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4866-vs ne interaktie van een foton of een elektron met een atoom kan leiden tot
-2-3-1979 excitatie of ionisatie van dat atoom. Het interaktie mechanisme tussen een

elektron en het atoom vertoont bij 'kleine' impulsoverdracht grote gelijke-
nis met die tussen een resonant foton en het atoom.
Bij 'grote' impulsoverdracht treden tussen deze twee mechanismen grote ver-
schillen op.
Een maat voor de sterkte van de interaktie van het atoom met (resonante)
fotonen wordt gegeven door de oscillatorsterkte van de betrokken (resonantie-)
overgang. Metingen zijn verricht om deze oscillatorsterkten te bepalen voor
een veertiental resonantie-overgangen van neon en argon. De meetmethode
berust op het gebruik van zelfabsorptie van geëmitteerde resonantiestraling.
De zelfabsorptietechniek maakt het mogelijk om voor het eerst deze oscillator-
sterkten via de overgangen in het XUV stralingsgebied te bepalen.
De hiermee verkregen resultaten zijn in goede overeenstemming met waarden
die verkregen zijn uit experimenten met voorwaartse verstrooiing van hoog-
energetische elektronen.
Daarnaast werden totale werkzame doorsneden bepaald voor aanslag van de
resonantie niveaus 2 P en 3 P van helium door elektronen (voor energieën
vanaf de drempel voor aanslag tot 2 keV). De werkzame doorsneden werden
gevonden door de intensiteit van de geëmitteerde straling te registreren
als funktie van de elektronen-energie. Metingen uitgevoerd onder twee ver-
schillende hoeken met de elektronenbundel werden gebruikt om totale werk-
zame doorsneden voor aanslag van de P subniveaus af te leiden.
Hierbij werd gevonden dat de aanslag van het m = 0 subniveau het. te verwachten
optisch verboden karakter vertoont vanaf elektronen-energieën groter dan
500 eV.
De ingewikkelde atomaire excitatie mechanismen die optreden bij beschieting
met laag-energetische elektronen kunnen tot in detail bestudeerd worden
door het verstrooide elektron en het uitgezonden foton in coïncidentie te
meten. De coïncidentietechniek maakt het mogelijk de stralingsemissie van
speciale klassen van geëxciteerde atomen te bestuderen, n.l. atomen die
worden geëxciteerd door elektronen die daarbij in één bepaalde richting
worden verstrooid. Daartoe werd een apparaat gebouwd waarmee coïncidentie-
metingen mogelijk zijn. Hierin wordt een bundel gasatomen gekruist met een
elektronenbunde. Fotonen, uitgezonden door in het botsingsproces geëxci-
teerde atomen worden gedetekteerd evenals de in een bepaalde richting ver-
strooide elektronen.

Met dit in het proefschrift beschreven apparaat zijn inmiddels een aantal
coincidentiemetingen verricht aan de excitatie van het 2 P niveau van helium.
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CHAPTER 1

GENERAL INTRODUCTION

1. Preliminaries

The subjects contained in this thesis are usually divided

in two different categories of atomic physics: i.e. spectros-

copy on the one and collision physics on the other hand. The

chapters 2 and 3 are devoted to excitation of rare gas atoms

by absorption of light (spectroscopy), whereas the remaining

chapters concern electric-dipole allowed transitions of helium

atoms excited by electron impact (collision physics). We would

like to emphasize that this division, which is often made in

practice, is arbitrary to some extent and mainly determined by

the difference in experimental methods. However, the two exci-

tation processes show (some) similarities, which may be obscured

by the above mentioned division. The photon absorption process

is similar to the electron impact excitation process, when the

incident-electron energies are large and the momentum transfers

small. By high energies we mean those energies which are much

higher than the excitation energy of the atom. The momentum

transfer K is termed small, when K << tila*, where n is the

Dirac constant and a. is the first Bohr radius of hydrogen.

At low energy of the incident electron or at large transfer

of momentum, the atomic excitation process becomes very com-

plicated and this similarity with the photon absorption process

is lost. In this introductory chapter we attempt to describe

in a qualitative way the excitation process of an atom. We

assume the electron-electron interactions of the atomic elec-

trons to be sufficiently small to treat the atomic electrons

as approximately independent of each other (so an atomic elec-

tron is considered to experience only the average potential

due to the nucleus and the electron cloud).
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2. The similarity of atomic excitation processes induced by

photons or electrons

The process of photo-ionization may be thought of as pro-

ceeding in two stages: first the transfer of energy to the

electron cloud and next the moving outward of one of the

atomic electrons in the field of the ionic core. Usually the

initial process of energy transfer is only weakly dependent

on the photon energy. The second step may be regarded as an

electron-ion scattering process with peculiar boundary condi-

tions (initially the regarded electron is not far away from

the ion but is located in the neutral ground-state atom). A

schematical diagram in which the connections of these processes

are shown is given in Fig.l. At a given energy transfer usually

different combinations of final ion-core and free-electron states

may be produced. The distribution over these possible final

states is reflected by the distribution of the continuum oscil-

lator strengths. This distribution is for the larger part deter-

mined by the dynamics of the electron-ion scattering process

(2)
(see Fano and Cooper ). Measurements of continuum oscillator

strengths usually involve summation over all possible final

states. In contrast for photon energies below the ionization

energy of the atom the discrete character of the transitions

enables one to measure oscillator strengths without such a

summation over several final states. In this case the resonant

character of the absorption process precludes a division in an

initial energy transfer process followed by an electron-ion

scattering process. Yet there should be a smooth connection

between the discrete and the continuum absorption process when

crossing through the ionization limit. For the case that only

a single Rydberg series is involved this connection is schema-

tically given in Fig.2. For the procedure to be followed for

the construction of the histogram we refer to Fano and Cooper^ .

The underlying theory is the quantum defect method of Seaton

and coworkers a> , where use is made of the fact that the

wavefunctions of highly excited states "fade" into the continuum
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A*+e!ectron A*+electron

A+photon A*photon

F i g . l . Diagram showing s c h e m a t i c a l l y the connect ion of pho to-
i o n i z a t i o n and e l e c t r o n - i o n s c a t t e r i n g p rocesses (see R e f . l ) .
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wavefunctions (Coulomb wavefunctions).

As outlined above the photo-ionization process more or less

resembles an electron-ion scattering process. The chapters

4-6 of this thesis are concerned with the electron scattering

by atoms. A classical picture may illustrate the process: at

large impact parameters the momentum K transferred in the

electron-atom collision process is small (this corresponds

to scattering in the forward direction). For electrons of

high energy the atom then only experiences during a very short

time an electric field due to the passage of the charged par-

ticle . The Fourier transforms of the experienced electric field

is therefore uniform uj>£o high frequencies ('white light').

Consequently there is a direct correspondence with the electric-

dipole allowed photo-absorption process. In both cases the

distribution of excited state densities is governed by the

distribution of the optical oscillator strengths. In the Bethe-

Born approximation this relation is brought out more clearly

by the introduction of the generalized osaillator strength of

the electron-atom scattering process. The generalized oscil-

lator strength is a function of the magnitude of the momentum

transferred in the collision. In the limit of zero momentum

transfer the generalized oscillator strength is the optical

oscillator strength (Refs.4 and 5). This relationship is ex-

ploited in the experiments where optical oscillator strengths

are derived from inelastic scattering of electrons in the

forward direction (Lassettre and Skerbele ).

3. Breakdown of the similarity for excitation at high momentum

transfers

For the prediction of total cross sections for excitation

of atoms by electrons (so an integration over all electron

scattering angles is considered) one often employs the Bethe

t In both cases the response of the atom is determined by

the frequency dependent dipole polarizability (see Ref.2).
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DISCRETE
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Fig.2. Schematical diagram showing the extrapolation of the

continuum oscillator strengths d//d;" below the ionization

threshold. The area of each block of the histogram gives

the oscillator strength of the corresponding discrete tran-

sition. For the construction of the histogram, in particular

the base width of the blocks we refer to Fano and Cooper .
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approximation, which in fact is a simplified Born approximation

(see Inokuti ). At high electron energies this approximation

gives reasonable results. For an optically allowed transition

the Bethe formula for the total cross section contains the

optical oscillator strength of the transition as a parameter.

In general a broad range of possible momentum transfers con-

tributes to the total excitation cross section. Therefore the

connection with the photo-Gxcitation process should not be

driven too far. As an example we consider the excitation pro-

cess 1 S->-2 P of helium: although the optically forbidden cha-

racter of the transition to the m = 0 sublevel is clearly

evident (see chapter 4) there is nevertheless an appreciable

contribution to the total cross section originating from this

transition (even at electron energies of several keV). This

can be brought out more clearly by considering the polarization

fraction n which characterizes the pattern of the emitted

radiation:

i - n cos2ef

l
where J(8f) is the intensity of the emitted radiation

(per unit solid angle) emitted at an angle ef with the incoming

beam direction and I is the total emitted intensity. When the

excitation is accomplished by a beam of unpolarized radiation

we get n = -I. For 1 S-+2 P excitation of helium by high energy

electrons a monotonical decrease of the polarization fraction

of the emitted radiation is found with increasing electron

energy. But even for excitation by electrons of 2 keV the pola-

rization fraction amounts only to -0.3. The fluorescence distri-

bution resulting from the photo-absorption process is not

approached until energies are reached where relativistic effects

are of importance. In fact it is just due to relativistic

effects that from 1 MeV on the polarization fraction is within

10% of the optical limit (McFarlane(7)).
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4. Electron-atom excitation processes at high transfer of

momentum

Chapters 5 and 6 deal with electron-photon coincidence expe-

riments , which allow electron-atom excitation processes to be

studied in more detail than is possible in non-coincidence

type studies. By the coincidence technique i t is possible to

study the radiative decay of atoms which are excited in a well-

defined way, i . e . excited by electrons which are scattered in

a fixed direction. In this type of experiments the momentum

transfer from the incoming electron to the observed atom is

therefore known (both in magnitude and direction, see Fig.3a).

Prom such studies (see Ref.8) i t has become evident that pr i -

marily at low energies or large momentum transfers the dynamics

of the excitation process are very complicated. This is caused

by the fact that the scattering process is not dominated by a

simple central Coulomb field: when an atom is approached by

an electron of low energy (< 100 eV) the atom becomes distorted

in the field of the incoming electron. This in turn distorts

the plane wave character of the incoming electron. In fact the

whole system can be regarded as an extremely short-lived nega-

tive ion complex, where the incoming electron becomes intimately

correlated with the atomic electrons, resulting in angular momen-

tum exchanges. Consequently the theoretical analysis becomes

complicated. Moreover at low energies exchange effects are im-
(9)portant (see Le Dourneuf ). Due to the complicated nature of

the excitation process the direction of the momentum transfer

vector K of the collision process is not an axis of symmetry

for the excited atom. In simple approximations such as the plane-

wave Born approximation the distortion of the atomic wave function

and the wavefunction of the incoming electron is not taken into

account. In these approximations i t is predicted that only

the m = 0 substates are excited when the momentum transfer

direction is chosen as the axis of quantization. For an electron-

photon coincidence experiment on the excitation process

1 S->-2 P of helium this would result in an angular distribution
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of the coincidently emitted photons as given in eqn (1) with

II = +1, In this case e. is the angle between the observation

direction and the momentum transfer vector t (see Fig.3b).

However in the experiments great departures from the predicted

distribution are found. This is illustrated in Fig.3c where
(8)an experimental distribution of Eminyan et at is shown with

K * tila*. In this measurement the emitted radiation was ob-

served in the plane of the momentum vectors {t. ,k ,1} (Fig.3a).

The measured radiation pattern is seen to be rotated with

respect to the prediction of the Born approximation. Moreover

there is no direction in which the emitted intensity is zero.

For the excitation process 1 S-+3 P of helium the radiation

observed along an axis perpendicular to the plane {k ,k ,K}

was found to be partly circularly polarized (Ref.10). This

means that there is a net orbital angular momentum component

with respect to this axis, in marked contrast to the predict-

ion of the Born approximation. In the last few years a number

of elaborate calculational schemes have been developed (Refs.

11 and 12) which reasonably account for the experimental fin-

dings. But in fact even for one of the simplest electron-atom

excitation processes (1 S->-2 P of helium) much of the excitation

process is not understood, not to speak about more complicated

transitions.
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Fig.3 (a) Diagram showing the conservation of momentum for
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? is scattered with momentum t^ at a scattering angle e by

an atom located at 0. The momentum transferred to the atom is

given by K (= t - tr) . (i>) Pattern of emitted radiation as

predicted by the Born approximation, following the excitation

process 1 S->2 P of helium with momentum transfer vector ?. This

pattern has axial symmetry with respect to J. ic) Pattern of

emitted radiation as observed in the plane {£ ,t ,1}, The

distribution was constructed from the data of Eminyan et al

for the excitation process 1 S-»2 P of helium by electrons of

80 eV, at a scattering angle e

has no axial symmetry.

35°. This radiation pattern



- 10 -

8 . M. Eminyan, K.B. McAdam, J . S l e v i n and H. K l e i n p o p p e n ,

J. Phys. BJ7, 1519 (1974) .

9 . M. Le Dourneuf, Proa. 10th Int. Conf. on Physics of

Electronic and Atomic Collisions, Paris ( N o r t h - H o l l a n d ;

Amsterdam 1978) Invited Lectures and Progress Reports

p . 1 4 3 .

10 . M.C. S tandage and H. K l e i n p o p p e n , Phys. Rev. Lett. 36 ,

577 ( 1 9 7 6 ) .

1 1 . L.D. Thomas, G. Csanak, H .S . T a y l o r and B . S . Y a r l a g a d d a ,

J. Phys. B7 , 1719 ( 1 9 7 4 ) .

1 2 . T. S c o t t and M.R.C. McDowell, J. Phys. B9 , 2235 ( 1 9 7 6 ) .



- 11 -

CHAPTER 2

DETERMINATION OF OSCILLATOR STRENGTHS FROM THE SELF-ABSORPTION

OF RESONANCE RADIATION IN RARE GASES, I . OUTLINE OF THE METHOD

Abstract - A method Is presented which determines directly

oscillator strengths for rare gas atoms from the self-absorption

of resonance radiation. It is shown that under suitable experi-

mental conditions the oscillator strength can be derived from

ths self-absorption by a simple formalism. Some problems con-

cerning this method are treated in detai l , such as reemission

of absorbed radiation and the presence of more than one isotope.

A value of 0.262 ± 0.018 was obtained for the oscillator strength

of the He(l S-»2 P) resonance transition. Preliminary data were

also obtained for some resonance transitions in neon, usinq

neon gas with a natural abundance of the isotopes.

1. Introduction

Experimental studies from which oscillator strengths for

transitions between atomic levels are derived, may be divided

into two categories: (a) Experiments which determine the lifetime

of the upper level and (b) experiments which determine the

transition probability between the two levels concerned. The

method (b) is a direct one because the relation between the

oscillator strength and the transition probability is known

(see Appendix) ; (a) is an indirect method when the upper level

can make radiating transitions to more than one lower lying

level. In the latter case, a detailed knowledge of the branching

ratios involved is needed in order to convert the lifetime data

to reliable oscillator strengths.

All of the hitherto used methods to determine directly

oscillator strengths for rare gas resonance transitions seem

to have some disadvantaqes, either theoretically or experimen-

tally. A relatively large amount of information has been obtained
(1 2 ̂by small angle electron scattering ' . In this method, the

functional relationship between the differential cross section
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(at small angle) for excitation of the resonance level involved

and the optical oscillator strength is used. The problem is

here that it is in general not clear in what ranqe of scatterina

angles this relationship holds. The method of total absorption

has been used by Griffin and Hutcherson for transitions to

low lying resonance states in Kr and Xe. This optical method

is not widely applicable because of the explicit use of the

extreme wings of the absorption line, so that the spectral

resolution is inherently poor. A third method makes use of

the self broadening of resonance levels (see e.g. Lewis )• In

some cases, this broadening can be described satisfactorily in

terms of the optical oscillator strenath between this resonance

level and the ground level. In general, however, this is not

the case.

In the present work, a relatively simple method is described

and tested in which use is made of the phenomenon of self-

absorption of resonance radiation to obtain absolute values

for oscillator strengths of resonance transitions of rare gases.

Some years ago, De Jongh and Van Eck obtained relative values

for oscillator strengths for a number of resonance transitions

in rare gases from measurements on self-absorption; in this

respect, the present study may be regarded as an extension of

their work. The principle of our method is as follows. Resonance

radiation is produced by directing a beam of electrons through

an excitation chamber, which contains the gas under study. The

attenuation of this radiation, upon passing through the gas on

its way from the excitation region to the entrance slit of a

VUV spectrometer, is measured as a function of the gas pressure.

If we assume that the initial emission profile is the same as

the Doppler profile of the absorption coefficient, then the

transmission as a function of the effective absorption length

may be calculated easily.

Some complications of the method must be considered. Firstly,

a possible departure of the emission profile from a pure Doppler

profile belonging to the gas temperature. This may be caused
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by the recoil velocity of the radiating atom as a consequence

of the collision with the exciting electron. Secondly, when

the target gas consists of more than one isotope, the corre-

sponding energy levels of the different isotopes are shifted

relative to each other. This may result in an incomplete over-

lap of the spectral-line profiles emitted by the isotopes and

the absorption profile. As a consequence, lower absorption co-

efficients will be found. A third complication may arise when

reemission from atoms, excited by absorption of a resonance

photon, contributes significantly to the measured signal. The

amount of reemission depends strongly on the taraet-gas pressure

and on the geometry of the apparatus. In general, it is extremely

difficult to make an accurate estimation of this contribution

to the measured signal; it can be made negligible, however, by

choosing the experimental conditions suitably.

2. Theory

2.1. Transmission of a single Dopvler-broadened line

When the initial spectral intensity distribution of a beam

of light is given by I (v,0), we find in general a different

distribution I (v,x) after the beam has travelled a distance

x in the target gas. The relation between the distributions is

given by

I (v,a:) = Jv(v,0) exp [- fe(v)»I, U)

where k(\>) is the frequency-dependent absorption coefficient.

For a single, purely Doppler-broadened l ine, we have

2
fc(v) = kQ « p [ - ~ , ( ^ / v 0 - 1)2I, (2)

B

where v is the central frequency of the l ine, a is the light

velocity,feg is Boltzmann's constant, T is the absolute temper-

ature of the gas, M is the mass of the absorbing atoms and
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e is the electron charge, n (p) is the atom number-density at

the pressure p, eQ is the vacuum permittivity, m is the electron

mass and f.. is the absorption oscillator strength [ see Ref.(6)] .

If we define the transmission function G(k x) as the ratio

of the intensity of the light beam at a distance x from the

source to the intensity at the source, then we have

Si (v,0) exp [- k(v)x] dv
G(k x) = . (4)

U SI (v,0) dv

The specification of the emission profile I (o,O) depends on

how the radiating atoms are excited. In the next section, it

will be shown that, if the energy of the exciting electrons is

sufficiently high, the recoil to the radiating atoms is so small

that at room temperature the deviation from the Doppler-velocity

distribution is negligible. In this case, the emission profile

may be taken to be the same as the absorption profile and eqn

(4) can be expanded in the form of an infinite series (see

Mitchell and Zemansky ^) as follows:

°° (- knx)
n

G(k cc) = 2 ^ . (5)
n=Q nWn+1

This series expansion converges sufficiently fast for calcula-

tions of G(k.x) when k^x < 10. For values of kQx < 0.5, the

transmission function may be approximated by

c) * exp[ - k.xh/2] . (6)
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Graphical representations of eqns (5) and (6) are given in

Fig.1 as curves 1 and 2, respectively.

In the above derivations, i t is assumed that the line

shape is entirely caused by the Doppler-velocity distribution

of the atoms. For large values of k.x, the transmission through

the gas under study is confined to the wings of the l ine. In

that case, the process of absorption cannot be described in

terms of pure Doppler-broadening because the line shape in the

extreme wings is determined largely by the natural line shape.'

In our experiments, we used onlv small values of V _x (< 3). In

this case, the transmission is mainly determined by the central

part of the line profile and the line shape may be treated as

a pure Doppler-shape [see Ref. (6)1 . Therefore, the preceding

derivations may be applied.

2.2. Recoil effect of the scattered electron on the excited

atom

In this section, we will give some more details on the

influence of recoil effects on the transmission function. I t

is easy to show that at room temperature the recoil velocity

of the atom due to the emission of a photon at a resonance

transition is negligible in comparison with the mean Doppler

velocity. I t is not so clear whether this is also the case for

the recoil velocity due to the collision with the exciting

electron. When the electron beam is viewed under an angle of

90°, the effect will - for reasons of symmetry - only be a

broadening of the purely Doppler freauency distribution, but,

in our case, where the electron beam is viewed under an angle

of about 54°, a slight shift of the line is also to be expected.

When electrons with energy £"„ are used to excite a resonance

t The present measurements were taken at pressures smaller
- 2 -U

than 6 x 1 0 Pa (« 5 x 10 torr) so that pressure broadening

may be neglected. Depolarizing collisions do not influence the

results because of the special orientation of the electron gun

we used (see Section 3).
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10 10'

Fig. l . Theoretical transmission curves for a Dopoler-broadened

line as a function of the weighted absorption length :• r. Curve

1 gives the transmission for the case that the emission and

absorption profile coincide |<;(:-0>r)l. Curve 2 is an approximation

of G(kQx) for small values of

3 gives the transmission i!

-Q.v | < 7 ( > 0 . : - )

Q

Curve

when two isotopes are present

in the r a t i o 1 to 9 with no overlap of the isotope shifted spec-

t r a l l ines . Curve 4 is the same as curve 3 but with equal amounts

of the isotopes [ fl 5(k z)} .
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level with energy E and the electron is scattered at an angle

8, we derive the following results, in good approximation, from

the laws of conservation of momentum and energy;

«_!_ = - (m/M) s/lEJm sin e, (8)

where v« is the extra velocity of the atom from the recoil in

the direction of the electron beam and v± is the extra velocity

in a direction perpendicular to the elctron beam. In the deri-

vation of these formulae, we have used the fact that m/M < 1.

In Table 1, values are given for the recoil velocities v,, and

yj_ for helium atoms which are excited to the 2 P state at 2 1.2

eV. These recoil velocities must be compared with the root mean

Table 1. Values of recoil velocities of helium atoms when they

are excited to the 2 p level by electrons of different energies

(£',.) and for different scattering angles 0. The components of

the recoil velocities along (u.| ) and perpendicular lv^) to the

exciting electron beam are given in m/s

Eo

6

0°
1°
2°
5°
10°

30°

50°

90°

120°

180°

40

"II

160

161

161

162

166

207

285

510

685

860

eV

Ul

0

6.

12.

30.

61

175

242

350

303

0

1

2

5

43.

43.

44.

49.

67

254

604

1614

2400

3184

400

4

6

3

3

eV

Vi

0

27.4

55

137

273

785

1203

1570

1360

0

"II

27

27

28

36

65

360

930

2550

3780

5080

1000

. 2

.6

.8

.8

.6

eV

vi

0

44. 1

88

220

4 39

1263

1936

2527

2 188

0
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square velocity of helium atoms in one direction, which is

about 780 m/s at room temperature. To make this comparison

possible, we must know the differential cross section for exci-

tation of the 2 P state as a function of angle. But we will

use the generalized oscillator strength, which gives a measure

of the amount of excitation as a function of momentum transfer.

For the total cross section a, (£',.), we have in the Born approx-
(7)imation (see e.g. Kim and Inokuti )

2 2 2
B ln{Kan)

0 r ln(Xan) .0 mm

where aQ is the first Bohr radius of hydrogen, R is the Rydberg

energy, K is the momentum transfer from the incident electron
2 2

to the atom in atomic units, (Kan) . and (Ka.) correspond0 m m 0 max ^

to the minimum and maximum momentum transfer, respectively, and

f(K) is the generalized oscillator strength for excitation of

the level involved as a function of momentum transfer.

The theoretical result for the generalized oscillator

strength for excitation of the 2 P state of helium (see Ref.

(7), which has been confirmed by experiments) is given in Fig.2.

The minimum values of the momentum transfer which are possible

for a number of electron energies, are given in the same figure.

From egn (9) we see that, at a fixed electron eneray, the relative

amount of excitation within a range of possible momentum transfer

is given by the area under the curve between the limits of the

possible momentum transfer. (For the shown electron energies

the maximum values of momentum transfer occur at larger (A'a»)

values than shown in Fig.2). From Fig.2, we note that excitation

by high energy electrons usually takes place at smaller momentum

transfers than excitation with low energy electrons. From the

same figure, one may even guess that, for exciting electrons of

1000 eV, about 70% of the excitation takes place with scattering

angles smaller than 3 . The position of the arrow gives the
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tOOO 400 200 100 50eV

10
< K a 0 )

Fig.2. Generalized osc i l l a to r strength f(K) for exci ta t ion of
the 2 p. s t a te of helium by electrons as a function of Ua ) 2

where K is the momentum transfer from the incident electron
to the atom in atomic units I see Ref. (7)] .



- 20 -

momentum transfer when 1000 eV electrons are scattered over 3 .

In view of the foregoing, we conclude that the distortion

of the Doppler velocity distribution of the radiating atoms

will be smaller as the excitation takes place with higher energy

electrons. It is not so simple, however, to draw a quantitative

calculation with respect to the transmission function. In view

of the expected differences between the recoil effects at low

and at high energies of the exciting electrons, we have checked

experimentally whether or not there is a detectable difference

in transmission in these two cases (see Section 5 ) .

3. Apparatus

The apparatus used in the measurements consisted of an electron

gun placed in an excitation chamber, which was connected to the

entrance slit of a VUV spectrometer. This set-up was specially

designed for measurements of total excitation cross-sections

free of polarization effects. The gas under study was admitted

to the excitation chamber (via a needle valve) so that the whole

electron gun was immersed in the gas. Ultraviolet photons result-

ing from the excitation of the gas atoms are partly absorbed on

their way (about 79 mm) to the entrance slit of the spectrometer.

After dispersion, the intensity of the radiation of the selected

wavelength was detected behind the exit slit.

The VUV spectrometer is of the same design and construction
(a)

as the one used by Moustafa Moussa and De Heer , this instrument

is a one meter apparatus which, in the present case, was used

at near normal incidence although the possibility exists to use

it at grazing incidence. The platinum-coated concave grating
2

(Bausch & Lomb, ruled area = 56 x 96 mm , 1200 lines/mm, blaze

angle = 4°8') is movable along the Rowland circle for selection

of the wavelength, whereas the entrance and exit slits are fixed

on the Rowland circle. The linear dispersion of the spectrometer

is thus about 1.2 mm/nm. Detection of the dispersed radiation

is accomplished with the help of an open particle multiplier.

Pulses from the multiplier were amplified, discriminated and
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counted. The spectrometer was held at high vacuum with the help

of a turbo-molecular pump with a pumping speed for air of 450

l/s; this resulted in a base pressure in the spectrometer of

about 4 x !0"5Pa (» 3 * 10~7 torr).

The electron beam system (see Fig.3) was mounted in the

excitation chamber and consists of a Pierce extraction system,

an almost closed scattering cell and a Faraday cup. An oxide-

coated cathode was used as the source of electrons. The gun

was oriented at such angles with respect to the viewing direction

and the grooves of the concave grating that the measurements

were free of polarization effects (i.e. 54 44' between the

direction of the electron beam and viewing direction , whereas

the angle between the plane formed by the viewing direction

and the electron beam makes an angle of 4 5 with respect to
(9")the grooves of the grating; see Clout and Heddle ). To reduce

the influence of magnetic fields, the entire excitation chamber

was shielded with mu metal. The excitation chamber was pumped

by a 150 l/s oil-diffusion pump {baffled with a water-cooled-

and a liquid-nitrogen cooled baffle) and by two small Saes

Getters Sorb-Ac pumps (about 5 l/s for air). The pressure in

the excitation chamber was measured with the help of an ioni-

zation gauge, which was calibrated in situ for helium and neon

against an MKS-Baratron capacitance manometer. The base pressure

in the

torr).

in the excitation chamber was usually about 8 * 10 Pa (% 6 * 10"

4. Some complications of the method

In the comparison of experimentally found transmission funct-

ions with the theoretical functions for a Doppler-broadened line

(see Section 2 ) , some problems may arise. First of all, in the

measured signal a contribution may be present due to reemission

of resonance photons after absorption by around-state atoms. This

effect becomes more pronounced as the pressure is raised. This

results in a reduction of the pressure region where a meaningful

comparison between theory and experiment can be made and the
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experimental oscillator strengths will be subject to larger

errors. By a suitable choice of experimental conditions, it

is possible to reduce the amount of reemission. In the experi-

ments of De Jongh and Van Eck , the departure of the experi-

mental transmission curve from the theoretical transmission

curve G(k^x) occurred when the transmission was smaller than

about 0.75. In the present experiments, a different scatterina

geometry is used (see Fig.3). The important difference is the

use of an almost olosed cylindrical scattering cell (except

for a small viewing slit) with a relatively small radius (14 mm),

whereas the absorption length between electron beam and spectro-

meter was about 79 mm. As a consequence, almost all of the

radiation produced reaches the walls of the scattering cell

without being absorbed at the pressures we used. In the experi-

ment of Ref.5, the scattering region was entirely open so

that the number of photons absorbed by the gas is larger. As

1 234 5

1cm

Fig.3. The electron gun with scattering cell and Faraday cup.

The electrodes 5 and 6 form together the scattering cell. The

special geometry of electrode 6 was chosen to facilitate obser-

vation of the electron beam under 54° without the use of an

excessive long scattering cell. Typical voltages (referred to

earth potential) on the electrodes to produce 1000 eV electrons

in the scattering cell were: Y. = - 1000 V, ", = - 900 V,

- 850 V, I<4 = + 200 v, r, = ;• = n v.

a consequence, the amount of reemission present in the

measured signal was much larger in their case than in the

present one. Within the statistical spreading, no departure
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from the theoretical curve G(k.x) was found experimentally,

even when the transmission was only 0.3 (see Fig.4).

In the derivation of the transmission ^unction for a Doppler-

broadened line, it was assumed that this is essentially a single

line. We will now consider some consequences concerning this

assumption. For the lighter rare gases such as helium, neon and

argon, the natural abundances of isotopes having a nuclear spin

is very small. In these cases, there are no problems related to

hyperfine structure. This is not the case for the heavier rare

gases and it is desirable to work with an isotope which exhibits

no hyperfine structure.

There is another problem when more than one isotope - each

without nuclear spin - is present in the gas, namely, an in-

complete overlap of different emission profiles of the isotopes

and the absorption profile. This is due to a shift in the corre-

sponding energy levels of the different isotopes (see Foster

and Bethe and Salpeter ). In the case of neon, for instance,
2 0 ? 1

the natural abundance of the isotopes is 90.9% Ne, 0.3% " Ne
22

and 8.8% Ne; in the following, we will disregard the influence
2 ]of the isotope Ne. The available experimental data on the

20 2 2
isotope shift of energy levels for Ne and Ne concern up till

(12)now only excited states [see e.g. Ritschl and Schober ,

Odintsov and Keller and Lesprit ) . We are, however, mainly

interested in the shift of the ground level because it is to be

expected that this shift is by far the largest. Ritschl and
(12)

Schober performed an extrapolation of their shifts for

excited states to the ground state. They obtained in this way

a shift of the order of 15 GHzC^ 0.5 cm ) , whereas at room

temperature the width at half height of the Doppler-broadened

u.v. lines is about 12 GHz(« 0.4 cm" 1). So the effect of the

presence of a second isotope seems not at all negligible. If

we assume that there is no overlap of the spectral lines emitted

by the two isotopes, then we can easily construct a transmission

curve for this case. Let us consider that a fraction I of the
22 20

eras atoms are Ne atoms and a fraction 1-1 are Ne atoms. The
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new transmission curve is then, in good approximation,

Hj(.kQx) = (1 - I)C[(1 - I)kQx] + IG{IVQx), (10)

where k~ is defined as in eqn (3) with nip) the total atom

density; we have neglected the difference in mass for the two

isotopes. When I = 0.1, the curve //.(fe.r) already differs

considerably from G(kQx) (see Fig.l). It is therefore necessary

to work with neon gas in which only one isotope is present. It

would be interesting to compare experimental transmission curves
20 2 2

for neon gas containing equal amounts of Ne and Ne with

curves for neon gas containing only one isotope (to be published)

In this way, an estimate can be obtained of the overlap of the

two shifted spectral lines, from which a value for the shift of

the ground level in terms of the Doppler width would follow

(Fig.l).

5. Measurements and treatment of data

The intensity of the 2 P -+ 1 S transition of helium was

recorded as a function of gas pressure, between 5 * 10 and

5 x 1 0 Pa, using electrons with energies of 40 and 1000 eV

(beam currents of 25 and 100 yA respectively). At each qas

pressure used, the measurement was performed by integrating

during a certain time the electron beam current on the Faraday

cup with the help of a Coulomb meter and counting the pulses

from the multiplier at the exit slit of the spectrometer. The

number of pulses so obtained was divided by the integrated

current and by the pressure p to get a quantity S (p) which

is directly proportional to the transmission G(p),viz.,

S{p) = no| G(p) , (11)

in which a is the total cross section for excitation of the

level involved (including cascade) and n is a constant quantity

which includes the viewing length, the solid anqle under which
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Pressure(torr)

100-

E 75-

5 0 -

25 -

10 2 5
Pressure(Pa)

Fig.4. Experimental transmission results for He(2!P -• 1 S)

resonance radiation produced by 1000 eV electrons as a function

of pressure. The solid line is the theoretical transmission

curve with /. . = 0.26 2. '
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the radiating atoms view the spectrometer, and the quantum

efficiency of spectrometer and multiplier.

The following procedure was adopted to normalize the .-(r>)

values obtained from experiment to values for G(? ). As may be

seen from the series expansion for C (!•• .<•) , a qood approximation

for G(k~x) is exp {-k.r l\/2) in the rection where the transmission

is sufficiently large (> 0.7). So, in the pressure range where

the transmission is high, we expect a linear relationship between

the logarithm of S(p) and the pressure. A computer program was

used to fit the measured values to a form -t - •:,] (-i and r being

adjustable constants) by a weighted least-sauares procedure. The

fit was confined to pressure regions where the transmission was

larger than 0.7. As a weight for each measuring point, we took

the square root of the number of counts. The value of n obtained

in this way was then used to normalize .'(.r) to a pressure-dependent

transmission: G(p) = exp (-a)S(r) (see Fig.4). Although it is

possible to convert the value found for B to an oscillator strength,

we have chosen graphical fitting of the normalized data to the

calculated curve G(kQz) because, in this way, measuring points

taken at higher pressures could be taken into account. By this

procedure, the pressure p. was determined where >Qx equals one

and then we calculate the oscillator strength with the help of

the following formula [see eqn (3)] :

>,)] ' (12)

x being the total absorption length.

For the 2 P -* 1 s transition for helium, four measuring series

were obtained with exciting electrons of 1000 eV and three with

electrons of 40 eV. As a result, we got averages of the absorption

coefficients which reproduced to about i!.5%. The absorption

coefficient in the case of excitation with 40 eV electrons was

found to be about 3% smaller than in the case of excitation by
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1000 eV electrons. So we may conclude that, even under extreme

circumstances (low energy electron excitation of a light atom),

the recoil on the atom is so small that at room temperature the

influence on the absorption coefficient remains within the error

limits of the present experiment.

With the help of eqn (12), the data obtained with the 1000 eV

electrons were converted to an oscillator strength. For this

purpose, the absolute value of the pressure r and the absorption

length x must be known. The following uncertainties are encoun-

tered:

(1) The value of r. is so low that it is outside the pressure

range where the calibration of the ionization gauae aaainst the

capacitance manometer was performed (10 " - 10 Pa). The

accuracy of the calibration in this pressure range is considered

to be about 3%. When we suppose the ionization gauge reading to

be proportional to the pressure below 10 Pa, the extension

towards lower pressures introduces a further error of at least

3%.

(2) The absorption length from the electron beam to the

entrance slit of the spectrometer changes along the imaged

part of the electron beam. This change is due to the fact that

we dit not view the electron beam at right angles to make the

measurements free of polarization effects. Since the imaged

part of the electron beam is about 10 mm, we calculate an

average distance between slit and electron beam of 79 ± 2 mm

(2.5%).

(3) The travelling path in the spectrometer (2 m) introduces

additional absorption, corresponding to a length of 13 ± 3 mm

at the pressure in the excitation chamber. This eauivalent length

was calculated using the known slitwidth of the entrance slit

and the data on the pumping speed of the turbomolecular pump.

In Fig.4, we present our experimental results, which we

have analysed to get a pressure-dependent transmission for the

(2 p ->• 1 S ) resonance radiation produced by 1000 eV electrons.

The oscillator strength, which was obtained for the 2 p •* I S
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transition of helium using 1000 eV electrons, was 0.262 ± 0.018.

This value is, within the specified error limits, in agreement

with the calculated value of 0.2762 of Schiff ei a?..^15' which

is considered to be accurate. We note from Fig.4 that, even

for pressures where the transmission becomes auite small (* 0.3),

the calculated curve follows the experimental points closely.

Preliminary data were also obtained on some resonance transit-

ions in neon. However, neon gas in a natural abundance ratio

was used so that the results are systematically too low. The

systematical error when there is no overlap of the spectral

lines emitted by the two isotopes will be almost 20%, but we

expect some overlap of the spectral lines. We estimate the

systematic error to be smaller than 10%; for the results, see

Table 2.+

Table 2. Preliminary results for the absorption osci1 lator

s trength ;" (units 10 ) of some resonance trans i tiens in neon

using neon gas in a natural abundance of the i sotopes.

2p6 - 3sl I j! , 2p6 - Is'l II , 2p6 . 4sl ! Jl , 2P6 • *s'l JI , 2p6 - "isl 1{]

9 . 9 4 i 0 . 7 6 1 4 1 i 1 0 1 1 . 9 * 1 . 2 1 4 . 1 + 1 . 2 5 . 5 1 ± 0 . 5 7

Appendix

The concept of oscillator strength

The introduction of oscillator strengths in atomic physics

dates back to the period before the advent of quantum mechanics.

Atomic electrons were considered as harmonically bound to the

nucleus with a small damping r. Upon exposure to an oscillating

electric field with frequency v, an harmonically bound electron

+ The present results were not corrected for thermal trans-

piration effects in the pressure calibration. In fact the

oscillator strengths obtained in this chapter should be multi-

plied by a factor of 1.04 (see chapter 3).
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will absorb energy from the applied field due to forced oscil-

lations. When a beam of electro-magnetic radiation with spectral

intensity I (v,i) (power per unit area and frequency) is incident

on a system of oscillators with resonance frequency vQ and number

density n , the attenuation of the radiation intensity over an

infinitesimal beam length Ax may be written as:

d I (v,x)
- fc <v) I (v,x), (ADdx N

where &N(v) is the frequency dependent absorption coefficient,

which is classically given as (Rosenfeld , Jackson ):

and the term in square brackets is the normalized Lorentz

profile. When the variation of I (v ,x) is small over the natural

absorption profile we get for the absorbed power per unit

volume:

( A 3 )

which is independent of the width of the absorption line. On

comparison with experiments it was found that an additional

constant, termed the absorption oscillator strength /.. had

to be introduced which is characteristic for the s-udied tran-

sition (the transition is from the lower level j to the upper

level i) so:

ITS n f . .
f k (v)dv = r^L- . (A4)

(47TE ) me
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Comparison of eqns (A3) and (A4) suqgests one to interpret /..

in terms of the classical, harmonically bound model of atomic

electrons as the (effective) number of electrons participating

in the transition and suggests the well-known sum rule:

? fu = It, ' (A5)
1 3*

with N the total number of atomic electrons. This one and

further sum rules for oscillator strengths have been derived

rigorously from quantum mechanics (see Fano and Cooper ).

Quantum mechanically the absorbed power is expressed in

terms of the Einstein coefficient for absorption B . .. When the
3 t

Einstein coefficient B .„. is defined with respect to the (iso-
J 2-

tropic) radiation density (so that the absorbed power per unit

volume equals B.. n I (\>Q,X)/O) it is found that:

(A6)

(A, E Q)

with g . the multiplicity of the initial level j, h is the
3

Planck constant and S.. the line strength of the transition,
31-

which is given as:

Sii = S \<JiMAMj;M;>\2 , (A7)%3 M.,M. % % J J

T- 3

where D is the electric dipole-moment operator (summed over

the atomic electrons). Comparison of eqns (A4) and (A6) shows

that the oscillator strength may be written down as:

Ui
8TT m v . . S . .

g
d

Most important in the present work is the connection between

the spontaneous decay probability A . . and the absorption

oscillator strength /... The spontaneous decay of excited
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states can only be accounted for in the framework of quantum

electrodynamics. It is found (Refs 19 and 20) that the decay

probability is given as:

, , 4 3

A . . = = ^- x M _ (A9)

and consequently:

o 2 2 2
OTT e v . . g .

-- = 2JL_£ x f_ (A10)
13 ( 4 W E Q ) me3 gt ^

The calculations of transition probabilities concentrate on

the evaluation of line strengths for which an adequate know-

ledge of the atomic wave functions is essential. For this

reason the actual calculations become complicated, in most

cases demanding intermediate coupling schemes. Moreover con-

figuration interaction treatments are often necessary. For the

details of atomic structure calculations we refer to a recent
(21)

review by Hibbert . Special attention to the effects of
(2 2)

electron correlation in atoms has been given by Weiss
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CHAPTER 3

DETERMINATION OF OSCILLATOR STRENGTHS PROM THE SELF-ABSORPTION

OF RESONANCE RADIATION IN RARE GASES, I I . NEON AND ARGON

Abstract - The method described In chapter 2 is used to derive

oscillator strengths for fourteen resonance transitions of

neon and argon. Electron beam excitation of the atoms is used

to produce the resonance radiation, which is partly absorbed

in the gas between the beam and the spectrometer. A VUV spec-

trometer is employed to record the radiation intensities as a

function of gas pressure. Oscillator strengths are derived

from the measurements by using a simple formalism. The unim-

portance of recoil effects (as a consequence of the excitation

process) on the shape of the emitted spectral lines and there-

by on the absorption is checked by detailed numerical calcula-

tions. Special attention is paid to the determination of the

quantities relevant in the absorption measurements i .e . the

temperature, the absorption length and the number density of

the atoms. The obtained oscillator strengths are compared

with results from other experiments of various types (particu-

larly forward inelastic electron scattering, for which on the

whole good agreement with the present results exists) and from

theoretical calculations.

1. Introduction

There is a continuously growing need of accurate atomic

data in fields closely related to atomic physics such as

plasmaphysics and astrophysics. The use of spectroscopic

techniques in plasmaphysics is very attractive because i t

is a diagnostic method which does not disturb the plasma. The

interpretation of the plasma parameters in terms of these

spectroscopic data is only possible with an adequate knowledge

of the relevant fundamental atomic data . The same is

true for astrophysics, the more so as presently measurements

are made with the help of spacecrafts so that the wavelength

region of the XUV can be fully covered. The desire for accu-

rate knowledge about oscillator strengths (or equivalent

transition probabilities) is evident in this case (see for
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instance Menzel ). In astrophysics this concerns in many cases

electric dipole forbidden transitions or transitions in highly

charged ions for which it is difficult to measure the oscillator

strengths in the laboratory. In such cases it is often necessary

to turn to calculations; therefore an adequate knowledge of the

atomic wave functions is essential. A number of semi-empirical

schemes have been proposed to calculate oscillator strengths

(e.g. Bates and Damgaard ) but the ab initio calculation of

accurate oscillator strengths regains a difficult task. Calcul-

ated oscillator strengths are often very sensitive to small

errors in the employed wave functions. Accurate results have

so far been obtained only for one-electron and two-electron

systems (Sethe and Salpeter^ and Schiff et al < ' 7 ' ) ) . It is

often difficult to judge the quality of a particular calcula-

tion on purely theoretical grounds. It has only recently become

possible to calculate rigid upper and lower bounds for oscilla-

tor strengths (see Weinhold and Anderson and Weinhold ),

but the calculation of tight bounds requires the use of corre-

sponding accurate wave functions. Summarizing we may conclude

that the comparison with experimental values remains of vital

importance to get insight in the accuracy of calculated oscilla-

tor strengths for many-electron systems.

Experimentally it is now possible to measure lifetimes accu-

rately even for excited states of highly charged ions (notably

after the introduction of the beam foil technique, although

processes of cascade can impose problems in the interpretation;

for a review, see Berry ). However, in most cases an excited

atom can make radiative transitions to more than one lower lying

level and therefore the information obtained from lifetime mea-

surements is not as detailed as one might wish. Clearly it is

advantageous to have experimental methods by which oscillator

strengths are obtained directly.

In the present work we report on oscillator strengths for a

total number of fourteen resonance transitions of neon and argon,

measured by means of a self-absorption method. An outline of this
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method has been given in chapter 2 (to be referred to as paper

I, see also Westerveld and Van Eck ') . Data for most of these

transitions have so far been obtained primarily from inelastic

scattering of high energy electrons (the derivation of oscillator

strengths from electron scattering data has been described ex-
(12)

tensively by Lassettre and Skerbele ) .

In short the present experiments are carried out as follows:

resonance radiation is produced in an excitation chamber (con-

taining the gas under study) by exciting the atoms through elec-

tron impact. In this way resonance radiation is produced with a

well-known frequency distribution i.e. a Doppler profile accor-

ding to the gas temperature (complications arise when the recoil

effects due to the excitation process are non-negligible or when

various isotopes are present with non-negligible isotope shifts).

Part of the resonance radiation is absorbed by the ground state

atoms with an absorption profile identical to the emission pro-

file of the radiation. The attenuation of the radiation on its

way through the gas from the excitation region to the entrance

slit of a vacuum ultraviolet spectrometer is measured as a func-

tion of gas pressure. Under the conditions mentioned above it is

simple to express the transmitted fraction of the radiation

intensity in terms of the absorption length, the absolute tem-

perature, the number density of the atoms and the absorption

oscillator strength of the observed transition. From a comparison

with the experimentally determined transmission data the absorp-

tion oscillator strength, being the only unknown constant, is

derived.

2. Accuracy of oscillator strengths derived from self-absorption

data

In this section we deal with some questions concerning the

derivation of oscillator strengths from self-absorption measur-

ements, which were not or only in part treated in paper I. (The

measuring procedure and the treatment of data have been fully

described in paper I). For this purpose we will briefly recall
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the relevant formulae. The initial frequency distribution

I (vjO) of a beam of resonance radiation is changed into a

different distribution I (\>,x) after the beam has travelled

a distrance x in the target gas due to absorption by ground

state atoms. Under the condition of a purely Doppler-broadened

absorption line profile the absorption coefficient k.(v) is

given as

„ 2
feD(v) = kQ exp t- ŷ -rr (v/vQ - 1)

Z] (1)
B

where v_ is the central frequency of the line, a the velocity

of light, fe is the Boltzmann constant, T is the absolute

temperature of the gas, M is the mass of the absorbing atoms

and

where e is the electron charge, n(p) is the atom number density

at pressure Pt e. is the vacuum permittivity, m is the electron

mass and f •• is the absorption oscillator strenqth.

The transmission function C(fe_x) is defined as the fraction

of the total line intensity transmitted over an absorption length

x, consequently

SI (v,0) exp [ - k(v).x] dv
G(knx) = — (3)

U /iv(v,O) dv

When the emission and absorption profiles are considered to

be identical, and purely Doppler-broadened the integration of

eqn (3) is easily performed in the form of an infinite series:

°° (- k x)n

C(knx) = 2 (4)
n= o nl/w+1

In the derivation of oscillator strengths from a comparison

of the transmission as given in eqn (4) with the experimental
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results, two questions have to be answered:

(i) How far is the above analysis applicable to the present

experiment in view of the assumptions made in the

derivation of the transmission function [ eqn (4)1?

(ii) Is it possible to measure the relevant quantities,

notably the number densities with sufficient accuracy?

ad (i) The condition of identical emission and absorption pro-

files has to do with the way of excitation of the atoms. In

case of impact excitation the emission profile may depart from

the absorption profile due to recoil effects. In paper T the

same transmission functions were found (within the accuracy of

the experiment) for the 1 S -+ 2 P helium transition for excita-

tion by 40 eV and 1000 eV electrons. This result sugqests that

recoil effects do not influence the absorption measurements

significantly. In the Appendix a derivation of recoil velocity

distributions for helium atoms is presented using differential

excitation cross sections calculated in the first Born approx-

imation. From a convolution of the recoil velocity distribution

with the Doppler velocity distribution of the helium atoms at

room temperature the emission profile of the excited atoms is

found. To check possible recoil effects on the transmission

function numerical integration of eqn (3) was performed for

various convoluted emission profiles. From the first-Born-

approximation results for the 2 P excitation of helium by 150 eV

electrons it was found, that the recoil negligibly influences

the transmission function (effects on the obtained oscillator

strengths are much smaller than 1%). In Fig.l we show the trans-

mission function supposing the unrealistic case of isotropic

scattering of 60 eV electrons on helium. In this case the derived

oscillator strengths would be about 5% too low. For illustrative

purposes we give in the insert of Fig.l the transmission function

using the recoil velocity distribution obtained when assuming

that the differential cross section resembles that of the 3 S

excitation of helium at 150 eV. (This calculation is of interest

as for neon and argon resonance levels the differential cross
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Fig.l. Calculated transmission of a resonance line as a function

of the reduced gas pressure i':Qx) , and its modification by recoil

broadening of the emission line profile (eqn 3). The absorption

profile was considered to be a purely Doppler profile according

to the gas temperature (see eqn 1). Curve 1: identical emission

and absorption profiles. Curve 2: emission profile broadened by

recoil of the excited atoms due to the exciting collisions; in

this example isotropic scattering of 60 eV electrons on helium

(transferring 2 1 eV in the collision) has been taken into account.

In curve 3 (see insert, with expanded scales) recoil effects are

taken into account for scattering of 150 eV electrons on helium,

supposing a forwardly peaked differential cross section which

resembles the excitation of the 3!S level (in the first Born

approximation). Curve 3 almost coincides with the case of iso-

tropic scattering of 40 eV electrons (transferring 2 1 eV in the

collision). No corrections for polarized emission (see Appendix)

were applied in these cases.



- 39 -

section might be less peaked in the forward direction than for

helium resonance levels). The calculation of the differential

cross section was performed in the first Born approximation.

Effects on the obtained oscillator strengths would be less than

2% in this case. We conclude therefore that even for a light

atom the influence of recoil effects on the derived oscillator

strengths is negligible. This conclusion should also hold for

resonance transitions of the heavier rare gases. (Recoil veloc-

ities are inversely proportional to the mass of the excited

atom whereas the RMS Doppler velocities are inversely pro-

portional to the square root of the atom mass).

A point only briefly mentioned in paper I concerns the
departure from a purely Doppler-broadened line shape (according

to the gas temperature) due to the finite lifetime of the levels

involved (natural broadening). As a consequence of the natural

broadening we have in fact to deal with a Voigt profile, being

the convolution of the Doppler line shape with a Lorentzian

line shape. The frequency dependent absorption coefficient

&v(v) in the case of a Voigt line profile is given by

-°° a + (u - v)

where

a(v - v_)
w = Virr-m (7)

with r the radiative decay constant. The parameter a (natural

damping ratio) is proportional to the ratio of the FWHM of the

Lorentz profile and the Doppler profile. Calculations were

performed to evaluate the transmission function by numerical

integration of eqn (3) using identical Voigt profiles for the
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emission and absorption lines. In these calculations the fast

computing method of Pierluissi et al was used to perform

the integration of eqn (5); see also Van der Held^ and

Armstrong . The calculated transmission functions are shown

in Fig.2 for a range of natural damping ratios a. The largest

values for the parameter a encountered in the present experi-

ments are of the order of 0.0] (for the neon resonance line at

73.6 nm and the argon resonance line at 104.8 nm). In the range

of weighted absorption lengths k.x considered in these experi-

ments this means that even for (these two) strong resonance

lines the effects on the obtained oscillator strengths are

smaller than 2Z. For the weaker lines the results are not affec-
•i-

ted by more than 1X.

ad (ii) The quantities important in the absorption process are

the temperature T, the absorption length z and the number

density n{p) of the atoms at pressure p, see eqns (2) and (4).

Although the gas is introduced in the excitation chamber at

room temperature it is a priori not certain whether the velocity

distribution remains in accordance with room temperature. The

heat input of the cathode for instance causes the scattering

cell to rise in temperature to about 50°C. Absorption measure-

ments were therefore carried out with a water cooled scattering

cell and compared with measurements taken with an uncooled cell.

No differences were found between the two measurements. It was

concluded therefore that the velocity distribution of the atoms

corresponds to room temperature.

The absorption length is obtained geometrically as the

distance between the scattering cell and the entrance slit

of the XUV spectrometer. However a (small) correction has to

be applied for the absorption in the spectrometer. In paper I

this correction was obtained from the known pumping speed in

t In the range of pressures considered in these experiments

the effects of pressure broadening are much smaller (see for

instance Lewis where the self-broadening constants for

several rare gas transitions are given).
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10'

Fig.2. Transmission functions (compare Fig.l) calculated by

numerical integration of eqn (3) for the case of identical

Voigt profiles (eqn 5) for the emission and absorption profile.

Curve 1: a = 0; curve 2: a = 0.05; curve 3: a = 0.10; curve 4:

a = 0.50; in the insert (with expanded scales) a detailed view

is given for the value a = 0.01 (curve 5) which is more relevant

in our case.
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the spectrometer and by calculating the gas flow through the

entrance slit from the known width and height. To check this

approach absorption measurements were made for the He (1 S->2 P)

transition at various slitwidths. From a linear extrapolation of

the obtained oscillator strengths to zero slitwidth, correction

factors for finite slitwidths were derived, which were in agree-

ment with the calculated corrections. For the heavier rare gases f

these corrections are much smaller than for helium because of

the smaller conductance of the slit system for the heavier gases. [

(The effective pumping speed, which is achieved in the spectro- •

meter is almost independent of the atom mass in the range of j
i

masses considered here). The corrections applied depend on the

used slit widths and are of the order of (5±1)2 or less for the

present experiments.

In the derivation of absolute values for oscillator strengths

a main part concerns the determination of atom number densities,

in most cases limiting the ultimate accuracy to be obtained.

(An exception is formed by the method employed by Penkin and

coworkers where the absolute determination of number densities

is circumvented by combining the hook method of Roshdestvenskii

with a total absorption measurement ' ). In contrast the

determination of lifetimes depends only on the generation of

absolute timescales which may be obtained very accurately, see

e.g. Astner et at . In the present work an ionization gauge

was used to determine the relative number densities . Conversion

to absolute scale was accomplished by absolute pressure measure-

ments with a capacitance manometer. The comparison of ionization i

manometer and capacitance manometer readings was performed in

situ and regularly repeated. j
i

Several factors are of importance as to the final accuracy '

to be obtained for the atom number densities:

(a) The variation of this number density along the absorption

path should be negligibly small. It was verified that indeed

this is the case by comparing measurements under flowing gas

conditions with measurements under static conditions (only a
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Fig.3. Experimental transmission function obtained for the

neon transiti '-n 3s[ 3/2] (2p6)'s (74.4 i n ) . The solid line

(agreeing v<ith curve 1 of Fig.2) represents the f i t which

was used in the derivation of the osc i l la tor strength (result:

/ = 10.9 x 10~3, see Table 1).



- 44 -

small flow was maintained through the slit system due to the

pumping action in the spectrometer; the background pressure in

the excitation chamber was kept in the 10 Pa range by means

of getter pumps). No differences were found between these two

cases.

(b) Another point concerns the absolute accuracy of the capaci-

tance manometer. Capacitance manometers have been tested

extensively in the last few years ' . I t was found that

commercial capacitance manometers are accurate to better than

2% for pressures down to 5 x 10 Pa. For reasons of stability

the capacitance manometer we used was kept at a temperature of

5 1°C, therefore a correction factor of 1.04 for the thermal

transpiration effect should be taken into account (see Dushman

). This correction was not applied to the results presented

in paper I, therefore the oscillator strengths given in paper I

should be multiplied by 1.04, see Tables 1 and 2.

(c) The ionization gauge used is of Bayard-Alpert type. The

response of the device should be linear with density up to

about 10 Pa (at room temperature). It is difficult to check

accurately the linearity outside the range where a meaningful

comparison with the capacitance manometer is possible, but the

measurements presented in paper I on the helium 1 S -* 2 P

transition, which can be compared with very accurate calcula-

tions , gave confidence in the reliability of the gauge. How-

ever, in a later stage of this work departures from linearity

entered as appeared from small changes in the shape of the

experimental transmission functions (resulting in changes of

up to 10% in the obtained oscillator strengths). These changes

were strongest for helium, much less for neon and absent for

argon. By changing the grid potential of the ionization gauge

from ]80 V to 100 V (with respect to the collector potential)

this problem could be fully eliminated. As an explanation we

suggest secondary electron emission from the collector due to

ion impact. The helium ions with their relatively high veloci-

ties are probably much more effective in this process than neon
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Table 1. Absorption oscillator strengths ;' (In units in ) of

neon for transitions from the ground state (2p ) S to the

resonance levels Is. and Is, (Paschen notation).2 4

Upper level:

j-K coupling 3s I 3/a ] i 3s'l 1/2 | ,
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or argon ions a' . The process of secondary electron emission

depends critically on the surface conditions of the collector

and may affect the linearity of the gauge.

As to the final accuracy to be obtained for the derived oscil-

lator strengths we refer to the discussion given in paper I.

3. Measurements and results

The apparatus used in the present investigation has been

described in paper I and only a few modifications were intro-

duced. The observations reported in paper I were made at an

emission angle of 5 5° with the electron beam whereas in this

work the electron beam was viewed at right angles. (The orien-

tation of the plane formed by the electron beam and the direction

of observation was kept, as in paper I, at an angle of 45° with

the entrance slit of the spectrometer. In this way a change in

the polarization degree of the observed radiation should not

influence the results). The reason to change the direction of

observation was to make the recoil calculations presented in

the Appendix directly applicable to the experimental situation.

The apparatus was further eguiped with a quadrupole mass spectro-

meter to verify the purity of the gas.

3,1. Neon

Measurements for neon were carried out in part with pure
2 0 20 2 2

Ne gas and partly with a natural mixture of Ne and Ne.
We have verified (to be published) that the isotope shift

* 2 0 2 2

between the resonance lines of Ne and Ne is so small in

comparison to the Doppler widths of the lines that the derived

oscillator strengths are not influenced. Consequently the results

given for the oscillator strengths of neon resonance lines given

in paper I should be correct apart from the factor 1.04 to

account for the thermal transpiration effect (see Section 2 ) .

The lines originating from the two lowest lying resonance

levels (73.6 and 74.4 nm) were resolved in the first order

spectrum, the rest of the lines in the second order spectrum.



Table 2. Absorption oscillator strengths f (in units 10 ) of neon for transitions from the

ground state (2p )1S to a number of higher lying resonance levels.
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Electron beam energies ranged from 60 eV to 100 eV. An example

of an absorption measurement is given in Fig.3. The derived

oscillator strengths are given in Tables 1 and 2.

For transitions to the two lowest lying resonance levels

(Paschen Is,, and Is, levels) a relatively large amount of data

is available both experimentally and theoretically (Table 1).

For the Is. level our results are within error limits in agree-

ment with the other results listed. But nevertheless the lowest

values quoted for the transition to the Is, level (De Jongh and
(2 1) (22) (7 5 )

Van Eck , Geiger and Lawrence and Liszt )considerably
depart from the highest values (Lewis , Korolev el al ,

( ? fi ) f ? 7 )
Ir w i n et al and K n y s t a u t a s and D r o u i n ) . For the Is,

(25)
level the two extremes are the results of Lawrence and Liszt
and of Knystautas and Drouin on the low side and on the

(29)
high side the result of Kazantsev and Chaika ; they differ

by more than a factor of 1.5. The calculations are for the

larger part semi-empirical in that at a certain stage of the

calculations experimental term values are used. The more recently

calculated oscillator strengths spread less than the experimental

ones. In Table 1 we also give the ratio of the oscillator strengths

for the two transitions as obtained by the different authors.

This ratio has been calculated by Semenov an<l Strugach from

experimental term splittings using the one-configuration approx-

imation. The agreement with the experimental values (except
(251

those of Lawrence and Liszt and those of Knystautas and
(2 7)Drouin ) shows that configuration interaction is not very

important. The oscillator strengths given in Refs. 25 and 27

for the transition to the Is, level appear too low.

The results for the higher resonance levels are given in

Table 2. We derived oscillator strengths from the lifetime results
(25)of Lawrence and Liszt by using theoretical branching ratios

t The influence of cascade on the exponential decay curves

of the neon and argon ls^ level is particularly severe. This

may explain the too low osci l lator strengths of Refs. 25 and

27.
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t>'essure<torr)
-3

10 10 2
Pressure(Pa)

10"

Fig.4. Experimental transmission function obtained for the
(3pS !S (8°.4 nm) :argon transition 3d! J]

• data obtained using the lonization manometer,

O data obtained by direct measurement with the capacitance

manometer.

An electron beam energy of 20 eV was used in the determination

of the transmission function. The solid line represents the

fit which was used jn the derivation of the absorption oscil-

lator strength (result: 0 . R9 in -3 , see Table 4). In the

insert a part of the excitation function (3p ) s • 3it( (1 i s

given (obtained at a pressure of 10 Pa and electron current

of 20 pA).
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obtained from the results of Refs. 33, 37 and 42. The spread in

experimental values is remarkably small in comparison with the

\ results of Table 1. The calculations show reasonable agreement

j with the experimental values. Ratios of oscillator strengths

| . are given for transitions to the 2s- and 2s, levels and for the

) transitions to the 3s, and 3s, levels which are in good agreement

with the results of Semenov and Strugach ' as derived from term

splittings.

3.2. Argon

The measurements on the arqon transitions were carried out

in the first order spectrum. A problem with these transitions

is the overlap with Ar II and Ar III lines in second and third

order. To prevent contributions of these higher order lines it

is necessary to choose the energy of exciting electrons suffi-

ciently low. The energies used in the measurements on the argon

transitions were in the range 20-45 eV. For measurements at

relatively high pressures as is for instance the case for

measurements on the 3d. (Paschen) level, the space charge of

the formed ions causes a pressure dependent shift of the measured

excitation energies. At a pressure of 10 Pa this shift was

found to be about 3 eV when electron currents of 40 yA were

used at 30 eV. The shift was obtained from the displacement

of the excitation threshold of the Ar II line at 92 nm. There-

fore the energies were chosen in such a way that the variation

of the excitation cross section with energy is small. For the

t 3d5 level, which has a strong triplet character, a beam energy

\ of 20 eV was used (see insert of Fig.4) and the pressure mea-

| surements were in part carried out directly with the capacitance

manometer. An absorption measurement is shown in Fig.4. The

results are given in Tables 3 and 4.

Results for the two lowest lying resonance levels are

given in Table 3. The remarks made on the ratio of the oscil-

lator strengths for the two lowest lying resonance levels of

neon also apply to the ratio of argon oscillator strengths.
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Table 3. Absorption oscillator strengths f ( in units 10~3) of

argon for transitions from the ground state (3p ) S to the

resonance levels Is- and Is, (Paschen notation).
2 4

4s I 3/2 ] , 4s'( 1/2 I ,

106.67 104.82

11.62 11.83
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The calculations by Lee and Lu and by Lee are carried

out using a multi-channel quantum defect treatment (MQDT). In

the MQDT theory the configuration interactions between the

different Rydberg series are accounted for. The accuracy of

this method for low lying levels is not expected to be very

good, but for higher lying states of heavier rare gases where

configuration interaction is important better results are

obtained.

Results for the higher lying resonance levels of arcron

are given in Table 4. The data for these transitions are scarce.

Our values are on the average about 10% lower than the other

experimental values listed in Table 4. The results of the

calculations show in some cases large departures from the

experimental values illustrating the effects of configuration

interaction. These effects are also clear when we compare the

ratio of oscillator strengths for the transitions to the 2sm

and 2s, levels. The result of Semenov and Strugach^ ' which

was derived from experimental term splittings by using the one-

configuration approximation is clearly in error for this case.

4. Concluding remarks

Remarkable good agreement exists between the present optical

results and the results from forward inelastic electron scat-

tering. In particular our results agree with the NBS results

to well within the error limits except for one case (the

transition to the 3sj level of argon). This illustrates the

power of deriving oscillator strengths from electron scattering

data, although in some cases considerable care is required to

carry out the extrapolation to zero transfer of momentum in the

excitation process (see Lassettre and Skerbele ).

The accuracy of the present method may be improved particu-

larly as for the determination of number densities and absorpt-

ion length. The path length in the spectrometer may be reduced

by using a grazing incidence spectrometer, resulting in smaller

corrections on the absorption length at comparable wavelength
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resolution. With apparatus optimized for the present method it

should be possible to derive oscillator strengths with an

accuracy of better than 5%.

The present method is extensible to transitions involving

resonance states with higher principal quantum numbers than

covered in the present work (provided sufficient wavelength

resolution is obtained in the VUV spectrometer).

Most interesting in the results of investigations like the

present one are the effects of configuration interaction. For

the heavier rare gases these effects become more and more

pronounced. However, the application of the present method to

krypton or xenon transitions will probably necessitate the use

of pure isotopes. The broader applicability of the electron

scattering method becomes evident in these cases, where the

unknown line shapes complicate the interpretation of optical

absorption measurements.

Appendix

Derivation of recoil velocity distributions of helium atoms

excited by electron impact

The electron beam is considered to be incident along the

positive z-axis (see Fig.Al). For simplicity the direction of

observation of the emitted radiation is chosen to be perpen-

dicular to the electron beam (along the x-axis). The initial

atom velocities are so small that the electron-atom scattering

process is not influenced. Consequently the recoil velocity •

distribution (due to the scattering process) and the initial f

Doppler velocity distribution of the atoms are independent of B

each other. The final velocity distribution is found by con- |

volution of these two distributions (see Section 2). In this

treatment we therefore consider the helium atoms to be at rest

before interaction with electrons takes place. For an atom

excited by electrons scattered in the direction (6,<fi) we find

(from energy and momentum conservation) for the recoil velocity

component along the x-axis:
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Fig.Al. System of coordinate axes employed in the recoil velocity

calculations. An electron of momentum P is incident along the

z-axis. A helium atom in the origin of the coordinate system is

excited by the incident electron, which is scattered in the

direction (e.i) with final momentum £ . The momentum transferred

to the atom in the collision process is given by •: (= :- - k ) .
*

The angle R indicated in the figure is the supplement of P), the

angle between the momentum transfer vector x and the direction

of observation along the x-axis. The circle C indicates those

electron scattering directions which result in eaual x-components

of transferred momentum to the atom.



- 56 -

V = - v sin 6 cos <J> (Al)

with

-r (1 - £/£„> <A2)

where £_ is the incident electron energy and E is the

excitation energy of the regarded atomic level (these equations

are simplified using m/M << I). The fraction of atoms with

recoil velocity between y and v + dv is equal to:
X X X

g (V ) dv = — / a (6) sin 6 dBd* (A3)
x o — d

with a. the total cross section and 0,(6) the differential
t d

cross section for the excitation process. The integration is

performed along the circle C: sin 8 cos $ = -v /v . The integral
X \J

given in eqn (A3) becomes much more tractable when the coordinate

system is rotated over 90° around the y-axis, so that the

z'-axis coincides with the original x-axis. This allows us to

rewrite eqn (A3) as:
2 ff

g (V ) dv = - (/ CT.(e) d*1) dv (A4)
x x °t 0 d x

with

/] -cos 6 = /] - (vJvQ)
2 cos <(.' (A5)

In the Born approximation the differential cross section is

given as:

(A6)

v/here A is a dimension less constant, K is the momentum
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transferred in the collision (atomic units) and f(K) is the

generalized osci l la tor strength. The dimensionless constant

A is given by:

4 2 2
he m a R /•-

A = 2 — _ _J! (A7)
(4ire K h* F k

0 re

with aQ the first Bohr radius of hydrogen, H the Rydberg energy

and finally k and k the momentum of the incident and scat-

tered electron, respectively.

The relation between the momentum transfer K and the elec-

tron scattering angle 8 follows from the cosine law:

K2 = k 2 + k 2 - 2 k k cose (A8)
G r G r

Accurate calculations of f(K) have been performed by Kim and

Inokuti for a number of helium transitions. We used series

expansions of the generalized oscillator strengths as given by

Vriens and Carriere with parameters fitted to agree with

the results of Ref.56.

The velocity distribution given in eqn (A4) cannot be used

directly to give the frequency distribution of the emitted

radiation when the radiation is polarized. In the Born approx-

imation the spatial intensity distribution of helium P -»• S
2

radiation is proportional to sin (?), where 0 is the angle between

the direction of observation and 1, the momentum transfer vector

of the P excitation process. Consequently when we introduce

the (unnormalized) distribution h(v ) as:
X

h(v ) ~ / a (6) sin 0 d*1 (A9)
x 0 a

we obtain directly the frequency distribution of radiation

emitted at right angles with the electron beam by using
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v = e(v/vn - )) (A10)

Integration of eqns (A4) and (A9) was carried out numerically

for excitation of the 2 P and 3 S state of helium. The full

widths at half maximum of the calculated velocity distributions

are given in Table Al and compared with the calculation of
/ c n \

Korolev and Odintsov . The recoil velocity distribution

for excitation of the 3 P state should be similar to the one

obtained for the 2 P state because the dependence of the diffe-

rential cross section on the scattering angle is largely the
/* c n \

same. Korolev and Odintsov used the Born approximation as

given by Mott and Massey . It is clear that the two calcu-

lations agree reasonably well.

Table Al. Pull width at half maximum heiaht (in m/s) of recoil

velocity distributions g(v ) (see eqn A4) and /';(:: ) (corrected

for polarized emission, see eqn A9), calculated in the Born

approximation. Excitation of helium S and F states by elec-

trons of energy EQ is considered.

EQ(eV)

150

400

1000

3!S

«(V
471

481

488

-

463

2'P

g(vx)

163

115

82

h(v )
1 X
116

77

53

s'p

h(v/

-

84

_

t Calculation of Korolev and Odintsov (Ref.58),
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CHAPTER 4

ELECTRON IMPACT EXCITATION OF 11S-+21P and 1 1 S^3 1 P OF HELIUM:

EXCITATION CROSS SECTIONS AND POLARIZATION FRACTIONS OBTAINED

FROM XUV RADIATION

Abstract - The excitation of the 2 p and 3 P states of helium

by electrons has been studied in the energy range from near

threshold to 2 keV. This was done by observing the XUV radiation

produced at emission angles of 55° and 90° to the incident elec-

tron beam. Fano plots of the relative data were fitted by straight

lines in the high-energy region. The measurements were brought

on an absolute scale by normalizing the 'relative' slopes of the

fits to the slopes predicted by the Bethe approximation. Special

attention has been paid to systematic errors introduced by the

use of a blazed concave grating. For energies exceeding 350 eV

the total cross sections are in agreement with the Bethe approx-

imation. In the lower energy region (30 - 300 eV) the total cross

sections are in good agreement with recent distorted-wave cal-

culations. By combining the results obtained at 55° and at 90°

to the electron beam, total cross sections for excitation of

the magnetic sublevels were obtained. The optically forbidden

character of the m = 0 sublevel excitation becomes manifest for

electron energies exceeding 500 eV. Polarization fractions were

derived from the experimental results in the energy range

30 - 300 eV.

1. Introduction

In the past accurate total cross sections have been obtained

for excitation of helium to the 2 P and 3 P levels by electron

impact at energies from near threshold up to several keV (De

Jongh and Van Eck , Donaldson et al ). The determination of

total cross sections over such a large energy range is carried

out by firing an electron beam of well defined energy through

the gas under study. Usually the intensity of the radiation (ori-

ginating from the decay of atoms excited to the level concerned)

emitted at well defined angles with respect to the incoming elec-

tron beam is then recorded as a function of the electron energy.

In general the recorded intensities have to be corrected, both

for polarization effects and for effects of cascade from higher

lying levels, before cross sections for the direct process of
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excitation by electrons can be derived. Depending on the wave-

length of the observed transition, the conversion of the rela-

tive intensity data to an absolute scale may impose difficulties.

In the studies referred to above, this normalization has been

performed in a semi-theoretical way by means of the well known

Bethe approximation (see Ref.3).

In the present work, just as in the two papers mentioned above

a vacuum-ultraviolet spectrometer has been used to observe tnc

intensity of the transitions from the 2 P and 3 r states to the

ground state. The range of electron er.eroies used extends from

threshold to 2 keV.

Our intention is:

(i) to provide more data on the :\bso ' iiic excitation cross

sections in the range of lower electron energies. This seems

of some importance because of the theoretical efforts which

have recently been undertaken in that energy range following

the advent of electron-photon coincidence experiments (Eminyan

et alU)) .

(ii) to determine, with more emphasis en experimental errors

than has been done previously, the region of validity of the

Bethe approximation in predicting total excitation cross sections.

(iii) to combine measurements on the intensity of radiation

emitted at different angles to the incoming electron beam to

obtain total cross sections for excitation of sublevels or

(equivalently) to obtain polarization fractions.

2. Experimental

The apparatus used in the present investigation has been

described in chapter 2 (see also Westerveld and Van Eck ) .

In short the gas under study is admitted to a vacuum chamber in

which an electron beam system is placed. The electron beam system

consists of an electron gun with Pierce extraction system, a

scattering cell and a Faraday cup. The vacuum chamber is connec-

ted to the entrance slit of a separately pumped VUV spectrometer

with a concave grating as the dispersive and imaging element
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(used in near-normal incidence). The concave grating (radius

1 m; 1200 grooves/mm) can be moved along the Rowland circle for

• wavelength selection; the entrance and exit slits are at a fixed

position on the Rowland circle. Ultraviolet photons resulting

'' from the excitation of gas atoms have to travel about 8 cm before

reaching the entrance slit of the spectrometer. After dispersion

'''. the intensity of radiation of the selected wavelength is detected

at the exit slit with the help of an electron multiplier.

•: The electron gun is placed at such angles that the plane

.: formed by the electron beam and the observed direction of photon

•j emission is at 45° to the entrance slit of the spectrometer. In

1 this way the sensitivity of the dispersive element for the polari-

f zation of the incoming radiation from the beam-excited atoms is

; largely eliminated (see Ref.6). The venetian-blind-type multiplier

\t which we used (EMI 9642) was oriented in such a way that the

\| linear cathode structure was at right angles to the exit slit

I of the spectrometer. For reasons of symmetry no polarization

| effects from the multiplier are to be expected when the electron

.j beam system is oriented in the above described way.

V We deliberately chose an arrangement in whicii the whole electron

'j gun is immersed in the gas and not a crossed beam set-up as used
-' (2)

•t by Donaldson et al . In an apparatus with crossed beams it is

; difficult to avoid changes in the cross sectional area of the

electron beam when the energy is changed so that the collision

rate may be influenced. On the other hand, our arrangement neces-

sitates the use of very low helium pressures to avoid absorption

of the resonance photons by the surrounding gas. The disturbing

effect here is not the absorption itself (because the ground state

atoms absorbing the radiation are isotropic) but rather the re-

emission after absorption. The re-emission changes the intensity

distribution over the emission angles. In the present work we

used pressures of 2 x 1o" Pa (= 1.5 * 10" Torr) and 8 x io~4 Pa

(« 6 x io"6 Torr) for the transitions 21P->-l1S and 3 ]P->1 !S, res-pectively. As may be seen from a plot of transmission against

pressure for the radiation from the transition 2 P-H S, less

than 10% of the resonance photons are absorbed at this pressure
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(see Fig.4 of chaper 2). In chapter 2 we have shown that at the

above pressures no significant contribution of re-eirission from

atoms excited by absorption of resonance photons was present.

The pressures used are also sufficiently low that processes due

to collisions between excited- and ground-state atoms can be

neglected.

In the experiments the electron beam currents ranged from

100 - 150 yA in the region of higher electron energies (> 250 eV)

to less than 20 uA in the lower energy region. Emission of photons

was observed at two different angles o with respect to the elec-

tron beam; namely 6 * 55° ('magic angle', cos e = -z) and 6 * 90°.

At each selected electron beam energy f measurements were

performed by integrating during a certain time the electron beam

current with the help of a Coulomb integrator and counting the

pulses from the multiplier. Relative emission cross sections

were obtained by correcting the accumulated number of counts

for the average number of the background counts and by dividing

by the accumulated electronic charge transmitted through the

scattering cell, and by the helium pressure. At each of the two

observed emission angles about five measuring series were obtained,

separately for the high-energy region (100 - 2 000 eV) and the

low-energy region (25 - 100 eV). After averaging the different

series, RMS errors could be assigned to the mean values of the

relative emission cross sections (S (E) and S, (E) for observation

at 0 * 55° and 90° to the electron beam, respectively). In this

way all errors of a statistical nature (such as uncertainty due

to the finite number of counts and small pressure variations)

are taken into account. In the high-energy region (E > 100 eV)

the RMS errors obtained were of the order of 1%. The background

count rate of the multiplier was always smaller than one count

per ten seconds. For measurements in the high-energy region,

t In the course of this investigation we found even low-energy

electrons capable of producing quite intensive background radiation

when metal surfaces in view of the spectrometer were subjected to

electron bombardment. This phenomenon (which does not play a role

in the present experiment) seems to be very poorly investigated.

As far as the VUV region is concerned the only report we are aware

of is that by Lukirskii and Fomichev . Besides bremsstrahlung,

transition radiation may also play a role in these phenomena (see

Ref.8).
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the background count rate never exceeded a few per cent of the

signal count rate. Systematic errors arise when a fraction of

the excitation is due to secondary electrons produced by primary

electrons hitting metal surfaces or by reflection of primary

electrons. In the high-energy region this sort of error could

be eliminated for the greater part by choosing suitable potentials

in the electron gun. In the low-energy region (K < 150 eV) this

was more difficult to do. The reason was that the current passing

through the scattering cell could not be collected in total; a

correction was applied by measuring the current separately on

the backplate of the scattering cell. The maximum current drawn

by the backplate was of the order of 5% of the total currert at

low voltages.

The energy definition of the electron beam was checked by

measuring the near-threshold part of the excitation function of

the 2 P state. The well known resonance feature at 22.6 eV (Cham-

berlain and Heideman , Brunt et al ) served as a calibration

point (see Fig.l). An energy shift of about 1.6 eV was found with

3-

1-

.**•

21 23 25
•*• Energy (eV)

-10.2

-5

-2

Fig.l. Threshold part of the excitation function 1 S»2]P of

helium {not corrected for cascade) as obtained at an emission

angle of 55 to the exciting electron beam- The resonance feature

at 22.6 eV served as a calibration point for the energy scale.

Normalization of the cross section was performed by comparing

the count rate at 25 eV with the count rate^at higher energies

(100 - 250 eV). The actual numbers of counts as displayed at the

right hand side of the figure are displaced by forty counts to

account for the number of background counts. The full curve

represents the calculation of Oberoi and Nesbet



- 68 -

respect to the applied voltage. This shift was taken into account

in the choice of voltage differences between the cathode and

scattering cell, in order to get round numbers for the energies

at which the cross sections were determined. In the low-energy

region, where there is a strong variation of the excitation cross

section with electron energy, the inaccuracy in the electron

energy is reflected in an increase of the error in the excitation

cross sections obtained at the given energies. We estimate the

accuracy of the energy definition to be better than 1 eV. The

energy spread in the electron beam is about 0.25 eV FWHM.

3. Anisotropy and polarization of the emitted radiation

In the case of dipole radiation emitted by atoms excited by

an unidirectional electron beam of energy E we have, in general,

a non-uniform intensity distribution over the emission angles.

In this section we will outline the connection between the inten-

sity distribution of the observed radiation and the parameters

describing the electron-atom scattering process leading to the

excited state concerned. We will do this somewhat more extensively

than is usual in work dealing with total excitation cross sections

because of the explicit use of some of the formulae in Section 6.

The most direct and general approach to describe the connect-

ion between observed photon emission and the excitation cross

sections involved is to use the formalism of Macek and Jaecks .

Their formulae give the intensity distribution of polarized

radiation emitted by atoms excited in a scattering process with

well defined collision dynamics (i.e. with specification of the

scattering angle of the exciting electron). In the notation of

Macek and Jaecks we get (after integration over all electron

scattering angles) for the polarized radiation intensity emitted

at an angle 9 to the incoming electron beam:

I(B;6,B) ~ ^00cos B sin
2e + i4n(sin

2g + cos2B cos28) (1)

The angle 3 is the angle between the principal axis of the linear
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polarizer and the plane formed by the electron beam and the

observed direction of photon emission (see fig.2). The para-

meters A-n and A., involve (in general) linear combinations

of the population densities of the sublevels of the upper state,
.1.

including their possible time behaviour.' In the present case

Polarizer
orientation

Fig.2. Definition of the system of reference axes ':? ; ,---,,? 3

connected to the direction of observation to describe the

orientation of a linear polarizer. The axis ? 3 is chosen along

the direction of observation; *, is taken perpendicular to ? 3

and to the electron beam" and e^ is perpendicular to both ".,

and §,.

r F.qn (1) suggests that the source of radiation consists of

three i<:dcpe»dc>:'. classical dipole oscillators: one along the

electron beam direction and two perpendicular to each other and

to the electron beam (one of which is in the plane formed by the

electron beam and the direction of observation). It is clear

then that the principal axes of polarization are along e^ and

? 2, respectively (Fig.2), as may also be seen directly from

symmetry arguments. This immediately suggests the orientation

of the electron beam in such a way that the plane formed by e^

and e, is at an angle of 45° with the entrance slit of the spec-

trometer, to overcome the sensitivity of the apparatus for the

polarization degree of the radiation (see Section 2 ) .



- 70 -

we work under steady-state conditions, so that the ratio of A00
and A . , is expressible in terms of the sublevel excitation cross

1 1sections. For a transition n P->-I S in helium {LS coupling) we

have:

' 2 & sin2e + <j_j., (£) (s in2g + cos2g cos2?) (2)

where cr'(F) and a+.(ff) are the cross sections for excitation of

the magnetic sublevels with m = 0 and m = ± ] , respectively. Here

and in the following we use primed symbols to indicate that con-

tributions by processes of cascade from higher lying lave Is are

included. The spatial symmetries of the scattering process imply

a' = a.|, • (The scattering process is invariant for reflection

with respect to an arbitrary plane containing the electron beam) .

The direction of the incoming electron beam is chosen as the axis

of quantization. With the usual definition for the polarization

fraction n ' (£) we find:

o'(E) - a' (F)
n'(E) = -^ ^ (3)

and consequently:

where I(E;&) is the intensity of radiation suiraned over two mu-

tually perpendicular polarizer settings, emitted at an angle 8

with the incoming electron beam and I (E) is the total intensity

(integrated over all emission angles). Generally defining the

polarization degree P'(E;6) of the radiation observed at an

emission angle 8 to the electron beam as:

p'^-fli = 7(£;8,e = 0) - I(g;6,B = TT/2)
K ' ' I(£;6,e = 0) + I(B;e,B = ir/2) l3'

we find
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JT(£) s in 6
P ' ( E ; 8 ) = 2— ( 6

1 - n ' (E) cos 6

Only for 8 = TT/2 do we have P' - n ' b u t , in g e n e r a l , we ge t

4. Evaluation of cross sections; normalization procedure

For the total intensity I emitted in the transition

considered we have (by definition) :

It(E) = ya't(E)nli/e (7)

with y the branching ratio of the observed transition, n the

number density of the ground state helium atoms, i the electron

beam current, e the electron charge, I the length of the observed

part of the beam and a (E) the total cross section {summed over

the magnetic sublevels) for excitation of the observed level from

the ground state. In the present case we have

a't(.B) = Og(F) + 2a'±i(E) (8)

For the detected count rate we write down

/?(£•; en) = n /o US;5 )dn (9)

u siQ

with n the overall quantum efficiency of the spectrometer and

the detector. The integration is performed over the solid angle

52- defined by the aperture of the spectrometer and centred

around an angle of emission e0 with the electron beam. For the

relative emission cross sections S(ff;8) as introduced in Section

2 we thus have;

S(£;6) ~ aQ(£)sin2e + a^(£) ( ] + cos2e) (10)

provided that both £2Q and I are sufficiently small (see Section 6)

+ In this chapter the symbol I, loosely termed 'intensity'
denotes the number of photons emitted per second.
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4.1 . Measurements at 55° with the electron beam

Although in principle i t is possible to obtain experimen-

tal ly absolute values of n for vacuum-ultraviolet lines (e.g.

Ref.12) we will use the semi-theoretical normalization method

via the Bethe approximation. In the papers of, for example,

De Jongh and Van Eck and Donaldson et al the functional

energy dependence of the total cross section in the Bethe approx-

imation was used to normalize their relative data obtained at

emission angles of about 55° to the exciting electron beam. At

this emission angle the data are directly proportional to the

tota l excitation cross section a'(£) [cf eqns (3), (4) and (8)J.

The Bethe approximation gives the asymptotic behaviour of the

Born approximation in the high-energy region. For the transitions

studied here, we have in the Bethe approximation (for a review

see Inokuti ( 3 ))

4"a
n f

a (E) = - — ln(4e E/R) (11)
1 E/R E in n

n

where aQ is the first Bohr radius of hydrogen, R the Rydberg

energy, E the excitation energy and / the optical oscillator

strength for the transition from the ground state to the level

considered and finally o is a dimensionless constant related

to the shape of the generalized oscillator strength as a function

of the momentum transferred in the collision. A plot of the

product a (E)E against ln(.E/R) (the so called Fano plot) should
2 2

result in a straight line with slope AvaQR f IE .

In the high-energy region (E > 100 eV) we corrected the

relative emission cross sections S (E) for cascade by using

published values for the cascade contributions (Refs.2 and 13).

These corrections are small (see Section "7.1). The corrected

values of S (E) were plotted in a Fano plot and weighted straight-

line fits were made to the points. As weights we used the in-

verted and squared RMS errors (see Ref.14) as obtained from the

experiment (see Section 2}. In this way i t is possible to carry
2

out a x test on the quality of the f i t . By dropping successively
in each new f i t a measurement on the low-energy side of the f i t ,
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it may be decided at which energy straight-line behaviour fits

within the accuracy of the experiment. The lowest (normalized)
2

X values so obtained were smaller than one (« 0.4). A possible

reason may be small differences in the quantum efficiency of

the apparatus for the different measuring series; this would

result in an overestimation of the RMS errors in the relative

values 5 (£). The plots obtained are given in Fig.3. We will
m (15)

now follow the procedure as described by Van Eck and De Jongh

The 'relative' slope obtained from the fits is normalized to

the slope according to the Bethe approximation [ eqn (11)] .

(Accurate values for the oscillator strengths of the transitions

considered are available, see e.g. Schiff et al and Section

7.1.). The normalization factor which is found is used in the

conversion of the relative data to absolute excitation cross

sections. The correctness of the calibration method as outlined,

remains to be verified especially with regard to the slope of

the Fano plot as predicted by the Bethe approximation (see Sect-

ion 5) .

4.2. Measurements at 90° with the electron beam

To bring the data obtained at right angles to the electron

beam on an absolute scale eqn (11) cannot be used. The relative

emission cross sections 5^ (£") are proportional to the sum

a~(E) + a+ (E) and in general not to the total cross section

a'(£). Some years ago a Bethe theory was worked out for polari-
(17)

zation by McFarlane . Application of his formula to the pre-

sent case yields the following Bethe asymptotic cross sections

for excitation of the sublevels:

E/R E IB
n

a°

!+,(£) = " — f ln(4<? E/R) - 1] (13)
-' E/R E /R n

n
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The functional relationships between the cross sections for

excitation of the sublevels and the electron energy had been

noticed previously by Moustafa Moussa . Writing ô  (£) =

aQ(E) + a±.(£) we find: ^

a, (E) = ^ 2- ln(4d EIR) (14)
EIR E IR n

n

with

In d = In a + 1. (151
n n

The normalization of data at right angles may now be carried

out (at least in principle) with the help of a Fano plot via

eqn (14).

Cascade corrections were applied under the assumption that

the cascade contributions were unpolarized. This is not entirely

correct (radiation from the D levels may be polarized) but the

cascade corrections are small and do not influence the shape of

the relative emission cross sectirns in a significant way. How-

ever, when we tried to treat the data obtained at right angles

to the electron beam along the lines sketched in Section 4.1.,

it appeared that the asymptotic straight-line behaviour according

to the Bethe approximation was not reached until much higher

energies than in case of the total cross sections. This resulted

in poorly defined fits and consequently a poorly defined norma-

lization.

Therefore a different approach was adopted to normalize the

data obtained at right angles to the electron beam. The In a

values acquired from the fits to the Fano plots for the 2!P and

3 P total excitation cross sections were used to find the values

In d via eqn (15). From these In d values the energies are

found [eqn (14)1 where the fits to the Fano plots of the data

obtained at right angles to the electron beam should intersect

the energy axis (see Fig. 4). The fits were made through this
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Fig.3. Fano plots of the total excitation cross sections

a = a + 2o+ (corrected for cascade) for the transitions

I P-*2 P and lls-3 P. Points: experimental values obtained at

an emission angle of 55.J to the incident electron beam. The

error bars represent the s t a t i s t i ca l errors as obtained from

the experiment. The measurements were brought on an absolute

scale by normalization to the slope of the rano plot in the

Bethe approximation (see Section 4.1). The full lines give

the weighted least-squares f i ts to the plotted points in the

energy range from 350 to 2000 eV. The intersections of these

f i ts with the energy axis are at 24.6 and 22.1 eV for exci-

tation of the 2 P and 3 P levels, respectively. The broken

lines, representing the Bethe approximation as obtained from
( 1 9)the calculations of Kin and Inokuti intersect the energy

axis at 22.7 and 2 1.2 eV, respectively.
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intersection and the plotted points with £ > 1000 eV (the fit

did not change when a few points on the low energy side were

added). Fig.4 was brought on an absolute scale by comparing the

'relative' slopes of the plots obtained in the above way with
2 2

the theoretical slope 2-naQR f IK of the Bethe approximation

[eqn (14)]. In this way absolute excitation cross sections

e^(E) are acquired. By combining the results obtained at emission

angles of 90° with those obtained at 5 5°, separate excitation

cross sections are acquired for the sublevels. Because the com-

bination of these measurements involves a subtraction, the

statistical errors are enlarged. This may also be the case for

systematic errors (especially for F < 150 eV) which may be of

importance in our case because a shorter scattering cell of

different geometry was used for measurements at right angles

to the electron beam. In view' of this difficulty we have to be

cautious in drawing conclusions (see Section 7.2.).

5. Justification of the normalization procedure

A first check whether or not the Bethe asymptotic cross

section is actually reached in the experiment may be carried

out by comparing the In a values obtained from the Fano plots
n (19")

with the accurate calculations of Kim and Inokuti (see also

Table 1 and Section 7). However, the important parameter in the

normalization procedure of the present relative measurements is
2 2

the slope h-na^B f IE of the Fano plot as given in the Bethe

approximation. The enly possible way to prove the correctness

of the Bethe approximation in predicting the slope is to per-

form in some way an absolute measurement of the total cross

section. For the 3 P level this is possible by observing the

transition 3 P-*2 S. The branching ratio of this transition is

known and in the visible region of the spectrum absolute cali-

bration of the equipment is possible by standard optical means

(see Refs. 20 and 21). Within the rather large error limits

C8 10%) of this type of calibration the Bethe asymptotic cross

section for excitation of the 3 P state is reached at electron
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Fig.4. Fano plots of the excitation cross sections a.
1

Points: experimental values obtained at right angles to the

incident electron beam. The error bars represent the statistical

errors as obtained from the experiment. The measurements were

brought on an absolute scale by normalization to the slope of

the Fano plot in the Bethe approximation (see Section 4.2). The

full lines give the fits made through the plotted points with

E > 1000 eV and through the points at 9.0 eV and 8.1 eV on the

energy scale for excitation of the 2 P and 3 P, respectively.

The points at 9.0 and 8.1 eV with their error limit-, (<-*) were

derived from the results of the measurements at 55° to the elec-

tron beam (see Fig.3) using eqns (14) and (15). The broken

lines represent the Bethe approximation as obtained from the

calculations of Kim and Inokuti .



- 78 -

energies of a few hundred eV. For excitation of the 2 P level

rigorous tests have been performed by integration of differen-

tial cross sections obtained in electron scattering experiments

(Vriens et al^22\ Dillon and Lassettre(23)).Dillon and Lassettre

have shown that from 300 eV onwards, fitting of apparent gene-

ralized oscillator strengths to an adapted polynomial and nume-

rical integration leads to total cross sections within 3% of

the Bethe values (see also Table 2). So the use of the Bethe

normalization procedure for total cross sections as outlined

in Section 4 appears to be justified for the transitions con-

sidered here.

6. Some sources of systematical error (of geometrical origin)

In writing down eqn (10)/ several assumptions were made:

(A) It was assumed that the variation of e alona the observed

part of the beam is sufficiently small to allow the rewriting

of eqn (9) into (10). In the present case the variation of 9

is of the order of ± 2°. The systematic error introduced by

the use of eqn (10) remains smaller than 0.1%, provided that

there is no variation in efficiency over the aperture of the

spectrometer.

(B) It was assumed that the electron gun is oriented in such

a way that the quantum efficiency ri of the apparatus is indepen-

dent of the degree of polarization of the observed radiation

[see eqn (9)1. Except for the case when the electron gun is

. parallel to the surface of the grating this condition cannot

\ be realised for each part of the grating at the same time (see

Appendix). Just as in (A) the systematical error introduced by

the use of eqn (10) will be negligibly small only when there

is no variation in efficiency over the aperture of the spectro-

meter.

However, the use of a blazed concave grating in the spectro-

meter may give rise to errors, caused by the strong variation

of the efficiency over the grating (see Refs. 24 and 25). The

blaze wavelength of the grating we used is given as 120 nm, but
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in fact this value is only correct for the central part of the

grating because the local blaze angle changes from one side of

the grating to the other. By partly screeninq the grating, it

was found that only the extreme left part of the grating was

effective when the helium lines were observed in first order.

In second order a much larger part of the grating was effectively

used. (The measurements were carried out therefore in second

order). The result of the unknown variation of the efficiency

over the surface of the grating may be that the effective accep-

tance solid angle of the spectrometer is no longer exactly cen-

tred around the supposed direction with respect to the electron

beam (55 or 90°). As a consequence two types of error will be

present:

(A1) The average angle 6 with the electron beam at which the

observed radiation is emitted deviates somewhat from the sup-

posed value (55° or 90°). Therefore the relationship between

I(£;e) on the one hand and I (£") and n'(£) on the other is not

used correctly [see eqn (4)] .

(B1) The quantum efficiency ri of the apparatus is no longer

fully independent of the degree of polarization of the observed

radiation (see Appendix). For observation at 5 5° to the electron

beam these effects are more pronounced than in the case of ob-

servation perpendicular to the electron beam because the spectro-

meter was used in near-normal incidence [although the polariza-

tion degree of the radiation is higher for observation at right

angles to the electron beam, see eqn (6)]. At the multiplier we f

once more have an incomplete elimination of the difference in j

efficiency for detection of radiation with electric vector I

parallel or perpendicular to the exit slit (the linear cathode

structure of the multiplier was oriented at right angles to the

exit slit). This would also be the case when a channeltron

detector was used, because, on average, the incident radiation

is not necessarily incident along the axis of the channeltron.

The use of a tripartite ruled grating (Samson ') may substan-

tially reduce this kind of error.
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Due to the effects discussed above small changes in the shape

of the relative excitation function may arise. A calculation

reveals that when all three of these errors of a geometrical

origin work in one direction a maximum systematic error of 2.5%

in the relative excitation cross sections may be present at

2000 eV (compared to the case of unpolarized radiation). Taking

the RMS of the three contributions discussed then the systematic

error is only 1.5%. In the derivation of these error limits it

was supposed that only one of the extreme outer regions of the

grating is effectively used and the rest of the grating is in-

effective. Furthermore 'ir both grating and multiplier extreme

sensitivity for the degree of polarization of the radiation was

assumed. For the polarization degree of the radiation emitted

at 55° to the electron beam a value of -17% was used when the

P levels were excited by 2000 eV electrons. This result was

found with the help of the Eethe approximation and eqn (6).

The most critical parameter obtained from a straight-line

fit to the points in a Fano plot is In a [eqn (11)]. Even small

changes in the shape of the excitation function result in con-

siderable changes in In a . We assume the radiation to be un-

polarized (so there is no influence of the effects discussed)

when the excitation takes place by 300 eV electrons. For the

case of a systematic error of 1.52 at 2000 eV we find a systematic

error of about 4.5% in the value obtained for In a (see Table 1).
n -

The slope of the fit and consequently the normalization factor [
i

would be in error by about 4%. !

\
7. Results and discussion 2

7.1. Total excitation avoss sections \

Good quality fits (as measured by the x probability) to

the Fano plots of the data on the 2]P and 3]P levels obtained

at 55° to the electron beam were found by using measurements

in the energy range of 350 - 2000 eV. Dropping more measurements

on the low-energy side did not result in a further lowering of
2

the x values/ but considerably enhanced the statistical errors
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in the values found for In a .
n (1)

The results of De Jongh and Van Eck (measured with a

different type of spectrometer to the present one) revealed a

similar behaviour when a weighted least-squares fit was made

to their Fano plots and x tests were performed (see Table 1).

These results are consistent with the results of Dillon and

Lassettre ' (see Table 2 ) , but not with the results of Donald-,(2) 1 t a" fits were usedson et al"~'. in the work of Donaldson

through points between 500 eV and 2000 eV but their measuring

points exhibit the straight-line behaviour down to much lower

energies, even as low as 200 eV.

The In ;.• values acquired from the fits are aiven in Table
n

1. The error limits given for the present case include only

those due to statistics. The maximum possible error of a syste-

matic origin (see Section 6) may exceed those due to statistics.

Table 1. Values of the constant ]n -n appearing in equation (11)

as found frcr. a luas t-squares f i t to the experimental data in a

Fano plot.The range of energies included in the determination

of the f i t s are l i s t ed separately in brackets .T:M' s tated error

limits only concern s t a t i s t i c a l e r ro r s .

2*P

Present work

'weighted leas t -squares f i t with . * tes t >

De Jongh

(unweighted leas t - squares f i t ;

Our reca lcu la t ion of De Jongh

(weighted leas t - squares f i t with \~ t es t}

Donaldson cl i;;.

(unweighted leas t -squares f i t l

Kim and Inokut i 1 '

(accurate ca lcu la t ion usinq Hylleraas-type

wavefunctions).

1.98 • 0.05

• 3 50-20 00 eVl

1.90 • 0.14

•'200-2000 eV1

1.95 • 0 .07

{40 0-20 00 eV)

2.0 9 • 0.15

•'500-2000 eVl

1.87

1.87 • 0 .07

• 350-2000 eV1

1.90 ' 0 .14

•,200-2000 eV:

I .88 • 0 .10

'30 0-20 HI o '}

1.69 • U.15

•'500-2000 eV

1.83
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(2)

and those of De Jongh and Van Eck but there seems no reason

to conclude there is an inconsistency between the calculated
/ 1 Q N

values of Kim and Inokuti and the experimental results

(although the theoretical results are on the whole lower than

the experimental results). In the region .V > 350 eV our results

for the total excitation cross sections may be found to within

2% using eqn (11) and the In a values given in Table 1 with

/„ = 0.276 and ,f, = 0.0734, respectively.

In Fig-5 the ratio of cross sections for excitation of

the 2 P and 3 P levels (corrected for cascade) is given for

several energies. Again our results are in good agreement

with those of De Jongh and Van Eck (1) Fig.5 shews that this

ratio is predicted quite well by the Born approximation for
(2)

energies as low as 100 eV. The ratios of Donaldson et at

differ by 8 to 15% from the present results but confirm the

rise of this ratio in the range of lower energies {E > 100 eV).

-0" 5H

3-

» ,

10'

"»—r

5 10J 2
*• Energy(eV)

Fig.5. Ratio of total cross sections for excitation of the

2'P and 3 P helium levels (corrected for cascade) as a function

of electron energy • , present results:

Eck ( 1 ) . Donaldson

De Jongh and Van
(19)

approximation) ;- Bell et a

- - - , Kim and Inokuti "•"•" (Bethe
(1 9)I (Born approximat'on).
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In Tables 2 and 3 total cross sections are given for exci-

tation of the 2 P and 3 P levels, respectively, in the lower

energy range. Both experimental and theoretical results of several

authors are included for comparison. Where possible we have given

excitation cross sections including cascade when obtained from

photon spectral intensities (to make a comparison more meaning-

ful) . Estimated cascade corrections which should be applied are

listed separately (columns (a) of Tables 2 and 3). The cascade
C i 3)

corrections were taken from De Jongh and from Donaldson ei
(2)

al by taking mean values and partly by interpolation. (The

corrections given by these authors are in good agreement with

each other. The differences hardly exceed 10% of the values given

here for the cascade corrections). The statistical errors in the

present results (as found from experiment) are smaller than 2%.

Results of some recent investigations (cascade corrected)

together with theoretical results are shown in Figs. 6 and 7.

Most recent calculations improve upon the Born approximation

(see Bell et al ) when E > 150 eV. However, only two of them

show satisfactory agreement for the lower energies, i.e. the

; d
(34)

(32}
first-order many-body approach of Thomas et al and the dis-

torted-wave polarized-orbital method of Scott and McDowell

In particular, the la t ter calculation agrees very well with the

present results over the whole energy range covered by Figs.6

and 7. There is only a slight overestimation of the cross sect-

ions. Improvements on the Born approximation in predicting total

excitation cross sections have also been obtained with recent

Glauber calculations and with the distorted-wave calcula-

tion of Madison and Shelton*'42^ .

The near-threshold part of the excitation function for the

2 P state which was used in Section 2 for calibration of bhe

energy scale (see Pig.l) was brought on an absolute scale in

previous work (Westerveld and Van Eck^ '). The normalization

was performed by comparing the count rate at 2 5 eV with the count

rate at higher energies (100 - 250 eV). For the sake of complete-

nes this result is mentioned here to demonstrate the reasonable

agreement with the calculation of Oberoi and Nesbet ^ .
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10- >N..
• : ,

o

5-

1 'S-»2

t
x'-

Experiment Calculation

10z 5 2
Energy(eV)

10'

Fig.6. Total cross sections for excitation of the 2 P helium

level (corrected for cascade) by electrons in the energy range

30 - 400 eV. Experiments: •, present work; •, De Jongh and Van

Eck "''; , Donaldson et a ; +, Dillon and Lassettre^ 2 3

( 1 9 )
Calculations:- - - , Kim and Inokuti (Bethe approximation);

, Bell et al (Born approximation); O, Thomas et at
(33)

(first-order many-body theory); v, Flannery and McCann

(ten-channel eikonal treatment); HI, Scott and McDowell

(distorted-wave polarized-orbital method DWPO I I ) . The dotted

curves merely serve as guides to the eye to faci l i tate a com-

parison of the two parts of the figure.



Table 2. Comparison of total cross sections for the excitation of the state of helium (10~23m2).

ExpcnmerKs

Including i.

25
28
30
32
35
40
45
50
60
70
80
90

10(1
120
150
180
2(10
250
300
350
400
500

1000
1500
2000

120
12 2
12-5

12-7
12(1
11-3
10-2
9-5
89
86
8-2
7 1
6 0
5-4
4-8
4-1
3-5
31

2-6
2-2
1 1

32 0
43 2
49 5
56-5
66 8
77 0
89(1
93 3

105-4
107 2
110 4
1101
[09-2
103-4
978
93 5
87 8
80-4
73-0
67 2
62 0
52 9
32 5
24 1
19-1

97-0
114 4

1119 0
1110
101 3

91 2
84 I
77.2

62 9
54 1
32 9
24 2
116

97 8
105 8
loy K
111-6
111 7
11(14
105 6
9H 3

Hb 6
76 5
68 5

57 8
50 7
31 3
23 5
18 7

97 5
10K

71 0
64 II
57 9

5114
44 4
28 9
21 (I
16 9

86 8

71 7

61 1
52 9

E0--V) (o)

86

93

25
28
30
32
35
40
45
50
6(1
70
80
9(1
100
120
150

180
200
2511

300
350
400

500
1000

1*00
2000

128 1

108 3

93 4
82 3
73 7
66-9

61 4
52 9
32 3

23S

l'» 1

149 11

130-6

1(19-4

94-0

74 0

61 5
53 0
32 3

19 1

189 1

136 4

92 4

72 3

59 9
51 1
31 8

72 5t

100 St

110-3t

103 6

114-7

120-1

120 3

115-4

101 7

89-8

72 1

6(1 1

51 5

79-2

102-6

120-3

1173

102-6

89 3

70 8

68-1

90-3

109-1

107 3

95 1

83-3

66 6

I

oo

<a) Cascade c o r r e c t i o n s to bt- a p p l i e d to colnmn.s ( b ) - ( d ) .

(b} PVC5GTIZ r&sults (XW rztdistiont inc 1 utiiiig CtisCtidt?) .

(c) De Jongh*1' (XUV radiation;his, cjscddf.' corrections added).

(d) Donaldson et <il^2' (XUV rddia t ion; the i r cascade corrections added).

(e) Houstafa Huussa r:t al(2bi (XUV radia t ion) .

( t j *riens Pt at (nurncTical integration of apparent general î ecf

Oscil lator s t rengths f i t ted by a polynomial).

(g) Chamberlain et al(27) frenormalization of (f)}

(h) Uillon and Lasset tre ^ (numerical integration of apparent

generalized osc i l l a to r strengths f i t ted by a polynomial),

( i ) Chutjian and Srivastava (numerical integration of

different ia l cross sect ions) .

( j ) Kim and I n n k u t i ( ' " (Hotlm

(K) B o l l . : . ' ' - ' " ( B o r n appro ,

. . - ( M l ,f]) hcrrinnlon > /

treatment),

(m) Kaye and Hi.-i.-ni

(n) Tliuuus •'; ,1 (

(o) l-'lannt-Ty and !

(p) Scott and MI-UI

11iri,t-i>rdor p.ii(y-bojy t-.ili u lat ipi t ) .

i n n ' " 1 (ten-chinnel ..ikon.il ip-.roxinattmi)

11 "* (distorttfd-uave pol.itiz»-d orintal ni.1'0 I and I I ) .
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3-

§ 2

1-

. • • • • • • • • •

* I

Experiment

10'

Calculation

i i r i i
5 2

-»• Energy(eV)

F i g . 7 . As F i g . 6 , but for 3 ' p . r'xpc rincn t: * , S h o w a l t e r and K a y ( 2 l > ;

Calculateons-.O, C h u t j i a n and Thomas ( f i r s t - o r d e r many-body

t h e o r y ) .
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Table 3. Comparison of total cross sections for the excitation of the 3 P state of helium (10 m ).

Experiments. Calculations

E(eV)

25
28
30
32
3S

40
45
50
60
70

HO
90
100

120
150

180
201)

250
300

.150

400
500
1000

151)0

2000

(0 1

1 8
19
1-9
1-9

1 9
1 8
1-6
1-5

1-4
1 3
1 2
1.1)
09

0-9
OK
07

06
0-5

0-4
0
02
0 1
0 1

Including C

(41 (el W) l«l If) (Kl 1*1 £(eV| (I) (|l

11 4
110

15 7
IS 5

20 2

21 2

24-9

25 7
25 8
25 0
25 1

23 5

22-9

21 6
19 5
1H3
16 8

15 5
13 3
H 13

5 98

4 78

15-3

17 8

23 0

23-9

27 2

23 7

22-1
19 9
18 2

15 5

13 1

8 06

6 03

4-62

17 0

21 i
25-1
29 1

30 6
10 9
10-9
10 1
28 4

24 5

21 6
194

16 3

139
851
h 24

5 01

26-2

20-1

17-5

13 0

20 5
22 S

24 7

260

23 8

21 1

19-4

17 0
15-7

14 0

12 1

7 14

5 34

4 12

13 1

16-8

19 9
22 4
26(1

28 2

29 2

29 8

3U-0

27 8

25 3

20 4

16 8

14 4
871

22-0

28-0

25
28
30
32
35

40
45
50
60
711

HO
90
1110

120
150

180
200
250
101)

150

400
500

32 1

27 0

23-2

20 4

18 3

17 4

15 2

111

16 1

32 2

27-1

21-3

18 3

15 2

13 1

35 4

23 7

IS 1

14 9
12-1

26 7
28 5

15 0
12 8

29

2H

25

•2

9

•7

26-3

26-3

23-7

I

CO

+ The energy valut-t, as given hy ehf author-* h.ivi- Veil rounded ofi (,j) (a-.i-.ide corrvi t iuns u> hi- .ippiiid to rolii-ms ( .M-(i) .

to integer numbers. (h) I'riM-ni r esu l t s tXl'V r.idiatn>n: in. hiding (.IMC.KU-K

( i ) Kim and I n o k u t i ( ' J (He the .ipnroxiiTMliuni . << ) Ix? JOUKI/" (VX\ r.itl i.«t i.-n;li I - oa-iciJe u'tri'itioiis .td«]t'd>.

(j> Bell tz a' (iioni approximaliun). fd) ii.m.ildsotj ' - [\V\ r "di.it ion; t!n.-ir i.i^, iijt- uTn-r t inns .iddt-d).

(k) Bransden and I s s . i < % ! (strond-fi dor lo ten t i i l impirt irdmcU'r ( L O b l u > w i ' i t . r >n<i K i v t i U I v i b i b U - r i d i u i o n 3 V - ^ S - - m l u d i n • u s i i d f )

( 3 1 ) o . | (

(m) C h u t j i a n and T h o m a s f J 7 ) (f i r^ t - o r d e r m m v - i u ' d y o i l c u l a t i o n ) . ( h ) C t n i t i i . i r

( o ) S c o t t and HcUowo 1 ! ' " ^ J fd i s to r t . fd -w. iv t . - p u l a r i z e d o r b l t . i l HUI'O I .nid I I ) .

I D "•loust.it .i IUILI^S.I , • . U f " (vi&i>iU-
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7.2. Cross sections for excitation of the magnetic subleveIs

In Fig.8 Fano plots are given for the sublevel cross sections

obtained as outlined in Section 4 (cascade corrections were trea-

ted as unpolarized). Theoretical excitation cross sections for

the sublevels were obtained in the Born approximation by com-
(29 )

bining the total excitation cross sections of Bell et al

with the polarization fractions of Vriens and Carriere

For the m = 0 sublevels the optically forbidden character

of the excitation is clearly demonstrated. The Bethe approxima-

tion is not in accordance with experiment in this case until

energies larger than 500 eV are reached, but the Born approxi-

mation gives considerably better agreement. This is in contrast

with the optically allowed excitation process for the m = ±1

sublevels where the Bethe approximation is in even better agree-

ment with experiment than the Born approximation for energies

as low as 100 eV. Figure 8 might suggest some structure in the

excitation function of the m = 0 sublevel in the energy range

from 250 to 500 eV. Therefore a separate measurement was made

in the visible region of the spectrum on the transition 3 P-»-2 S.

The contributions to the radiation intensity originating from

the m = 0 and m = ±1 sublevels, respectively, were separated

with the help of a polarizer. (The direction of observation was

at right angles to the electron beam). A multichannel analyzer

was used to record the polarized intensities directly by swee-

ping the incident energy from 250 - 550 eV synchronously with

the channel number. The intensities appeared as smoothly vary-

ing functions without any structure (see the extreme right-hand \

side of Fig.8).

In the low-energy region we give our results in the form

of polarization fractions (Fig.9). Considering the fact that

only statistical errors have been taken into account the error

bars are substantial. No corrections for cascade have been applied

in this energy region. Also shown are the measurements of Mumma

et al and of Heddle and Lucas . In the work of Mumma et

al the anisotropy of the total XUV emission was measured
(4 7)whereas Heddle and Lucas measured the degree of polarization



1

oo

10J 2 5 10'
*• Energy(eV)

2 200 500

Fig.8. Fano plots of the cross sections for excitation of the magnetic sublevels of the

2 P and 3 P states of helium. The cross sections were obtained by combining the results

of the measurements at 55° and 90° to the incident electron beam (see Figs.3-and 4). The

broken lines represent the Bethe approximation obtained using the calculations of Kim

and Inokuti and eqns (12) and (13). Born approximation results (O) were obtained

using the calculations of Bell et at and of Vriens and CarriSre . The extreme

right-hand part of the figure concerns the excitation of the 3 F level, measured via

the transition 3 P+2's in the visible region of the spectrum. Here a polarizer was used

to record separately the contributions of the m = 0 and m « ±1 sublevels.
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of the 3 P-*2 S radiation. Recently Standage obtained pola-

rization fractions for excitation of the 2 P and 3 P states by

integrating results of electron-photon coincidence experiments

over the directions of the observed scattered electrons. In

these electron-photon coincidence measurements the levels con-

cerned are isolated by selection of the scattered electrons.

Therefore the results are free from contributions of cascade.

In view of the large uncertainties there is reasonable

agreement between the present results and those of Mumma et

al and of Heddle and Lucas , although the present results

are somewhat lower in the energy range from near threshold to

100 eV. There has been some controversy concerning the polari-

zation fractions reported by Van Eck and De Jongh (Van Raan

et al ) and by Moustafe Moussa et al . A comparison of

the papers of Van Eck and De Jongh and of Van Raan et al

seems to indicate that in these works the pressures used were

too high so that depolarization by imprisonment of resonance

radiation may have taken place (see Perel and Fedorov ).

Just as for the ratio of the total cross sections for ex-

citation of 2 P and 3 P states, respectively, the Born approx-

imation (see Ref. 45) seems to work well, even for quite low

energies, in predicting polarization fractions, as was noticed

previously by Mumma et al . Here the Bethe theory fails en-

tirely as we recognised before in the range of energies from

100 to 400 eV (Fig.8). Surprisingly the results of more advanced

calculations improve, at best, only marginally upon the Born

approximation. Possible exceptions may be the distorted-wave

treatments by Madison and Shelton^ ' and Scott and McDowell^

Their calculated X parameters appear to agree quite well with

those obtained from electron-photon coincidence experiments

(the X parameter at an electron scattering angle e is defined

as the ratio of the differential cross section for excitation

of the m - 0 sublevel and the differential cross section summed

over the sublevels). For further details see Refs. 34, 50 and

51.
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Pig.9 . Polar izat ion fractions for rad ia t ive t r ans i t ions from the electron beam excited

2 P and 3 P levels to S levels as a function of e lectron energy (including cascade

except where stated otherwise) . Fxperimenf. *,O, present work (2 !P, 3' P *! ' S) ; k, Humma

e: at(46) ( I * ' P > I ' s ) ; V, Heddle and Lucas ( 4 7 ) ( 3 'p *2 ' S) ; «, Standage ( l 4 8 ) C 2 'p-« 1 ' S , without

cascade); +, Standage (3 P*l S, 2 S, without cascade). Calculations (no cascade included)

• , P , Bethe approximation, McFarlane (2 P,3 P); •» ,&, Born approximation, Vriens and

C a r r i e r e ( 4 5 ) ( 2 ' p , 3 ' p ) ; T,A, ten-channel eikonal treatment, Flannery and McCann ( 3 3 )(2 'P,

3 P ) ; * , f i r s t -o rde r many-body theory, Thomas et al (2 P); 7, Glauber approximation,

Chan and Chen (3 V). The dot ted curves merely serve as guides to the eye to f a c i l i t a t e
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In conclusion we may state that the measurement and the

calculation of total cross sections for excitation of P helium

levels has greatly progressed in the last few years. The pola-

rization fractions, however, need further attention both experi-

mentally and theoretically.

Appendix

The sensitivity of the VUV spectrometer for polarized radiation

A schematical diagram of the experimental situation is given

in Fig.Al. We suppose the grating to be used at normal incidence.

Let us first suppose the grating to be flat. A system of reference

axes is given in the figure: the grooves of the grating are paral-

lel to the x-axis; the centres of the entrance slit (C ) and the

grating (C-) are on the positive z-axis. The electron beam is

directed through the origin of the coordinate system and oriented

at the magic angle. The beam in Fig^Al is thus directed along

the (1, - 1, 1) direction. The extension of the electron beam

cuts the plane of the grating in S. Through an arbitrary point

of the entrance slit the electron beam is imaged as a line on

the grating. E.g., the image formed through the slit centre C.

is the line c; through A, the image is the line a.

The electric polarization vectors of the XUV radiation incident

on the grating (see Fig.2) are of particular importance: from

Fig.Al we readily note that one of the polarization directions

is along the local line image (e.g. a or c) and the other per-

t pendicular to that direction. The sufficient condition to over-

t come the difference in reflection coefficients for radiation with

electric vector parallel and perpendicular to the grooves, is to

orient the polarization directions § and §_ (Fig.2) at 45° with

respect to the grooves. Except for the line image c this condition

is not fulfilled in Fig.Al. When a flat grating is used, the effi-

ciency is usually constant over the grating. In that case the

above mentioned effects will not become clear because of avera-

ging over the grating. But as mentioned in Section 6 this needs

not be the case for a mechanically ruled blazed concave grating.
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Fig.Al. Schematical diagram of the experimental situation to

elucidate the polarization sensitivity of the spectrometer

(see text) .
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Let us suppose that in Fig.Al only the shaded area of the gra-

ting is effective and further that the local properties of the

grating are constant along the grooves. From the triangle PQS

the angle between one of the polarization directions at P (which

is directed along a) and the grooves of the grating is obtained

as arctan (1 + K) with < = \b/Sn (g. is the distance between C_

and the coordinate origin and b is the breadth of the grating).

As an extreme example we assume zero reflectance when the pola-

rization vector is perpendicular to the rulings: for this case

we get a relative effect on the intensity of the reflected light

(compared to the case of unpolarized incoming radiation) of <p',

where p' is the polarization degree of the incident radiation.

In the derivation we used eqn (7) of Ref.6. In our apparatus

K = 4.5 x 10~2. For p' = - 17% (see Section 6) the resulting

error in the recorded intensity due to the polarization is about

0.8%.
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CHAPTER 5

DESCRIPTION OF AN APPARATUS SUITABLE FOR STUDYING ELECTRON-ATOM

SCATTERING PROCESSES BY COINCIDENCE TECHNIQUES

Alsiva'U - A description is given of a recently completed appa-

ratus to study inelastic electron-atom scattering processes by

coincidence techniques. The r.catterina process is nenerated under

high vacuum conditions by crossing an electron beam of well-

defined energy with an atom beam. Scattered electrons are observed

dependent on energy and scattering angle with help of a hemi-

spherical type of electron spectrometer which is equiped with

an electron multiplier. In the present set-up a channeltron with

extended funnel is used to observe the intensity of Xl'V radiation,

emitted by the excited atoms; the radiation is measured as a

function of the direction of emission. By using coincidence tech-

niques i t is possible to measure the radiation pattern of a

special class of excited atoms (i .e. atoms which are excited

by electrons scattered in a well-defined direction). In this

way the scattering process is observed in more detail than is

possible by observing scattered electrons or emitted photons

separate from each other. The various parts of the apparatus

are described and some first results on the excitation of helium

atoms by electrons are shown.

1. Introduction

Only in the last few years coincidence techniques are widely

used in the study of atomic physics processes. The essential

point of a coincidence experiment is the explicit use of time

relations (or may be better: time correlations) which exist

between "events", originating from one single process. An "event"

in this sense means the arrival of a particular particle or

photon in a detector. An "event" becomes known to us and marked

in time through the output current pulse from the detector. As

an example of time relations between "events" we consider the

ionization process of an atom by an incoming electron: after

ionization has taken place we are dealing with an ion (which we

assume to be in i ts ground state) and two outgoing electrons.
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When each of the two electrons gives rise to an output pulse

from their respective detectors, the two pulses will obviously

be correlated in time.

Apart from the use of coincidence techniques to study time

relations in themselves (for instance the determination of life-

times, see Refs.la,b and 2) coincidence techniques may be used

to restr ict our observations to a particular, very limited class

of collision phenomena. The way Pochat et al ' measured diffe-

rential excitation cross sections may furnish an illustrative
(3 4)example: Pochat et al ' observed inelastically scattered

electrons and emitted photons in coincidence and in this way

succeeded to resolve (scattering-angle dependent) the excitation

of the different n = 4 and 5 helium levels from each other. The

energy resolution of the scattered-electron-analyzer was insuf-

ficient to separate the scattered electrons which had excited

different n = 4 or 5 helium levels. But due to the selection

rules for electric dipole allowed transitions the excited levels

decay to different lower lying levels. Therefore, the wavelength

of the emitted radiation differs considerably. As a consequence

processes of excitation of the different n = 4 and 5 levels can

be resolved quite easily in the photon detection channel. By

using the time relation between detected photons (of well-defined

energy) and detected electrons (which in the collision process

have lost the energy necessary to excite a particular n = 4 or 5

helium level) i t is possible to transfer the resolution of the

photon detection channel to the electron detection channel. For

other cases, for instance where XUV radiation is detected, i t is

sometimes feasible to use only energy selection on the electron

channel. The possibilities of the electron-photon coincidence

method are not fully exploited in the measurements of Pochat et
(3 4)al ' . They used a large concave mirror so that photons, emitted

in widely different directions were detected by a single photon

counter. The full power of the electron-photon coincidence method

is only obtained when both the scattered electron and the emitted

photon are detected differentially ( i .e . dependent on the direct-

ions of observation). The pioneering work on this type of doubly
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scattered electrons

incoming electrons

emitted photons

Fig.l. System of coordinate-axes to describe the scattering

geometry. The positive 2-axis is chosen to coincide with the

direction of the primary electron beam. The x-axis is chosen

in such a way that the direction in which the scattered elec-

trons are observed (polar angle 9 ) is contained in the x-z

plane (the scattering plane). Emitted photons are observed in

the direction with polar coordinates B,,$f.
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differential measurements has been performed by Kleinpoppen and

coworkers . To illustrate the power of the electron-photon

coincidence method in somewhat more detai1 we consider a hypo-

thetical atom with ground state a and a single excited state h.

We suppose that electrons with energy EQ are incident on these

atoms and induce the transition a •* b. Electrons scattered in

the direction (6 ,$ ) and photons from the subsequent decay

b •*• a, emitted in the direction (6f,i|> ), are detected in coin-

cidence (Fig.l). The coincidence technique allows us to derive

the probability that an atom, excited by an electron scattered

into a solid angle dfi around the direction (8 , <j> ), will sub-

sequently decay under emission of a photon into a solid angle

dfl. around the direction (6_,$f). By keeping the direction in

which the scattered electrons are detected fixed we can, by

moving the photon detector, extract the spatial radiation pattern

as emitted from a very special class of atoms (i.e. atoms brought

into the excited state b by electrons which are scattered in

the direction e ,<|> ). In the case that level b consists of more

than one magnetic sublevel the information obtained from electron-

photon coincidence measurements is more detailed than that ob-

tained by observing the scattered electrons or the emitted photons

separately. The information obtained from the coincidence measur-

ements concerns the scattering amplitudes for the (differential)

excitation of the magnetic substates, see Ref.7. In general it

will of course be necessary to use energy selection in at least

one of the detection channels to isolate the excitation process

of a particular level.

In this chapter we describe an apparatus suitable to study

electron-atom scattering processes by coincidence techniques.

The scattering process is generated by crossing a beam of elec-

trons of well-defined energy with an atom beam. By using suit-

able detectors outgoing electrons and emitted photons may be

observed. In the present set-up an electron spectrometer is

rotatable in the x-z plane (the scattering plane, see Fig.l).

A photon counter can be rotated around the scattering centre;

this movement is possible in the scattering plane as well as
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EG EA

Fig.2. Inside view of the electron-photon coincidence apparatus.

PD denotes the photon detector, EG is the electron gun and EA

is the electron analyzer. The atomic beam is produced within

the gear system (to rotate the detectors around the scattering

centre) and is directed upwards.
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outside that plane.

2. Main outline of the apparatus

As mentioned in the introduction the essential parts of an

apparatus suitable for studying electron-atom scattering proces-

ses by coincidence techniques are on the one hand devices for

the production of an electron and an atom beam (which inter-

sect each other at the scattering centre) and on the other hand

a system of detectors which can be rotated around the scatter-

ing centre. In the present case these various parts are mounted

on a 24" flange, which is metal sealed to a horizontally placed,

cylindrical vacuum vessel (Fig.2). Sufficiently low pressures,

about 10 Pa (« 8 * 10 torr) are reached by the use of two

large diffusion pump systems with a gross pumping speed of

2500 1/s each. The use of Santovac pump fluid prevents the

formation of isolating layers on the metal surfaces during

bake-out a ' .To reduce the influence of magnetic fields use

is made of two pairs of Helmholtz coils and of a y-metal shield

inside the vacuum vessel. Stepping motors are employed to rotate

the detectors from outside the vacuum by bellows-sealed feed-

throughs. In Fig.2 a picture is given of the inside of the appa-

ratus. In the next sections a detailed description of the various

parts will be given.

3. Generation of the scattering process

The scattering process is generated by cross-firing an elec-

tron beam with an atom beam. The crossed-beam set-up is of some

advantage as compared to a device in which the electron beam

passes through an almost closed gas-filled scattering ce l l . '

For instance: in the case of crossed beams the scattering

volume becomes relatively small so that this volume is entirely

+ It is necessary to use a region of locally higher pressure

through which the electron beam is directed. In this way reso-

nance absorption of emitted photons and scattering of electrons

in the electron spectrometer are avoided.
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1 cm

SC

W An stripper electrode

Pig. 3. Schertiaticai drawing of the electron gun. K is the cathode,

W the Wehnelt cylinder, An serves as anode. The lens elements

Pj-Pg are used to form a parallel beam which is directed through

the scattering centre SC. Typical voltages for the formation of a

40 eV electron beam at the scattering centre are (referred to the

potential at the scattering centre): K = - (0 V, V = - 39. v.

An + 60 V,

- 40 V,
= - 22 V, P = 0 V, P^ = + 85 V, P4 = + 80 V,

0 V.UO V, P? = - 15 V and P

Fig.4. Schematical drawing to elucidate the Helmholtz-Lagrange

law. Vectors dl^ fc are normal to their respective surfaces dA

and have a length which corresponds to the infinitesimal areas"
dA
aj2>-

 T n e solid angles d£2Q fc are centered around their respec-

tive directions dSQ fc. The length of these vectors is chosen to

correspond to the solid angles dfi , .
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in view of the detectors, independent of their positions. A

further advantage is sometimes that secondary processes such

as resonance absorption of photons are of less importance. More-

over in a. coincidence experiment where two detectors are to be

moved independently from each other, the construction of a tight

collision cell is very difficult, although such complicated

structures are in use today a> . But nevertheless in cases

where higher pressures are needed it is sometimes unavoidable

to use scattering cells; for instance when scattering processes

with high-energy electrons (tens of keV's) are to be studied for

which the cross sections are small

3.1. The electron gun

We used an electron gun with circular diaphragms, in which

only electrostatic focusing is employed. In the construction a

design of Harting and Burrows (Fig.3) was followed. This

type of gun excels by the low final beam energies which can be

obtained (< 2 eV) and by its small beam divergences, measured

(by Harting and Burrows ) to be smaller than 0.0 3 rad at

2 eV energy, with about 0.2 yA current and a beam diameter of

2.5 nun. The important points in the design are:

a) a Pierce extraction system which causes the initial diver-

gences of the electrons, as emitted by the cathode to be rela-

tively small. This is a necessary condition to achieve reasonable

currents at low energies and low angular spread because of the

Helmholtz-Lagrange law. The Helmholtz-Lagrange law states that

along any electron path the following relation holds (see Fig.4):

E dSl.dl = E, dfi, . d/t , (1)
a a b b b

where E and E, are the electron energies at two points a and

h on the electron path, dfl , are the inf in i tes imal so l id angles,

and &A are the in f in i tes imal a reas . Consequently the beam
3. y D "

energy, the angular spread and the beam diameter cannot be made

arbitrarily small simultaneously and are related to these quan-
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36 37 38
•*• energy of incoming electrons(eV)

Fig.5. Energy spread of the primary electron beam as measured

with help of the electron analyzer. The electron analyzer was

tuned to transmit electrons which had an energy of 37 eV upon

entrance of the analyzer. The detected electrons were elasti-

cally scattered from helium atoms at a scattering angle e = 30

The primary electron beam energy was swept over 2.5 eV.
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tities at the extraction stage.

b) The use of a stripper electrode(in lens element P., see

Fig.3) which, when combined with a Pierce extraction system

removes electrons with relatively large velocity components

perpendicular to the direction of the beam (angle sorting).

For the details oi the angle sorting action of the stripper

diaphragm on the electron beam, see Ref.ll.

Lens elements P,"p, focus the beam on the stripper dia-

phragm in lens element P, and next, elements pc~po focus the

beam at the scattering centre (which is located 30 mm behind

the lens element P.). In the cylindrical lens element P a

double set of deflection plates is mounted (as shov.— in Fig. 3)

to correct for small misalignment of the electron brai;,. The

electron beam is directed into a small curved Faraday cup

positioned about 50 mm behind of lens element Po. The lens
o

elements were machined from copper with diaphragms of molybdenum.

The voltage on each lens element is supplied by a low impedance

source (0 - 400 V).

As electron source we use an indirectly heated, porous

tungsten type of cathode which is impregnated with barium and

barium-oxide. The full width at half maximum of the energy

distribution of the beam electrons is smaller than 0.25 eV

as measured by the electron energy analyzer to be described

in Section 4.1 (see Fig.5). The energy spread of the beam is

sufficiently small to resolve the excitation process of the

2 P and 3 P levels of helium (see Fig.6). In the present set-

up, where no energy selection is employed on the primary elec-

tron beam this property is of particular importance: because

of the inherently low coincidence count rates it is not fea-

sible to use wavelength selection on the emitted XUV radiation.

For cases demanding smaller energy spread an electron monochro-

mator (in which for instance electrostatic deflection between

quarter spheres is employed) should be installed (see Refs.9a

and 12).
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*• energy loss(eV)

22 23

57 58 59 60 61
•- energy of incoming electrons(eV)

Fig.6. Energy loss spectrum of helium as observed with the

electron analyzer at a scattering angle e = 30°. The electron

analyzer was tuned to transmit electrons which had an energy

of 37 eV upon entrance of the analyzer. The primary electron

energy was swept from 56.h eV to 6 1.4 eV. The various energy

loss peaks are identified in the figure.
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3.2. The 'production of the atomic beam

In the initial set-up of the apparatus a focusing type

glass capillary array was employed for the production of the
(1 3)atom beam (see Lucas ). This focusing glass capillary array

contains about ten million channels (5 inn in diameter and with

a length of 2 mm) which are all directed to a point at about

50 mm in front of the array surface. Besides the ratio of the

pressure in the atom beam and the background pressure, the

width of this beam is important. On the one hand the width of

the atom beam should be such that at the scattering centre,

the cross section of the electron beam is easily contained;

on the other hand the dimensions of the scattering centre

should be so small, that the entire scattering centre is in

view of the electron analyzer. Although the focusing action

of the device was apparent, yet the product of beam density

and beam halfwidth in the scattering centre remained insuffi-

cient for experiments. Therefore a single needle with internal

diameter of 0.4 mm was used in the measurements. In the future

we intend to use a small capillary array (diameter of about

2 mm, non-focusing type). The advantage of a capillary array

in the comparison with a single needle is the better collima-

tion of the former. This is a consequence of the fact that

for an array larger length to diameter ratios for the channels

can be employed in practice than for the case of a single

needle. Increasing the length to diameter ratio of a single

needle at a given diameter necessitates a higher backing pres-

sure in order to attain the same throughput of gas. But as a

result of the higher backing pressure the initial part of the

needle becomes less effective in its directional properties

so that the gain of raising the length to diameter ratio of a

single needle is limited('4"16).

4. Analyzing systems

Dependent on the type of electron-atom scattering process

to be studied various types of detectors may be used. In the
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present set-up for electron-photon coincidence measurements,

scattered electrons are analyzed as to scattering angle and

as to energy with the help of a rotatable hemispherical type

electron analyzer followed by a multiplier, whereas emitted

XUV photons are detected by a channel electron multiplier

(channeltron).

4.1. Electron analyzer system

A schematical drawing of the electron analyzer is given

in Fig.7. The central part of the analyzer is formed by the

two concentric hemispheres W. and W_. Between the two spheres

a radial electric field is applied. Spherical condensovs

possess important electron-optical imaging properties (see
(12}

Purcell ) . In the case of hemispheres an object present in

the entrance plane is imaged stigmatically at a diametral

position in the exit plane. At a given position of the object

in the entrance plane the distance between the centre M and

the image is a function of the electron energy. A pair of

hemispheres can be used therefore as an energy analyzing system.

In our set-up we work with a virtual rather than a real object

in the entrance plane to prevent the secondary electron emission

which would occur from real apertures. For an electron entering

the spherical deflector at a distance x from M and with an angle

a with respect to the normal on the entrance plane (see Fig.7)

i t may be shown (Purcell^ ') that the Kepler orbit within the

deflector is given as:

Mr = iMx - (k/A)2} cos <j> - (tgo/a:) sin <f> + (k/A)2 (2)

In eqn (2) r and $ are the polar coordinates and

k2 = a EQ , (3)

2 2 2
A = x E cos a , (4)
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where E is the energy of the entering electron and £„ is the

energy of the electrons which follow the circular orbit with

radius a and center M (see Fig.7). In the derivation of eqn

| (2) effects due to space charge and fringing fields at the

! entrance and exit planes are ner^ected. Also re la t iv is t ic

| effects are not accounted for. Wiioi the virtual entrance and

( exit s l i t s both have a full width w and the maxirrum possible

entrance angle equals « we find from eqn (2) that the base-

width hE of the (energy dependent.) transmission function
IT) 3 . X f.

of the analyzer is to f i rs t order in w/a and a :

For coincidence type of measurements differences in transit

times between the different electron trajectories through the

deflector are of importance. From the conservation of areal

velocity within the deflector (Kepler's 2nd law) the transit

time T is readily found:

- 1 * 2
T = (nicos a) f r d<j) , (6)

0

where v i s the e lec t ron veloci ty a t the entrance plane and

the o rb i t x>(<\>) of the e lec t ron is given by eqn (2) . Numerical

in tegra t ion of eqn (6) has been performed by Imhof et al

From these ca lcu la t ions i t appeared tha t in usual cases the

differences in t r a n s i t time depend largely upon the entrance

angles a. In Ref.17 an approximate formula was found in which

the r e l a t i v e time spread ATI/T_ i s given as

A T . / T . * 0.60 w/a + 2.23 (1 - 2.79 w/a) a , (7)
j U Iu3X

t When the refract ion and energy change occurring upon

entrance of the def lec tor are adequately taken in to account

th i s formula changes (see Refs.12 and 17):

A£n,ax /£0 = w!a + %aX
 (5a>
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~7~^§H3 CA5D3 CA6 CA7

sc
Hi CA4 CA3 D2 CA2 CA, D, CA

Fig.7. Schematical drawing of the electron analyzer. Between

the two concentric, metallic spheres with radii K and 1-. and

centre M an electric field is applied to analyze the incoming

electrons on energy. The dotted line gives the orbit for an

electron entering the spherical deflector at a distance x from

M and an angle a with respect to the axis of the lens system.

The voltages on the lens elements in front of the spheres are

chosen in such a way that the scattering centre SC is imaged on

the entrance plane of the hemispheres. The lens elements behind

the spheres image the exit plane of the hemispheres on the

photo-cathode of an electron multiplier. To transmit electrons

which have an energy of 40 eV upon entrance of the analvzer the

typical voltages for the lens elements are (referred to the

potential at the scattering centre): CA = 0 V, D = + 50 V,

CA5 = - 25 V,

1
- 30 V , C A 3 = - 5 V , CA^ = - 30 V, Hj 3 = - 35 V,

= - 2 0 V, CA, = CA, = - 35 V , D, = - 3 8 V.o 7 A
The voltage of the photo-cathode of the electron multiplier is

+ 100 V.
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where T Q is the average transit time.

Hemispherical electron energy analyzer systems have been

described extensively in the literature . Therefore a

short description of the present system will be sufficient.

The most important difference of the present system with the

usual set-up concerns the relatively large spacing between the

spheres (R. = 50.0 mm; R = 20.7 ram). As a consequence irregu-

larities on the sphere surfaces (in polishing and potential)

have only a small influence on the electron trajectories be-

tween the spheres. Moreover electrons entering at widely dif-

ferent angles of entrance can be handled without hitting the

sphere surfaces. The use of such a large spacing between the

spheres necessitates correction for the disturbance of the

radial field at the entrance and exit planes. Correction ele-

ments V. and V- were therefore introduced, which are kept at

voltages in accordance with the potential distribution between

the spheres. As a further correction the lens elements H and

H_, adjacent to the spheres are used as Herzog elements (so

the voltage equals the voltage midway between the spheres).

The lens elements in front of the deflector form an image

(of adjustable energy) of the scattering centre SC in the en-

trance plane of the deflector. The imaging is performed in two

stages to make it possible to decelerate the electrons to a

sufficiently low energy of a few eV [see eqn (5)] . In the first

stage the three element lens formed by CA, D and CA is used

to image the scattering centre on the diaphragm CA_ (the lens

elements CA. , CA., and D_ are kept at the same potential) . The

entrance cone CA serves as angular stop and is kept at the

potential of the scattering centre. Because of its small dia-

meter the scattering region can be imaged as a whole on the

diaphragm of CA2. In the next stage, from the diaphragm CA_ to

the selector an image of the diaphragm is formed in the entrance

plane of the selector. One further requirement which should be

fulfilled by the entrance lens system is that the entrance

angular stop CA is imaged at infinity. In this way the angular

spread upon entrance of the spheres is kept as small as possible
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which is important for the energy resolution [ eqn (5)] but in

particular for the time resolution of the selector [ see eqn (7)] .

The lens system after the selector forms an image of the exit

plane on the diaphragm CA_. In this way the spatial separation

between electrons of different energies is effectuated because

only electrons of the desired energy are transmitted through

the diaphragm. The remaining lens elements form an image of the

diaphragm CA_ on the photocathode of an electron multiplier

(Hamamatsu R 660) which is used as the detector. In the system

of lens elements four elements (D.-D.) contain a double set of

deflection plates which are used to correct for minor misalign-

ments of the lens elements. The lens elements were machined

from copper except the entrance angular stop and the (circular)

diaphragms which are of molybdenum. The parts of the selector

are of copper but were plated with a layer of 1 vm molybdenum

by sputtering.

In the design of the lens system use has been made of the
(21)

calculations of Adams and Read for three element asymmetric

voltage lenses. So far no detailed numerical calculations have

been performed to optimize the analyzer system. Such calculations

may be of particular importance for the obtainable time resolu-

tion . As an example of a

of helium is shown in Fig.6.

tion . As an example of a measurement, an energy loss spectruir

4.2. Photon detector

In the present set-up a channeltron with an enlarged funnel

(diameter 10 mm) is used to detect emitted XUV radiation (Mul-

lard B419 3L).Detection efficiencies of channeltrons for XUV-
/2 ? 2 3}

radiation reach to about 15% at 70 ntn ' . A very important

property of a channeltron is the insensitivity of its response

to the degree of polarization of the incident radiation. This

r Molybdenum possesses properties which makes it a very

suitable material for low energy electron analyzers: its oxides

are conductive and the surfaces appear to be stable in a vacuum

environment.
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is a consequence of the rotational symmetry around its axis

(we suppose the axis of the channeltron to be directed to the

radiation source). So in the present set-up the linear and

circular polarization of the XUV radiation are left unobserved.

To prevent detection of charged particles, three grids biased

at suitable potentials are mounted in front of the channeltron.

A slightly positive voltage of about 2 V (with respect to the

potential of the scattering centre) is chosen for the grid

closest to the scattering centre. The remaining two grids and

the funnel of the channeltron are biased at the cathode poten-

tial. However,detection of metastables cannot be avoided in

this way.? In Pig.8a the count rate of the channeltron is dis-

played as a function of the energy of the primary electron

beam which is incident on helium atoms. The low energy part

of the excitation function is entirely due to metastable 2 S

and 2 S atoms. From 21.2 eV on the contribution of XUV radia-

tion in the signal becomes increasingly important (cf. Fig.l

of chapter 4). In Fig.8b, where the left hand part of Fig.8a

is given in magnified form, the finer details of the excitation

function (such as resonances) become clearly visible.

However, the use of channeltrons has some disadvantages.

For instance there is considerable variation of the gain over
( 2 7 2 fi ̂

the funnel ' so that great care is required in setting
discriminator levels. Also the sensitivity across the funnel

(28}
may vary v . Timing characteristics of funnel type channel-

( 2 9)
trons are so far only studied by Slevin et al . Due to the

difference in length of the trajectories of photo-electrons

originating from different regions of the funnel the intrinsic

time resolution is rather poor («* 5 n s ) . Much better resolution

t Tan et al used repeated reflections at grazing

incidence from gold coated surfaces to measure the degree of

linear polarization of XUV radiation in an electron-photon

coincidence experiment.

t Brunt et al a > using a pulsed electron beam (with an

energy spread of less than 30 meV) succeeded to separate the

contributions of XUV radiation and metastables from each other.

A similar technique was applied already in 1942 by Dorrestein a > .
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20 21 22 23 24 25 26 27

energy of incoming electrons(eV)

Fig.8a. Count rate of the channeltron photon detector as a

function of the energy of the primary electrons which were

incident on the thermal beam of helium atoms. Below 21.2 eV

the signal is entirely due to metastables. The position of the

photon detector in this measurement was 9 = 4 0 = 9<T
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times (< 1 ns) are obtainable with cascaded micro-channel

plates but unfortunately their behaviour for polarized

radiation is not known at present.

For measurements in the visible region of the spectrum

it is feasible to measure both the linear and circular polari-

zation '. When the polarizations are left unobserved it may

be advantageous to employ flexible fiber optics for angular

correlation measurements so that cooled photomultipliers can

be used without constructional problems by placing them out-

side the vacuum vessel.

5. Electronics

The detectors produce current pulses which are amplified,

disciminated and converted to standard pulses using fast

electronics. The study of time correlations between the two

outputs becomes consequently a matter of electronics. In the

present set-up we use a time-to-pulse-height-converter (TPHC).

In this intrument a pulse from one of the detectors is used

to start a linear ramp voltage. The ramp is stopped when a

pulse from the second detector arrives in the TPHC (when

necessary, suitable delay lines are inserted to correct for

large time differences between correlated pulses). At the

moment the linear ramp is stopped, an output pulse is genera-

ted by the TPHC with a peak height equal to the momentary

voltage of the ramp. In this way differences in time are con-

verted to differences in pulse height. By analyzing the pulses

from the TPHC with a pulse-height-analyzer (PHA) we obtain the

spectrum of arrival times at given start-time. In Fig.9 a

measured spectrum is given. The flat background is formed by

"accidental" coincidences while in the peak the stop pulses

are found which are correlated in time with their start pulses.

By counting the number of pulses in the coincidence peak and

correcting for "accidental" coincidences the number of electron-

photon pairs is found which originate from the same collision

process- The width of the coincidence peak displayed in Fig.9
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20 21 22 23
-»• energy of incoming electrons (eV)

Fig.8b. The left hand part of Fig.8a is qiven on an expanded

energy scale to show some of the finer details of the exci-

tation function. For energies exceeding 2 1 eV, the excitation

function is further shown in a strongly magnified form (a

linear rising function was subtracted first; the ordinate

scale is not of relevance for this part of the figure). The

small spread in tht energy of the primary electrons is evident

from the structure at 22.6 eV (cf. Refs.25a,b).
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is about 8 ns. The time spreading is probably mainly due to

the channeltron photon detector (see Section 4.2.; the contri-

bution in this time spreading due to the spread in the decay

times of the 2 P level, is less than 1 ns) .

A disadvantage of a time-to-pulse-height conversion system

is in some cases the rather small count rates (< 10 kHz) which
(31 32)can be coped with ' . For higher count rates it will be

necessary to use fast coincidence electronics. These units

employ logic circuits (of various types), which produce output

pulses dependent on the time overlap of two or more input pulses.

A complete system containing coincidence units has been des-
(33)cribed by Ikelaar et al . Moreover the system of Ref.J3

possesses the possibility to be used for multi-scaling purposes.

Multi-scaling is also possible with the system employed by

Dillon and Lassettre , using time-to-pulse-height conversion.

Intrinsically the time resolution of TPHC's is superior to fast

coincidence units. Moreover TPHC's possess the possibility to

obtain complete time spectra by pulse-height analyses.

6. Choice of the experimental conditions

In the experiments in which excitation of atoms by incident

electrons is studied, usually restrictions are imposed on the

incident beam current and the used atom number density, in order

to keep the interpretation of the measurements simple. Without

pretending to be complete we list the following complications

which should be avoided: trapping of emitted resonance radiation,

multiple scattering, transfer of excitation energy by atom-atom

collisions, excitation from excited states and shifts in the

electron energies due to space charge in the primary electron

beam. In an electron-photon coincidence experiment these com-

plications will still restrict our choice of number density

and beam current. However, when looking closer into the analysis

of these types of measurements, one may conclude to further

limitations. These limitations arise from the fact that "acci-

dental" coincidences must be separated from the "true" coinci-



- 119 -

16-
50 100

i

t i m e f n s )

150
i

200

12-

XI
E
3

04- —I 1 1
150 200

channel number
50 100 250

Fig.9. Experimental time spectrum as obtained by pulse-height

analysis of the output pulses of a time-to-pulse-height con-

verter (TPHC! . Electrons of 40 eV energy were crossed with a

thermal beam of helium atoms. Scattered electrons which lost

2 1.2 eV in the collision (excitation of the Z'P state of helium)

were detected at a scattering angle 8 = 1 0 at a countrate of

5.5 kHz. The resulting pulses were used to start the linear

ramp voltage of the TPHC. Emitted XUV photons which were detec-

ted at polar coordinates 9f = 120°, <)>f = 180° (see Fig.l) with

a countrate of 14.5 kHz provided the stops for the ramp voltage

of the TPHC. The width of the coincidence peak in which the

correlated events are contained, anounts to about 8 ns. In the

measuring time of 15/h a total number of over 10 "true" coin-

cidences could be accumulated for the above conditions.
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dences. To elucidate this somewhat we pose the following question:

how should we choose for a given scattering geometry (position of

the two detectors) the electron beam current and the atom number

density to derive the "true" coincidence count rate with optimum

statistics? As an example we consider an experiment where the 2 P

helium level is excited by electrons, and where scattered elec-

trons and emitted XUV photons are detected in coincidence. Fnr

simplicity we suppose the energy resolution of the electron ana-

lyzer to be sufficient to isolate those electrons which have

I •
excited the 2 P level. For the count rate iV from the electron

e
detector we obtain:

where n is the atom number density, I the observed length of the

primary electron beam, i the electron beam current, e the elec-

tron charge, Afi is the opening solid angle of the analyzer as

viewed from the scattering centre, a, (6 ) is the differential
d e

cross section of the process for electrons scattered at an angle

6 with the primary beam and K is the efficiency of the analyzer.

Similarly we obtain for the count rate ff, from the photon detec-

tor:

JVf = < {a t(nli/e) A f2 f / 4 IT , (9)

where a is the total cross section for excitation to the 2 P |

level, Anf is the opening solid angle of the photon detector as \

viewed from the scattering centre and K is the efficiency of

the detector. (For simplicity we suppose an isotropic spatial

intensity distribution of the radiation, both for the fraction

of the intensity which is coincident and which is non-coincident

with the detected electrons. Further we assume the photon detec-

tor to be wavelength selective so that only radiation from the

2 P level is observed and the branching ratio for the decay to

the ground level is taken equal to one). Only a very small
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Fig.10. Schematical time spectrum as is obtained by pulse-height

analysis of the output pulses of a time-to-pulse-heiqht converter.

The peak is due to "true" coincidences whereas the flat background

originates from (random) "accidental" coincidences. To find the

number of "true" coincidences the number of counts in the peak

(contained in time interval I) must be corrected for the random

coincidences. The random coincidence count rate is obtained from

the number of counts contained in time region II (= H a + lib;

T, - T, + t ). If possible it is of advantaae to choose i, > i,

I see eqn (13)I .
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fraction of the detected photons is coincident with the detected

electrons. For the "true" coincidence count rate N we obtain:
c

Afl AfiMiT , (10)

We suppose the measurements to be made using a time-to-pulse-

height converter (see the schematical time spectrum of Fig.10).

To find the number of "true" coincidences, the nun-ber of counts

in time interval I (in which the coincidence peak is contained)

must be corrected for the number of "accidental" coincidences

in time interval I. The number of "accidental" coincidence counts

in I is derived from the number of counts in II. The "accidental"

coincidence count rate fl in time interval II with lencrth T,
nc 1

(see Fig.10) is obtained as:

After a measuring time 2' we obtain the number of coincidence

counts with a relative accuracy $N IN :

which may be rewri t ten as :

(13)

( 6 t f IN ) 2 = 4 I T { K K . O , ( 8 )TbQ. A f l c } ~ ' [ 1 / ( n l i I e) + T . ( 1 + T . / T , ) o ]
c c e r d e e x l l / t

From eqn (13) interesting conclusions can be drawn:

a) It makes no sense to choose:

nlile » [Tjd+Tj/tj) at'"'
 (l4)

This is a consequence of the fact that the "true" coincidence

rate is proportional to the product nli/e whereas the "accidental"

coincidence rate is quadratic in nli/e [ cf. eqns (10) and (11)] .

Provided no limitations of other nature restrict our choice of
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n'ii/s, we should choose:

nlile > [ T , ( 1 + T 1 / T 2 ) o j " 1 (15)

b) Detectors with the highest possible efficiencies should

be used. The opening solid angles Aft and Aft, cannot be chosen

very large if one does not want the details of the angular dis-

tributions to be washed out. For the photon detector this limi-

tation is not strict as exact corrections may be derived (see

next chapter).

c) For experiments where the electrons are detected at

large scattering angles 8 the ratio o,(9 ) AQ /a is usually

quite small so that accurate results are only obtainable from

long lasting measurements.

d) Long lasting measurements also become necessary when

the decay time of the excited state considerably exceeds the

time resolution of the apparatus.

Application of eqn (15) to the case of an electron-photon

coincidence study of the excitation of the 2 P helium level by

40 eV electrons, scattered at 6 =10° would (for the present

apparatus) result in a coincidence count rate of the order of

16/s (see eqn (10); in this case a * 8 x io~ m and c,(0 = 10°)
-22 2 -1 ae

35 8 x 10 in /sr. Furthermore we chose ifi * 10 , Mi ./4-r «=
-3 e

5 ^ 1 0 , K = 1, K, * 0.1 and T. = T,, = 20 us). For the larger

scattering angles the coincidence count rate decreases proportio-

nally to the differential cross section o,(e ) [see eqn (10)].

Adapting of the above derived formulae to more realistic cases,

where the electron analyzer cannot discriminate between electrons

which excited the 2 P or the 2 P state and where the photon-

detector also responds to the metastables (considered to be iso-

tropically distributed and detected with efficiency one)' would

for the given circumstances result in a coincidence count rate

of about 4/s. For the realization of optimum count rates it is

important that the scattering centre is as a whole Jjii' view of the
f (sea next page) .
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electron analyzer. In the experiment of Fig.9 the observed

coincidence count rate exceeds 2/s, in reasonable agreement with

the estimated optimum.

t The following modifications are introduced:

(nli/e) flnf/4n (9a)

"c = KeKf o d ( 9 e ) ("It/el A!7eA!2£/4iT (10a)

/VTic = < eS d(8 e> * t (.nlile)2 T 2 AJJ An /4it ( H a )

with Ej < 6^) the d i f f e r e n t i a l c ross s e c t i o n summed over t he p r o -

cesses in view of the e l e c t r o n analyzer and

is the weighted sum of cross sections for processes in view of

the photon detector (the weights are the detection efficiencies).

In stead of eqn (13) we now find:

( S f f I N ) 2 = 4 i r { i c < a ( a ) 1 A f i A J 3 . ) " 1 \ \ / ( . r . l i / e ) +c c e i a e e t

- 1,(1*1,/T,)1 (13a)
1 1
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CHAPTER 6

THE INTERPRETATION OF ANGULAR DISTRIBUTIONS OF EMITTED RADIATION

IN THE STUDY OF THE EXCITATION OF HELIUM ATOMS BY ELECTRON IMPACT

Abstract - An introduction is given to the theory which relates

the parameters describing an excited state of an atom to the

angular distribution of the radiation emitted in the decay of

the excited state. Vox the case of excitation of helium atoms

to the 2 P state by a unidirectional electron beam this con-

nection is made explicit to illustrate the interpretation of

electron-photon coincidence measurements for this excitation

process. For the case of excitation of helium to the 3 I) state

the correlated distribution of the two photons enitted in the

cascade transition 3 D>-2 P*1 S is evaluated. It is argued that

from such a distribution, as measured by the photon-photon co-

incidence technique, the population densities of the different

substates of the 3 D state can be extracted.

1. Introduction

An important way to study the electron impact excitation of

a particular atomic state is to measure the intensity of radia-

tion emitted in the decay of the excited state. In a non-co-

incidence type of photon intensity measurement, the information

which is obtained relates to a total cross section (i.e. an

implicit integration over all electron scattering angles is

performed, because the scattered electrons are left unobserved).

For excited P states of helium for instance, the total cross

section for excitation of the different sublevels may be ob-

tained from measurements on the angular distributions of emitted

photons [cf. eqn (2) of chapter 4]. For the radiative decay

process studied here, there are two aspects of particular im-

portance for the interpretation of angular distributions of

emitted photons:

(i) the photon emission takes place "a long time" after the

excitation of the atom. Under this condition the photon emission

takes place from an isolated atom, undisturbed by the receding
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electron; (ii) the decay of the excited atom takes place by

emission of electric-dipole radiation. The two properties (i)

and (ii) ensure that the; way in which the information contained

in the excited state is expressed in the angular distribution

of emitted photons is precisely known. Property (ii) in fact

ensures that the functional form of the angular distributions

is known. The parameters which are needed for the description

of a particular measured distribution consequently contain in-

formation which relates to the excited state. For instance, the

distribution given in eqn (2) of chapter 4 contains as para-

meters the population densities of the helium P magnetic sub-

states. In the most general case a maximum number of nine in-

dependent parameters can be extracted from angular distributions

of electric-dipole radiation (see Section 2). But usually spatial

symmetries in the studied scattering process reduce the number

of measurable parameters. For instance when we observe the ra-

diation from helium atoms excited by an electron beam, the

observed radiation pattern is axially symmetric with respect

to the electron beam (supposing that the scattered electrons

are left ubobserved). As a consequence of the axial symmetry

the number of unknown parameters which can be extracted is

reduced to three. The axial symmetry of the excited state is

reduced to a planar symmetry with respect to the scattering

plane in the case of an electron-photon coincidence experiment

(see Fig.l of chapter 5).

In this chapter we deal with the interpretation of measured

angular distributions of radiation in terms of the parameters

characterizing the excited state under study. These parameters

are directly connected to the scattering amplitudes characte-

rizing the scattering process. We confine our discussion to

some simple cases, viz. the excitation of helium singlet states

+ This is in marked contrast with e-2e coincidence measure-

ments where each of the two outgoing electrons recedes in the

field of the other and in the field of the formed ion. As a

consequence the interpretation of these measurements may become

very complicated ' ' .
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by unpolarized electrons incident on ground-state atoms. This

simplifies the treatment because the interaction with the spin

of the incoming electrons is negligible (see Ref.3). For more

general cases we refer to the literature.

2. The angular distribution of photons for electric-dipole

transitions

We consider the emission of a photon by an excited singlet

state b with orbital angular momentum L, . The distribution of

the population density over the various magnetic sublevels is
(A)given by the density matrix p (Fano ). The intensity per unit

solid angle of the radiation with electric polarization vector
(5 ) t

e (emitted in the transition b •+ a) is given by :

(4TT£ ) ha M ,M ,M
<

where \LM> are the orbital angular momentum eigenstates, D is

the electric-dipole operator, v. is the transition frequency

and the asterisk denotes the complex conjugate. Eqn (1) may be

rewritten, generally as (see Nienhuis ):

(2*) v? „ +
He) = ~ e .C.e (2)

(47re0) ha

where C is a 3 x 3 Cartesian matrix (the polarization matrix).

The matrix C determines the photon emission in every direction

with any polarization and contains consequently all information

which can be extracted from the emitted electric-dipole radia-

tion. We introduce the three orthonormal spherical basis vectors

u by giving their Cartesian components:

u±x = (Tl,-t,0)/v/2 ; uQ = (0,0,1) (3)

On this spherical basis the elements C , of the polarization

matrix are obtained by application of the Wigner-Eckart theorem.

In the present example we find from eqn (1):

t In this chapter the symbol I, loosely termed 'intensity'

denotes the number of photons emitted per second.
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| < £ \\fi\\L > \ 2

C « = S < L M \ p \ L M ' > < L M ; l a \ r , , M >
a a o T J. 1 u if if' b b 1 ' b b c c ' b b

IL + 1 M .M, ,14,
c e b b _ , . , , \ r ,,< , „ >

<L H i ] a I L , M, > ( 4 )c c ' ' b b * '

where the first factor is the reduced matrix element (squared)

for the dipole transition and the last two factors in the sum-

mation are Clebsch-Gordan coefficients. From the definition

the Cartesian components of the polarization matrix are found

to be:

C. = i.t.j = 2 <i M \D.\1,M,><L.M,\P\L,M!>%3 M M I! c c ' i ' b b b b' ' b b
C' b b <L, A/' \ D . \ L M >

b b ' J ' c c

where I and j are Cartesian basis vectors. For the evaluation

of the Cartesian matrix elements we make use of the spherical

components of the polarization matrix:

C. . = 2 (t.u ) C , (w *, .h (6)

Form eqns (4) and (6) we notice that in general only certain

linear combinations of the density matrix elements can be ob-

tained from measurements on emitted electric-dipole radiation.

The polarization matrix C is hermitean because of the hermiti-

city of the density matrix. The maximum number of real para-

meters necessary to describe the polarization matrix (and there-

fore an arbitrary electric-dipole radiation pattern) amounts

consequently to nine. When only the intensity of the radiation

I is observed (so an implicit summation over two perpendicular

directions of polarization is performed) we get for the inten-

sity 1(6,$) of the radiation emitted in the direction of the

unit vector d (polar coordinates 8,<fr):

1 ( 6 , $ ) = ° c _ [ T r I - d.C.d] ( 7 )
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Evaluating eqn (7) in terms of the spherical components of the

polarization matrix given in eqn (4) gives (cf. eqn (6)] :

3. Symmetries of the density matrix

In many cases it is convenient to expand the density matrix

in terms of the irreducible spherical tensors T (£) (see Refs.

6 and 7). These tensors are defined by their matrix elements

as:

<LM\Tk
q{l)\LM'> = s/2

2\ I \ <LM\LM' ;kq> (9)

p

The irreducible spherical tensors T " possess important proper-

ties with respect to rotations of the system of reference axes.

In fact they transform as the spherical harmonics Y . Moreover,
k 1

the tensors T (L) with 0 _< k <_ 1L and - k <_ q <_ k form a com-

plete and orthonormal set. Expanding the density matrix p of

the present example in terms of the tensors T (£b) gives:

q
(V

where the p, are the multipole components of the density

matrix (p^ is the q-th component of the 2 -pole). The multi-

pole components p^ are obtained irom the matrix elements of

p as:

k / ? k + 1
p = T r ( p T ) = 7 2 T - T T „ ^ . b b V b V b

b Ab>A/b
Each component p, contributes to the matrix £ (describing the

Kq

emitted radiation) a term with characteristic symmetry proper-

ties. The relevant formulae are given in Refs.6,8-10. It is

found that only the multipole components p, with k < 2 contri-
Kq —
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bute to the photon emission distribution (see Refs.6 and 11).

In the usual electron-atom excitation experiments (where

the excitation is accomplished by a uni-directional electron

beam) the spatial symmetries of the experiment cause a reduction

of the number of independent parameters which are necessary to

characterize the excited state. We assume that the excited

singlet state h of our example is formed in the collision of

electrons with ground-state atoms a, which are unpolarized.

We will first deal with the case that the scattered electrons

are left unobserved. In that case the entire arrangement has

axial symmetry (the ground-state atoms are spherically symmetric)

Consequently the density matrix characterizing the observed

excited state is invariant for rotations about the electron

beam direction, which is taken as the quantization axis. A

rotation over an angle <|> about the z-axis transforms the den-

sity matrix elements in the following way:

<Z,bWb|p |lbW^> * ey.pl i(.Mb-M^)^,]<LhMh\p\LhM^> (12)

Invariance for rotations implies therefore that all the off-

diagonal density matrix elements are zero. In terms of the

multipole components p, , the axial symmetry causes the terms

with q =)= 0 to vanish [cf. eqn (11)] . The maximum number of

independent parameters which can be extracted from the emitted

radiation is consequently reduced to three. The parity invari-

ance of the interaction Hamiltonian causes an even further

reduction of this number to two (see below).

When we consider an electron-photon coincidence measurement

to study the excitation of the state b from the ground state

a we are dealing with a lower symmetry viz. reflection symmetry

with respect to the scattering plane (the x-z plane in Fig.l

of chapter 5). Reflection with respect to the scattering plane

may be obtained in two steps by first applying a reflection

with respect to the coordinate origin (parity operator) and

next by a rotation over 180° around the j/-axis. Invariance for
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this operation implies:

(see Nienhuis ' and Appendix of Messiah ). In terms of the

multipole components p. the reflection symmetry is expressed
Kq

as [using eqn (11)1:

"*, = <-»' >k-q
 U 4 )

The hermiticity of the density matrix implies:

From eqns (14) and (15) it follows that:

(i) p, is real for k even,

(ii) p, is purely imaginary for k odd.Kq
Therefore we get p, = 0 when k odd and q even. Recalling that

only the multipole components p, with k <_ 2 contribute to the

radiation distribution it follows from eqns (14) and (15) that

at most five real parameters are necessary to describe the

measured photon distribution in the case of planar symmetry.

4. The coherence of the excitation process

We consider again an electron-photon coincidence measure-

ment to study the excitation process from the ground-state a

to the excited state b. So far no assumptions were made about

the electron-atom interaction Hamiltonian (apart from the

parity conservation). When the collision process is independent

of the incoming electron spin there is no loss of information

when spin averages are taken (as is implicitly done in the usual

electron-photon coincidence experiments). In that case the

excited atoms, which are observed in the electron-photon coin-

cidence experiment are prepared in the same way. Consequently

the observed excited state is a pure state, which is a coherent
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superposition of the different magnetic substates:

|i|) > = S arM\LM> (16)
b M LM'

where the a... denote the complex excitation amplitudes. The

excitation process is loosely termed "completely coherent".

In terms of the density-matrix formalism we are dealing with

a pure state and not with a statistical mixture. The reflection

symmetry with respect to the x-z scattering plane gives the

symmetry relation [ cf. eqn (13)] :

aLM = (~ ] )
 °L-M

and we see that the number of unknown parameters is reduced to

2L + J (apart from an unobservable overall phase).

5. Application to the excitation process 1 S->-2 P of helium

We consider an electron-photon coincidence measurement on

the excitation process 1 S->-2 P of helium and the subsequent

decay to the ground state. The general background given in

Sections 2-4 directly applies with L, = 1. The excitation pro-

cess is thought of as being independent of the electron spin.

From eqn (4) the spherical components of the polarization matrix

are found as:

C a a, = < la | p | 1C'>|<0||£|| 1>|2 (18)

From eqn (18) it follows that the radiation intensity emitted

in the direction of the unit vector d with polar coordinates

6,<|i is given per unit solid angle as:

t In fact a scattering process is always coherent, but it

depends on the way of observation whether or not the coherence

becomes manifest.
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1(9, •) = — V-~ |<OllDl!l>| I T <\M\p\lM> - 2 (d.u )
(4iten)fcc

J .V .'V̂ '
0 (19)

<U?|p| 1W' >(;<*..<?)]

At stationary conditions, sothat the excitation and de-excita-

tion rates are equal, eqn (19) is directly expressed in terms

of the excitation amplitudes. For the intensity emitted per

unit solid angle and per unit observed beam length we get (cf.

Macek and Jaecks^12^):

1(9,4)) = (ni/e) (3Y/8TT)[ \ah + \a2 \ +{ \a2 \-\ah ) cos2e

* 2 (20)

+ \/2 Re(aQa ) sin29 cos4> - \a.\ sin 6 cos2(()l

where y is the branching ratio of the transition, n the density

of the gas atoms and i the electron beam current. In the deri-

vation of eqn (20) it was supposed that all the excited atoms

decay within the resolving time of the coincidence measurement.

Eqn (20) is often rewritten by introducing the real parameters

\ and x ' and the differential excitation cross section

V

ad = \a\\ * 2\a\\ (21a)

* = |aj|/ad (21b)

X = arg(aj/a0) (21c)

For the intensity distribution of eqn (20) we get:

1(6,if.) = ad ini/e) (3Y/8TT)U sin29 + {{l-\)/2} (22)
n o i i

{l+cos e - sin 9 cos24)} +yX(l-X) cosx sin29 coscfi]

6. Survey of existing measurements on the excitation of the

2 P helium level

Up till now electron-photon coincidence measurements have
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mainly concentrated on the excitation of the 2 P and 3 P helium

levels. For the larger part these measurements were performed

by measuring angular intensity distributions of photons emitted

in the scattering plane ' . Such a measurement is sufficient

for the determination of the X and x parameter except for the

sign of x I see eqn (22)1. An alternative approach was followed

by Tan et at : they observed photons emitted perpendicular

to the electron beam (e = 90°) at various azimuthal angles ij>.

Both the intensity of the radiation and the linear polarizations

were measured. To interprete this experiment we introduce two

mutually perpendicular polarization vectors, one of which is

anti-parallel to the z-axis:

Sj = (0,0,1); e 2 = (-sin*, costf.O) (23)

and which are both perpendicular to the direction of observation.

An arbitrary linear polarization vector e perpendicular to

the observation direction can be written as:

e = e cosa + e_ sina (24)

where a is the angle between e and e.. From eqns (2) and (4)

we find for the intensity of radiation emitted perpendicular

to the electron beam and with polarization vector e :

I (ir/2,c|,) = a (ni/e) (3y/8TT)l\ cos2ct + {(l-A)/2}

2 , (25)
sin a(l-cos2<|>) - 2\/X (1-X) cosx sina cosa sin^J

From a comparison of eqns (22) and (25) we note the equivalence

of a measurement of the angular intensity distribution in the

x-z plane and the measurement of linear polarizations for pho-

tons emitted in the x-y plane. Neither of the two measurements

is sufficient to determine the sign of x • A measurement of the

airaular polarization is necessary to find this sign. Such a

measurement is feasible for visible radiation and has been

performed by Standage and Kleinpoppen for the decay 3 P-»-2 S
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of helium (wavelength 501.6 nm). These measurements were per-

formed for radiation emitted along the ,v-axis and can be ana-

lyzed by introducing two rotating vectors /+. and f_ which

are both perpendicular to the y-axis:

?±, = (± i,0,l)A/2 (26)

The vector /+. corresponds to right handed circular polariza-

tion, whereas f corresponds to left handed circular polari-

zation. From egns (2) and (4) we obtain the circular polarized

intensities:

7(W2,W2;?±]) = ad(ni/e) (3Y/8TT)[ I ± \A(1~O sinX] (27)

From such a measurement together with one of the measurements

described above the \ and x parameter can be determined com-

pletely. Thus for the case of excitation of P helium states

all the density matrix elements can be derived from electron-

photon coincidence measurements. More general expressions,

relating the angular distributions to the multipole components

of the upper state density matrix are given in Ref.3.

So far the most extensive electron-photon coincidence mea-

surements have been carried out for excitation of helium atoms

to the 2 P state by electrons of 80 eV. The X and x parameters

have been obtained for electron scattering angles upto 140° j

(see Ref.18 and also as yet unpublished work of Hollywood, \

Crowe and Williams, cited in Ref.19). Electron-photon coinci-

dence measurements provide sensitive tests for the existing

calculations. The calculation of these parameters has greatly

progressed in the last few years. At 80 eV electron energy the

calculated and measured X's agree reasonably well for scatte-

ring angles as large as 90°. Beyond 90° the two measurements

which are available are not in accordance with each other. For

simple schemes of calculation such as the Born approximation the

X parameter is identically zero. But at SO eV reasonable agree-
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ment is obtained between recent distorted wave calculations

and the measurements (see Ref.19). Besides the extensive mea-

surements at 80 eV there is some additional work at higher
(13)energies (upto 200 eV ) as well as at lower energies (as

low as 40 eV ') but only a narrow range of electron scatte-

ring angles is covered.

It is our intention to perform electron-photon coincidence

measurements at about 30 eV electron energy. It is to be expected

that at this low energy the excitation process becomes even more

complicated (because of the correlation between the incoming

electron and the atomic electrons)than for the higher electron

energies. Experimentally, measurements at such low energies are

complicated by the large contribution of metastables in the

photon detection channel (see chapter 5). By placing a very

thin aluminum foil (thickness of less than 0.1 ym) in front

of the XUV detector it should be possible to get rid of the

metastables without affecting the photon countrate too much.

A further possibility for experimental work could be an

electron-photon coincidence measurement on the excitation to

the 3 D state of helxum. The 3 D excited state contains in

principle multipole components which are different from zero

upto k = 4. However,as Nienhuis has shown it is still possible

in this case to derive all the multipole components from the

emitted electric-dipole radiation 3 D-+2 P because of the spatial

symmetries and the 'coherence' of the observed excited state.

Experimentally such a measurement seems to be more complicated

than the measurements on the 2 P state because it is necessary

to measure both linear and circular polarizations in the near

infra-red region of the spectrum.

7. Photon-photon coincidence measurements

Up till now the photon-photon coincidence technique has found

only little application in atomic physics. In this technique the

two photons emitted in a radiative cascade are detected in coin-

cidence. Most of the applications of photon-photon coincidence
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measurements are devoted to determination of the lifetime of

the intermediate level of the cascade (for a review see Ref.20).

In -this way the problems of cascade which are inherent to many

methods of lifetime determination are circumvented. There has

been some additional work on photon-photon coincidences, related

to distributions of the coincidently emitted photons in a cascade

transition. For a trivial case, involving a cascade transition in

calcium, Kocher and Commins demonstrated the correlation

between the linear polarizations of the radiations emitted in

the cascade. To our knowledge in atomic physics the first angular'

correlation measurement between photons emitted in a cascade has
(22) 3 3 1

been performed by Popp et at on the transition 7 S -+6 P ->6 S

of mercury. In their experiment they demonstrated the Larmor

precession of the spin of the intermediate state upon application

of a magnetic field.

The photon-photon coincidence technique has been fully deve-

loped in nuclear physics in the measurement of y~Y cascades. The

relevant formulae for the angular distributions are given by
(23)

Ferguson . These formulae are in principle directly applicable
to atomic physics when specializing to electric-dipole radiation.

We consider the case of an atom in the unpolarized ground state

a which upon electron impact is excited to state b. The radiative

decay process proceeds in two steps: first b+a and next c-*d. The

two photons emitted in this decay process are detected in coin-

cidence. We consider the photon b-+e to be detected with polari-

zation vector e and the photon e-+d with polarization vector /.

' ; When the resolution time of the coincidence electronics is large

compared to the decay time T of the intermediate level a we

find for the coincidence signal (per unit solid angles of the

photon detectors):

( 2 T T ) 6 V 3 V 3 T
Ue'f) ' - s 2 ' t 2 6 | C £ ^ L ^ ^ . f ^ L M>\<L M \t.V\h M>

( 4 I T e Q ) h a. a l l MtM
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We note that the part of eqn (28) between square brackets may

be regarded as elements of the density matrix of the inter-

mediate level as selected by the coincidence technique. In case

of an unpolarized ground state a (for instance the ground state

of helium) the density matrix of the formed excited state b, as

viewed in a photon-photon coincidence measurement is diagonal

(the direction of the incoming electron beam was chosen as

quantization axis). These diagonal elements are proportional

to the population densities of the sublevels, regardless of the

way this population was generated. Therefore also the cascade

into the upper level contributes to the observed intensities.

From eqn (28) the angular intensity distribution of photons
leiemitted in coincidence, for instance, in the cascade 3 D ->• 2 P

-»• 1 S of helium can be derived. We will give here the result

for the case that the photons are observed perpendicular to

the electron beam and with selection of the linear polarization

e [see eqn (24)] on the transit ion 3 D̂ -2 P (no polarization is
a 1 1

selected on the transit ion 2 P-H S):
2 2

I (TT/2,I|> ;ir/2,<t>,) ~ 3p_ sin a + 3p + 4p. cos a +
a e 1 I 2 2 ( 2 9 )

+ pQ sin a cos (<('e~<flf)

where p. denotes the population density of the 3 D sublevel

with | Af | = i. From eqn (29) i t is readily seen that from angular

correlation measurements of emitted radiation the cross sections

for excitation of the 3 D sublevels can be derived. Experimen-

ta l ly a photon-photon coincidence measurement on the 3 D level

as described above seems to be simpler than an electron-photon

coincidence measurement for this level (but as was noted before,

the information obtained from the electron-photon coincidence

measurement is much more detai led) . Moreover a simple tes t to

check the performance of an apparatus for photon-photon coinci-

dence studies can be carried out by observing the cascade tran-

si t ion 3 S-*2 P-»-l S of helium. For this cascade transition the

angular distribution is known a priori. For the geometrical

situation employed in the derivation of eqn (29) we find for
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the angular correlation of the transition 3 S S 2 P -> 1 S:

7 (ir/2,ij) ;TT/2,((I,) ~ 1 - sin a sin ($ -<j>,) (30)
a e i e i

In terms of multipole components the multipoles upto k = 4

may be derived from photon-photon coincidence distributions.

But because the scattered electrons are left unobserved all

the multipole components with q °j= 0 vanish (the density matrix

of the upper level is diagonal when the symmetry axis is chosen

as the quantization axis).

8. The derivation of relevant parameters from measured photon

angular distributions

8.1. The finite aperture of the photon detector

In the actual coincidence measurements the photon detector

necessarily covers a finite solid angle, causing a smear out of

the measured angular distribution. In fact, when the photon

detector would cover a solid angle 2TT (one half of the maximum

solid angle) the measured distribution would be isotropic. In

the case of measurements on angular distributions of scattered

electrons there is always a risk that the finer details of the

angular dependence of the differential cross section are washed

out. On the other hand for photon angular distributions the loss

of information due to the finite aperture can be accounted for |

exactly. The reason is that the functional form of the angular I

dependencies is known (cf. eqn (7) for the case of an intensity f

distribution). Moreover, when the photon detector is insensitive

for the polarization and possesses axial symmetry it is possible

to derive analytical expressions to describe a measured distri-

bution (see Refs.23 and 24). As an example we consider the

angular intensity distribution for the radiation emitted in

the decay of the 2 P state of helium [eqn (22)] . The simplest

way to evaluate the integral over the aperture of the photon

detector is to use a rotated system of co-ordinate axes with

s-axis along the detector axis. When we assume a constant
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efficiency over the aperture An. of the detector we find:

I(e,<f>) = od(ni/e)(3y/8Tr)lnN + |(]-n)J Afif (31)

with

An. An.
n = (1 -) (1 -) (32)

4ir 2TT

and where N is the part of eqn (22) between square brackets.

For the' photon detector described in chapter 5 we have

Afi./4ir «* 5 x lo"^ and therefore n = 0.9 85, sothat the measured

distribution is only marginally affected. For more general

distributions, when for instance the photon detector is sensi-

tive to the polarization state of the radiation [ eqns (25) and

(27) generali2ed to arbitrary directions 8,<j>l it may be neces-

sary to use numerical methods to evaluate the integration over

the photon aperture.

7.2. Fitting of measured angular intensity distributions of

emitted radiation

From a measured angular distribution of the form given in

eqn (31) the fundamental parameters X and x are not readily de-

rived. The magnitude of the measured intensities depend upon too

many quantities, some of which (such as detector efficiences) are

usually not well-known. This problem is more or less circumvented

when linear or circular polarizations are measured, which only

contain the A and x parameter as unknowns. Polarizations can be

derived generally from measurements without prior knowledge of

experimental efficiences or even of the differential electron

scattering cross section o. To derive the X and x parameter from

an angular intensity distribution it is in general necessary

to fit the theoretical expression [eqn (31)J to the measured

distribution. The quality of such a fit as judged from a

+ The correction formula given in Ref.13 is in error.
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X -test can serve as an indicator for the presence of systematic

errors. In most cases a linear least squares approach is followed

although in principle a non-linear least squares method should

be applied because of the unnormalized nature of the data. But

when a sufficiently broad range of emission angles is covered

in the measurements, an accurate normalization should be possible

from a linear least squares fit. The derivation of the statisti-

cal errors which should be associated with the derived parameters

may cause difficulties in that case. For more general cases it

is desirable to construct the covariance matrix of the parameters

from which confidence regions for the parameters can be derived.

We refer to the literature (Refs.23-25) for further discussions

and computer programs (Ref.26) to realize such fits.
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SAMENVATTING

Dit proefschrift is gewijd aan processen van excitatie van

edelgasatomen door absorptie van fotonen dan wel door beschie-

ting met elektronen.

In hoofdstuk 1 worden (kwalitatief) de verschillen en over-

eenkomsten aangeduid tussen de processen die zijn geïnduceerd

door de bovengenoemde twee oorzaken.

De hoofdstukken 2 en 3 handelen over de absorptie van reso-

nantiestraling door edelgasatomen. De relevante atomaire groot-

heid die een maat is voor de sterkte van de absorptie is de

oscillatorsterkte van de betrokken overgang. De experimentele

techniek die gebruikt wordt om de oscillatorsterkte te bepalen

berust op het gebruik van zelfabsorptie: resonantiestraling

met in zeer goede benadering een Doppler-profiel wordt gepro-

duceerd door excitatie van gasatomen door beschieting met elek-

tronen (bundel). Deze straling kan worden geabsorbeerd door

gasatomen die zich tussen de elektronenbundel en de intreespleet

van een vakuumspektrometer bevinden. De relatieve sterkte van

de straling die de spektrometer binnentreedt wordt geregistreerd

als funktie van de gasdruk. Uit deze metingen kan vanwege het

bekend zijn van zowel het emissie- als het absorptieprofiel van

de straling, "de sterkte" van de absorptie worden bepaald.

In hoofdstuk 3 worden resultaten van deze metingen gegeven

in de vorm van oscillatorsterkten voor een veertiental resonan-

tie-overgangen van neon en argon. De zelfabsorptietechniek

maakt het mogelijk om voor het eerst deze oscillatorsterkten

via de overgangen in het XUV stralingsgebied te bepalen. De

hiermee verkregen resultaten zijn in goede overeenstemming met

waarden die verkregen zijn uit experimenten met voorwaartse

verstrooiing van hoog-energetische elektronen.

In hoofdstuk 4 worden resultaten van metingen van totale

werkzame doorsneden voor aanslag van het 2 P en 3 P niveau van

helium door elektronen gegeven. De elektronen-energie werd

hierbij gevarieerd vanaf de aanslagdrempel tot 2 keV. De expe-



- 147 -

rimentele techniek is dezelfde als gebruikt in de hfdst. 2 en

3 met als verschil dat hier de relatieve stralings-sterkten

worden geregistreerd als funktie van de elektronen-energie.

Door speciale oriëntatie van de hierbij gebruikte elektronen-

bundel t.o.v. de intreespleet van de spektrometer is het moge-

lijk polarizatie-effekten van de spektrometer vrijwel te eli-

mineren. De uitgezonden straling is geobserveerd zowel lood-

recht op de elektronenbundel als ook onder een hoek van 5 5

met de bundel. Door deze twee metingen te kombineren was het

mogelijk totale werkzame doorsneden voor aanslag van de P sub-

niveaus af te leiden. Met behulp van een "Bethe-plot" werd

aangetoond dat de aanslag van het m = 0 subniveau inderdaad

een optisch verboden karakter vertoont voor elektronen-ener-

gieën groter dan 500 eV. De gepresenteerde absolute werkzame

doorsneden zijn verkregen op een semi-theoretische wijze die

berust op de Bethe-benadering.

Elektron-atoom verstrooiingsprocessen kunnen tot in detail

worden bestudeerd met behulp van elektron-foton coïncidentie-

metingen. De coïncidentietechniek maakt het mogelijk de stra-

lingsemissie van speciale klassen van geëxciteerde atomen te

bestuderen, nl. atomen die worden geëxciteerd door elektronen

die daarbij in éën bepaalde richting worden verstrooid. In

hoofdstuk 5 wordt een beschrijving gegeven van een elektron-

foton coïncidentie-apparaat. Hierbij wordt een bundel gasatomen

gekruist met een elektronenbundel. Met behulp van een elektron-

analyzator worden in één bepaalde richting verstrooide elektro-

nen op energie geselekteerd en gedetekteerd. De door de geëxci-

teerde atomen uitgezonden fotonen worden gedetekteerd door een

photo-multiplicator. Met behulp van coïncidentie-elektronika

is het mogelijk elektron-foton paren te selekteren die van ge-

meenschappelijke oorsprong zijn. Met het hier beschreven appa-

raat zijn inmiddels de eerste elektron-foton coïncidentieme-

tingen aangaande de excitatie van het 2 P niveau van helium

verricht.

Voor de interpretatie van elektron-foton coïncidentiemetingen
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is het nodig de relatie te kennen tussen aan de éne kant de

parameters die de beschouwde geëxciteerde toestand karakterizeren

en aan de andere kant de parameters die de gemeten stralings-

emissie karakterizeren. Deze laatste verzameling parameters wordt

volledig bepaald door de eerstgenoemde parameters die de geëxci-

teerde toestand karakterizeren. In hoofdstuk 6 wordt voor een

aantal eenvoudige gevallen de verbinding tussen deze beide

verzamelingen en de maximaal te verkrijgen informatie betref-

fende het botsingsproces toegelicht. Tenslotte wordt nog de

aard van de informatie die uit foton-foton coïncidentiemetingen

volgt besproken. Hierbij worden twee fotonen die ±n een cascade

worden geëmitteerd in coïncidentie geregistreerd. Met een der-

gelijke meting is het mogelijk om de totale werkzame doorsneden

voor aanslag van de verschillende D helium-niveaus te bepalen.
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