground state of the projectile,

a is obtained approximately by
Z f Z™~ J.

a , =Z a . + Z a ^ . (7)
z,z-l capt. capt.xon.

with Z a the sum of the cross sections for the radiativecapt.
processes (2) and Z a . . the sum for the radiationless

capt.ion.

processes (3a), (3b), (3c) and (4). The capture cross section

a , can be de

Further, we have

a , can be determined using formula (1) of section 6.4.1

ae E acapt.ion.+ Z adirect ion.

The influence of stripping (process 6) decreases with increa-

sing z and as we have discussed before, the direct ionization

(process 5) probably does not increase with z. Therefore we

can estimate the cross section for electron production resul-

ting from exothermic ionization, i.e. cu u +2a. by assuming
o a , D ir C 4

that beyond certain z values the increase of a is caused by

exothermic ionization only. The values of z at which capture

ionization becomes exothermic can be found in table 3.

Although it is not possible to evaluate a^ fa and a.

separately from our measured data, we can make an estimate for

the lower limit of a 3 & fa c + o 4 in the following way: once the
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exothermic double ionization sets in, we assume the cross sec-

tion for exothermic single ionization to remain constant inde-

pendent of z. Accordingly, cr- b and a. have been evaluated

and given in table 3.

It is useful to express the role of processes (3a,b,c) and

(4) by a number R defined in the following way:

r
 q3a,b,c + °4

Values for R are given in table 3 and are shown also in figu-

re 3. Generally, R increases with z and with increasing target

atomic number because of the herewith decreasing second and

third ionization potentials of the target particles. For

Ar -Xe, R becomes as large as 0.5, i.e. only less than one

half of all capture processes causes emission of radiation.
z+The results for Ar on noble gases presented here, have

been already published (Winter et al. 1978).

In conclusion we remark that the relatively strong rise of

electron production in collisions between multiply charged

ions and noble gas atoms above certain projectile charge states

is caused by exothermic radiationless deexcitation of the col-

lision system, taking place after electron capture. At lower

impact energy, such processes have been observed too (Niehaus

and Ruf 1976).

In the experimentally most feasible approach to electron

capture pumped XÜV lasers (i.e. dense heavy-ion plasmas expan-

ding rapidly into suitable surrounding buffer gases), much

lower ion impact velocities are relevant than in the present

cases. However, since exothermic ionization processes (3a,b,c)

and (4) require almost no kinetic energy of the interaction

partners, we expect the corresponding values of R under plasma

conditions to be at least as large as found in the study pre-

sented.

For the same reason the influence of exothermic ionization

on the balance of hot plasmas containing heavy ions must be

taken into account.
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Summary

The study of collisions between multiply charged ions and

atoms (molecules) as described in this thesis is of importan-

ce in different areas of research (see chapter 1). These col-

lisions play a role in controlled thermonuclear fusion reac-

tors. Their study is also of particular importance in the de-

velopment of soft X-ray lasers and in astrophysical research.

In this thesis we are interested in the fundamental aspects

of these collisions. Usually, the most important process is

capture of an electron from the target atom into the projec-

tile ion. In most cases the electron goes to an excited state

of the projectile ion. These electron capture processes are

the main subject of study in this work. We have also studied

direct excitation of the target atom and of the projectile

ion.

All these processes have been investigated by optical

spectroscopy. The wavelength of the detected photons gives

information about the involved excited states, whereas the

absolute intensity of the photon emission is needed to deter-

mine which excited states are most important. Also measure-

ments of electron and slow-ion production have been performed,

using the condensor-plate method. In chapter 2 the experimen-

tal set-up is described.

Because we are interested in absolute cross sections a

determination of the sensitivity of the optical equipment,

also called absolute calibration, is required. This calibra-

tion is described in chapter 3.

In the calculation of the cross sections from the experi-

mental data, one has to take into account corrections for the

influence of the finite lifetime of the involved excited

states and for the attenuation of the ion-beam current. These

corrections have been extensively discussed in chapter 4.

At present, the theory of electron capture processes in

collisions between partially stripped ions and atoms contai-

ning more than one electron is not well developed due to the
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considerable difficulties which arise in the description of

systems with more than one electron. Most calculations have

been done for one-electron systems of a completely stripped

ion and atomic hydrogen. In chapter 5 some theoretical consi-

derations are presented, by which one obtains a qualitative

physical picture of the collision.

The experimental results are given in chapter 6, which is

divided in three parts. The first part (section 6.2) deals

with the excitation of He by singly and multiply charged neon

and argon ions. It turns out that due to the competition of

electron capture processes, the target-excitation cross sec-

tions decrease rather strongly with increasing charge state

of the projectile.

In the second part (section 6.3) the electron capture pro-

cess is studied for collisions between singly and multiply

charged neon and argon ions and noble gases and molecular hy-

drogen. It is clearly demonstrated that at higher projectile

charge states, the electron capture process is dominated by

capture into excited states of the projectile. This can be

explained by the simple curve-crossing model as presented in

chapter 5. Using this model we can understand which excited

states are important. The curve-crossing model is based on a

quasi-molecular description of the collision and is only valid

at low impact energies (v <1 au). At higher impact velocities

(vxl au) no simple description of the collision can be given

anymore. We found an increasing importance of capture into

states with high angular momenta.

In section 6.4 the influence of radiationless processes

is discussed. These processes lead to emission of electrons

instead of photons and it turned out that they can become of

equal importance as the radiative capture processes.



- 168 -

Samenvatting

De studie van botsingen tussen meervoudig geladen ionen en

atomen (moleculen), zoals beschreven in dit proefschrift, is

van belang voor verschillende gebieden van onderzoek (zie

hoofdstuk 1). Deze botsingen spelen een rol in thermonucle-

aire fusiereaktoren en zijn eveneens van belang bij de ont-

wikkeling van kortgolvige laserstraling en voor astrofysisch

onderzoek.

In dit proefschrift komen de fundamentele aspecten van dit

soort botsingen aan de orde. Vangst van een electron uit het

target-atoom in het projectiel-ion is gewoonlijk het belang-

rijkste proces. Meestal komt het electron in een aangeslagen

toestand van het projectiel-ion terecht. Deze electronvangst

processen zijn het voornaamste onderwerp van het onderzoek

geweest. Ook zijn de directe excitatie van het target-atoom

en van het projectiel-ion bestudeerd.

Al deze processen zijn onderzocht m.b.v. optische spectros-

copie. De golflengte van de gedetecteerde fotonen geeft in-

formatie omtrent de relevante aangeslagen toestanden, terwijl

de absolute intensiteit van de foton emissie aangeeft welke

aangeslagen toestanden het belangrijkst zijn. Naast deze op-

tische metingen zijn ook metingen gedaan aan de produktie

van electronen en langzame ionen m.b.v. een vlakke-plaat con^

densor. In hoofdstuk 2 wordt de experimentele opstelling be-

schreven.

Omdat we geïnteresseerd zijn in absolute werkzame door-

sneden, is een bepaling van de gevoeligheid van de optische

apparatuur, ook wel genoemd absolute calibratie, vereist. Deze

calibratié wordt in hoofdstuk 3 beschreven.

Bij de berekening van de werkzame doorsneden uit de experi-

mentele gegevens moet men rekening houden met correcties voor

de eindige levensduur van de betreffende aangeslagen toestand

en voor de stroomverzwakking van de ionenbundel. In hoofdstuk

4 is een uitvoerige discussie gewijd aan deze correcties.
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De theorie voor electronvangst in botsingen tussen gedeel-

telijk "gestripte" ionen en atomen met meer dan één electron

is nog niet zo goed ontwikkeld als gevolg van aanzienlijke

moeilijkheden, die optreden in de beschrijving van systemen

met meer dan één electron. De meeste berekeningen zijn dan

ook gedaan voor éën-electron systemen van volledig "gestripte"

ionen en atomaire waterstof. In hoofdstuk 5 worden enige

theoretische beschouwingen gepresenteerd, met behulp waarvan

een kwalitatief fysisch beeld van het botsingsproces kan

worden verkregen.

De experimentele resultaten komen aan de orde in hoofdstuk

6, dat in drie delen is opgesplitst. Het eerste deel (para-

graaf 6.2) behandelt de excitatie van helium door neon en

argon ionen, hat blijkt dat t.g.v. de competitie met electron-

vangst processen de werkzame doorsneden voor target excitatie

sterk afnemen met toenemende ladingstoestand van het projec-

tiel-ion.

In het tweede deel (paragraaf 6.3) wordt het electron-

vangst proces bestudeerd voor botsingen tussen enkel- en meer-

voudig geladen ionen van neon en argon enerzijds en edelgassen

en moleculaire waterstof anderzijds. Voor hogere ladingstoe-

standen van het projectiel vindt de vangst van het electron

voornamelijk plaats in aangeslagen toestanden van het pro-

jectiel-ion. Dit kan verklaard worden m.b.v. het eenvoudige

"curve-crossing" model zoals aangegeven in hoofdstuk 5. Dit

model is gebaseerd op een quasi-moleculaire beschrijving van

de botsing, welke alleen is toegestaan voor lage snelheden

van het projectiel (v <1 au). Voor hogere projectielsnelheden

(v M 1 au) kan geen eenvoudige beschrijving van de botsing

meer gegeven worden. We vinden een toenemende belangrijkheid

van vangst in toestanden met hoger impulsmoment.

In paragraaf 6.4 wordt de invloed van stralingsloze pro-

cessen behandeld. Deze processen leiden tot de emissie van

electronen i.p.v. fotonen en het blijkt dat ze net zo belang-

rijk kunnen worden als vangstprocessen die gepaard gaan met

de emissie van fotonen.



- 170 -

CURRICULUM VITAE

Na het behalen van het einddiploma HBS-B aan het Keizer

Karel College te Amstelveen begon ik in 1967 mijn studie in

de natuurkunde aan de Vrije Universiteit te Amsterdam. In

1970 werd het kandidaatsexamen afgelegd, gevolgd door het

doctoraal examen experimentele natuurkunde met bijvakken

wiskunde en mechanica in februari 1975. In de periode van

maart 1975 tot juli 1976 vervulde ik mijn dienstplicht als

sergeant bij het Korps Mobiele Colonnes. In juli 1976 werd ik

aangesteld als wetenschappelijk medewerker in dienst van de

Stichting voor Fundamenteel Onderzoek der Materie op het

FOM-Instituut voor Atoom- en Molecuulfysica, waar het in dit

proefschrift beschreven onderzoek werd verricht. Sedert

1 augustus 1980 ben ik in dienst van het Koninklijke Shell

Exploratie en Produktie Laboratorium te Rijswijk.


