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C H A P T E R I

INTRODUCTION

1.1. Introduction

In this thesis a study is described of the physics of

electron-atom scattering at low electron energy. Particularly

the anomalies near 60 eV in the cross sections for electron-

helium scattering are studied.

The process of electron-atom scattering has been studied

experimentally since a long time. Around 1930 the first meas-

urements of optical excitation functions of helium were published

for example by Peteri and Elenbaas s Michels , Hanle ' s

Thieme and Lees and Skinner . Owing to high currents in

the electron beams used the spreading in energy of the colliding

electrons was large (up to 5 eV). Secondary processes as

resonance absorption -md reemission of radiation must also have

played an important role because of the high target gas pressures

which were used (see Lees and Skinner ). Measurements of the

excitation functions of metastable helium levels are of later

date. Around 1942, for example, Dorrestein ' measured these

excitation functions by detecting the electrons released from

a metal surface by the metastable atoms. This experiment was

repeated by Schulz and Fox and by Pichanick and Simpson J

with better energy resolution. Optical measurements on an ab-

solute scale have been performed by, among others, Gabriel and

Heddle , St.John et ál. and recently by Moustafa Moussa

' and Van Raan . Jansen measured the absolute cross

sections for elastic electron-helium scattering (at relatively

high energies) by detecting the scattered electrons. The latter

type of measurement was also already performed around 1930 by
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22) . 23)

Widdington and Woodroof and Maier-Leibnitz who mea-

sured the electrons elastically or inelastically scattered

after collisions with helium atoms. This method of studying

the electron-atom scattering process has been strongly im-

proved by the introduction of electron spectrometers around

1963. The improvement was the introduction of energy selectors,

providing good homogeneity in energy of the incoming electron

beam and the possibility to energy-analyse the scattered

electrons. Well-known is the work of Lassettre et al.'

Kuyatt and Simpson et al. , Ehrhardt et

Much important work has also been done by Head et at.'
•29) 30)

Hall et at. and Trajmar et at. . In fact electron spectro-

meters are constructed at many laboratories nowadays.

Smit et at. and Yachontova et at. ' were first to

show the existence of resonance structures in many optical
excitation functions of helium. These resonances were con-

35,36)

and Schulz
28)

27)

, especially in the modern work
37,40)

firmed by many others

with electron spectrometers

The results of all this work are important both in physics

and technology. In the study of upper layers of the atmos-

phere and in astrophysics, for example, it is important to

know the various cross sections for electron-atom collisions.

The study of scattering processes was stimulated by the use

of modern computers giving the opportunity to check theories

by calculating quantities measured in the experimental work.

1.2 Program and purpose of the measurements

In the present study of electron-atom collisions the

following measuring program was carried out:
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a) Measurement of the optical excitation functions of seveial

helium lines near 60 eV to clear up existing uncertainties

concerning the assignment of some resonance structures

occurring in that energy region.

b) Measurement of the polarization degree of several helium

lines in the same energy domain to investigate the influence

of resonances on the polarization.

c) Measurement of the optical excitation functions of some

helium lines near 50 eV to investigate a broad resonance,

reported in recent literature.

All these measurements were carried out at the Physics

Department of the University of Utrecht. Measurements men-

tioned under a) and b) provided much new evidence and could

be explained qualitatively; see chapter 3 and 4. The results

of c) were negative: the reported broad resonance structure

was not found in our measurements. In chapter 2 this question

will be discussed.

1.3. Definitions

In this section some already mentioned quantities will

be explained in more detail. First we will give the defini-

tions of the differential and total cross section. Second

their relation with the experimentally determined quantities}

the emitted light intensity and the scattered particle cur-

rent, will be indicated.

Suppose a parallel beam of unpolarized electrons entering

along the z-axis passes through a target gas at low

density. Part of th<5 electrons are elastically or inelasti-

cally scattered by the target gas atoms and follo-.r after

scattering straight trajectories at various angles 8 (polar
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angle) with the original beam. As a result of the axial symme-

try around the electron beam one expects the result of the

scattering process to be independent of the azimuthal angle.

Therefore one may write:

(1.3-1)

with

N :
s

n

N

M

a

the number of electrons, being scattered per unit time,

unit beam length and unit solid angle, at an angle 8

with the incident beam, after excitation of the atom

from the ground state (0) to an excited state n.

index, indicating the atomic state that is excited,

intensity of the incident electron beam (number of

electrons passing through a plane perpendicular to the

electron beam per unit time).

density of the target gas (number of atoms per unit

volume).

jS1) : the differential cross section for excitation of

the target atom from ground state (0) to state n, de-

pending on the kinetic energy E of the incident elec-

trons and on the scattering angle 8.

Relation (1.3-1) is only valid if the probability for

multiple collisions for one electron is negligible; so if

M is sufficiently small. A theoretically undefined situ-

ation arises if n = 0 and 6 = 0 , because then the scattered

electrons cannot be distinguished from the unscattered

ones.

Integrating (1.3-1) over 6, one obtains the total cross

section QQ (E):



(E) = m ƒ a (
On

sine de (1.3-2)

In electron scattering experiments the differential cross

section can be measured, because n and 6 can be selected. In

optical experiments the spectral-line intensity of the light

emitted from a small volume of the target gas at fixed angle

<J> (generally 2 v) is measured as a function of the incident

electron energy. This function is related to the optical exci-

tation function Q , and measures the population of the level

n when the atoms are bombarded by electrons. This level n

becomes on the one hand additionally populated through cascading

from higher levels (than n) and on the other hand it becomes

depopulated through radiational decay to the various lower lying

levels and through other processes for example collisions with

other atoms. A complete list of the latter (secondary) pro-

cesses is given in ref.4l and 42. Under properly chosen experi-

mental circumstances (low current density of the electron beam,

low pressure of the target gas) most secondary processes can

be avoided. The relation between the optical excitation funct-

ion and the total cross section (Q ) for electron excitation

to the level n follows then from the balance equation:

/( » «„ (Ï) t ! m A = S
e t ^Qn

p=n+\ q~O n nq
(1.3-3)

with

'V : as defined before.

m and m : number of atoms (per unit beam-length) in state

p and n.

A. .: transition probability for radiative decay from state i

to state j .
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and from the equation:

A' M Q" (E) = m A
e t On n m

(1.3-4)

with

o
0 (E): the optical excitation function of a spectral lineJmr.

n •+ m, defined as the probability that a photon of the

line n + »; is produced by impact of one electron (nor-

malized to unit beam length and unit target gas density).

Substituting 1.3-4 in 1.3-3 gives:

n-\
(E) = 2 (E) -S e l <*> (1.3-5)

The total cross section Q„ (E) equals the difference of two

sums of optical excitation functions, those with the upper

level n, minus those with lower level n. In the simple

case that there is no cascading from higher levels and that

there are no transitions from n to lower levels (except to

level m) one finds:

(1.3-6)

For many excitation functions this simple relation is a

resonable first approximation.

Optical excitation functions are usually measured by

observing the light intensity of a spectral line at right

angle to the electron beam (<(> = | IT).



1.5

This light is usually polarized and its intensity is a function

of cj>. In the common case of dipole radiation one can write for

the intensity distribution (see ref.43):

(1.3-7)Í ! - ~|j cos2*]

where P{E)' is the degree of polarization as function of E. P is

defined as:

P = ]00(J
//f

(1.3-8)

where I,, and are the intensities of the light with the

electrical vector parallel and perpendicular to the electron-

beam axis, respectively. Integrating 1.3 over the angle ij> one

obtains the total emitted radiation:

It(E) = 4w(j|7rs2:) [ 1 - P(£)/300] '

Substituting 1.3-9 in 1.3-7 one gets:

(1.3-9)

Air
(1.3-10)

So, only if cos <f> = 1/3 (<j> » 55 ) the (polarization dependent)

factor between square brackets is unity, resulting in proport-

ionality between T(<J>,Z?) and J (£"). In other situations (also

in our situation <fi = ft) an energy dependent correction factor

is needed. As we are not interested in the energy behaviour of

cross sections over a large energy range, but rather in detailed

structures (resonances), we shall omit this correction.
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1.4. Seme aspects of the excitation junctions of heliiw.

An example of a measured excitation function is given in

figure 1-1 and 1-2, showing the (relative) optical excitation
3 3

function of the 4 S •+ 2 P (471.3 nm) line. As the figure shows,

the function varies smoothly with the incident electron energy,

except in two regions: just above threshold and around 60 eV.

In these regions sharp structures occur, which are assumed to

be caused by an indirect excitation mechar.ism, involving the

formation and subsequent decay of a short living negative ion.

The idea, is that the projectile electron is temporarily captured

by the excited neutral atom. Such structures are reported in
44)

the work of many authors, for example by Heideman (optical
45) . 46) 47)

work), Simpson et al. , Chamberlain and Comer (electron

spectrometer work).

Concerning the negative-ion resonances one distinguishes

some general features:

a) Parent state: As mentioned, the negative ion is formed by

temporary binding of the projectile electron to some excited

state of the neutral atom. So, negative ion resonances are

expected to occur near thresholds of excited states of the

target atom. This implies that in the case of helium, res-

onances may occur between 19 and 25 eV (energies of singly

excited states) and between 57 and 80 eV (energies of doubly

excited states). For instance, at 57.2 and 58.3 eV resonances
2 2

occur due to negative ion states with configurations (2s 2p) P

and (2s2p ) D, respectively. These two negative ion states

can be considered to be formed by binding of the incident
2 1 3

electron to the (2s ) S and (2s2p) P doubly excited states
53)

(see the compilation of Martin ).
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b) Modes of decay: After a certain lifetime the negative ion

will desintegrate under emission of an electron. It may

decay to the ground state of the target atom under emission

of an electron with an energy equal to the original energy

of the incident electron. In this case we observe a resonance

in the cross section for elastic scattering. The negative

ion may also decay to one of the lower lying excited states

of the target at m under emission of an electron with an

energy equal to the incident energy minus the energy of the

excited state to which the compound decays. In this case we

observe the resonance in the excitation functions of all

levels to which the negative ion can decay. It is clear

that a resonance due to a particular negative ion state

is expected to occur at the same energy in the excitation

functions of all states to which it can decay.

c) Shape of the negative-ion resonance: The shape of a res-

onance is determined by the interference between the direct

(non-resonant) scattering process and the resonant scattering

via a negative ion. This results in a variety of shapes:

peaks, dips and combination of the two. See figure 1-3.

d) Width of the resonance: The resonances are usually very

narrow in energy: some 0.01 eV and therefore undetected

in low-resolution experiments. The lifetime (At) of the

negative ion and the energy width (Ai?) are related by the

Heisenberg uncertainty principle: AS At > H. This means,

that the resonance is hard to detect if the lifetime is
— 13

large (AS is too small). If At amounts to about 10 sec.

àE is approximately 6 meV.

e) Binding energy: If an excited state of the neutral atom

has a positive electron affinity, the incident electron
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can be effectively bound. In this case the negative ion

state lies somewhat (a few tenths of an eV) below the thres-

hold of the excited atomic (parent) state. The corresponding

resonance is called a Feshbach resonance. If the atomic state

does not have a positive electron affinity, the incident

electron may still be bound in a potential well formed by

the polarization potential and the centrifugal barrier. In

this case the negative ion state lies somewhat above its

parent state and is called a virtual or shape resonance.

The energy of a resonance may be estimated by comparison

of isoelectric systems. Assuming that the 2 S state of helium

is able to bind an electron, one can compare the following

two configurations:
2 1

1) the configuration (2s ) S of the neutral atom with two
electrons moving in a Z = 2 field (of the nucleus) and

2 2

2) the (Is2s ) S resonance configuration of the negative ion,

where the two outer electrons move in a Z = ] fiele? (of the

nucleus screened by the Is electron).

If one assumes the screening in case 2) to be complete, the

energies needed to doubly ionize the two configurations com-

pare as four to one. These ionization energies are available

from experimental data: in case 1) the energy equals the for-

mation energy of de (78.99 eV) minus the formation

energy of the (2s ) S configuration (57.88 eV) (see ref.53).

In case 2) the double ionization energy equals the formation

energy of He (24.59 eV) minus the formation energy of the
_ 2

He (Is2s ) configuration. This results in:

4(£He+(ls) " £He-(ls2s2))



Substituting the appropriate numbers, one gets:

- 19.31 .V.

where indeed a strong resonance in the elastic electron-helium

cross section is found (ref.38 and 48). The method, outlined

above, does not always produce such excellent results. For
2 1 -

example if the (2s ) S resonance of H at 9.3 eV is calculated
with the above method, one finds 8.3 eV.

1.5. Introduction to some theoretical aspects

Several aspects may be distinguished in the theory of

electron-atom scattering. For example:

a) collision theory, dealing with colliding particles. Dis-

tinction is usually made between low and high energy of

the incoming electrons (low and high compared to the kinetic

energy of the atomic electrons in the outer shell);

b) radiation theory, dealing with the radiation, emitted by

the atom after excitation by the colliding electron. The

possible asymmetry in the intensity distribution of the

radiation is treated together with the degree of polari-

zation of the radiation;

c) resonance theory and direct collision theory.

One can also distinguish between formal theory, like the

partial wave analysis (giving formal expressions for cross

sections) and numerical theories (giving computing receipts

for computations on (big) computers).

In our region of interest (electron-helium scattering

at 50 to 60 eV) low energy collision theory is applicable:
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the incident electron energy is low (comparable with the kinetic

energy of the atomic electrons). As the formal theory gives some

qualitative aspects, which are easy to use, a short introduction

will be given (from ref.49).

1.5.1. Partial wave analysis

The scattering process is described by the Schrödinger

equation

HT = EV (1.5-1)

with

¥ : the wave function depending on the coordinates of all

particles involved;

E : the total energy of the system and

H : the Hamilton operator, including the interaction poten-

tial V of the particles.

In the following some aspects of potential scattering (elastic

scattering from a spherically symmetric potential) will be

treated. The experimentally interesting thing is the asymptotic

behaviour of the wave function:

e

r

ikr
(1.5-2)

with

k : the length of the momentum vector divided by ft, of the

scattered electron;

3 : the coordinate of the scattered electron in the direction

of the incident electrons;
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V : the distance of the scattered electron to the scattering

centre.

/(e,!f>): the scattering amplitude.

The differential cross section in the case of symmetry

around the electron beam axis is equal to:

a(e) = (1.5-3)

To determine /(8) it is necessary to solve the Schrödinger

equation. In the case of an angular independent potential

V(p) and elastic scattering, the solution for the differential

cross section can be written as the following partial wave

expansion:

1/(6) 2 = -i-j | £ (2l+l)(e2i6Z(/:)-!)P (cos6)|2

4fe £=0
(1.5-4)

with

P7(cos8) Legendre polynomial of the order l;
Is

67(fe) : phase shift of the Z--th parcial wave, &7(.k) can be

determined by solving the Schrödinger equation for

all r;

I : the angular momentum of the 2.-th partial wave (in

units K) relative to the scattering centre.

Expression 1.5-4 may be interpreted as follows: the incident

plane wave is expanded in partial waves with increasing

angular momentum I fi. Each partial wave undergoes a phase-

shift <57(fc) owing to the scattering potential. The scattering

cross section i.s now written as a summation of the contributions

of the separate partial waves. The advantage is that often,



especially at low energies of the incident electrons, it is

sufficient to take into account only a small number of part-

ial waves, because the contribution of higher partial waves

usually decreases rapidly. An estimate of the number of part-

ial waves that should be taken into account, can be obtained

from the relation:

(1.5-5)

where r is the effective range of the interaction potential.

Formula 1.5-4 may also be written as:

1/(8)|2 = —• | S
kZ 1=0

sin67P7(cose)| (1.5-6)

Integrating the differential cross section over 0 gives the

total cross section:

k2 1=0
(21*1) si (1.5-7)

1.5.2. Resonance scattering and "partial wooes

In the case of negative ion resonances the conservation

laws for parity and angular momentum lead to some important

conclusions. Consider for instance the elastic scattering of
2

electrons by helium via a P negative ion state:

e + •+ He~(2P) -*• He(l's) + e (1.5-8)

If we assume that Russell-Saunders coupling is valid, the

orbital angular momentum of the scattered electron must be l=\.
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The electron that excites the atom to the P negative-ion

compound must of course also have 1=1 (relative to the atom).

Generally speaking the angular momentum of the scattered elec-

tron is Vh with

\l\ (1.5-9)

where L and L are the angular momenta of the negative ion

state and the final state, respectively. The parity of the

state is defined as

(-1)% (1.5-10)

with I. the angular momentum of particle i of the system. As

a result of parity conservation about half of the 7,-values in

1.5-9 are excluded. For these reasons the resonance can only

occur in a limited number of partial waves.

As in the Russell-Saunders coupling the total spinS of

the system is separately conserved, there is one additional

restriction to the scattering reaction 1.5-8: all possible

intermediate states must be doublet states as the initial

state is always a doublet state (electron plus atom with zero

spin).

The occurrence of a resonance can be accounted for in

1.5-4 by introducing a resonance phase shift ô̂  . The full

phase shift is then split up as follows:

h = *l+*le* (1-5-u>

a background phase shift and a resonance phase shift. One
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can show that the resonance phase shift varies with the inci-

dent energy as:

cotg 6res (1.5-12)

where E and T are the energy and width of the resonance. From

1.5-12) it follows that the resonance phase shift increases

rapidly from 0 to TT when the energy E varies through the res-

onance energy E . To visualize the mechanism of the partial

wave resonance scattering we consider the case of a resonance

occurring in one partial wave with I = I.. The scattering cross

section is proportional to |A+B+C| , with

P7(cos8) (1.5-13)

P7 (cos6) (1.5-14)

( 2 V 1 ) e
2 i ( 6 " S + p7 (cose)

be
<5 )

(1.5-15)

be

Assuming that the background phase shift (<57 ) is fairly con-

stant when E varies a few times V, one obtains the following

picture in the complex plane (see figure 1-3): A+B is constant

and C is a vector rotating over 27T as E passes E . As a result

|A+B+C|2 (= (1.5-16)

varies rapidly. Equations 1.5-13 to 1.5-16 can be combined

into the well known Breit-Wigner formula for resonance scat-
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- Re f(-£»

Figure 1-3 : Schematic drawing of partial wave interference

producing a resonance profile. A + B represents the non-resonant

contributions to the differential cross section. C represents

the resonance part: the phase angle 2 6 ^ increases by 2TT when

the projectile energy is swept through a resonance. The length

squared of the vector pointing from 0 to the end of C represents

the (varying) differential cross section.
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tering (A is supposed to be zero in the Breit-Wigner formula).

More usual in electron-atom scattering is the expression

derived by Fano for the total cross section near a resonance.

Starting with 1.5-7 and supposing that in only one partial

wave (L) a resonance occurs, one gets:

!2L sin ) (1.5-37)

with

a.'^rS (21+1)
b fe l+L

Defining additionally:

(1.5-18)

q = - cotg (1.5-19)

e = - cotg 6rT
eS, or with (1.5-12)

Li
(1.5-20)

(£r-E)/|r and

(1.5-20)

one gets:

1+e
(1.5-21)

In figure 1-4 some resonance profiles (according to eq. (1.5-21))

are drawn, indicating clearly the role of q (line profile

index). The ratio of the peak height to the dip depth turnes
2 . 2

out to be equal to q . So by measuring q from the resonance
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10V0b(—T

Figure 1-4 : Fano profiles for resonances in the total cross

section. The shape parameter q equals -cotg Ô *% where <5 6
th ^ ^

is the "background" phase shift of the L partial wave, o,

equals the coatribution to the cross section due to the non-

resonant waves, a is the (constant) background contribution

to the cross section due to the L partial wave, which contains

the resonance. a(e) = o^ + a. (e),a.(e) being the cross section

due to the 5~th partial wave.
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shape one can find the background phase shift of the resonant

partial wave. Of course we have to keep in mind the restrictions:

elastic scattering at a spherically symmetric potential and a

resonance in one partial wave only. However, also in more com-

plicated cases the resonance line shapes appear to be well

described by the F ano formula. By measuring the strength of a

resonance as a function of the scattering angle, the partial

wave in which the resonance occurs can be determined ' ' ,

because the resonance strength has an angle dependence given

by the function of P7(cos6). For example P„(cosö) is constant,
o 2

P (cose) % cos8 is zero at e = 90 , P (cos9) ̂  (1/3 - cos 8)
is zero at 8 * 54 .

1.6. Experimental arrangement

The experiments described in this thesis have been done

with an apparatus similar to that used by Heideman . The

polarization measurements (chapter 3) were carried out in

exactly the same way as described by Heideman et al. in ref.

52. The optical excitation function measurements were done

with a similar sealed excitation tube as mentioned in ref.56

by Heideman et al. The data-recording system, however, has

now been made fully automatic by using a multichannel analyzer

(a Northern 575 from Tracor). In this way the density of

measuring points and the statistics could be improved sub-

stantially. The voltage of the measuring cage is swept

contineously by a ramp voltage, provided by the multichannel

analyzer, giving a perfect synchronization between cage-

voltage and "address-position" in the multichannel memory.

The figures 1-5 and 1-6 show schematic drawings of the exci-

tation tube and additional electronics. The excitation tube
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Figure 1-5 : Schematic drawing of the excitation tube.
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3 CHANNEL
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MATOR
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S § PUER TUBE

PRE-
«MPLTER

2 5 KV
SUPPLV

ELECTRONIC
COUNTERS

Figure 1-6 : Schematic drawing of the experimental arrangement.

I and d are electronic counters storing the signal in the measuring

mode and the background mode respectively. In chapter II and IV

these counters are replaced by a multichannel analyzer.
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is filled with the gas to be investigated. The oxide-coated

cathode emits the electrons with an energy distribution width

of about 0.2 eV (due to cathode temperature). After accele-

ration and collimation by electrodes 1 and 2 the electron beam

enters the field free cage (at V_ volt). An electron trap,

consisting of two electrodes 4 and 5, is situated behind the

measuring cage to prevent the electrons from backscattering.

Typical electrode voltages were: V = 20 volt, V = 5 volt,

V = variable,V, = 65 volt and V = 70 volt. The beam current

in the measuring cage was about 15 \\A. The light emitted by

a small section MM1 of the electron beam is focussed on the

entrance slit of a Bausch and Lomb monochromator, adjustable

from 200 to 700 run. The glass of the excitation tube and the

sensitivity of the multiplier restrict this range to 350 to

600 nm. The light of a selected spectral line falls on the

photo-cathode of the multiplier. The output pulses of the

multiplier are amplified, discriminated and finally stored

in the multichannel analyzer.

For the polarization measurements some additional appa-

ratus was used (figure 1-6). Between excitation tube and

monochromator a polaroid filter and quarter-wave plate (prin-

cipal axis under 45 with the polaroid) was placed. The

quarter-wave plate changes the linearly polarized light

transmitted by the polaroid filter into circularly polarized

light (to eliminate apparatus polarization). As the pola-

rizer with | X plate rotates, the pulses are stored in three

different sealers, depending on the position of the pola-

rizer. The pulses entering in the (̂ -interval (ff/4, 3TT/4)

(if> is the angle between the electron beam and the principal

axis of the polarizer) are stored in sealer 1 and the pulses
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entering in the interval (3TT/4, 5flV4) in sealer 2. When <j> is

between 7— and 7— the situation is identical to the first inter-
4 4

val and the pulses are stored in sealer I. During the last

interval ( —7- , fl"/4) the voltage of the cage is zero and back-

ground pulses are collected in sealer 3. Electrical commands,

directing the pulses to the appropriate sealer, art derived

from a vane switch on the rotating axis. If D denotes the

number of background pulses registered in the last period

and n. the pulses fed into sealer i in one revolution, then

one can write:

2K ƒ
7T/4

2D (1.6-1)

57f/4
K f

37T/4
+ D (I.6-2)

(1.6-3)

K being a proportionality factor determined by the multiplier

efficiency and the geometry of the detecting system.

-T(<j>t) = cos
2

sin i t , (1.6-4)

with

I Intensity of the light with electrical vector parallel

the beam axis;

/„ : idem, with electrical vector perpendicular to the axis.

Substituting (1.6-4) in (1.6-1) and (1.6-2) yields expressions

for Jj and I„ in terms of n., n~ and n.. Finally, the polari-
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zation turns out to be:

- n
2

in, + n„ -
. 100 (1.6-5)
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C H A P T E R I I

ON A BROAD RESONANCE NEAR SO eV IN THE EXCITATION OF HELIUM

BY ELECTRON IMPACT

Synopsis

The electron impact excitation of a number of helium levels

has been studied for electron energies around 50 eV. This was

done by observing the light emission following the electron

excitation of helium atoms to several selected levels. The mea-

sured excitation curves do not exhibit the broad resonance near

50 eV which has recently (1972) been reported by Crooks et al.

II

2.1. Introduction

1)
Recently, just before this chapter was written, Crooks et

al have reported the experimental observation of a broad

structure at about 50 eV in the 1 S -> 2 S excitation of helium

by electrons which they attribute to a negative ion resonance.
3

The authors measured the differential cross section for 2 S

excitation at several electron scattering angles between 25

and 150 degrees and in the electron energy region from 40 to

70 eV. As appears from figure 1 and 2 in ref.l, they observed

a broad dip in the differential excitation functions which is

most prominent for scattering angles near 90 degrees. At 90

degrees the resonance appears to lower the cross section by

more than three orders of magnitude. For small and large angles

the effect of the resonance on the cross section is much smal-

ler.

Apart from its large effect on the differential cross

section at 90 degrees the 50 eV resonance exhibits a number
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of unexpected features:

a) The width of the resonance is very much larger than the width

of all previously observed resonances in electron"~helium

scattering- Whereas the well established resonances in the

threshold region and those near 60 eV have widths of the

order of 0.1 to 0.01 eV, the 50 eV resonance exhibits a width

of about 15 eV.

b) The centre of the resonance lies at about 50 eV, which is

relatively far away from the excited states of the neutral

helium atom (about 8 eV below the doubly excited states and

about 25 eV above the singly excited states). The previously

observed electron-helium resonances are all lying within 1 eV

from their "parent states" (excited states of neutral helium

from which the negative ion resonance states can be formed by

addition of the incident electron).
3

c) The resonance causes minima in the differential 2 S cross

sections which appear to move from 65 eV at a scattering

angle of 50 degrees to 45 eV at angles near 150 degrees.

Minor shifts in peak or dip positions of a resonance have

been observed before and can be explained by interference

effects between the direct and resonance scattering. How-

ever, a shift in energy larger than the resonance width is

very surprising.

d) While the 50 eV resonance appears to have such a dramatic

effect on the 2 S excitation, there seems to be very little

or no coupling at all to any of the other n=2 channels.
2)

Smith et al. have performed a close coupling calculation
to determine the mechanism of the 50 eV resonance. These
calculations were carried out including three configurations

2 2
of the target helium atom, namely Is , Is2s and 2s . The
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resulting 1 3 -*• 2 S cross section as a function of the

electron energy did not exhibit the experimental broad

resonance. More detailed calculations, including more

states of the helium atom, such as (Is2p) ' P have been
3)

done by Ormonde and Golden . These calculations give some
indications for a small structure in the P-wave part of

3
the 2 S cross section between 45 and 70 eV.

In order to obtain additional information on this new res-
4 5)

onance phenomenon we have performed a series of measurements '

on the excitation of some helium states in the electron energy

region around 50 eV. Our method is based on the observation of

the light emission following the excitation of the states con-

cerned. This implies that we are not able to measure the exci-

tation of the metastable 2 S-state as did Crooks et al. in their

electron scatttering experiment. We studied the excitation of

helium states with higher principle quantum numbers (n ̂  3). If

a resonance has such a large effect on the cross section for
3

2 S excitation, one would expect to see at least some effect on

the excitation of the other helium states as well. However, our

attempt to find the 50 eV resonance has been without success.

2.2. The experimental arrangement

The experimental set-up is essentially the same as that

used in ref. 6. Therefore, only a brief description will be

given here. An electron beam of about 10 pA is directed through

an excitation chamber filled with helium at a pressure of 1

millitorr. The width of the energy distribution of the incident

electrons is about 0.2 eV. The light emission belonging to a

particular spectral line is selected with a grating monochro-

mator and measured with a photo-multiplier followed by a pulse

counting system (multichannel analyzer: see section 1.6 of this
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thesis). The measured light intensity as a function of the

electron energy gives the optical excitaticn function, which

is approximately proportional to the total cross section for

excitation of the upper level of the spectral line. The energy

scales of the measured excitation curves are calibrated against
2 2 3

the (2s2p ) D resonance in the 4 D excitation curve. The energy
of this resonance was assumed to be 58.30 eV

7)

2.3. Results and discussion

The result of our measurements on the 4 S excitation is

shown in figure 2-1. For comparison the total excitation cross

section for the 2 S state, as reported by Crooks et al. , is

also shown (dashed curve). Crooks et al. obtained the total

cross section by integrating their measured differential cross

sections over all angles. In order to avoid that two curves

coincide, the vertical scales of the two curves have been

shifted relative to one another (left hand scale corresponds
3 . 3

to 4 S curve, right hand scale to 2 S curve). It is clear from
3

the figure that the 4 S curve does not exhibit any structure

near 50 eV larger than the statistical spreading (which is

less than 1%). The 2 S curve shows a very pronounced broad

bump of about 30%. The clear appearance of the well-known
3

structure near 60 eV in our 4 S curve indicates that we could
not have missed the 50 eV resonance even if its effect on the
3
4 S excitation curve would have been 15 times smaller than the

3
effect in the 2 S curve, as measured by Crooks et al.

3

Although the 4 S-state has been studied most extensively

in our experiment, we also performed measurements on some

other helium states. In none of the excitation curves studied,

any reproducible structure was be found near 50 eV. As an
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1 3 1 3
example the results for the 3 P, 3 P, 4 S and 4 D states are

shown (see figures 2-2 to 2-5). The statistical accuracies are

1 to 2% for the 4's and 4 D states, for the 3 P and 3 P states

even better. Notice again the clear structure between 57 and

60 eV which is caused by negative ion resonances associated

with doubly excited helium states and by a new mechanism, to

be described in chapter IV.

It is very surprising that the 50 eV resonance, which

according to Crooks et al. appears to have such a dramatic
3 .

effect on the 2 S excitation cross section, is not observed

in any of the other helium exit channels investigated so far.

It is particularly striking that it does not even show up in

the excitation of the 4 S and 5 S states, which belong to the

same Rydberg series as the 2 S state. When studying the res-

onances near 60 eV, we have observed that, if a particular

resonance occurs in the excitation of a state, it usually also

occurs with about the same shape and relative strength in the

excitation of states belonging to the same Rydberg series.

Ormonde and Golden have also predicted a structure near

50 eV in the 2 P cross section. Therefore the optical excita-

tion function of the 2 P state has been studied with a vacuum-

ultraviolet spectrometer at our laboratory. This work has been

done by Westerveld . Although the well-established structure

in the threshold region was observed, no structure near 50 eV

could be found.

Hall and Trajmar have measured the differential cross

sections for excitation of the n = 2 states (n principal quan-

tum number) as a function of scattering angle at fixed incident

energies of approximately 30, 40 and 50 eV. Although they find

a fairly rapid decrease in the 90 degree differential 2 S cross



Figure 1-6 : Schematic drawing of the experimental arrangement.

I and d are electronic counters storing the signal in the measuring

mode and the background node respectively. In chapter II and IV
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section from 30 eV on, their measurements do not go far enough

in energy to confirm the dip observed by Crooks et al. The

broad bump in the integrated total 2 S cross section was not

established either.

Crooks et al. conclude from an analysis of their measur-

ements, that the 50 eV structure should be caused by a P-wave

resonance. At 90 degrees the P-wave contribution to the diffe-

rential cross section vanishes, implying that a possible res-

onance effect should not be observable in the differential cross

section, belonging to 90 degree scattering angle. However,

Crooks et al. observe the largest effect at that angle.
3

From the peculiar characteristics of the 2 S anomaly,

outlined in paragraph 2.1 and from our failing to establish

the structure in the cross section of any other helium state,

we conclude that the 2 S structure around 50 eV, observed by

Crooks et al., is for the greater part caused by an interfer-

ence effect rather than by a negative ion resonance.
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C H A P T E R I I I

THE INFLUENCE OF RESONANCES ON THE ELECTRON-IMPACT POLARIZATION

OF HELIUM LINES NEAR 60 eV

The polarization of a number of spectral lines of helium

Sjexcited bv electrons, has been measured as a function of

the incident electron energy in the range from 56 to 62 eV. In

this region prominent resonance structures occur in the optical

excitation functions of various helium lines. Some of these

structures were difficult to interpret in terms of negative ion

resonances. Polarization measurements can provide additional

information as to their classification. A new method is suggested

to analyse the experimental results.

3.1 Introduction

The degree of polarization of a spectral line is conveniently

defined as follows:

100- (3.1-1)

where I, , and J, are the intensities of the light with electri-

cal vector parallel and perpendicular to the electron beam,

respectively.

It can easily be shown that the excitation by an unidirec-

tional beam of electrons causes in general a non-uniform population

of the magnetic sublevels of a particular state, resulting in a

non-zero polarization of the emitted radiation. If the upper

level of a spectral line is excited by an electron which has just

enough energy to do so, the scattered electron has zero velocity



52

and consequently zero orbital angular momentum after the

collision. In that case the orbital angular momentum trans-

ferred to the atom can have no component along the direction

of the electron beam: in other words, the magnetic quantum

number of the atom in the excited state must be the same as

that in the initial (ground) state, if the quantization axis is

taken parallel to the electron beam. So we have a selection

rule AM = 0 at the threshold and consequently a non-uniform

population of the magnetic sublevels of the excited states

(at least, if we 1'ave S-states out of consideration), la the

case of helium only magnetic substates with M = 0 can be
L

excited and this completely determines the polarization of the

spectral lines near threshold.

Some years ago there was quite an interest in the pola-

rization of the impact radiation of helium for electron ener-

gies near threshold, as discrepancies between theory and experi-

ments appeared. As mentioned above, at the threshold itself the

polarization can be calculated exactly using angular momentum

considerations only. The 492.2 nm line (4 D -»• 2 P) of helium»

for instance, has a calculated threshold polarization of 60%.

ExperimentSjhowever, showed that a few tenths of an eV above

threshold the polarization is already smaller than the theo-
retical threshold value. The first experimental results 1,2) even

seemed to indicate that the polarization tended towards zero near

threshold. More refined experiments showed that probably very

close to the threshold there is a steep rise to the above calcu-

lated value of the polarization.

We believe that the rapid decrease in polarization just above

threshold is caused by the influence of resonances, which are known

to play an important role in the excitation process near threshold.

As mentioned before, at the threshold itself the scattered electrons

7,8)
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have zero angu1 pomentum and hence only s-wave scattering

occurs, result ng . the exclusive excitation of «L= 0 substates.

When increasing tb .ncident electron energy a little bit.above

threshold one doe^, .ut expect the situation to alter drastically

as long as no resonances are present. Namely, only direct scat-

tering is then involved and p- and d-wave scattering will be

fairly improbable, owing to the small excess energy of the scat-

tered electrons. Therefore, one expects the polarization not to

deviate too much from the threshold value as long as the incident

electron energy is below the resonance energies. When states with

principal quantum numbers 3 and larger are excited, resonances

occur very close to the threshold and depending on the angular

momenta of the intermediate states concerned, partial waves with

L = 1 and L = 2 and even higher can make large contributions to

the excitation cross section, even if the excess energy of the

scattered electrons is small. Consequently, excitation of magnetic

substates with AL^ 0 is quite likely near threshold and therefore

the polarization may deviate appreciably from the value at thres-

hold where only MT = 0 excitation is possible. How large this effect may

be is illustrated in fig.3-1, where previously obtained results

on the polarization of the 492.2 nm line of helium are shown (this
27)

line indeed exhibits resonances near threshold ). The calculated

threshold polarization of this line amounts to 60%. The experiments

indicate that 0.3 eV above threshold the polarization is already

down to less than 35%. Recently close coupling calculations on

n = 2 excitation by Burke et al. have shown that such a behaviour

is indeed to be expected when resonances play a role in the exci-

tation process. The specific effect of a particular resonance on

the polarization depends largely on the configuration of the inter-

mediate negative ion state (see next section). Conversely, measur-

ements of the polarization in the vicinity of a resonance can provide

extra information as to the classification of that resonance.
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The aim of the present work is to investigate the energy

dependence of the polarization in a different energy region,

namely near 60 eV. In that energy region we have observed a

large number of resonance structures in the optical excitation

functions. Fig.3-2 shows our results for the 3 D, 4 D, 4 S and

4 D states of helium. Two of the resonances, at 57.2 and 58.3 eV

respectively , have also been observed in electron scattering
14)

experiments by Simpson et al.
20)

pendence measurements

and Cooper

and many others. Angular de-

have confirmed the predictions of Fano

that these two resonances are caused by temporary

negative ion states, which are formed by addition of the incident
2 ] 1

electron to the (2s ) S and (2s2p) P doubly excited states of
2 2 2 2

helium, resulting in the configurations (2s 2p) P and (2s2p ) D.

Near 60 eV the optical excitation curves exhibit additional
21)

structure, also reported by Marchand , which is not easily

interpreted in terms of negative ion formation. In order to
2 2 2 2

investigate the effect of the (2s 2p) P and (2s2p ) D resonances

on the polarization of the impact radiation and to get additional

information on the 60 eV structures, we measured the polarization

of a number of helium lines in the energy region between 56 and

61 eV, namely the 492.2 nm (4JD •+ 2 ]P), 438.8 nm (5*D •* 2!P) ,

587.6 nm (33D -> 23P) and 447.2 nm (43D •* 23P) lines.

3.2. Theoretical considerations

In this section we shall show that angular momentum and parity

considerations give already much information about the influence

of a particular resonance on the impact polarization. Consider the

case of excitation of the 388.9 nm line (3 P -* 2 S). The polari-

zation of this line has been measured very accurately by Defrance
22 25) ]7)

after our results * were published. Percival and Seaton
assuming R.S.-coupling give the following formula for the polari-

15)
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zation of that line:

P = 15
41aQ+67a^

(3.2-2)

where a„ and a are the total cross sections for excitation of

the magnetic sublevels with M= 0 and MT= + 1 or - 1, respectively.
J-i Li

The quantization axis is taken in the direction of the electron
2 2

beam. In case of the (2s 2p) P resonance (at 57.22 eV) we have

an indirect excitation according to the following reaction scheme:

e + He(I ]S) -> He (2P) He*(33P) + e (3.2-3)

J, A = 388.9 nm

He*(23S)

We assume that the orbital and spin angular momentum are con-

served separately during the reaction. If the intermediate state

has angular momentum L with component M along the incident-electron

axis, this intermediate state may be characterized by \L,M> and

the final state by \L., Mf; l„, m„> (L and M, describe the excited

final atomic state, I and m the scattered electron). With the

aid of Clebsch-Gordan coefficients the configuration denoted by

]L3M> can be expanded in eigenstates \L~, M.\ l~, m~>:

\L,M> \LV Aif; m
2
> (3.2-4)

The Clebsch-Gordan coefficient C,
M

is defined as the scalar

product of the state ]L., Aif; I„, m > and the state \L,M> (with

M. + m = M). The square of the coefficient gives the relative

probability for decay of the intermediate state to the specified

substate of the excited atom (£f, M.). In ref.18,28 expressions

and values are listed. Applying this formalism to equation (3.2-3)

one gets:
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L = J (the negative ion is in a a P-state)

M = 0 (the angular momentum of the negative ion is equal to

that of the incident electron whose angular momentum

component along the incident electron beam is zero)

V (He is in a P-state).

Because L = 1, Z-, can have a value 0, 1 or 2. Conservation

of parity excludes I = 1, which would lead even parity
* 3

for the (He (3 ÏJ + e) system, whereas the intermediate

state has odd parity. Furthermore, we know that M(= M. + m )

is equal to zero. So we get in the case that 1=0:

(3.2-5)

In the case that I„ = 2 we get:

0
l,0;2,0> |l,l;2,l> + C^ |1,-1;2,1>

(3.2-6)

The Clebsch-Gordan coefficients are - A T , / — and - /.-,

respectively. The substates with m = +1 and m = —\ are equally

probable, which results from a general symmetry of the Clebsch-

Gordan coefficients. Denoting the total cross section for reso-

and -n by a , onenance excitation of the sublevels with

gets:

= 1:0 (if tn 0)

and

= 4:3 (if l2 = 2)

(3.2-6)

(3.2-7)

Neglecting interference between direct and resonance excitation
3

of the 3 P level, one can calculate the polarization of the

resulting radiation, caused by the resonances, with the aid of

formula (3.2-1) :
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res
I = 0 yields P Ä 36% and

I = 2 yields P" 3 ** 4%«

To treat the interference between resonant and direct scattering

the cross sections <3Q and ff should be replaced by the inte-

grals over the squares of the ssums of direct and resonant

scattering amplitudes Cf\(9,<|s) and ƒ (6,(j>)). When doing so,

generally "cross terms" (i.e. products of resonant and non-reso-

nant terms) will occur. Hevcvar, in the special case of what

may be termed "constructive interference", the cross sections

a and a. can be written as sums of resonance and direct
23)

contributions . This case occurs when the direct excitation

does not contribute to the partial waves in which the resonance

occurs, and can be recognized experimentally by the fact that

the resonance manifests itself as a mere peak without accompanying

dip. In this situation the resulting polarization can be written

as a weighted average of the polarizations, as they would be

caused by the direct excitation and resonance excitation,

separately. Hence, in our example we get:

(3.2-8)
It • I, *

where
rdI = I, . + I, : intensity of radiation due to direct (non

resonant) excitation

I. = 1'.ij+ Z.,: intensity of radiation due to resonant exci-

tation with l„ = 0

X- = -^2//+ ^2LS "Ltensi-ty °f radiation due to resonant exci-

tation with I. = 2

P , P. , P. : degree of polarization of radiation 1,1. and

!„, respectively.
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Defining:

J2
(3.2-9)

one gets:

pres

(3.2-1Q)

res ires
P

d res ires
In expression (3.2-10) the quantities P, P > P. and P are

known from experiment or can be calculated. Using the relation

= 1 (3.2-11)

t t t

one may derive a relation between I and J-/J .
t A« t

In our example of the 388.9 nm line the P resonance mani-

fests itself mainly as a peak. We may therefore assume that we have

constructive interference, sothat the above analysis can be

applied. We have: P = 13%, Pd= 12%, P
T
]
eS= 36% and P!;eS= 4% (ref. 15).

Substituting these numbers in (3.2-10) yields a relation

between I II and I~ll • From the relative height of the reso-

nance we obtain a second relation sothat I,/It
 and iJ can deter-

mined separately. We find: I./It "* 0.04 and JV
Jt < °«005>

indicating that the relative probability for resonance excita-

tion via the I = 0 partial wave is much larger than that via

the Z.» = 2 partial wave. This conclusion is in agreement with

what expects intuitively. Namely, two-electron matrix elements

are required to describe the decay of the (2s 2p) P resonance
3

to the (Is3p) P state via the emission of a d-electron. More-

over, the d-wave centrifugal barrier would make the decay

less probable.
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2 2

In the case of the (2s2p ) D resonance (at 58.3 eV) the exci-

tation function of the 388.9 tun line shows a small peak followed

by a large dip (ref.ll). This means that we are not dealing

with constructive interference a.id the polarization cannot

simply be written as a weighted average of the polarizations

due to the direct and resonance mechanisms. Considering parity

and angular momentum conservation only, two l„ values (1 and 3)

with polarizations of 20 and 6%, respectively, are possible.

Defranee reports an increase of polarization of 1% (from

11.3 to 12.3%).

If one does not know the configuration of the intermediate

negative-ion state, the outlined analysis may help to identify

this configuration. If, for example, in the case of 4 D exci-

tation, polarization measurements indicate that Z-„ = 0 resonance

excitation predominates, one can conclude that the intermediate

state must have L = 2 and even parity. Together with the energy

location (with respect to a possible parent state) this deter-

mines the negative ion state almost completely.

3.3. The experimental arrangement

The experimental set-up is practically the same as the'one

used in ref.ll. Therefore only a brief description will be given

here. An electron beam of about 25 JJA is directed through an
-3

excitation chamber containing helium gas at a pressure of 10

torr. The light orginating from a cross section of the beam

and emitted at right angles to the beam passes successively

through a polarization filter and a J-wave plate and is focused

on the entrance slit of a grating monochromator. The (relative)

number of photons of a selected spectral line is measured with

a photo-multiplier followed by an amplifier with discriminator

and electronic counters.

S;
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To eliminate the influence of possible drifts in detection

sensitivity or in the accelerating voltage, the polaroid filter

rotates continuously with ca. 20 rev./sec. The multiplier pulses

corresponding to the two polarization components are separated

with the aid of an electronic channel switch operating synchro-

nously with the rotating polaroid filter. The influence of

apparatus polarization is eliminated by changing the linearly

polarized light transmitted by the polaroid filter into circu-

larly polarized light. This is achieved by means of the |-wave

plate, which rotates together with the polaroid filter during

the measurements.

3.4. Results and discussion

The results of our polarization measurements on the 492.2,

4 3 8 . 8 , 447.2 and 587.6 run l i n e s 2 J P , 5!D , 43D •* 23P
3 3

and 3 E + 2 P, respectively) are shown in figure 3-3. The

electron energy scales were calibrated by bringing the measured

onsets of the excitation curves up to the spectroscopically

known values. The statistical spreading in the measured polari-

zation of the 492.2 nm and 438.8 nm lines amounts to about 1%

polarization. For the 447.2 and 587.6 nm lines this error is

about 2%. Since the latter two lines have a relatively small

polarization (about 14 =ind 8% respectively) compared to the

492.2 and 438.8 nm lines tabout 42%) the fractional error for

these lines is greater. It is clear from figure 3-3 that the

polarization curves of the 492.2, 587.6 and 438.8 nm lines

do not exhibit dramatic variations in the resonance regions.

If the resonances have any effect at all on the polarization,

this effect must be smaller than 1% or 2% polarization on a

total polarization of around 42%. For the 447.2 nm line some

structure (two peaks) between 57 and 59 eV may be present.
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It can be made plausible by qualitative considerations

that the 60 eV resonances should have less influence on the

polarization than resonances near threshold. The polarization

for instance of the 492.2 run (4 D

formula :

2 P) line is given by the

(3.4-1)

where a , a and a are the total cross sections for excitation

of the M= 0, MT = 1 (or -1) and M
L Li LJ

2 (or -2) substates,

respectively. Near threshold the direct (non resonant) scatte-

ring mainly consists of s-waves, resulting in the excitation

of M = 0 substates only, while p- and d-contributions come
Li

from the resonances. Near 60 eV, however, the direct scatte-

ring amplitude may contain p-, d- or even higher angular momen-

tum components, so that direct excitation of M = 1 or 2 sub-
Li

states is quite likely. Hence, near threshold all excitation

of M = 1 or 2 substates is caused by resonances and near 60
Li

eV only for a part. It is therefore clear that the 60 eV reso-

nances will have less influence on the polarization than the

resonances just above threshold. In the example of the 492.2

nm line the "background" polarization is about 40% at 60 eV,

indicating that the relative population of magnetic subleveis

is still appreciably non-uniform. That this relative population

is not altered (at least not within the accuracy of our measur-

ements) by the presence of the resonance is at first sight sur-

prising.

In the excitation functions of the 587.6 and 472.2 nm
2 2

lines the P and D resonances at 57.2 and 58.3 eV, respectively,

manifest themselves as peaks (see figure 3-2). We therefore

conclude that the interference between direct and resonance

scattering is constructive and we may apply the analyses out-
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2 2
lined in section 3.2 to these lines. In case of the (2s 2p) P

3
resonance, the reaction scheme for 4 D excitation is as follows:

e + -+• He"(2P) •+ He*(43D) + e (3.4-2)

L = 1 l2 = 1,2 or 3

Parity conservation excludes I. = 2, so one gets if I. = J:

and if 3:

(3.4-3)

|2,1;3,-l çj |2,-1;3,

+ C2' _2|2,2;3,-2> + Ç^ 2|2,-2;3,2>

(3.4-4)

Substituting the Clebsch-Gordan coefficients one finds:

•; = • ; • • ;

al ••

: 3 : 0

: 8 : 5

.17)

(tor I2 = 3)

With aid of the formula for the polarization of the 4 D •> 2 P

line

P = 213- (3.4-5)
671a0 1058a2

oresone obtains for the resonance polarizations: P. * 24% for

l2 = 1 and 7% for ^ = 3.
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Because of the constructive interference the resulting pola-

rization is a weighted average of background and resonance

polarizations according to (3.2-10). Substituting the known

numbers we obtain a relation between I II , I,Ht
 and I II .

From our measured excitation curve we can obtain the height of
2

the P resonance relative to the background of the direct exci-

tation. However, we do not measure this height correctly, due

to the energy spread in our electron beam of about 0.25 eV; but

from the experiment of Hicks et al. we know that the real width

of the resonance in the elastic cross section is about 0.1 eV.
2 . 3

An estimate of the real height of the P resonance in the 4 D

excitation curve may thus be obtained by multiplying our measured

height by 2.5 (assuming that the width of the resonance in the

inelastic cross sections is not too much different from the

width in the elastic cross section). In this way we obtain:

+ J. = 0.25 I~. Together with (3.2-11) we have now three

= 0.25 l£.
equations from which I./I and J„/J can be solved. We find

I II 0.13 and I /I ** 0.07; so the probabilities for reso-

nance excitation via Z„ = 1 and 1 = 3 are in the ratio of

approximately 2 to 1. This ratio is not quite so small as the

ratio between the probabilities for l„ = 0 and I = 2 in case
2 3

of decay of the P resonance to the 3 P state (see section 3.2).

This is understandable because both the Z = ] and Zo = 3 decay
2 2 3

of the (2s 2p) P resonance to the 4 D state requires two-

electron matrix elements.

In an analogous way as above we can try to analyse the
2 2

(2s2p ) D resonance at 58.30 eV. Decay of this resonance via

the 4 D channel leaves us with possible ^„-values of 0, 2 or 4,

resulting in polarizations of 32%, -0,1% and 0,1% for the light
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due to resonant excitation via s-, d— or g-waves, respectively.

Substituting these numbers in a formula similar to (3.2-10)

yields a relation between I fl , I,/I > ̂ o^t- anc* ̂ •x^t ^we

have three resonant partial waves!). "From the height of the D

resonance in the 4 D excitation we obtain a second relation.

Together with (3.2-11) we have now three equations with four

unknowns, sothat the problem cannot be solved completely.

A fourth relation could be obtained if the polarization

could be measured of a line with the same upper, but a different
3

lower level. In the present case of 4 D excitation this is im-
3 3

possible. Higher D levels can decay to F levels. However, the

resulting radiation has wavelengths in the (far) infrared and

cannot be studied with our present techniques.
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C H A P T E R IV

ELECTRON CORRELATION EFFECTS IN ELECTRON HELIUM SCATTERING

Synopsis

A post-collision interaction (P.C.I.) between the scat-

tered electron and the electron ejected by an àuto-ionizing

state, as first observed by Hicks et al., may lead to the

capture of the scattered electron by the residual ion to form

an excited state of the target atom. This would provide an

additional mechanism for excitation of the atom to singly

excited states, resulting in structures on the excitation

curves of those states. It is shown that these P.C.I, struc-

tures must exhibit characteristic features by which they can

be distinguished from other structures such as negative ion

resonances.

To obtain experimental evidence for the P.C.I.-excitation

mechanism we have studied the excitation of a large number of

helium states in the energy region around 60 eV, where the

autoionizing states are lying. A number of structures have

been found which indeed appear to have the characteristics

one expects on the basis of the P.C.I.-excitation model. It

is also found and made plausible that the P.C.I.-excitation

mechanism via the excitation of autoionizing states primarily

leads to the excitation of S-states. The influence of spin

effects in the P.C.I, is discussed. From the measurements we

are able to extract the dependence of the energy exchange

between the scattered and ejected electron on the excess energy

of the inelastically scattered electron. The results are com-

pared with theoretical predictions on the basis of a modified
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Barker and Berry model for post-collision interactions.

Finally, the possible occurrence of P.C.I, in processes

other than the excitation via autoionizing states is discussed

and some experimental evidence is presented.

A.]. Introduction

During the past 10 years there has been an extensive study,

both experimental and theoretical, of resonance effects in

electron-atom (molecule) scattering. These resonances are

attributed to an indirect scattering mechanism via an inter-

mediate negative ion. In the case of helium, resonances were

first observed in the measurements of optical excitation func-
1 2)

tions ' . Somewhat later the development of high-resolution

electron spectrometers led to the discovery of a large number

of resonances in the electron scattering cross sections of

various atoms and molecules. Schulz and Philbrick observed

resonances in the differential cross section at 72 for exci-

tation of the 2 S state of helium. Chamberlain and Heideman'4

found a large number of resonances in the zero-angle excitation

functions of all n = 2 states of helium (fi : principal quantum

number). The angular dependences of these resonances were later

studied by Ehrharit and co-workers . From the latter experi-

ments conclusions could be drawn concerning the configurations

of the various intermediate negative-ion states. More recently

very high resolution studies on electron-helium resonances have

been performed among others by Golden et al. , Cvejanovic et

al. 3Andrick et al. , and Heddle et al. . All these studies

deal with resonances in electron-helium scattering in the tres-

hold region, vhere resonances are due to negative ion states

formed by temporary binding of the incident electron to singly
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excited states of neutral helium.

Resonances can also be observed in the energy region around

60 eV. In this energy domain resonances occur which are due to

negative ion states formed by addition of the incident electron

to doubly excited states of helium. These negative ion states

appear to decay fairly strongly into singly excited states and

the ground state of helium, so that they can be observed as pro-

nounced structures on the excitation curves of the excited states

and in the elastic scattering cross section. Simpson et al.

studied the 60 eV resonances in the excitation of the n = 2

states, while Kuyatt et al. observed the structures for the

first time in the elastic electron-helium scattering. Grissom

et al. and Sanche et at. ' applied a trapped-electron tech-

nique and observed a number of structures around 60 eV, some

of which could be ascribed to thresholds of inelastic channels

(doubly excited states), while others were interpreted as nega-

tive ion resonances.

In our laboratory Heideman et al. ' investigated the

60 eV region extensively by studying the excitation of states

with principal quantum numbers n > 3. These studies revealed

a large number of structures in the optical excitation functions,

some of which were not observed in the electron scattering expe-
10)riments by Simpson et al. Two of the structures at 57.2 and

58.3 eV, occurring in most of the excitation curves studied,

were unambiguously identified ' as negative ion resonances
2 2 2 2

having the configurations (2s 2p) P and (2s2p ) D, respectively.

These resonances are also seen in the electron scattering expe-

riments by Simpson et al. and by Kuyatt et al. '. Near 60 eV,

however, additional structure was observed whose interpretation

was at first not clear. Initially it was believed that reso-

nances were involved associated with higher lying doubly
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excited states such as (2n nV) with n > 3. However, the follo-

wing problems arose:

a. The structure is large for resonances to be associated with

higher lying doubly excited states. The strengths of the

resonances in the threshold region decrease rapidly with

increase of the principal quantum number of their parent

states .

b. The structure occurs preferentially in the excitation of

S-states.

c. The structure does not occur at all in the excitation of

n = 2 and 3 states, but only for n > 4.

d. The structure does not show the typical resonance shape

(see section 1.5.1).

These features are difficult to understand when the struc-

ture is supposed to be caused by negative ion resonances.

The first key to the solution of the matter came when

Hicks et al. in Manchester reported their studies on the

excitation of doubly excited autoionizing states of helium.

In the next section we shall show that from their results

conclusions can be drawn which naturally lead to the concept

of a new excitation mechanism that may very well account for

the mysterious structures we observe around 60 eV.

4.2. The Post-Collision Interaction Model

'In their studies on the excitation of helium to autoioni-

zing levels by electron impact, Hicks st at. ' investigated

the following reaction mechanism:

1 ïtïfr +9
+ He(lS) -* He (a.i)+ e ->• He (1 S)+

(4.2-1)
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where He (a.i) denotes helium in an autoionizing state and

e , e. and e_ are the incident, the scattered and the ejected

electron, respectively. They measured the energies (Zf?) of

the ejected electrons. At first sight one expects:

;_ = £' . - E.
2 a.i l

(4.2-2)

where E . and E. are the energy of the autoionizing state

and th.. ionization energy, respectively. This appeared only

to be the case as long as the incident electron energy £"„ was

a few e7 larger than the threshold energy of the autoicmizing

state. Hicks et al. observed that the ejected electron energies

shifted to steadily higher values as the impact energy was

lowered to within a few electron volts above the thresholds

of the autoionizing states concerned:

E„ = E . - E. + e
2 a.i ï

(4.2-3)

where e denotes the increase in energy of the ejected electron.

The observed shifts (up to about 1 eV) were found to be largest

for autoionizing states with the smallest lifetimes.The phenomenon

could qualitatively be explained as follows. If a helium atom

is excited to an autoionizing state by an electron with an energy

a little above threshold, the inelastically scattered electron

will recede slowly and may still be very near the atom at the

instant it autoionizes. The effect of the inelastically scat-

tered electron is that in the vicinity of the ion the potential

is lowered, so that the ejected electron is less slowed down,

compared with the situation that no scattered electron

is present. The outcome of this situation is that at large distance

from the atom the ejected electron can have a kinetic energy
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larger than the difference between the energy of the autoioni-

zing state and the ionization energy (as expressed in

formula (4.2-3)). This gain in energy is counterbalanced by an

equivalent loss in energy of the inelastically scattered elec-

tron which feels itself in the attractive field of the residual

ion. It has recently been shown by Spence that the gain in

energy of the ejected electron indeed is equal to the loss in

energy of the scattered electron. One can easily understand

why the energy gain e decreases monotonically with increasing

initial excess energy (E.) of the scattered electron. If E.

gets larger, the scattered electron will be farther away from

the atom at the moment it ionizes and consequently the energy

exchange between the scattered and ejected electron will be

smaller. In the same way the observed dependence of e on the

lifetime of the autoionizing state can be understood. The

above explanation was referred to by Hicks et al. as "the

post-collision-interaction model" (P.C.I, model). One can

show (see Read ' and Heideman et al. ' ) that this

post-collision interaction after the excitation of autoioni-

zing states may provide an additional mechanism for excitation

of atoms to singly excited states, resulting in structure on

the excitation curves of those states. From the results of

Hicks et al. one knows that the energy exchange e increases'

as E„ is lowered towards the threshold energy of the a-'t-oioni-

zing state. The point to be made is that the energy exchange

e may become larger than the initial excess energy E. of the

scattered electron. In this case the scattered electron can

not escape from the ion and will be bound in one of the excited

states of the atom with a binding energy (.E.) equal to e - E».

The result is an indirect excitation of the atom to a (high) n

state via the excitation of an autoionizing state, according
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to the reaction:

He(l's) He' He*+

(4.2-4)

This additional excitation mechanism for bound states may give

rise co structures on the excitation curv. jf those states at

energies just above the thresholds of autoionizing states. In

the following we shall show that possible structures resulting

from the above pictured mechanism are expected to have charac-

teristics by which they can be distinguished from other struc-

tures (such as negative-ion resonances). Suppose that for a

particular autoionizing state the maximum value for the energy

transfer between the scattered and ejected electron amounts

to £ . The upper limit for E,(= e - E,) is then also e
-nax vv b 1 max

and therefore one does not expect structure due to post collis-

ion interaction in the excitation of states lying farther than
E below the ionization threshold. Further, one expects that
max

P.C.I, structures, associated with a certain autoionizing state,

vail move to higher incident electron energies as one observes

the excitation of higher n states, since for higher n states

the binding energy E,{= e - E.) becomes smaller which allows

a larger incident electron energy. Negative-ion resonances do

not exhibit the above characteristics. They can in principle

decay to all lower lying states of the neutral atom and appear

at the same energy in the excitation functions of all states

to which they can decay.

In an attempt to find structures which could possiblyresult from the above outlined P.C.I, mechanism,we started

structures in the 60 eV region,

only n = 3 and n = 4 states were

23)

a systematic study of the structures in the 60 eV region. In
14,15)

previous experiments
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studied and it was noticed that some structures occurred in the

excitation of n = 4 and not in the excitation of n = 3 states.

Now we intended to study systematically n = 3 up to 6 or 7, to

see whether some of ehe structures shifted towards higher

energies when going to excitation of states with increasing

principal quantum number.

4.3. Experimental arrangement

The experimental arrangement has been described in detail
24)

elsewhere (see also Chapter I). Therefore only a brief dis-

cussion will be given here. A sealed excitation tube contains

helium that can be excited by means of a beam of electrons of

adjustable velocity. The helium pressure is about 10 torr.

The electrode system consists of an oxide-coated cathode K and

Cive electrodes E....E,. (see figure 1-5). E and E_ are used

to regulate the electron current and the parallellism of the

beam. The electrode E_ is a Faraday cage and serves as exci-

tation chamber. An electron trap, consisting of E, and E , is

situated behind the excitation chamber to prevent backscattering

of the electrons passing through the excitation chamber and

also to prevent interfering secundary emission. Here also the

beam current can be measured. The electron current through the

excitation chamber amounts to about 25 pA. The light origina-

ting from a cross section (narrow disk) MM of the electron beam

is focussed on the entrance slit of a Bausch and Lomb monochro-

mator (see figure 1-6). The direction of observation is perpen-

dicular to the electron beam. The light of a selected spectral

line leaving the monochromator falls on the photocathode of a

cooled multiplier, the temperature of which can be adjusted

between -20 and -40 C, with a stability better than ) degree.
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manifest themselves as peaks (see figure 3-2). We therefore

conclude that the interference between direct and resonance

scattering is constructive and we may apply the analyses out-

78

Each photo-electron gives a current pulse at the anode of the

photomultiplier. These pulses are amplified by a fast amplifier,

discriminated, and finally stored in a multichannel analyzer

(a Northern 575). The spectral sensitivity of our system ranges

from 350 to 600 nm (limited by the glass wall of the excitation

tube and the multiplier sensitivity). The monochromator is ad-

justable to 0.1 nm. The energy spread of the electron beam

amounts to about 0.25 eV (concluded from the measured width of
2 3 3

the D-resonance at 58.3 eV in the 4 D -*• 2 P excitation function;

this resonance is assumed to be very narrow (0.05 eV)).

4.3.1. Measuring procedure

To measure a particular part of an excitation curve a ramp

voltage of ca. 4.5 V is supplied to the excitation chamber. This

voltage, which is provided by the multichannel analyzer, varies

proportionally with the address position of the memory system of

the analyzer. In this way a perfect synchronization between the

excitation chamber voltage and the address position of the memory

is obtained. By sweeping the memory position of the analyzer

synchroneously with the varying ramp voltage and accumulating

the multiplier pulses in the appropriate channels of the analyzer

a part of the excitation function of the investigated spectral

line is measured. The starting energy of the measurement can be

chosen by presetting a precision voltage supply (a Lambda LR-616-

BMV), which is put in series with the ramp voltage. To reduce

the unnecessary density of measuring points the contents of a

fixed number of successive channels can be added together. Energy
2 2

calibration WÍ»S achieved by measuring the position of ';he (2s2p ) D

resonance at 58.30 eV before and after each run. On the uncor-

rected energy scale the position of this reference peak shifted
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not more than about 0.02 eV in a period of 5 to 6 hours, which

was the typical time duration of one run. Each part of the exci-

tation curve was measured 3 or 4 times and the results of these

runs were added together, after correction f c possible shifts

of the calibration peak.

4.4. Results and Discussion

The figures 4-1 to 4-9 show our excitation measurements on

a large number of helium states in the energy domain between 57

and 61 eV. The figures show that a variety of structures occur

in practically every curve. Some of the structures can clearly

be identified as negative-ion resonances, as they occur at the

same energy in the different excitation curves. The well-known

(2s 2p) P and (2s2p2) D resonances at 57.22 and 58.30 eV respec-
1 3 1 3

tively, show up most clearly in the n S, n P, n D and n D exci-

tation. Near 60 eV and (less prominently) near 58,4 eVs additio-

nal structure is apparent, which exhibits the characteristics

expected on the basis of the P.C.I.-mechanism (see section 4.2).

This structure shifts towards higher energies with increase of

the principle quantum number. The structure is most prominent

in the excitation of S-states. In the following we will discuss

the 60 eV and 58.4 eV structures separately.

4.4.1. P.C.I.-structures around 60 eV

Figures 4-1 and 4-2 show the excitation of the n S and
1 3

n S states around 60 eV. In figure 4-1 also the 4 D excitation
3

is shown. The large peak in the 4 D excitation curve is due to
2 2

the well known (2s2p ) D negative-ion resonance and is used as

calibration point for all other structures as mentioned in sect-

ion 4.3.1. We positioned this peak at 58.30 eV. The n"S and n S
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3 3 3 3
Figure 4-] : The excitation of the A D, 4 S, 5' S and 6 S

states of helium as a function of the incident electron

energy between 58 and 61 eV. The peak at 58.30 eV in the
3 2 2

4 D curve is due to the (2s2p ) D resonance. Th2 structures
around 60 eV in the n S curves are interpreted as PCI struc-

2 2
tures. The. energy scales are calibrated against the (2s2p ) D

resonance, whose energy was assumed to be 58.30 eV (see text).
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curves show a pronounced structure around 60 eV which clearly

shifts towards higher energies with increase of the principle

quantum number. This structure is not observed in the n = 2

excitation (Simpson et al. and King et al. ). We therefore

interpret it as being caused by a P.C.I.—excitation mechanism.
2 I

The autoionizing state involved is most likely the (2p ) D state,

as the lowest energy at which the structure is observed (in the
3 2 1

4 S excitation) is at 59.90 eV. The threshold of the (2p ) D
26")

state is at 59.88 eV (Martin ). The relative heights of the

maxima (compared with the "background" of the direct excitation)

is estimated to be about for the 43S, 15% for the 53S and

around 30% for the 6~S state. For the 4, 5 and 6 S state these

numbers are 5, 6 and 7%, respectively. The measured positions

of the various P.C.I, structures are given in Table 1.

Table 1

E, - binding energy of excited states listed in column one.

i' . - energy at which maximum of P.C.I, structure is observed.

E = energy of scattered electron immediately after excitation

of the autoionizing state.

r = energy transfer between scattered and ejected electron.

Exc.state

4 3 S

4 l S

5 3 S

5 ] S

6 3 S

Js

IP

^b

0.99

0.92

0.62

0.56

0.42

0.39

"pci

59.90

59.92

60.01

60.07

60. 14

60. 17

"1

0.02

0.04

0.13

0. 19

0.26

0.29

e

1.01

0.96

0.75

0.75

0.68

0 68
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The fourth column gives the initial energy E,(= E .-E . )
1 PCX â•1•

of the scattered electron immediately after excitation of the

autoionizing state. The fifth column gives the energy transfer

e(= E,+E, ) (see section 4.2.) between the scattered and ejected
i b

electron. It is interesting to make a plot of the energy exchange

e versus the excess energy E,. This has been done in figure 4-3.

Not only our excitation results are given, but also the autoioni-

zation results of Hicks et al. . Above the str̂ -'ght line e - E

is positive and the points here correspond to our measured P.C.I,

structures in the excitation curves. The points below the straight

line, where E - e is positive, correspond to the energy shifts
2 1

of electrons ejected from the (2p ) D state, as measured by Hicks

et al. There seems to go a smooth carve through all these points,
2 1

consistent with our assumption that the (2p ) D state is respon-

sible for the observed structures.
3

In figure 4-4 the excitation curves of the 3, 4 and 5 D

states are shown. The (2s2p ) D resonance shows up very promi-

nently and within the accuracy (« 0.05 eV)of the energy scale
3

at the same energy of 58.30 e.V in all three curves. In the 4 D
and 5 D curve a small structure of a few percent is observed at
60.01 eV and 60.11 eV, respect ively. Most probably th i s s t ruc ture

2 1

is also due to a P.C.I.-effect via the (2p ) D state. When the

energy shifts e derived from these structures are plotted in

figure 4-3 they appear to fall somewhat (=» 0.1 eV) above the

curve that can be drawn through tue points derived from the
1 3 3

n ' S structures (for example 4 D: e = 0,98, E. = 0.12 eV). This

could indicate that the structure is partly due to cascading

from higher P or (indirectly) S-levels. Another possibility

is that the (2s2p) P autoionizing state at 60.12 eV is respon-

sible for the structure. In the 3 D curve no structure is ob-

served around 60 eV. This is in agreement with our expectation
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(2s2p ) D resonarce. The structures around 60 eV in the 4 D
and 5 D curves are interpreted as PCI structures.
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that there should be an upper limit to the energy exchange be-

tween scattered and ejected electron. The e vs E curve in
2 ! .

figure 4-3 indicates that for the (2p ) D autoionizing state

this upper limit is about I eV. P.C.I, structure due to the
2 1 . . . 3

(2p ) D autoionizing state in the 3 D excitation would require

an energy exchange of 1.6 eV.

Figure 4-5 shows the excitation curves for the 4, 5 and
1 2 2

fa D states. Near 58.30 eV the (2s2p ) D negative-ion resonance
shows up in all three curves. Around 60 eV a very small (Ä 1%)

.1,
oscillatory structure is observable in the 4 D and 5 D curves.

In the 6 D curve it is barely visible due to poorer statistics.

The pattern clearly shifts to higher energy when going from

n - 4 to 5. Therefore we attribute this structure also to a

P.C.I.-mechanism. Most probably the (2p ) D or the (2s2p) P

state (or both) are the responsible intermediate autoionizing

states. Meaningful energy determinations are impossible due to

the irregular shape and large width of the structure.

In figure 4-6 the 3 P and 4 P curves are shown. The 3 P

curve clearly exhibits the *~D resonance. Its effect on the

cross section is however less than IX. Around 60 eV little or

no structure at all can be observed within the statistical

spreading. Maybe thare is a small peak at 60 eV in the 4 P

curve. The apparent absence of the 60 eV structure in the

"'i P excitation may be due to the fact that the cross sections

for direct excitation of the P states are relatively large

(compared to the other states studied), sothat possible struc-

tures due to an indirect excitation mechanism are easily ob-

scured.

In principle the position, height and width of a P.C.I.-

structure, observed in the excitation of a particular state,

may be influenced by cascading from higher lying states.
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to the (2s2p ) D resonance. Around 60 ey an oscillatory struc-

ture is observed which is attributed to P.C.I.
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62 eV. Except for the (2s2p ) D resonance in the 3 P curve no
clear structure is observed in either of the two curves.
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However, for the P.C.I.-structures in the n S and n S excitation,

which we have analysed in some detail, we expect this influence
1 3

to be small. Possible cascade contributions to the n ' S struc-

tures come from higher n ' P levels. The P.C.I.-structures in
1 3

the n ' P (n > 4) excitation are, however, appreciably weaker

and most probably for an important part due to cascading from

n''3S levels.

4.4.2. P.C.I, structures around 58.4 eV

The figures 4-7 and 4-8 show the excitation curves of n S

and n S states (n = 4, 5, 6) in the energy range from 57 to

59.5 eV. In all curves (with the possible exception of 4 S) we

observe a structure around 58.4 eV, which clearly shifts towards

higher incident electron energies when going from n = 4 to n = 6

However, the analysis of this structure is complicated by the
2 2

presence of the (2s2p ) D negative ion resonance in this energy

range. Interference between P.C.I, and resonance excitation on

the one hand and the direct excitation on the other hand may

result in a complicated structure, which is difficult to unravel.

Figure 3 of ref. 17 shows a typical example of such an inter-

ference phenomenon (measured by Hicks et al. ). The figure

presents the energy spectrum of electrons, ejected (at various

angles with the incoming electron beam) from the (2s ) S and
^ 0

(2s2p)"'P dutoionizing states of helium, excited by 60.2 eV

electrons. Owing to the fact that the energies of the electrons
2 1

ejected fr_m the (2s ) S state at 57.82 eV (a state with a

short lifetime) are more displaced than those from the (2s2p) P

state at 58.30 eV (which has a longer lifetime), the two groups

of ejected electrons partially overlap in energy. In the diffe-

rential cross section (which was measured here), these groups
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3 3

in the 5 S and 6 S curves. This structure is attributed to a

P.C.I, effect.
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of electrons interfere directly and produce the complicated

structure consisting of three maxima and two minima. In our

total cross section measurements only interference between the

resonance (or P.C.I."excitation) and the direct excitation is

possible. The resonance and P.C.I.-excitation mechanism involve

different partial waves as will be shown below. Consider for

instance the following reaction schemes

e + He(l

He(lJS)

•*• He (2s2p2)2D -* He*(«! > + e
(4.4.2-!)

He**(1>3L) He He*(«''3£)

(4.4.2-2)

(hence, indirect excitation via a negative-ion resonance and

via a P.C.I., respectively).

Angular momentum conservation in the first transicion of

both reactions requires the angular momentum of the incoming

electron to be equal to that of the intermediate state: in the

second reaction the scattered electron e. is unlikely to carry

away angular momentum owing to its small energy. In the first

reaction this implies that d-wave electrons can excite the atom

to a D negative ion state. The configuration of the autoioni—

zing state near 58.3 eV in the second reaction is not yet clear

at the moment. The only states available, however, are the
2 1 3 0

(2s ) S and the (2s2p) P . As a result, the incoming electron

in the second reaction must have an angular momentum zero or

one; in any case not two.

Consequently, the two indirect mechanisms producing He
1 3

(n ' I) involve different partial waves and do not interfere

in our (total cross section) measurements but their amplitudes

squared simply add up.
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* 1 3
The direct excitation of He (n ' L), however, interferes

directly with both indirect mechanisms, resulting in a compli-

cated structure in the total cross section. Tha possible can-

didates for the autoionizing states which could produce the

P.C.I, structure around 58.4 eV are the (2s2)'s and (2s2p)3P

state at 57.82 and 58.30 eV, respectively. Smith et al. ,

who recenMy also observed this structure in the differential

cross sections for excitation of the n = 4, 5 and 8 states,
2 i 3

attribute it to the (2s ) S state. They exclude the (2s2p) P

state arguing that its lifetime would be too long to be able
2 1

to produce P.C.I.-structure. However, taking the (2s ) S

state responsible for the 58.4 eV structure leads to other

difficulties. The lowest energy at which both Smith et al.

and we observe the structure (in n = 4 excitation) is near

58.3 eV, which is just at the (2s2p) P threshold but 0.5 eV
2 1

above the (2s ) S threshold. In the n = 2 and 3 excitation,

which was also investigated by Smith et al., the structure

did not show up. In the picture of Smith et al. it is hard

to underscand why the P.C.I, structures do not appear between
2 1 3

the thresholds of the (2s ) S and (Ja2p) P autoionizing states.

We believe that the (2s2p) P state in spite of its larger

lifetime should be considered as a possible candidate respon-

sible for the 58.4 eV P.C.I, structure. It may very well be

possible that its lifetime is considerably lowered by the

presence of the slow inelastic electron. The fact that the

lowest energy at which the structure is observed is close to
3

the (2s2p) P threshold provides strong evidence for this

hypothesis.

In a similar way as for the 60 eV structures we have

made an e vs E, plot for the structure around 58.4 eV assuming
'3

that the (2s2p) P state is the intermediate state. The result
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is shown in figure 4-9. Since in the n S excitation the struc-

ture appears mainly as peaks, we have determined E and e. from

3 .

the peak positions. In the n S excitation the structure occurs

as a dip followed by a peak and we have determined E, and e

from the energy just in between the peak and dip. The results

of Smith et al. for the n = 4, 5 and 8 excitation are also

given in the figure. In the ionization region no points are

given as the relevant measurements of Hicks et al. did not

allow meaningful energy determinations due to interference

effects. It can be concluded from their results that e. is in-

distinguishable from zero for E j> 1.5 eV. In the excitation

region the results look reasonable, especially if we allow for

the uncertainties due to the above discussed interference

effects. Our points appear to fit fairly well between those

of Smith et al. The decrease of e with F is faster than in
2 1

the case of the (2p ) D state. Qualitatively this can be
3

explained by the larger lifetime of the (2s2p) P state.

4.5. Orbital angular momentum exchange

During the post-collision interaction the inelastically

scattered and the ejected electron may exchange orbital angular

momentum as well as energy. Immediately after the excitation

of the autoionizing state (hence, before autoionization) the

orbital angular momentum of the scattered electron is most

probably zero, as it has a very low kinetic energy. It depends

on the magnitude of the orbital angular momentum, acquired by

the scattered electron during P.C.I, in which L-state (S, P,

D etc.) of the neutral atom it will be bound. An upper

limit for the angular mor.-.entum exchange between the scattered

and ejected electron may be estimated in a similar way as done

by Fano . It amounts to (see Heideman et al.' )
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Figure A-9 : The energy exchange e between the scattered and

ejected electron as a function of the energy of the scattered

electron. The points in the excitation region are derived from

the structures observed in excitation functions (this work and
27} 3

Smith et al. ), which are attributed to P.C.I, via the (2s2p) P

autoionizing state. The single point in the ionization region

is obtained from the ç-jected electron spectrum (Hicks St ál. ').
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òJ = M.At < | (4.5-1)

2
where A/(<— ) is the torque exerted by one electron on the

other, At(«—) is the post-collision interaction time, r indi-

cates the order of magnitude of the electron-electron and

electron-nucleus distances and V is the velocity of the ejected

electron. Substituting the appropriate numbers (the kinetic

energy of the ejected electron is approximately 35 eV) we ob-

tain At/ < 7x1 cf Js2. This is smaller than 1 ft. In reality

there will of course be finite probabilities íúr larger At/'s,

but the above estimation suggests that the most probable value

for the angular momentum exchange is AJ = 0. Therefore, if as

a result of the post-collision interaction the inelastically

scattered electron is bound in an excited state, one would

expect this excited state to be most probably an S~state. The

experimental results indicate that this is indeed the case.

Let us consider the P.C.I.-structures near 60 eV, which are
2 1

caused by the (2p ) D autoionizing state. The relative (com-

pared to the "background" of the direct excitation) magnitudes

of these structures, as they occur in the A S, 4 P and 4 D

excitation, are in the ratio of 2 to 1 to 0.7, respectively.

These magnitudes can be compared absolutely of the excitation
3 3 3

cross sections (near 60 eV) for the 4 S, 4 P and 4 D states
29)

ara known. Van Raan et al. give cross sections for excita-
3 3 3 3

tion of 4 S, 3 P and 4 D at 100 eV. The 4 P cross section can
3 . -3

be estimated from the 3 P cross section by applying the n

scaling rule. To obtain the cross sections at 60 eV we have

measured the ratios between the cross sections at 100 and 60

eV. With these results we estimate that the absolute magnitudes

of the P.C.I.-structures, as they occur in the 4 S, 4 P and
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4 D excitation, are in the ratio of 1 to 0.6 to 0.06 respecti-

vely. Under the assumption that the initial (before decay of

the autoionizing stats.) orbital angular momentum of the inelas-

tically scattered electron is zero, the probabilities for angu-

lar momentum exchanges of 0,1 or 2 Í during the P.C.I, are in

that same ratio.

4.6. Spin effects

On the basis of simplified considerations one may expect

spin effects in the post-collision interaction. Consider the

reaction scheme, connected with the P.C.I, structure near 60 eV:

e + He(l's) •* He**(2p2)'D + e] •+ He He*(w''3Z,)+

(4.6-1)

We assume that during the reaction the total spin S is conserved.

In a simplified classical picture the spin directions of the

electrons may be indicated by arrows:

e + He(ls2s)'s - He**(2p2p)'D + e

He+(ls) + e9+e •* He*(n L) + e„

VHe+(ls)

(4.6-2)

Two possible results occur, depending on which electron is emitted

by the autoionizing atom. It is evident that the P.C.I.-structure

in the excitation of triplet states is produced by interaction

between electrons with opposite spins while the structure in the

excitation of singlet states results from interaction between

electron with aligned spins. It is therefore to be expected that
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in the former case the repulsion between the two electrons is en-

hanced and in the latter reduced by the spin interaction. Con-

sequently in an E VS E graph one would expect the points

corresponding to the P.C.I.-structure in the triplet excitation

to lie systematically higher than those corresponding to the

P.C.I.-structure in the singlet excitation. In the figure 4-3

and 4-9, however, there is no significant difference between

singlet and triplet points. In a more realistic quantum mecha-

nical description, however, it is not clear whether such a

difference should exist. In a triplet state, built by two elec-

trons, the total spin S (= 1) may have the following components

along some axis: M = 1, 0 or -1. The three possible states of

the system may be indicated by |],l>,|l,0> and |l,-I>. These

states can be expressed in two-electron spin functions as

follows:

[!,-]> = 11,-1; i,-i>

Hence in only two of the three cases the triplet state is repre-

sented by two electrons with aligned spins. In one case the

triplet state is described by a linear combination of states

in which the two electrons have opposite spins. The above men-

tioned "classic model" does not include this latter possibility.

4. 7. Comparison of the experimental results with a modified

Barker and Berry model

In the following we will compare the energy exchange

due to post-collision interaction with theoretical predictions,

based on a modified "Barker and Berry" model. In their ion-atom
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30)
scattering experiments Barker and Berry observed shifts in

the kinetic energy of electrons, ejected from autoionizing

states of helium. They concluded that the energy exchange be-

tween the ejected electron and the scattered ion was equal to

the potential energy of the electron in the field of the ion.

This would imply that the energy exchange is proportional to

the inverse square root of the energy of the residual ion.

Hicks ct at, attempted to extract from their electron scat-

tering experiments a functional relation between the energy

gain e of the ejected electron, and the residual energy E

of the scattered electron immediately after excitation of

the autoionizing state. This relation appeared to deviate

significantly from the proportionality e ^ E 2, as predicted

by Barker and Berry. However, the comparison between theory

and experiment was not entirely correct. Nienhuis and Heide-

man have shown that the specifics of the auto-ionization

(Hicks et al. ) and excitation experiments (this work, and
27)

Smith et al. ) are such, that the Barker and Berry model

leads to a prediction of the observed e versus 2?, dependence,
-1 '

which differs from the relation E ^ E z. In addition they

derived (on the basis of the Barker and Berry model) expres-

sions for the profiles of the P.C.I.-structures, as measured

in excitation functions and in ejected electron spectra.

In the following we wish to compare our experimental

results with this modified Barker and Berry model. Therefore

we first give a brief outline of this model and the modifi-

cations thereof made by Nienhuis and Heideman.

Let v be the velocity of the scattered electron imme-

diately after excitation of the autoionizing state and t the

time between the excitation and decay of the autoionizing

state. Then the potential energy of the ejected electron in
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Che field of ehe scattered electron is (in Gaussian units)

given by:

= e Ivt (A.6-1)

The velocity V equals (IE.Im) ", where E. and m are energy

and mass of the scattered electron. Barker and Berry postula-

ted that E is the amount of energy exchanged. This amount

depends on t. The probability that the autoionizing state

decays between t and t + dt'is equal to:

P(t)dt = exp(-tl7|)di/7z

where V is the energy width of the autoionizing state. Hence

the probability distribution for energy exchange e at fixed
f

value E i s :

f
- i (f (4.6-2)

where R = me 12*1 is the Rydberg unit of energy (13.6 eV). Neither

in our excitation measurements nor in the experiment of Hicks et al.

on ejected electrons the distribution of E is measured at a fixed

£j value. In the autoionization experiment the profiles of the

ejected electron peaks are measured at a constant value of the

final energy £ of the scattered electrons after P.C.I. (E = £ - e).

This is so because E - E . is kept constant in order to avoid
o e] v

energy-loss structure. In our excitation function measurements Ef

is also constant because here Er = E, - £ = - £ . , where E, is tne
f I b b

binding energy of the excited state concerned. Kence, in both experi-

ments the profiles are measured while E varies along with E .
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If t!ie additional assumption is made that the cross

sections for excitation of the autoionizing states involved

are constant over the profiles of the structures, one can

easily show that the Barker and Berry model predicts structures

in the ejected electron spectra with a profile:

II
(4.6-J)

where the relation between z and the ejected electron energy

E . is given by

E . - E. +
ai i

(4.6-4)

where E. is the ionization energy. In our excitation measurements,

where E is varied, the structures are predicted to have a profile:

P (E ) = exp[- Trf-?" (£-)*] — 2 (|-) * (4.6-5)

The relation between E and E., determined from the maxima of the

profiles, is obtained by differentiating the expressions (4.6-3;

and (4.6-5) with respect to e and E , respectively and setting the

derivative zero. The following relation results:

(4.6-6)

where A = (T2R)l/3

This relation is identical for autoionization and excitation pro-

files due to the fact that E - E is constant in both cases. It is

clear that (4.6-6) deviates significantly from the simple propor-
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tionality e ^ ff.2, predicted by Barker and Berry.

Several feature« of the observed profiles are reasonably

well reproduced by the model. Various profiles, according to

formula (4.6-3) and (4.6-5) for different values of Ef and

ff are shown in the figure 4-10 and 4-11 respectively. In parti-

cular the general shapes of the ejected electron peaks (fig.4-10)

appear to be in good agreement with the experimental results of

Hicks et al. . Figure 4-12 shows the calculated widths of the

excitation profiles as a function of the binding energy ff to-

gether with experimental results derived from the figures 4-1 and

4-2. The agreement is reasonable. Figure 4-13 shows a double

logarithmic plot of z/A as a function of E./A as given by formula

(4.6-6). Experimental points derived from figure 4-1 and 4-2 and

from Hicks et al. (ref. 17) are also plotted. For e > E the curve

corresponds to excitation, for e < ff. to ionization. There are two

asymptotes indicated by dashed lines. If ff >> e equation (4.6-6)
r R

reduces to the simple Barker and Berry prediction e = •=• / •= ,
17) . 1

which was adopted by Hicks et al. . I n the excitation region
the curve app? aches the asymptote E = r / — if ff << e. In

hi i

between the two asymptotic regions e varies more rapidly with ff.
-1/2

than described by z ^ ff , in qualitative accord with fig. 2

of Hicks et al. . The observed structures, from which the experi-
2 1

mental points were deduced were attributed to the He (2s ) S and
2 1

the He (2p ) D autoionizing states at 57.82 and 59.88 eV, respectively.

For the width r of the S and D autoionizing states we adopted

the values 0.138 +_ 0.015 eV and 0.072 +_ 0.018 eV (Hicks et a l . i 7 ) ) .

The scaling energies A are then 0.637 eV for (2s ) S and 0.413 eV
2 1 1 3

for (2p ) D. The excitation energies for the n ' S states of helium

are given by Martin

Fig.4-13 suggests one could draw two straight lines through the

ionization and excitation data points. These two lines would intersect
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Figure 4—30 : Plot of P. (Eq. 4,6-3 ) representing the calcu-

lated profile of P.C.I, structures in the ejected-electron

spectra. The variable x determines the ejected-electron energy

by F E ^ - E. + A». The value of C = E{/A determines the

final energy F, of the scattered electron.



Figure 4-11 : Plot of P (Eq, 4.6-5 ) representing the
cxc

profile of P.C.I, structures on excitation functions of singly

excited states, with different binding energies £, = bA. The

variable y determines the incident electron energy by

J
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o He(2p2)1D

A He(2s2) 'S

7 8

; = Et/A

10

Figure i<-\2 : Width of ejected electron peaks as a function

of the final energy of the scattered electron, in units of A .

The curve gives the width (FWHM) of the profiles 4.6-3 as

& function of a = Ef/A.. The circles give the widths of measured
2 1

ejected electron peaks attributed to the He(2p ) D autoionizing

state, the triangles give the widths of peaks attributed to the

He(2s ) S autoionizing state (Hicks et al. ̂ ) .
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Figure 4-]2 : Width, of P.C.I, structures in tlie excitation

functions of singly excited states, as a function of their

binding energy in units of A. The curve gives the width. (FWHIÍ)

of the functions (4.6-5) as a function of b = E./A. The circu-

lar points give the width of measured structures on excitation
1 3functions of He n ' S stateSj with n - 4, 5, 6 (this work).

Open circles refer to triplet states, black, circles to singlet
2 1

states. These structures are attributed to the He(2p ) D auto-

ionizing state.
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Figure 4-13 : Relation between the energy exchange E and the

residua] energy E on a lg-lg scale, determined from the peak

positions of the profiles, in units of A. The curve represents

Eq. (4.6-6) and gives the positions of the maxima of the

functions (4.6-3) and (4.6-5). The experimental points denoted
2 1

by a circle are due to structures attributed to the He(2p ) D
J9 23)

autoionizing state (this work ' on excitation and Hicks

et al. on ionization).The triangles are derived from struc-
2 1

tures attributed to the He(2s ) S autoionizing state (Hicks

et ál. ). The points with e > E. are derived from P.C.I,

structures in citation functions, and those with e < E

from the shifted peaks in ejected electron spectra.
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the line z - E. at the same point. It is clear that the posi-

tion of the data points in figure. 4-13 is very sensitive to

the choice, which, autoionization state is taken responsible for

the observed P.C.I.-structure. It is striking that the points

derived from tha (2s ) S state (Hicks et al. ) are somewhat

beyond the curve that could be drawn through the other points.

A discrepancy between experiment and theory is that at small

values of E/A the experiment tends to give constant z/A values

while the theoretical curve does not give an upper limit for

E/J4. Of course the data points suffer from an uncertainty in r

(width of the autoionizing state). Hicks et al. suggest that

the r values are probably too high, which i<rould implie that the

points should be shifted downward and to the right. The oblique

orientation of the error basis arises from the fact that hori-

zontal and vertical uncertainties are both due to the uncertain-

ty in E . The agreement between theory and experiment for the
2 i

(2p ) D data is rather poor in the region between the asymtotes.

The data points are too high, especially where e is approxi-

mately equal to £". . This may be due too shortening of the life-

time of the autoionizing state by the slowly moving scattered

electron. At very low E. values e becomes independent of E,

in the experiment in contrast with theory. Here the discrepancy

is probably due to the fact that the theory treats the electrons

as classical point-particles.

Summarizing one may conclude that the modified Barker and

Berry model does provide a resonable qualitative explanation

for the observed phenomena. It seems reasonable to assume that

the model contains essential features of the post-collision mecha-

nism. The main shortcoming of the model, as stated before, is
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that it describes even slow electrons as classical particles.

A more sophisticated theory should use quantum mechanics in

order to deal also with interference effects hetween the direct

scattering and the P.C.I."mechanism.

4. 8. Post-Collision Interaction in other processes than exci-

tation of autoionizing states

The effect of energy-exchange due to post-ccllision inter-

action can be expected to occur in every situation, in which

at least one slow electron is produced in the vicinity of one

or more other electrons. For example in the process of electron-

atom collisions just above the single (or double) ionization

threshold. In the case of single ionization the slowly receding

electrons may exchange energy resu]uing in the capture of one

of them by the residual ion- On the basis of Wannier's theory

for threshold ionization Fano has suggested that preferen-

tially states with high orbital angular momentum would be popu-

lated by this mechanism. The two electrons become closely corre-

lated as they move away from the ion core with very low velo-

city. Consequently, the interaction time is large and the two

electrons may by mutual repulsion acquire opposite angular

momenta, sufficient to attain high £-values. This is in contrast

to the situation of P.C.I.-excitation via an autoionizing state

where, due to larger velocity of the ejected electron, the inter-

action time, and consequently the orbital momentum exchange is

much smaller, resulting predominantly in P.C.I.-population of

S-states.

So, near the ionization threshold we may expect an extra

mechanism for excitation of high {.-states, which could cause

structure in the excitation curves of those states in the

II



ionization threshold region.

We have performed some preliminary measurements to investi-

gate the above effect. In the figures 4-14 and 4-J5 the excita-

tion curves of the 4 D and 3 D states of helium are shown. Both

curves appear to exhibit a small change in slope just above the

ionization threshold, which might be due to the described process.

Indeed such breaks rather than sharp structures are to be expected.

Even for incident electron energies of a few eV above threshold,

one of the two receding electrons may still have a small energy

(see Yong—Ki-Kim ), so that the P.C.I.-mechanism can be effec-

tive in a rather broad energy range above the ionization threshold.
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Figure 4-14 : Excitation of the 4 D state of helium near

threshold. There is a slight change in slope near the ioni-

zation threshold, which could be a result of a P.C.I, effect.
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SUMMARY

The work described in this thesis deals with resonance

effects in the scattering of electrons by helium at energies

near the threshold of the autoionizing states (50-70 eV). The

investigation is performed by studying the light emission

following the excitation of singly excited states. In some

cases also the polarization of the radiation was investigated.

The purpose of the research was (i) to enlarge our knowledge

of triply excited negative ion states, i.e. resonance states

which are formed by temporary binding of the incident electron

to a doubly excited (autcionizing) state of neutral helium,

and (ii) to clear up the nature of some resonance structures

which could not be explained in terms of negative ion resonan-

ces .

In chapter II the investigation of the "broad resonance"

near 50 eV, as first observed in the 2 S excitation is described.

We have not been able to detect this 50 eV structure in the

excitation of any of the n >_ 3 states we studied. We conclude

that this anomaly which apparently only occurs in the 2 S

excitation is caused by an interference effect rather than by

a negative ion resonance.

In chapter III the influence of the triply excited negative

ion states near 60 eV on the polarization of the impact radi-

ation of helium is investigated. The experimental results

indicate that the 60 eV resonances have a much smaller effect

on the polarization than those in the threshold region. A

method of analysis is worked out which in some cases allows

to extract from the experimental data information as to the
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partial waves in which a particular resonance can occur.

In chapter IV the electron-impact excitation of a large

number of helium states is studied in the energy domain where,

the autoionizing states lie. Apart from the well known nega-

tive-ion resonances, several structures are observed which

can be explained in terms of a post-collision-interaction

(PCI) between the inelastically scattered electron and the

electron ejected by an autoionizing state. It is found and

made plausible that the PCI-mechanism preferentially leads to

the excitation of S-states. From the experimental results

we are able to extract the dependence of the energy exchange

between the scattered and the ejected electron on the excess

energy of the scattered electron immediately after the exci-

tation of the autoionizing state. From the magnitudes of the

PCI-structures in the excitation of states with different

orbital momenta conclusions can be drawn about the orbital

momentum exchange in the PCI-process. Finally, we compare

our experimental results with theoretical predictions based

on a semi-classical model for post-collision-interaction.



SAMENVATTING

In dit proefschrift wordt een studie beschreven van reso-

nantieeffecten zoals die optreden bij verstrooiing van electronen

aan heliumatomen. In het bijzonder worden resonanties onderzocht

die blijken op te treden bij elertronenenergieën nabij de aan-

slagenergieën van autoioniserende toestanden (50-70 eV). Het

onderzoek werd gedaan door waarneming van de straling, díe

wordt uitgezonden door atomen in enkelvoudig aangeslagen toe-

standen. Behalve de intensiteit werd ook de polarisatiegraad

van de straling gemeten als functie \an de electronenenergie.

Doel van het onderzoek was (i) kennis te verzamelen van drie-

voudig geëxciteerde negatief ion toestanden van helium, i.e.

resonantietoestanden die ontstaan door (tijdelijke) binding

van het projectielelectron aan een dubbe] aangeslagen toestand

van neutraal helium en (ii) opheldering van de aard van die

structuren die niet verklaard konden worden door negatief-ion

resonanties.

Na de inleiding in hoofdstuk I wordt in hoofdstuk II een

onderzoek aan een z.g. brede resonantie bij 50 eV (waargenomen

bij 2 S electron excitatie) beschreven. In geen van de onder-

zochte excitatiefunkties (van toestanden met hoofdquantumgetal

groter dan 3) wordt deze•structuur waargenomen, zodat deze

"resonantie" waarschijnlijk door een interferentie effect

(dat alleen bij 2 S excitatie optreedt) en tuet door een

negatief-ion resonantie wordt \eroorzaakt.

In hoofdstuk III wordt de invloed van negatief-ion reso-

nanties bij 60 eV op de polarisatiegraad van de uitgezonden

straling onderzocht. Het blijkt dat die invloed bij 60 eV
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veel kleiner is dan de invloed van resonanties nabij drempel-

energieën. Er wordt een analysemethode uitgewerkt met behulp

waarvan uit de meetresultaten geconcludeerd kan worden welke

partiële golven bij een bepaalde resonantie betrokken zijn.

In hoofdstuk IV worden systematisch de excitatiefunkties

van een groot aantal geëxciteerde toestanden van helium onder-

zocht in het energiegebied waar de autoioniserende toestanden

liggen. Naast de welbekende negatief-ion resonanties is een

groot aantal structuren gevonden die verklaard kunnen worden

in termen van een "post-collision" interactie (PCI) tussen het

inelastisch verstrooide electron en het door een autoioniserende

toestand uitgeworpen electron. Gevonden wordt dat het PCI-mecha-

nisme bij voorkeur leidt tot excitatie van S-toestanden. Dit

kan met behulp van eenvoudige beschouwingen aannemelijk worden

gemaakt. Uit de meetresultaten kan een verband worden afgelei-1.

tussen de energieuitwisseling tussen het verstrooide en het

uitgeworpen electron en de restenergie van het verstrooide

electron direct na de excitatie van de autoioniserende toestand.

;Jit de sterkten van de "post-collision" structuren in de exci-

tatiefunkties van niveaus met verschillend baanimpulsmoment

'«innen conclusies getrokken worden met betrekking tot de uit-

wisseling van impulsmoment bij "post-collision" interactie.

Tenslotte worden de meetresultaten vergeleken met voorspellingen

'."? basis van een semi-klassiek model voor "post-collision"

interactie.
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