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General introduction

In this thesis we consider the various processes that may

occur, when, an electron beam interacts with a molecular hydro-

gen gas of low density. The fundamental importance of this

molecule to chemical physics has led to a tremendous amount

of experimental and theoretical work, a great deal of which

already was performed before 1940 and can nowadays be found

in elementary textbooks, like "Spectra of Diatomic Molecules"

by Herzberg (1950). However, the advanced experimental tech- •

niques of the last decades not only allow one to repeat older

measurements to a much higher accuracy, which permits a more

critical test of theory, but also make sophisticated experi-

ments feasible, that were hitherto impossible due to lack of

sensitivity. At the same time the increasing computational

facilities enable the theoretician to keep pace with the

experimentalist and to give evermore detailed predictions

for the properties of the molecule under study.

We describe four electron impact experiments, of which

the first two are significantly improved versions of older

experiments, whije the other two are only possible due to the

application of modern (coincidence and detection) techniques.



- 12 -

The simplest electron impact process, and the first to

look at is total scattering. In chapter I we describe a beam

attenuation experiment, in which we determine absolute total

scattering cross-sections over an electron impact energy-

range from '''• to 750 eV. Total scattering can be regarded as

the sum ol ail possible electron-molecule scattering processes,

i.e. clastic scattering, ionization and excitation. We compare

our abiolute cross-sections with a set of semi-empirical ones,

obtained by adding the known (experimental or theoretical)

separate total cross-sections for elastic scattering, ioniza-

tion and excitation. From the agreement of the two sets of

data one can deduce the validity of various assumptions,

that are needed for the construction of the semi-empirical

data, such as the energy dependence of excitation to the

lower excited states and the role of optically forbidden

excitations. In the following chapters we consider the sepa-

rate contributing processes in more detail.

In • hapter II we investigate the elastic scattering. By

measuring the differential elastic cross-section as a function

of scattering angle (5° - 55°) over a large impact energy

range (100 - 2000 eV) one can obtain information about the

validity range of various high-energy theories and at lower

energies about the importance of exchange between the inci-

dent and molecular electrons and the polarization of the

molecular charge cloud due to the incoming electron. We

report the first absolute differential elastic cross-sections

in this energy and angular range; these cross-sections play

an essential role in chapter III. From the differential cross-

sections one can also deduce the total elastic cross-section

- i.e. integrated over all scattering angles - which we used

in chapter I to evaluate the semi-empirical cross-sections for

total scattering.

The direct ionization to the lowest ionic state of H~
2 +

{intMcarp.-! by X Z in the simplified potential diagram taken

irom Sharp (1971) and given in figure 1) is studied in detail

in chapter III. The total ionization cross-section at higher

energies can be very well predicted by theory 'as we see in
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chapter IJ, but serious shortcomings are displayed in the

description of the ionization process in detail. When we ex-

clude polarization effects of the electron spin, the most

detailed prediction an ionization theory can give is the pro-

bability that an incoming electron with a certain impact ener-

gy will cause an ionization event, resulting into two emer-

ging electrons with specified energies and directions. This

probability is expressed in the form of a triple differen-

tial cross-section, which also contains information on the

momentum distribution of the target electrons. We present the

first absolute triple differential cross-sections on molecu-

lar hydrogen over an impact energy range from 200 to 2800 eV.

We do this in a coplanar-symmetric geometry, where we select

a large momentum transfer of the scattered electron and one

can expect binary encounter models to becoire valid. As a test

case we also give in this chapter similar results on helium.

The data obtained form a very sensitive test for \arious

theories and can be used for normalization in relative cross-

section measurements.

Figure 1.Schematic potential
diagram for h2.
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Whereas in the previous chapter we investigated inelastic

scattering at high momentum transfer values, in chapter IV we

confine ourselves to the study of inelastic scattering of fast

electrons (8 keV) at very small values of the momentum trans-

fer (0.01 a.u.J. It is well-known that one can simulate dipole

excitation of the molecule under these conditions, in which

the energy loss of the electrons is equal to the photon energy

(Bethe, 1930 and Van der Wiel, 1973). We look at autoioniza-

tion of resonant doubly-excited repulsive Rydberg states in

the photon energy range from 26 to 40 eV. In figure 1 the

arrow denotes the excitation to such a Rydberg state (dashed

line). By observing the energy distribution of the H fragment

ions one can not only separate the contribution of direct

ionization and that via these Rydberg states, but also obtain

information on the decay mode of the latter ones.
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Total cross-sections for electron

scattering on molecular hydrogen

Abstract, lotal cross sections for electron scattering on II,

arc obtained for impact energies ranging from 25 to "50 e\.

The method used is a linearization of the Rarasaucr type ex-

periment, which enables good angular and energy resolution;

the accuracy obtained in the total cross-sections is better

than 4 percent. We compare our results with existing experi-

mental data of other groups in this energy range. By means

of analysis of theories and experiments on total cross-sec-

tions for elastic scattering, excitation and ionization he

evaluate a set of semi-empirical total cross-sections from

20 up to 2000 eV impact energy, which arc accurate to about

S percent over most of this energy interval. In the overlap-

ping range we find excellent agreement of the thus obtained

data with our experimental results.

1. Introduction

After the first measurements of the total cross-section for

electron scattering off molecular hydrogen in the twenties

and thirties, as described in the review of Bederson and

Kieffer (1971), this field has remained untouched for many

years. The enhanced interest in total cross-sections on atoms

and molecules during the last decades may be ascribed to va-

rious causes:

(i) The stimulating effort by the late Robert. L. Platzman in

an extensive research program on delivery of energy to indi-

vidual molecules by ionizing particles, with the total scat-

tering cross-section being one of the main parameters (Fano,
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1975). (ij.l Renewed theoretical interest in electron-mole-

cule scattering phenomena with growing computational facili-

ties, of course focusing on the simplest molecule H2 (e.g.

Liu, 1973, Gerhart, 1975). (iii) The applicability of total

cross-section data in astrophysics and technical sciences,

for which a large impact energy range is required.

At thi. same time- it has become clear that the most commonly

used experimental technique - that of Ramsauer - has some

serious shortcomings. This technique is an absorption

measurement in which the electrons move along a circular

path in a homogeneous magnetic field. The difficulties in

angular and energy analysis at higher - above the inelastic

threshold - impact energies result in too low total cross-

sections (Bederson and Kieffer, 1971).

In section 2 of this paper we describe the experimental de-

termination of the total cross-sections for electron scat-

tering off H, obtained to a high accuracy (better than 4 per-

cent) in the energy range from 25 to 750 eV. This is done in

an apparatus that circumvents the above mentioned draw-back

of the Ramsauer technique. In section 3 we compare our data

with those of other groups in the overlapping energy ranges;

none of these groups corrected for the just described effects.

In section 4 we describe the construction of a set of semi-

empirical total cross-sections over the energy range from 20

to 2000 eV, obtained by combination of the known (experimen-

tal or theoretical) total cross-sections for elastic scatter-

ing, ionization and excitation. We compare these results with

our experimental data in the overlapping energy range as a

consistency check.

2. Experimental

2.1. Apparatus

An extensive discussion of the experimental set-up has al-

ready been given elsewhere (Blaauw et al., 1979) and for

convenience only a brief description will be jjiven here.
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A schematic drawing of the experimental set-up is given in

figure 1. The experiment is basically a linearization of the

Ramsauer absorption technique; unlike this technique, there

is no magnetic field present. This modification enables one

to fix the scattering geometry unambiguously, so the angular

resolution can be defined exactly.

EMS

ODPI

ODP

Figure ]. Scheme of the experimental set-up (not to scale).

Optiaa: EG electron gun; CC collision chamber; DP deflection

plates; RFA retarding field analyser; FC1, FC2 Faraday cups.

Vacuum system: ODP oil diffusion pump; RP roots pump; V

valve; BF baffle (liquid air cooled); EMS electric quadru*

pole mass spectrometer; IM ionisation manometer. Gas supply

system: Gs supply; MS molecular sieve; RP roots pump; NV

needle valve; MM membrane manometer.
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An electron gun (EG) produces a highly parallel beam with

impact energies variable between 2 5 and' 750 eV and a thermal

energy spread of 0.4 eV. The energy range is limited at 750

eV because of electrical breakdown at higher energies and at

25 eV because of the divergence of the electron beam. This

beam is led through the collision chamber (;CC). with a length

of 42 mm and diameter of 80'mm, having entrance and exit

orifices of 1 mm diameter. The detection takes place in a

retarding field analyzer (RFA) at 100 mm behind the centre

of the collision chamber or by a Faraday cup (FC2) just in

front of the analyzer. This Faraday cup has a small hole in

its back to let the beam pass through in the case of measure-

ments with the analyzer.

Deflection plates behind the collision chamber ensure

optimal collection in both detection modes. To control the

variation of the electron beam properties during the measure-

ments another Faraday cup just in front of the collision

chamber (FC1) can be moved downwards to intercept the prima-

ry beam. The cups are connected with Keithly 610 A current

meters, which are read out digitally. Under vacuum conditions

we have complete transmission of the. electrons through the

collision chamber.

After shielding the earth-magnetic field the residual field

is maximally 2 mG along the axis and 0.5 mG perpendicular

to it. The scattering geometry is defined by the aperture

of RFA (1 mm 0) or by the aperture of FC2 (8 mm 0). This

leads to a well-defined solid angle of the analyzer/colluc-

tor: as seen from the center of the collision chamber these

values are 7.85 x 10~5 ?r. for RFA and 1.03 x 10~2 sr. for

FC2.

Mathur et al. (1975) have performed calculations on gas den-

sity profiles in cylindrical boxes as a function of the ra-

tio of the box dimensions to the diameter of the orifices.

Applying their results to our gas cell geometry we find end

effects due to the large change in pressure over the orifi-

ces to be negligible. Hence one should take the geometrical

length L of the gas cell as the path length of the electrons

through the gas. This was confirmed in a previous experiment
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with varying collision cell lengths by Blaauw et al. (1979).

The pressure drop over the orifices was about 10 ; typical

gas pressures for H, were 2.66 Pa inside and 1.3 x 10" Pa

outside the collision chamber. The background pressure was

5 x W~ Pa. The gas pressure inside the collision chamber

was determined by means of a Baratron membrane manometer. We

correct for the thermal transpiration effect that arises

from the difference in temperature between the collision

chamber (at about room temperature) and the baratron sens-

ing head (kept at a temperature of 322 K, as prescribed by

the manufacturer). This results in an increase of the appa-

rent pressure of 2.5 percent, as found by Blaauw et al.

(1979). For our typical pressures the accuracy of the mem-

brane manometer is 0.5 percent.

By means of a needle value (NV2) in the electron gun region

we can simulate a pressure of the same value and composition

as there will be by flow through the orifices of the colli-

sion chamber when we lead gas into it. In this way we avoid

variations of the primary beam during the absorption measure-

ments, caused by the sensitivity of the indirectly heated

oxyde cathode for gas pressure changes; in particular for H,

this effect can produce serious errors (mainly by water for-

mation at the cathode).

2.2. Experimental procedure

The experimental procedure is based on the relation between

the beam attenuation and the total cross section o. and is

given by

I2/I1 = exp(- N L <rtot
+N(jiAfi) f f -T| (0=0°)). (1)

Here \~f\* is the ratio of the beam intensities in the col-

lectors behind and in front of the collision chamber. To

correct for small differences in collection efficiencies of

the collectors the actual value used on the left-hand side

of equation (1) is determined by dividing I2/Ii by its

value measured without gas in the collision chs.mber. By
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choosing the appropriate gas densities we maintain an absorp-

tion of typically 10 percent at nearly all impact energies;

only at energies above 500 eV this value was slightly smal-

ler. On the right-hand side of equation (1) we have the

usual Lambert-Beer law, supplemented with a second term to

correct for small angle scattering into the collector (RFA

or FC 7). L stands for the length of the collision chamber,

N for the gas density inside it. The total cross-section is

represented by o t o t, while da/d$2(0=O°) refers to elastic

scattering into the solid angle of the RFA or to elastic

plus inelastic scattering into the solid angle of FC-, when

this is used. We use FC2 at energies below 40 eV, because

it is not possible here to produce a primary beam of suf-

ficiently low divergence for a complete transmission into

the RFA.

We can estimate the contribution of small angle scattering,

as reflected in the correction term in equation (1") , in

the following way. By extrapolation of differential elastic

scattering data by Van Wingerden et al. (1977) at impact

energies above 100 eV, we obtain an estimate of the dif-

ferential elastic cross-section at zero degree, which is

probably accurate to a factor of 2. If we assume a constant

value of da/dfi over the entire acceptance angle of the RFA,

we overestimate the contribution of small-angle scattering,

since at impact energies above 10.0 eV do/dfl(0) falls off

with increasing scattering angle. We find the relative elas-

tic scattering contribution above 100 eV to be always smal-

ler than 2 x 1 0 and hence we can neglect it in equation

(1). For energies below 60 eV we find experimentally that

the total cross section is independent within the experimen-

tal error of the choice or RFA of FC, (having different so-

lid angles), which indicates that small angle scattering is

unimportant here.

The energy of the primary electron beam is calibrated by

measuring the position of the 19.3 eV resonance in e"-He scat-

tering originally determined by Schulz (1973), see Blaauw

et al. (1979). As final consistency check of the measure-
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mcnts we verify the independence of o t o t of the gas pressure

and beam current.

2. 5. Krror disaussi.on

Wo distinguish systematical and statistical (random) errors.

The latter ones originate mainly from reading errors of the ba-

ratron and Keithiy's and are estimated to be together 1 per-

cent. The systematical errors involved in equation' (1) are:

1. determination of gas cell length L: 0.1 percent.

2. calibration of membrane manometer: the manufacturer gua-

rantees an accuracy of 2.0 percent for a pressure of 0.13

Pa and 0.2 percent for 1•3 Pa and so on. At the pressures

used in our case this leads to an error of 0.5 percent

below 100 eV and 0.3 percent above this energy.

3. the linearity of the Keithley 610 A current meter con-

nected with a digital read-out unit: better thu.n 0.5 per-

cent. This error propagates via a logarithm in the deri-

vation of the total cross-section (see eq. 1). Below '00

eV this gives a contribution of 1 percent, above this

energy 2 percent.

4. the energy definition: this uncertainty is estimated to

be at the highest 0.2 percent; its effect on o t o t depends

on the energy. We estimate this contribution to be oni.y

significant below 190 eV impact energy, with a value of

0.5 percent.

Linear addition of all contributions gives a conservative

error limit assigned to our data of 3.1 percent below 100

eV and 3.4 percent above this energy.

3. Results and discussion

Our experimental results between 25 and 750 eV impact ener-

gy arc given in table 1 and shown in figure 2. We first com-

pare our data with experimental results of other groups

existing in our energy range.

Unfortunately for H2 in this range all existing data have

been obtained in Ramsauer-typ? experiments before 1940, and
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TABU. I. lixpcrimental total cross-sections for electron
scattering on II, in units aQ , as a function oi'
impact energy I; in eV.

u

25

30
35

40
IS

SO

60
70

80

90
1 00

125
150

170

°tot

20. S4

17.45

15.85
14.27

13.79

12.94

11.99
11.05
10.02
9.64
9.01

7.91
7.13

6.58

K

180

190

200
250

300

350
400

450
500
550
600

650
700
750

"tot

6.23

6.03

5.76
4.93

4.36

3.87

3.45
3.21
2.97

2.81
2.55

2.41
2.28
2.15

12-i

8-

* i

15 20 25
E1/2CeV"2] —

• present experiment (1960)

- -KBRUCHE (1927)

NORMANDI1930)

- • I - - GOLDEN and BANDEL (1966)

BRODE 0925)

1
I

~T—

10 12
—i—
14

Figure 2. Total cross sections for electron scattering off
H2 in [aQ ] , as a function of energy in [eV]. Since the
obtained semi-empirical data almost coincide with our expe-
rimental results they have been omitted.
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they do not contain a full quantitative error discussion.

The one recent experiment (Golden et al., 1966) only

extends upto 15 eV. The older experiments are those of

Brode (192S, 2-270 eV), Bruche (1927, 2.25 - 40 eV) and

Normand (1930, 0.5 - 400 eV). Due to insufficient energy and

angular resolution their data all show a tendency to be too

low at higher energies (see section 2.2), and there is not

too much agreement between the three sets of data either, as

can be seen in figure 2.

In addition to our direct cross-section measurements, we al-

so determined these data in a semi-empirical way, obtained

by addition of known total cross-sections for elastic scat-

tering, ionization and excitation. This will be discussed

extensively in the next section. In any case we show that

there is excellent agreement between these semi-empirical

data and our experimental ones above 40 eV, as can be seen

from tables 2(a) and 2(b), columns (d) and (e).

4. Semi - empirical cross-sections

4.1. Introduction

In analogy with the work of de Heer and coworkers (1977 a,

b, 1979) on H, He and other noble gases we evaluate a set

of total cross-sections for electron scattering of f molecular

hydrogen in the impact energy range from 20 to .2000 eV. We

do this by analysis cf experiments and theories on total

cross-sections for elastic scattering, ionization and exci-

tation, including dissociative processes. Because of the

lack of data concerning dissociative excitation via optic-

ally forbidden triplet excitation, which is of inportance

below 100 eV according to Corrigan (1965), we tresat the

energy ranges above and below this energy separately. The

upper limit of the energy range is dictated by the availabi-

lity of total elastic scattering cross-sections.

•:.2. E > 100 eV

Here we add the separate total-cross section, according to
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atot ~ aion °exc °ei

We treat these contributions in the next sub-sections.

4.2,1. Ionization

From threshold up to 1000 eV the experimental total (gross)

ionization cross-section a^on has been measured by Rapp and

Englander-Golden (1965), who quote an uncertainty of 6 per-

cent. These measurements are in excellent agreement with

older data by Tate and Smith (1932), but are about 20 per-

cent larger than values obtained by Schram et al. (1964).

However, analysis of the data of Schram et al. (I964) on

helium and neon reveals a tendency of these data to be too

low as well (de Heer, 1977b, 1979). Hence we reject these.

Above 1000 eV we assume that the ionization cross-section

can be represented by the Bethe formula, given in equation

(3):

~- 4W 1 M L n ln(4 C"inn £) C3>«

Here E is the impact energy in eV, R the Rydberg energy,

c- is a specific constant and o. is in atomic units, which

will be used for any cross-section throughout the article.

M- is related to the optical oscillator strength density.

df/dE for excitation to the continuum by

Mion " | I fl W £ ) dE'
threshold

where rij_,,(E) is the ionization efficiency.*\ xon
M. and c. can be derived from photoabsorption measure-

ments, which are tested on consistency by subjecting them

to various constraints of sum rules (e.g. Inokuti 1967,

1971). For ionization the most recent determination of the

Bethe formula constants stems from Douthat (1979), whose cal-

culations extended over a wider energy range than previous

ones (e.g. Liu, 1973, Gerhart, 1975). He finds M? Q n = .721
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and c- = 3.825. The thus obtained cross-sections produce

a smooth junction with the data of Rapp and Englander-

Golden (1965) at 1000 eV. We assume that the Bethe results

above 1000 eV have also an accuracy of 6 percent. The values

of o^on are given in table 2(b), column (a).

4.2.2. Excitation

Since various processes (including dissociative excitation)

contribute to ci _ and there is no experimental data ::or all

these processes covering our total energy range we take the

following approach to obtain an estimate of oe,cc:

For electron impact on H, Liu (1973) obtained the Bethe for-*

mula constants for total inelastic (excitation plus ioniza-

tion) scattering for optically allowed transitions, using

very accurate configuration interaction wave functions by

Kolos and Wclniewicz (1965) and applying a sum rule as sug-

gested by Inokuti et al. (.1967, 1971). The Bettie cross-sec-

tion for total inelastic scattering is given by:

ainel = 4iT I t1.S487 In | + 2.2212} (5).

The estimated accuracy above 1 keV is better than 1 percent.

We now assume,that the excitation cross-section for optic-

ally allowed transitions can be represented by the Bethe

approximation above 300 eV and construct its values by

taking the difference of <^nei and o- given respectively

in equations (5) and (4). This assumption is reasonable, be-

cause experimental excitation cross-sections (.see for example

Mohlmann, 1977) all show a Bethe-behaviour as far as the

energy dependence is concerned above 300 eV. Below 300 eV

we assume an energy dependence for all excitation proces-

ses similar to the one for the .Werner band system and extra-

polate a from 300 eV downwards according to this energy

dependence. This dependence is given for example by ."Jerhart

(1975), whose results are consistent with measurements of

de Heer and Carriere (1971). The obtained values of a

are shown in table 2(b) column (c).
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rAKLE 2 ( a | . Semi-omnir ica l t n t a l c r o s s - s e c t i o n s Tin « ( l
A) for

seiKiTHtr proccs.ses g iv ing t n g r t h e r the t o t . i l "ros-i
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We check the validity of this approach by comparison with

the sum of the most important separate excitation cross-

sections. These are excitation to the Werner band (measured

by de Heer and Carriere, 1971), the Lyman band and dissocia-

tive excitation leading to H(2p) and H(2s), including cas-

cades. The sum of these last two contributions, a2D+2s*1s

has been measured by Mohlmann, 1977). For t'ue Lyman-band we

assume, like above, a similar energy dependence as for the

cross-section of the Werner-band, with a ratio a^/o^ =

M^/M£ = .410/.339 (Gerhart, 1975). The obtained values are

shown in table 3. There is good agreement between the summed

and Bethe-type excitation cross-sections, as seen in table 3.

We assign therefore an error of 6 percent to o in this

energy range.

In the calculation of o- , by Liu (1972) and in our expe-

rimental estimate of a optically forbidden transitions

have not been taken into account. Since to our knowledge no

reliable measurements on Ly-B, y, 6 emission have been done,

we can only look at the relative contribution of Balmer-B,y

radiation to <J. t- The total emission cross-sections be-

tween 20 and 2000 eV impact energy obtained by MShlmann et

al. (1977) show that this contribution does never exceed

0.5 percent of <Jtot- Not knowing the values for other for-

bidden transitions we assume these also to be negligible.

4.2. S Elastic; scattering

The total elastic scattering cross-section is generally ob-

tained from measurements of the differential elastic cross-

section da/d£2 (e)

TT

Jel = 2ir j H?^0) sin0 d0 C 6)*
o

In the energy range from 100 upto 2000 eV we use the inte-

grated absolute data of van Wingerden et al. (1977), with

quoted errors of 10 percent. In their measurements the

energy resolution was insufficient to resolve vibrational

and rotational excitation. The used values are given in

table 2(b), column (b).
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4.3. E < 100 eV

Since we have to consider triplet excitation in this range

and there is some controversial information about dissocia-

tive excitation leading to H(2p) an H(2s) (see for instance

Mumma and Zipf, 1977 and Gerhart, 1975), we take a different

approach here to obtain otot« We add the separate contribu-

tions from excitation to the Lyman and Werner band, total

ionization, total dissociative excitation, and total elastic

scattering, according to:

"tot = °L + aW + °ion + °diss + ael * ( 7 )

4.3.1. Lyman and Werner band excitation

Just like we have done between 100 and 300 eV we use the

energy dependence given by Gerhart (1975) and normalizing to

our excitation cross-sections at 300 eV we construct the

combined Werner and Lyman band contribution down to thresh-

old. Due to the incertainty in reading Gerharts graph,

especially below 40 eV where the energy dependence varies

drastically, we estimate the accuracy of the data to be

somewhat lower than between 100 and 300 eV. The estimated

errors are 10 percent between 100 and SO eV and about 20

percent below. The data are given in table 2(a), column (b).

4.3.2 Dissoaiativs excitation and ionization

The total electron impact dissociative cross-section has

been measured below 100 eV by Corrigan (1965). However, his

experimental cross-sections also include total ionir.ation.

At 100 eV we can compare his result with the sum of total

ionization (Rapp and Englander-Golder, 1965) and total

singlet excitation (Mohlmann, 1977), whereas triplet exci-

tation can be neglected here (Corrigan, 1965). In order to

obtain a smooth junction we have to multiply Corrigans re-

sult with a correction factor of 1.10, in accordance with

findings of Gerhart (1975). In table 2(a), cdumn (c) we

givs the obtained values, according to
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°diss + aion = 1'10 "Corrigan ( 8 )

The relative accuracy in Corrigan's data is quoted to be

10 percent.

4.3.3. Elastic scattering

Here we use integrated data of Srivastava et al. (20 - 75 eV,

1975), who normalized their results to the differential he-

lium cross-sections by McConkey and Preston (1975). They claim

an accuracy in their integrated cross-sections of 18 per-

cent. The energy resolution is good enough to resolve vibra-

tional excitation, but rotational excitation is summed over.

The influence of vibrational excitation below 100 eV was in-

vestigated by Phelps and Schulz (see for references Laborie

et al., 1968) and in particular by Trajmar et al. (1970).

They show, that the vibrational excitation above 20 eV is al-

ways smaller than 1 percent of the corresponding elastic

cross-sections and hence we can neglect it.

Comparison of the elastic data above and below 100 eV shows

that there is no smooth junction. We decided to increase the

Srivastava data by a factor of 1.23, which is the mean mul-

tiplier factor needed to obtain good agreement for these

energies where we can compare empirical data according to

equation (7) with the experimental data of otot- The multi-

plication factor found apparently leads to a smooth junction

with the data by Van Wingerden et al. (1977).

The used values of oe, are shown in tabel 2(a), column (a).

4.4. Total cross sections

The total cross-sections are obtained by addition of the

values in the first three columns in table 2 and given in

column (d).

The error bar in oto* is calculated by addition of the

squared absolute error bars in the separate contribuants and

taking the square root of this sum. The resulting error

bars in percents are given between brackets in column (d).
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We see that there is excellent agreement between these semi-

empirical total cross-sections and our directly measured

ones above 100 eV. This confirms our assumptions with re-

gard to the relative contribution from optically forbidden

transitions in this energy range (see section (4.2.2)). Be-

low 100 e V, we find satisfactory agreement between the two

sets of data after renormalization of the available experi-

mental total elastic scattering data (see section (4.3.3)).

Acknowledgements. We are indebted for critical remarks on

the manuscript by Prof. Dr. J.C. Kluyver and Prof. Dr.

M.J. Van der Wiel.

This work is part of the research program of the Stichting

voor Fundamenteel Onderzoek der Materie (Foundation for

Fundamental Research on Matter) and was made possible by

financial support from the Nederlandse Organisatie voor

Zuiver-Wetenschappelijk Onderzoek (Netherlands Organisation

for the Advancement of Pure Research).

Note added in proof:

Prof. Trajmar kindly pointed out to us, that the helium

results by MoConkey and Preston (1975), whiah were used
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E l a s t i c s c a t t e r i n g of

electrons by molecular hydrogen

Abstract. Absolute experimental cross sections are presented for elastic differential scatter-
ing of electrons by molecular hydrogen at impact energies between 100 and 2000 eV
and at scattering angles between S and 50°. The results are compared with tht relative
experimental cross sections of previous experiments and with the data of different theoreti-
cal calculations. Total elastic cross sections are considered as well. The theoretical
cross sections of Khare and Shoba. including the effects of exchange and polarization,
are the closest to our experimental data.

1. Introduction

Elastic scattering of electrons by molecular hydrogen is one of the simplest electron-
molecule scattering processes, and it is therefore of importance to obtain accurate
absolute differential cross sections for this process. The present work eoncerns itself
with experiments in the energy range of 100-2000 eV and in the angular range of
5-55* where a number of calculations have been reported. The Born approximation
has been used most extensively (Ford and Browne 1973 and references therein) with
some calculations allowing for the effects of exchange (Khare and Moiseiwitsch 1965,
Massey and Mohr 1932) as well as polarization (Khare and Shoba 1974, Truhlar
and Rice 1974 and references therein). The eikonal approximation has been used
recently by Bhattacharyya and Ghosh (1975, 1976 private communication) at electron
impact energies between 9-4 and 100 eV. The more recent Born calculations of Ford
and Browne (1973) and Liu and Smith (1973) concern themselves primarily with the
dependence of the cross section on the accuracy of the molecular hydrogen wave-
function used in the calculations. The differential cross sections are found to be quite
sensitive to the details of the molecular wavefunction for small values of the momentum
transfer K. Polarization phenomena are also particularly important in this region
(i.e. small scattering angles) and the various calculations differ significantly. Bonham
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and lijinia (I9<S3| have carried out Born calculations for elastic and total scattering
with both the Wang (192X) and Weinbaum (1933) molecular wavel'unctions. and they
discussed the effect of the chemical bond on these calculations (see also <j4.3).
Although Srivastava ct al (1975) recent I) reported some absolute differential elastic
cross sections for electrons on molecular hydrogen at 3- 75 eV and 20-135 . no abso-
lute measurements have been published at 100 eV and above. The recent data of
Kink el al (1975) at 100 HMH)cV and 3 130 were normalized at 90 to their theoreti-
cal ej[O) values calculated by means of the static-potential theory. Williams (1969)
and Lloyd et al (1974) obtained relative differential cross sections at 100 and 200 eV
and 20 130 . Lloyd et ul normalized their data to ihc Born exchange calculations
of Khare and Moisciwitsch (1965) at 60 . t he angular dependences of the differential
cross sections of Williams (1969). Lloyd et at (1974) and Fink ci al (1975). all using
crosscd-bcam techniques, are in good agreement. However, they disagree significantly
with the older measurements of Webb (1935) taken at 30 912 eV and 5-150 and
of Hughes and McMillen (1932) at 35 200 eV and 50-170 . Arnot (1931) was the
first to determine relative elastic cross sections for electrons on H, :it 29-82OeV
and 10 120 . The latter three experiments were performed with a static gas target.
Botr techniques should lead to equal results but. probably due to systematic errors,
the older measurements give relatively too large cross sections at larger angles (see
$4.] /. In the work of Srivastava ei al (1975) in the energy range of 3 75 eV a crossed-
bcam scattering geometry was us;d.

Jn addition to its fundamental .mportancc in the field ol'elettron-mohcule scatter-
ing, accurate absolute elastic e-H2 cross sections are needed to nornalize elastic
c-H cross sections. Lloyd et al (1974) measured ratios for the elastic scattering from
aton.ic hydrogen to that from molecular hydrogen. Part of the motivation of the
prcstnt e--H2 work was, therefore, to obtain absolute clastic e-H cross sections using
the relevant ratios of Lloyd et al (1974).

In ij2 we give a brief outline of the experimental apparatus and prccedure used,
whicn is largely identical to that described in detail by Jan«en et al (1976 to be
refened to as 1). The results for A2 are summarized in ?3 ar.d compared with the
experimental results of other authors as well as the most relevL nt theoretical calcula-
tions in §4.

2. Experimental

The experimental apparatus, metrnd and calibration procedure for the cross sections
are identical to those discussed in detail by Jansen et al (H'76) and only a brief
outline will be given hers.

Tiie apparatus used is a cont'entional-typc electron spec.romcter. An electron
gun provides an electron beam (energy between 100 and 3000 eV. curicnt between
10" ' "and 10 "7 A) which, after col. imation (divergence half ange 0-5'). ertcrs a differ-
entially pumped collision chamber. After collision the electrons are differentially
selected as a function of the scattering angle by a rotatable analysing system (angular
resolution 0-5 and reproducibility 10'). In this Kuyatt-Simpson type analysing system
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the accepted electrons are energy-analysed by a double hemispherical electrostatic
energy analyser with an energy resolution of a few electronvolts and are finally
counted wilh a channeltron. All rotational, as well as final vibrational, states are
therefore summed over in the measurements, the energy resolution function being
essentially flat over several electronvolts. The gun, collision chamber and analysing
system arc situated in a high-vacuum chamber pumped by a liquid-air-baffled oil
diffusion pump. The residual gas pressure in this chamber is 10"7Torr. The target
gas pressure P in the collision chamber is usually 10"3Torr. which raises the pressure
in the high-vacuum chamber to 0005P. The primary current is measured inside the
collision chamber by a Faraday cup which can be moved into and out of the primary
beam. The absolute target gas pressure is measured by a Baratron membrane man-
ometer. The earth's magnetic field is reduced by a mu-metal shielding inside the
high-vacuum chamber and outside by an additional pair of Helmholtz coils resulting
in a residual magnetic field of less than 1 mG in the direction perpendicular to
the plane of detection and less than 5 mG in this plane.

The experimental procedure consists of measuring relative differential cross sec-
lions as a function of angle 0 at fixed primary electron energies £. These relative
cross sections arc put on an absolute scale by measuring the energy dependence
at a fixed angle and using an experimental apparatus calibration factor. The relative
cross section is given by

^ > £ L ^ ( i)
dQ lhP

where S(E. 0) is the count rate of scattered electrons detected by the multiplier, 7b

the primary beam current and P the target pressure. Here sin 0 accounts for the
variation of the scattering path length viewed by the analyser system. Two corrections
have to be made: (i) a background correction for the residual gas and (ii) a correction
factor F(£, 0) related to the absorption of electrons due to total scattering in the
target gas. F(E.O) is larger for smaller £ and varies over the range 102-1-05.

The experiment has been fully controlled by a PDP-15 computer via a CAM AC
system. This enables automatic change and monitoring of external variables and
direct statistical tests of the data and cross sections to be obtained. To calculate
the relative differential cross section (see equation (])) from the measured variables
the same computer program is used as in I.

As described in I an apparatus calibration factor/,, has been determhed by carry-
ing out absolute differential cross section measurements for N2 at 0 — 5-9° and
E = 500 eV. The factor is defined as

where ffaj,s(500,0) is the measured absolute differential cross section for N2 at 500 eV
and angle 0. tfrt,(500)H is the relative differential cross section for N2 iX 500 eV and
angle 0 as derived from the energy-dependent measurement, and F(500,0) is the
corresponding absorption correction factor.

The energy dependence of the relative cross section at 10\ i.e. arel(E)lQ, for H,
was measured under experimental conditions identical to those for N2 . The absolute
cross section at 10 . i.e. <rjh<;(£),o. for H2 then follows from the relative one by

(3)
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Table I. l.siimalod errors ("„) in the absolute differential clastic cross sections.

/:<cV)

100
ISO

:oo
300
400

A,,.(«)

ft-b -8-1
6-3-8-0
<v8--X-4

6-8- K-4

6-8-8-4

. £<cV)

500
700
1000
2000

6-8-8-4
6-8 -8-4

7-7-8-7

7-7-8-7

The absolute differential cross section at an energy £ is then given by

? l ^ , 0) (4)

where CT „.,(£), 0 is the relative cross section in the energy-dependent measurement
for H2 at 0 = 10" and <rr(.,( 10)E is the relative cross section in the angular-dependent
measurement at different preset primary electron energies. The total relative error
in the absolute cross section (see equation (4)) is a combination of fractional errors.
For cnl{0)EF{E,0) this is caused by the uncertainties in the current gas pressure,
count-rate measurements and the interpolation procedure to get the cross sections
at integer degree angles. Furthermore, we have the fractional errors in fc ;qual to
0-049. and in the ratio (Trei(£)10/ff,,,(10)f> the latter varying between 0-034 and 0-071.
In general, the error increases as a function of angle and in table 1 the minimum
and maximum errors at each energy are given as a percentage. Detailed considerations
have been given in I.

3. Summitry of the H2 results

The absolute elastic differential cross sections obtained for electron scattering by
molecular hydrogen are summarized in table 2. The data, whicr are ava.lable in
V intervals upon request, for convenience are not listed at all angles in the table.
The errors have been discussed in the previous section.

4. Discussion of the results

4.1. Comparison with previous experiments

In tables 3-11 we compare our experimental results with those obtained by other
workers j.nd with the results of variois calculations. Since none of the other experi-
mental cross sections were measured absolutely, we have normalized them all to
the present results. This was carried out as follows. Firstly, the average normalization
factor was determined for the data of Fink et al (1975) at angles between 5 and
50' in table 2. Then, because the resulting normalized data of Fink et al (1975)
had many more overlapping angles with the other experimental groups, these data
were useci for further normalization of the data of Lloyd et al (1974), Williarrs (1969),
Webb (H'35) and Arnot (1931) in a smilar way between 20 and 150°. We did not
consider the data of Hughes and Me Vlillen (1932), because they did not make an



Table 2. Absolute differential cross sections of electrons elastically scattered by molecular
hydrogen (in units of an).

\
lideg)

5
6
7
8
9
10
12
14
15
16
18
20
25
30
35
40
45
50
55

E(eV) 100

\

946
8-68
7-86
6-98
()I6
5-45
4-39
3-55
3-15
2-79
2-30
1-92
1-24
0-820
0-552
0-372
0-254
0158

150

6-52
5(i 1
4-91
4-33
3-84
3-42
2-68
2'll
1-90
1-74
1-44
117
0-716
0-443
0-278
0175
0117
0083

200

5-02
4-30
3-75
3-28
2-87
2-51
1-95
1-55
1-39
1-23
0-976
0-800
0-458
0-276
0161
0101
00692
00474

300

3-82
3-39
2-86
2-42
2-00
1-76
1-34
103
0-895
0-791
0-617
0-478
0-249
0136
00805
00530
00375
00278

400

2-59
2-26
1-99
1-75
1-55
1-33
0-997
0-743
0-643
0-556
0-403
0-303
0149
00797
00483
00328
00242
00171

500

2-26
1-93
1-66
1-44
1-24
1-08
0-795
0-572
0-480
0-406
0-289
0-211
0100
00556
00348
00244
00180

700

1-58
1-36
118
100
0-850
0-714
0-492
0-332
0-273
0-225
0153
0108
00537
00316
0-0207
00137

• 00088
0(1064

1000

1-44
1-21
0-984
0-800
0-642
0-510
0-315
0195
0157
0128
00884
00625
00315
00183
0-0113
00062
00037
00025

2000
x I02

104
81 3
61-4
44-9
31-9
21-7
10-9
6-37
5-23
4-35
3-21
2-31
1-12
0-523
0-279
0169
0115
0069

extensive study of the elastic scattering' and their results cannot be well reproduced
in tabular form by using their graph

At 100 and 200 eV (tables 3 and 5) most experiments can be compared. For
these two energies there is generally good agreement between the results of this
work. Fink et ai Lloyd et al and Williams, except that at 20 and 30° the cross
sections of Williams are smaller than those in the present work and those of Fink
et al. Also, at 20° the data of Lloyd et al are too small. The measurements of Webb
(1935) and Arnot (1931) disagree with those just mentioned. In their work the relative
cross section is too large at larger angles. Even at 100 eV, Webb's cross sections
start to rise above 100°. The deviations may be due to back-scattering effects.

At the other overlapping energies (400 eV, table 7 and 1000 eV, table 10) there is
also generally good agreement between the present work and that of Fink et al (1975)
who normalized their data at 90= to the static-potential theory. The data of Fink
et al given here were obtained by normalization to ours as described previously,
the multiplication factor being 0834 at 100eV, 102 at 200eV, 0968 at 430eV and
0-914 at 1000 eV. The relatively low factor of 0-834 at 100 eV reflects the relatively
high cross sections of Fink et al (1975) at 100 eV (see figure 6 in their article). The
internal consistency of the present set of data is demonstrated better when all data
are plotted as a function of momentum transfer K (see below).

4.2. Comparison with theory

Our absolute data for differential scattering are generally in good agreement with the
normalized ones of Fink et al (1975), and therefore comparison with theory generally
leads to the same conclusions. In figure 1 we have given our data as a function of the
momentum transfer K up to 5 a^i. We know that when the first Born approximation



Table 3. Comparison of experimental and theoretical differential cross sections (in units ai) for electrons eliistically scattered by H2 at impact energy E = 100 eV.

0
(deg)

0
5
10
20
30
40
50
bU
70
80
90
100
110
120
130

This
work

9-46
5-45
1 92
0-820
0372
0158

Fink
r iitK
el cil
(I97S)

11-3
5-42
1-94

0348
0167
00918
00560
00393
00304
00253
00209
00182
00161

Lloyd
et ill
(1974)

1 68
0-832
0381
0-185
00940
00557
O0359
00287
00244
00207
00189
00185

Williams
(1969)

1-56
0-735
0344
0180
00970
00610
O0422
00312
00255
O0206
00180
00161

Webb
(1935)

1-28
0-547
0-253
0132
00808
00588
0-0417-
00315
00261
00266
00281
00348

Ford anc1 Browne
(1973)

Born

1-95
1-87
t-fifi

107
0-580
0-288
0146
00816
00516
00367
00281
0-0225
00185
0-0156
00135

Bom
vibr

0149
00840
0-0537
00382
00294
00234
00192
00162
O0140

Khare

Born

1-94
!-72
110
0-592
0298
o t s ?
00835
00520
00365
00281
0-0227
00190
00163
00142

and Shoba

Born i:

2-75
2-42
1-53
0-808
0395
0194
0103
0-0617
00420
00316
0-0252
0-0208
00176
00153

(1974)

Born IP

8-25
5-58
3-97
1-76
0-813
0-381
0187
00962
00589
O04II
00313
00252
00209
00177
00154

Truhlar and
Rice (1970.
1971. 1974)
iw, np

126
7-49
2-43
0750
O290
O135
O0806
O0322
O0352
00253
O0195
00160
O0136
00117

Khare and
Moisei-

wiiscn
(1965)Born F

2-97

2-45
1-60
0859
0422
O207
0-109
00653
O0445
00335
O0268
00223
00190
O0I65

Bhatta-
charyya

dnu wriOSn
(19761
l-'ikonnl; i>

911
5-85
2-43
102
0-433
0196
0-0984
00569
00376
00276
00217
0-0177
0-0148
OOI26

I

|
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Tahlc 4. As table 3 except E = 150cV.

f)

(dej!)

0
5
10
20
30
40
50

Thit

tt OJ'k

6-52

.V42
117
0413
0175

(VO83

Foul mid

Born

1-95
1*3
154
0X23
O-35ft
0150
0072

Browne (1973)

Born, vihr

0152
0-0745

Born

1-90
158
0-S40
0-36S
0156
00739

Gupta and Kharc

Born i

2-41
2-00
105
0-448
01X5
0-0845

(1976)

Born 11'

7-66
4-71
2-91
112
0-435
0-178
0-0832

Truhlar and
Rice (1970.
1971. 1974)

US, I:P

11-2
5-89
1-42
0-358
0140
0-079

is valid all data must lie on a common curve. We note that such a universal dependence
exists for the experimental points at K larger than about three atomic units and
that these points almost coincide with the first Born calculation of Ford and
Browne (1973) and of Liu and Smith (1973). Both theoretical groups used very accur-
ate molecular wavefunctions for H, and their results agree well with each qjher.
Their calculations have also been rather well verified by the experiments of Ulsh
et al (1974) at 25 keV and 1-10°. However, in figure 1 we observe that at small
K values, the experimental points deviate from the common first Born curve. As
found before in the case of helium (see for instance Jansen et al 1976) the discrepancy
is caused by the polarizability of the target and by the exchange of the incoming
electron with the target electrons. Because these effects become more important at
low impact energies, the elastic cross sections are the largest at these energies and
have the largest deviation from the Born curve as seen in figure 1. In tables 3-11,
the Born results of Ford and Browne (1973) were obtained at the quoted angles
by interpolation of their original data which was given as a function of K. Ford
and Browne (1973) have also calculated the cross sections for vibrational excitation.
Because our data do not correspond to pure elastic scattering, but include vibrational
excitations, we have to compare with (Born) calculations including that excitation.
As can be seen from tables 3-11, the calculations of Ford and Browne (1973) show
that the only effect of including vibrational excitation is to increase the cross sections
marginally at large K. The calculations do not extend further than K = 5-8 OQ ' where
the increase is 5-8%. None of the other calculations presented in tables 3-11 include
the effect of vibrational excitation, so that we have neglected it in the comparison
of the other calculations with our experimental data. In tables 3-11, where we com-
pare the experimental data with different theoretical calculations, we can also see
the influence of the effect of exchange of electrons and of polarization of the target
by considering the different plane-wave approximations of Khare and Shoba (1974)
at £ = 100 and 200 eV (see also figure 3 of their paper) and S N Gupta and S P Khare
(1976 unpublished) who have extended the work of this group at other impact energies.
It is clear that their approximation, including the effects of exchange and polarization,
is closest to our experiment (see 100 and 200 eV data, tables 3 and 5). The results
of other calculations including exchange and polarization in tables 3-11 are presented
by the polarized Born (DS,) data of Truhlar and Rice (1970, 1971, 1974) and by the
eikonal data of P K Bhattacharyya and A S Ghosh (1976 private communication).



Table 5. AS table .« except E = 200 eV.

. 1

(dcg)

0
5
10
20
30
40
50
60
70
80
90
100
110
120

This
work

50?
2-5)
0-800
0-276
0101
00474

Fink
, t

ii tit

(1975)

2-53
0778

0-0916
00497
00296
0-0206
00143
00103
000743
000567
000458
mum

Lloyd
•1*1 111

(1974)

0-505
0-255
0-0941
00544
00290
00192
00144
00100
000887
000552

• *

U/tflt'im*;
VT Illlilllla
(1969)

0-647
0-243
0102
0-0485
00296
00211
00151
00107
000783
0-00582
000459
000378

(1935)

0-423
0169
00651
00399
00280
00190
00r51
00127
00116
00112
00106
0-00938

Arnot
(1931)
205 cV

2-18
0619
0-204
0-0814
00529
0-0354
0-0256
00167
0-0154

Ford and Browne
(1973)

Born

1-95
1-80
1-42
0-638
0-235
00915
00455
00281
00191
0-0133
0-00921
000665

Born, vibr

0-238
0-0938
00473
00292
00199
00138
000967
0-00704

Khare and Shoba

Born

1-86
1-47
0-657
0-243
00940
00455
00281
0-0195
00140
0-0101
00073
00054
00041
0-0033

Born t

2-23
1-75
0-773
0-280
0-105
00494
00298
00205
0-0146
00104
0-0075
0-0055
00042
00036

(1974)

Born ii '

7-37
418
2-39
0-790
0-269
0-103
00494
00300
00210
00147
0O105
00075
0-0055
W-UO42
00036

Truhlar and
Rice (1970.
1971, 1974)
l)S t EP

102
4-77
0-89S
0-214
0-095
0046
00252
00164
0OI16
O00809
000564
000403
0O0302
000238

K hare and
Moi&eittted:
(19651
BornE

2-43

1-77
0-806
0 291
0107
O049I
00294
00204
00147
0O107
000776
000574
000439
0-00350
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0
5
10

:o
30
40
50

-ri -

work

3-S2
1-76
0478
0136
0-0530
00278

l o r d and

Born

1-95
1-73
1-23
0-415
0120
0-0467
00256

Browne (1973)

Born, viht

0122
0-04X9
0-0269

Born

1-79
1-26
0-421
0123
00468
00256

CiupUi and

Born i:

202
1-42
0-467
0134
00495
00266

Khare (1976)

Born ):i'

709
2-52
1-77
0-456
0-129
00455
00268

Table 7. As table 3 except £ = 400 eV.

V

Idegl

0

10

:o
30
An
50
60

-o
80
90
100
110
120
130

TVlic
1 IMS

work

2-59
1-33
0-30?
00797
O0?28
0-Ofl

r lriK ei ut

(1975)

2-63
1-32
0-295

00329
00177
000970
000544
000343
000236
O-OOI73
000135
0-00111
OCOO936

Webb
11 Q 1 ^
11 y.^z*!

412eV

104
0-226
00931
00422
00223

Ford and Browne
(1973)

Born

1-95
1-66
107
0-275
00724
0-030S.
00169
000921

Born, vibr

0-278
00753
00320
00176
000958

Gupta and Khare (1976)

Born

1-71
109
0-285
00739
00307
00174
00101
00056
0-0032
000209
00015
00013
000107
00009

Born l:

1-88
1-19
0-306
00777
00317
00178
00103
00057
.00033
00021
00015
00013
000 J 07
00009

Born FP

6-95
309
1-39
0-295
00765
00319
00179
00103
00057
00033
00021
0-0015
00013
000107
00009

Truhlar and
Rice (1970.
1971. 1974)
A] ~) a V
t l - CV
I)S, IIP

7-40
2-33
0-244
00695
0026
00138
000760
000393
000216
000131
0000837
0000552
0000381
0000280

Table 8. As table 3 except E = 500 cV.

o
(deg)

0
5
10
20
30
40
50

This
work

2-26
108
0-211
0-0556
0-0244

Ford and

Born

1 95
1-60
0-939
0-194
00502
00227
0-0115

Browne (1973)

Born, vibr

0197
0522
0236
00120

Born

1-65
0-953
0-201
00505
00228
00124

Gupta and

Born L

1-77
102
0-213
00523
00233
00126

Khare (,976)

Bom EP

2-7"'
114
0-204
00522
00235
00126
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Table 9.

This,
work

As table

ForU

Born

3 except E = 700 eV.

and Browne 11973)

Born, vibr Born

Gupia and

Born i

Khare (1976)

Born ry

0
5
1(1
21)
30
40
50

I-5S
(1-714
O-lltN
00316
00137
(MK164

1 95
I-4K
0-72
0110
00306
00136

0-113
0319
0-0141

1-52
0-736
0113
O(i3O6
0-0143
0(1063

1-60
0-773
0-117
0-0312
00144
00064

6-77
2-31
O-XOX
0113
00314
00144
0-0064

Table 10. As table 3 except E - 1000 eV.

Ford and Browne (1973) Gupta and Khare (1976)

(dcgi

0
5
10
20
30
40
50
60
70
80
90
100

no
120
130

wore

1-44
0-510
0-0625
0-01K3
000f2
0-0025

i iim i! ui

(1975)

1-43
0-559
00572

0-0062
00025
0-00129
0000817
0000523
0000 J40
0000258
0-000206
0000160
0000129

Born

1-95
1-32
0-511
00594
00186
0-OC668

Eorn. vibr

0%18
0)193
O')O694

Born

1-36
0-517
00602
00191
0-0074
00027
000141
0000912
0-000552
0000349
0000262
0000213
0000172
O-UOOI39

Born t

l-4t
0535
0-0613
00193

0-00141
0-000913
0000552
0-000349
0000262
0000213
0-000172
(MXX)I39

Born i.p

6-70
1-85
0-531
0-0609
00194

0-00141
0-000913
0-000552
000034?
0000261
0-00021.1

o-ooon::
0-00013<>

Table 11. As table 3 except C = 20f 0 eV.

Ford and fcrowne (I97.i) Gupta and Khare (1976)

(degj

0
5
10
20
30
40
50

work

l-0»i
0-217
00231
0-00523
0-00169

' (MX069

Born

1-95
0-93
0192
00217

Born, vibr

0-0195
00226

Born

0-952
0199
00220
00054
0-1)026
00016

Born E

0-969
0-202
00221

Burn EP

6ii2
1-08
0-193
O-C222

The latter eikonal data were obtained by Bliattacharyya and Ghosh (1976) by taking
into account a 1 orientations of the target mDlecule, while in their earlier paper (Bhat-
tachiiryya and Ghosh 1975) only considered three orientations to average t ie molecular
angles. On considering all the 'exchange-polarization' calculations, it can be seen that
the overall besi agreement with experiment is given by the calculations of Khare and
co-workers. However, at 5 and 10°, the difference between their calculation and
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Figure 1. Absolute differential cross sections for electrons clastically scattered by H,
plotted against momentum transfer K at impact energies of 100 (O). 200 (A), 400 (D)
and 1000 eV (V); broken curve, first Born approximation.

experiment is often very large. At 100 eV and these angles the calculation of
Bhattacharyya and Ghosh gives better results.

4.3. The independent-atom model (JAM)

Very often the experimental cross sections of molecules are compared with calcula-
tions based on the independent-atom model (IAM); see for instance Massey et al
(1969), Bonham and Fink (1974). In such a model the scattering is described by
a coherent superposition of the scattering on the atoms, in which the contribution
of the molecular bond is improperly treated. In this model the differential elastic
cross sections for H2 can be presented by

do;
dfi

8(8Z2 4- X2)2

~(4Z2 + K2f
/ sinKA
I + " Kd )C (5)

In the IAM the first factor on the right-hand side corresponds to the Born elastic
scattering from two atomic hydrogen atoms (Z = a o ') and the second factor accounts
for the interference effect. The quantity d is the most probable internuclear distance,
equal to 1-401 a0. However, due to the improper treatment of the binding effect,
the IAM cross sections differ from experiment, as has been first shown by Geiger
(1964) for elastic scattering studying the angular distribution of 25 keV electrons scat-
tered by H2. Roscoe (1938) has calculated the Born differential elastic cross section
for H2 by means of eigenfunctions of Wang (1928), Rosen (1931) and Weinbaum
(1933), and Bonham and Iijima (1963) have improved these calculations to study
the binding effect. From the theoretical and experimental work mentioned before
it follows that equation (5) leads to good approximate results compared to the Born
approximation, except at the smaller angles, when Z is taken equal to 1-166 «o '
(corresponding to Wang 1928), or to 1193 ao ' (corresponding to Weinbaum 1933).
In table 12 we compare the IAM and modified IAM results with the Born results
of Liu and Smith (1973). We see that for most K values (not near zero) there is
good agreement between Born and IAM with Z = 1-193 a j 1 , that is within about



Table 12. Comparison of differential elastic scattering cross sections (in units ufj) obtained
by the Horn approximation (Liu and Smith 1973 > with those of the (modified) indepen-
dent-atom mode! (sec equation (5)) taking / equal to 1 u j ' . 1 • 166 «„ ' and 1-193 a,,'
respectively and </ = 1-401 a,,.

Klu,,')

<i
014.'
0-428
0-WM
1-14
1-43
200
2-57
2-85
4-28
5-71
7-14
10 7
14-3

Born

I 90
KX8
1-60
111
0831
0-561
0-234
0100
00690
00209
0-00X19
0-00287
000063
0-00020

Z = 1 «„"'

4-00
3-93
3-40
207
1-42
O-S83
0-315
0119
0-0777
0-O213
000826
000289
000063
0-00020

(Modified) independent

Z= 1-166 « o '

216
2-13
1-90
127
0-933
0-622
0-250
0-102
00689
00204
0-008)2
0-00286
0-00063
000020

-atom model

Z= 1-193 a » '

1-98
1-95
1-74
118
0873
0-587
0-240
00994
0-0675
00202
000809
000286
000063
0-00020

5",,. For Z = 1166 a0 \ the agreement starts above K ~ 2 a^ \ AD results are close
to each other above K = 4ao i. In figure 1 we have seen that the experimental elastic
scattering data for e-H2 almost agree with the Born approximation above about
K = 3 do1. This means that for K = 4 a^\ the IAM with Z = 4 1 gives a good
description for the elastic scattering from H2. As K increases tie first factor on
:he right-hand side of equation (5) obviously approaches the formula for Rutherford
scattering for the two hydrogen nuclei,

4
(6)

that case the screening effect of the electrons becomes negligible.

4.4. Total elastic cross sections

Jn order to obtain experimental total elastic cross sections, the differential elastic cross
sections were integrated according to

rrel = ?.7t I a JO) sin 0 dfl.
Jo

(6)

Since the present data were restricted to angles between 5 and '>0°, we used the
•Tets of Fink et a\ (1975) normalized to our data for angles between 50 and 130°
(the largest angle in their experiment). At energies of ISO, 300, 700 and 2000eV,
•vhere Fink et al (1975) had no data, we constructed additional Dross seclions at
larger angles by using the fact that at large K values these cross sections are approxi-
mately a unique function of K, independent of impact energy. For :he largest angles
we extrapolated our data by means of the IAM formula with Z = 1193 (see §4.3).
Between Q and 5"' we extrapolated the integrand trJO) sin 0 by a parabolic function.
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Table 13. Integrated elastic cross sections (in units of al) for electron scattering by
molecular hydrogen.

Kurd and
Browne

Born

Gupta and Khare (1976)

Born Born i: Born FP

Truhlar and Rice Bhaltacharyya and
(1970. 1971. 1974) Ghosh (1975)
us, IP Fikonal f.p

.'•I 7
1-85
I-2N
0-80U
054.1

0-420 0-355

I 68
115
O-X72
O5S7

100
150
200
V.JO
400
412
SCO

700 (1-260 0-255
1000 0186 0179
2000 0097 00895

1-73+ 2-3Ot
1-16 142
0S9t 11)4+
0-60 0-66
045 0-49

0-36 0-39

0-26 0-27
018 0 19
009 0-09

2-72t
169
1-22+
0-79
0-58

0-46

0-32
0-22
0-JO

3-65
2-45
1-S5

0K99

0-452

3-83

t Calculated by Khare and Shoba (1974).

300'

150
100 1000500

E (eV)

Figure 2. Total clastic cross sections multiplied by impact energy £ plotted against E
for electrons elastic-ally scattered by H2. — O - present experiment (error smaller than
about 10",,); (B) Born approximation of Gupta and Khare (1976); »I.P)
Born-exchange-polarization approximation of Gupta and Khare 0976).



- 50 -

We obtained (Td of Ford and Browne (] 973) by using their Born vf lues for differen-
t.ul elastic scattering, given up to K = 5-8 «0 '. and extrapolating at larger K values
again by means of the IAM formula with Z = 1193. Our experimental results, which
have errors within about ± 10',,. are given in table 13 and compared with theoretical
calculations of different groups. The best agreement is obtained with the Born EP
calculations of Gupta and Khare(l976). although differences are present up to a factor
of about 1-30 at 7(K) eV. Calculations show that at 1000 and 2000 eV the contribution
to the integrand conies for a large part from angles between about 0 and 10 . Thus
we need very accurate measurements at small angles to get reliable <TCI values at
liigh energies.

In figure 2 we illustrate some of the data in a plot of a^E against £, Inokuti
imd McDowell (1974) show that such a plot is useful, because in the !3orn approxima-
tion the cross section can be given by

ffc, = r.k'2(A + Bk'2 + Ck~* + Dk~" + ...»«5 ' (7)

where k2 is the energy in ryclbergs. The constants in equation (7) have been given
l>y Inokuli and McDowell (1974) for electron-atom scattering. It is clear that our
experimental results approach the Bom values near 2000eV. The trcl value of Ulsh
<f al (1974) at 25keV is equal to 0-00789 ul, corresponding to c,,£ = 197 ^ e V ;
using the Born values of a^{K) of Ford and Browne (H'73) and extrapolating for
larger K values as mentioned before, we find at 25keV that ac] --= 000719al and
<\..,£ = l80ujieV.
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Triple and double differential cross

sections for electron impact ionization

of helium and molecular hydrogen

Abstract. The triple (aiH double) differential cross-sections
for electron impact ionization of helium and molecular hydro-
gen are investigated to a much higher accuracy than obtained
before. In a coplanar symmetric geometry (0=45°) both elec-
trons emerging from the ionization event - with equal veloci-
ties - are detected in coincidence. Over the impact energy
range from 200 to 2800 eV we present absolute triple (double)
differential cross-sections containing an experimental error
smaller than 20 (10) percent. A detailed comparison is made
with results from various theoretical approaches and with da-
ta obtained in high energy electron Compton profile measure-
ments.

1. Introduction

In an (e, 2e) experiment one observes an electron impact
ionization event, in which the momenta of the incoming and
two emerging electrons are fully determined. The study of
such coll is ions has at t racted a rapidly growing, in teres t
since the f i r s t coincidence measurements of the two outgoing
electrons in the low energy electron impact ionization of he-
lium by Erhardt et a l . (1969). His group concentrated on the
investigation of the reaction mechanism, under very asymme-
t r i c a l kinet ical conditions for the outgoing electrons
(Erhardt et a l . 1971; Jung et a l . , 1975). Amaldi et a l .
(1969) and la te r on Camilloni et a l . (1972) were the f i r s t to
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study the (e, 2e) reaction at high incoming and outgoing elec-

tron energies with the aim to investigate the momentum distri-

bution of the target (ejected) electrons. They observed the

momentum distribution of carbon 1s electrons using thin films

in a so-called coplanar symmetric geometry. This means that

the momenta of the incoming and the two outgoing electrons

(to be denoted k 0, k.. and k.,) are coplanar and moreover that

k^ and k 2 are equal in magnitude and have the same polar

angle o on either side of k,. (see figure 1 ) . Weigold et al.

(1973) reported the first detailed information on valence

electrons, in a non-coplanar symmetry (where the azimuthal

angle $ is varied, see figure 1 ) . In all these measurenients

one determines the so-called triple differential cross-sec-

tion

d3o
dfi. dE = d*a& p,

-- d'c.

(1.1)

This cross-section represents the probability that an elec-

tron with impact energy E results in an ionization event

with two outgoing electrons, respectively with energy I... in-

to a solid angle &•>{&•, ffy*} and with energy E2 into fl?^'? >*2 '̂

Fig. 1 - Schematic diagram of the kinematics in an ('2,2e)

experiment. At the right hand side is shown the

coplanar symmetric geometry (|k-|| = |k.2l, 1 3-, ( =

|0,1 = o). One can vary the selected momentjm q by

changing che polar angle 0

is fixed co 45°.

In oui experimants e
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In the (e, 2e) measurement one selects particular elec-

tronic quantum states |f) of the residual ion by resolving

their ionization energies e = EQ - E^ - E2, where E.̂  stands

for the kinetic energy of electron i and we ignore the re-

coil energy of the ion. For a specific choice of energies and

angles the recoil momentum £ of the ion is determined by the

measurement of the momenta kg, k^ and k̂  (see also figure 1).

When the incoming and outgoing electron energies are suffi-

ciently high, the electrons interact weakly with the residual

system and the recoil momentum can be closely connected to

the momentum q of the struck electron in the target system.

In that case the q-profile, that can be obtained by selecting

the kinematical conditions, gives direct information on the

square of the momentum space wave function of the struck

electron.

When we disregard spin polarization of the incoming elec-

tron the triple differential cross-section gives the most de-

tailed information on the ionization event to be obtained and

hence the d o-data represent the most stringent test for any

theory describing ionization. The older measurements have

been reviewed by McCarthy and Keigold (1976) and have in com-

mon that none of them leads to absolute results. Only in 1977

the first absolute data one helium at 100 eV impact energy

were reported by Beaty et al., for very asymmetric kinematics

of the outgoing electrons. Stefani et al. (1978) obtained ab-

solute results on helium in a coplanar symmetric geometry

(0=44°), for impact energies between 200 and 4000 eV. Unfor-

tunately, both experiments only produce data that are accurate

to a factor of two, mainly due to the use of a crossed beam

technique, resulting in an uncertainty in target gas density

and effective interaction length. This uncertainty prevents a

detailed comparison with the various existing theoretic£.l re-

sults.

Our aim is to improve the accuracy of absolute d o-data.

We investigate the (e, 2e) reaction in a coplanar symmetric

geometry (0=45°) and in an impact energy range from 200 to

2800 eV. This means that at each impact energy we essentially
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select one (small) value of q. We do this for the simplest

available atomic and molecular targets, helium and molecular

hydrogen. For the latter, up to now, no absolute data have

been reported. The motivation behind the present work is two-

fold:

(i) An increase in absolute accuracy will enable us to dis-

tinguish between the results of various theoretical ap-

proaches. One can not do this via relative non-coplanar

measurements since there one essentially only varies the

selected q-value and measures the momentum distribution

of the target electrons. Both for helium and molecular

hydrogen a simple plane wave Born approximation is al-

ready sufficient above 300 eV to describe the relative

non-coplanar results (Hood et al., 1973 and Dey et al.,

1975). Coplanar symmetric measurements as a function

of the polar angle Q have been performed for helium only.

Fuss et al. (1978) and Stefani et al. (1978) obtained

relative angular correlations over a wide energy range.

In the measurements of the first group one can clearly

see, that at 1200 eV impact energy two theories, dif-

fering about 50 percent in absolute magnitude, both pre-

dict the correct relative angular behaviour of c."o.

(ii) Our second aim is to provide data that can be used for

normalization of relative d'a-results. Especially for the

non-coplanar measurements, where the emphasis lies on the

information about the momentum space wave function of

the target electrons - which can be related to the spa-

cial electron distribution via the Fourier transform -

this is important. The region of q « 0 is relevant, be-

cause diffuse outer orbitals, representing the greatest

chemical interest, have their most significant momentum

densities in this region.

By the use of a static gas cell we circumvent the diffi-

culties in the determination of gas pressure and effective

electron beam length as described above, which enables us

to determine absolute triple differential cross-sections to

an accuracy better than 20 percent. The choice for a polar
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angle 0=45° implies that we are essentially investigating

close electron-electron collisions at a high momentum trans-

fer K.

Previously we already reported our first results on he-

lium (Van lvingerden et al., 1979). Here in section 2 we

give the experimental method and error discussion in more

detail and include some corrections of the data for finite

energy and angular resolution. In section 3 we give an out-

line of the different existing theories. The results for

both target gases are compared to existing experimental and

theoretical results and to each other in section 4.

In the same experiment we obtain the absolute double

differential cross-section d o/dndE; theoretically this can

be compared with the value of d a integrated over all scat-

tering angles of one of the outgoing electrons:

d^df = J J d02 d*2 d^dn2dE
 CK2)

Unless specified differently, we use ato-.ic units throughout

the following sections.

2. Experimental

2.1. Apparatus

After collimation a beam of electrons with energies be-

tween 200 and 2800 eV enters a collision chamber filled

with target gas, as shown schematically in a top view in

figure 2. The electron gun, collision chamber (inner-dia-

meter-i.d.-40 mm) and analyzers are situated together in a

high vacuum chamber (i.d. 450 mm) HVC, which is not shown in

the figure. The primary beam is detected in a system of two

concentric Faraday cages, of which the inner one covers less

than 10 percent of the total Faraday cage entrance opening.

This allows a good alignment of the primary beam under zero

degree and a check on the focusing conditions of the prima-

ry beam system.
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The target gas density N inside the gas eel is accurately

measured by a membrane manometer (MKS-Baratron 77 H-1).

Typical target gas pressures are around 0.5 Pa, which raises

the background pressure outside the differentially pumped

collision chamber to about 0.0015 Pa. In this pressure range

we find both for He and H, that multiple scattering effects

do not play a role, by measuring the pressure dependence of

the scattered signals.

The collision chamber contains two exit channels at 45°

with respect to the Faraday cages. Electrons scattered or

ejected through these channels enter an analyzing system

consisting of a collimator at earth potential, composed

of a slit and a circular diaphragm, followed by two rota-

tion symmetrical lens systems of the Heddle type (Heddle,

1971). These are symmetrical with respect to the hemisphe-

rical energy dispersing element in between then, which has a

mean radius of 25 mm. The collimating systems determine an

effective value of scattering length times solid angle

(ldfl) .p£ for each analyzer; we have to take into account that

the solid angle Afi as subtended by the collimating system

is a function of the position along the incoming electron

beam path in the collision chamber, where the actual scat;

tering event takes place. Care is taken, that

i) the exit channels of the collision chamber do not limit

the field of view of the two analyzers,

ii) the opening angle of one analyzer is larger than for

the other one, to ensure that the scattering length as

seen by the latter one is fully contained by the scat-

tering length as seen by the first one,

iii) the slit height in the vertical direction is sufficient-

ly large to cover the entire interaction region ia this

direction.

Finally the angular and energy selected electrons are

detected on a channeltron electron-multiplier (Mullard

B-310L).

All components inside the hVC are made of non-magnetic

material (NiCr v stainless steel and molybdenum only for

those parts that may have direct contact with the primary
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\analyzer

r collimator\ \ / '/
I _ \ v ^ ' //xollimator

needle
valve

Fig. 2 - Schematic diagram of the experimental set-up. The

nomenclature is explained in section (2).

or scattered electrons). Around the entire vacuum system

is a p-metal shielding; if we use in addition two pair of

Helmholtz coils the rest magnetic field inside the collision

chamber is reduced to less than 1 mG perpendicular to the

scattering plane.

2.2. Alignment

The alignment of the electron source, entrance collima-

ting system and Faraday cages, and the fixation of the ana-

lyzers at e = 45° is obtained as follows.

First we have to mention, that there is a small hole in

the outer hemisphere of the energy dispersing element in

each analyzer (not shown in figure 2), in line with the op-

tical axis through the entrance collimator of the analyzer.
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Furthermore the HVC and the collision chamber are circular

in shape and concentrically mounted.

We shine a laser beam through a small diaphragm replacing

the electron gun, which passes through the collimating

system in front of the collision chamber and through the

exit opening of the inner Faraday cage. This either gives a

spot on the wall of the HVC defining zero degree or a spot

on a screen outside the HVC at about 1 m distance after re-

moval of a flange in the HVC wall. The analyzers are mounted

on plateaus that are rotatable around the center of the col-

lision chamber. They are in turn placed at zero degree and

adjusted in the vertical direction by observing the inter-

ference pattern of the beam spot at the screen, due to the

passage of the beam through the diaphragms and exit channel

in the hemispheres of the analyzer.

Finally we place a small rotatable mirror in the center

of the collision chamber. We check the position of this

mirror by setting it at 0 = 0° and 0 = 180°, which results

in the production of two complementary halves of the beam

spot at the screen. We know the radius of the HVC and hence

we can rotate the mirror to produce a spot at the HVC wall

at a place corresponding to 0 = 45° or 0 = -45°. The ana-

lyzers then are rotated to give optimum transmission of the

beam at this point. The angular accuracy obtained is 0.3°.

2.3. Data acquisition

Via an amplifying and discriminating system the signals

from both channeltrons are counted in two separate counters

(C) as shown schematically in figure 2 and at the same time

fed into a time to amplitude converter (TAC), coupled to a

multichannel analyzer (MCA). Since we choose the energies

of the emerging electrons to be equal, the pulses origi-

nating from a coincidence event will arrive at the TAC at

about the same time. To ensure that no coincidence informa-

tion is lost we externally delay the pulses giving the stop

signal for the TAC (the delayed coincidence mode). A typical

spectrum as contained in the MCA for H- is shown in figure 3.
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480
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z
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I
Hj.Ep-1015.5 e V ^ | s = 500eV

1^=0.67 Pa
AEy,., = 6.3eV; AEy2ir=5fleV^Ey]CO=«A«V
Sco=1.6x106 count's.s-'.A-1

1 channel = 0.6 ns
measuring time=927s.

I
40 80 120 160

Channel (MCA)
200 240

Tig. 3 - Coincidence spectrum for H., as obtained in the MCA.

The entire system is linked with a PDP 11/70 computer
via a Camac crate, containing the SCA and MCA units. During
the measurements the pressure is monitored via an analogue-
digital converter (ADC) and kept constant. The primary beam
and current ratio in both Faraday cages is measured via two
Keithley (61OC) electrometers, which are also read via an
ADC.

The voltages on the Heddle system can also be set via
the CAMAC system to enable automatic variation of the se-
lected energy for the emerging electron. This is done via a
read-write module (RW1 in the CAMAC-crate connected with a
number of digital to analogue converters (DAC) driving
power supplies.

2.4. Measuring procedure

The procedure used to determine the inelastic and coin-
cidence cross-sections for each measuring point is the fol-
lowing:
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We determine the overall efficiency T of each analyzer

at energy E by comparison of the elastic countrate S ,

at E with the known absolute elastic cross section at

45 , according to

The effective value of scattering length times solid

angle (ldn) « is calculated numerically and found to be

consistent with the analytical expression given by Kuyatt

(1968). For the two analyzers we find values of 2.17x

10 cm.sr and 1.78x10 cm.sr.

As we will see in section 2.6 the uncertainty in the

elastic cross-section is the main contributor to our

final errors for the double and triple differential

cross-sections. Therefore we use at each energy the most

accurately known elastic cross-sections, and give them

separately in tables 1 and 2 together with the attributed

uncertainty in percents. When necessary this uncertainty

is combined with interpolation errors.

a. For the helium da-values we use:

i) Below E = 200 eV results obtained in a previous

measurement by Jansen et al. (1976) with an accuracy of

6 percent.

ii) Bet'-sen 200 and 700 eV experimental data by Bromberg

(1969, 1976), to an accuracy of 3 percent.

iii) Above 700 eV values deduced by interpolation of a

plot of the higher energy Bromberg results versus the mo-

mentum transfer K, at corresponding K-values. We know that

in this energy and momentum transfer range the elastic

cross-section is a uniform function of ,K, which is almost

independent of energy. There is good agreement within the

experimental error of the (interpolated) Bromberg results

and the data of Jansen et al. (1976).

b. For the H- da-values we use:

i) Below 250 eV values determined in a previous experi-

ment (Van Wingerden et al., 1977) with an accuracy around
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8 percent.

ii) Between 250 and 700 eV values determined by measuring

the elastic scattering on He and H_ under exactly the

same experimental conditions and normalizing to the very

accurate data of Bromberg (1969, 1976). These are accu-

rate to about 3°s. The agreement between the thus obtained

values and results of our own previous measurements on

elastic scattering on H2 is within our experimental

error. The uncertainties in da resulting from this pro-

cedure vary from 4 percent to 6 percent (at Eg = 250 eV,

where we had to interpolate the Bromberg data),

iii) Above 700 eV values calculated by the Independent

Atom Model (IAM, see for references Van Wingerden et al.

1977). In our previously mentioned H2 measurements we

show that for values of the momentum transfer K above

3 a.u. there is good agreement between the experiment

and results of the IAM model when an effective charge

Z = 1.193 is used. Instead of interpolating our experi-

mental results we therefore prefer to use the theoretical

data here. It should be noted that our earlier published

da-value at 1000 eV and 45° is somewhat too low in com-

parison with the IAM result.

2. By varying the primary energy around E g, while the se-

lected energy of the analyzer remains fixed to E we de-

termine the energy resolution function including the re-

latively small energy width of the primary beam for each

analyzer and its halfwidth AE,.

3. At primary electron energy E (E = 2Eg + e, e is the

ionization potential), we measure the countrates S. in

each analyzer, fixed to energy Eg. From this we deduce

the inelastic cross-section, also given in tables 1 and

2 , • a s :

V
Both analyzers, with different energy resolution func-

tions, (ldfi)eff-values and overall efficiencies, should
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produce the same inelastic cross-section; for helium

this proved to be true within 21, for H2 within 43.

Finally we find the coincidence cross-section, uncorrected

for angular and energy resolution - see also tables 1 and

2 - through the following relation:

d3o(lip, E^Eg, E2=ES, Q-, = e2 » 45°, * = 0°)

E d30. (2.3)

Here (ldn, ds^eff i s t n e effective value of scattering

length times solid angles as seen by the two analyzers in

coincidence. It was calculated via the same program, that

correctly produced the values of (ldfl) rf for each analy-

zcr, and found to be 5.0x10"° cm.sr/. The coincidence

countrate is obtained from the contents of the peak in the

MCA-spectrum, corrected for the background of accidental

coincidences. The halfwidth of the energy resolution func-

tion for coincident detection of both outgoing electrons is

found by folding the separate energy resolution func-

tions of both analyzers determined previously for elas-

tic scattering (see point 2). As a direct consequence of

energy conservation it is clear that if one of the two

electrons originating from the same ionization event is

off from the selected energy Es by an amount +6E, the

complementary electron must have an energy E -<5S; this

accounts for the folding procedure of the resolution

functions as described above; see also section (2.5).

2.5. Influence of finite angular and energy resolution

Due to the finite angular and energy resolution we detect

not only electrons that emerge from a coincidence event

with exact scattering angles ©1 = B~ = 45°, $ = o° and

energies E1 = E2 = Eg = J(E - e).

If one of the outgoing electrons, for convenience label-

ed 1, has an energy Eg+ 6E and is detected in analyzer 1,
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TABLE

E -

leV]

200

300

400

SOO

600

800

1000

1S00

2000

2800

1. Experimental double- and triple differential cross-sections for electron

impact ionization of helium, together with the elastic cross-sections used

for normalization. Error bars in percent are given in parentheses.

do(Es,G

0*

2.63 x

1.68 x

1.16 x

8.24 x

6.49 x

4.07 x

2.81 x

1.40 x

8.07 x

4.35 x

In contrast

we include the

tion (2.5) -.

= 45

13

10"1

10"1

10'1

lo-2

lo-2

ID"2

ID"2

lo-2

ID"3

lo-3

°)

(6)

(6)

(3)

(3)

(3)

(3)

(3)

(5)

(5)

(6)

d2o(Ep

o'

4.17 x

1.95 x

1.07 «

6.58 x

4.19 x

2. 10 x

1.25 x

4.84 x

2.36 x

9.89 x

ES,G = 45°)

•'.sr"1]

10"4 (8)

10"4 (8)

10"4 (6)

10"S (7)

10"S (6)

10"5 ( 6 )

10"S (6)

10"6 (8)

10"6 (8)

10'7 (8}

d•VE
tao-

5

4

4

2

2

1

1

9

5

3

p'Es'

eV1.

.86 x

.76 x

.20 x

.98 x

.74 x

.74 x

.47 x

.19 x

.86 x

44 «

ES>01*02 * 45°» •x°°)
sr"2]

10'" (15)

10"" (15)

10'" (11)

io-" (V)

10"" (12)

10"" (12)

10'4 (12)

10"5 (14)

10"5 (14)

10"5 (16)

with our previous publication, Van Kingerden et al. (1979), here

influence of the finite angular and energy resolution - see sec-

TABLE 2

E p - e

[eV]

200

300

400

500

600

800

1000

1500

2000

2800

. Experimental

impact

double-

ionization of

sections usec

parentheses.

do(Es,

aQ.sr

2.54 x

1.17 x

6.92 x

4.43 x

3.53 x

2.30 *

1.67 x

8.25 x

4.30 x

1.97 x

0 - 45°

10"1

10"1

ID"2

ID'2

10'2

ID"2

lo-2

lo-3

10-3

10-3

and triple differential cross-sections

molecular hydrogen, together with

for normalization. Error bars in percent

)

(8)

(8)

(8)

(6)

(4)

(4)

(4)

(8)

(8)

(8)

d2a(Ep,

[a^.eV

8.89 x

3.55 x

1.82 x

9.96 x

7.33 x

3.25 x

1.91 x

7.19 x

3.38 x

1.34 x

Es,0 =

-'.ST-

10"4

10""

ID"4

ID"5

10-5

ID'5

10-5

10'6

10"6

10"6

45°)

(10)

(10)

(10)

(8)

(7)

(7)

(7)

(10)

(10)

(10)

[a*.e

2.

1.

1.

9.

7.

5.

4.

2.

1.

9.

p,E s,

V"1.s

48 x

83 x

36 x

OS x

95 x

56 x

43 x

78 x

71 x

72 x

the

are

Es,0

ID'3

ID"5

lo-3

10"4

10"4

ID'4

10""

10""

10""

10-3

for electron

elastic cross-

given in

•, = ©2=45°, $=0°)

(19)

(19)

(19)

(15)

(13)

(13)

(13)

(19)

(19)

(19)
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and the other electron with the complementary energy Eg - <5E

is detected in analyzer 2, then this coincidence event will

be registered with a relative probability g-(E +<SE)*

g2(E - &£). Here g<(E) and g2(E)
 a r e t*ie e n e r 8 v resolution

functions as determined according to section (2.4.), point

2 . The resulting energy resolution function denoted by

g(6Li) for coincident detection of the outgoing electrons is

found to be almost Gaussian in shape.

The interaction region along the incoming beam, from

which two outgoing electrons can be detected in coincidence

is limited by the analyzer with the smallest field of view.

Since both emerging electrons originate from the same point,

their relative coincident detection probability is propor-

tional to the solid angles An^(0^, ^ ^ and Afl2(
02> ^ a s

subtended by this point and the limiting diaphragms in the

analyzers. For convenience we define $, and $, with respect

to the plane subtended by the exact kQ, k^ and k2.
 F o r

every fixed value of 01 and (ji1 one has to sum over the pos-

sible contributing values of 0, and $. with their relative

detection probability, and this procedure has to be per-

formed for every point along the interaction region. In

short, we find that S is given by:

S c o * e = I I I I I d 0 1 d 0 2 d * 1 d<tl2

* d3o(Ep, E S+6E > E..-6E, Q^ , e2, 4^, *2) *

* g(6E) . TJ . T 2 . N • I . (l An1(0l,<j,1)An2(e2,<ti2)). (2.4)

To establish the influence of finite resolution in equation

(2.3) we calculated S , using a plane wave Born approxi-

mation, both for our experimental conditions and for infi-

nite good resolution ("ideal scattering conditions"). This

Born approximation wil] be discussed extensively in section

3. For helium we describe the ground state of the atom by a

hydrogenic-type wave function, while for H2 we used the ex-

perimental momentum distribution of the molecular electrons
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as found by McCarthy and Weigold (1976, 1979).

We find that the coincidence count rates obtained by pro-

per integration over the finite angular and energy resolu-

tion are systematically somewhat lower than the values ob-

tained by simply looking at the ideal scattering conditions.

This is mainly due to the fact that d a is sharply peaked as

a function of e at high energies. Hence we correct the ap-

parent cross-sections evaluated according to equation (2.3)

with the ratio of the S -values according to equation

(2.4) to that obtained under the assumption of ideal scat-

tering conditions. In this way we obtain the correct cross-

section d 3a(E. E =, E . 0., = 0, = 45°, <f> = 0°). The multi-

plication factors - which are generally small (for example

for He 1.005 - 1.05) - are given in table 3 and are taken

into account in the d o-values given in tables 1 and 2.

We assume this procedure to be valid, since the varia-

tion of the experimental relative triple differential cross-

section as a function of 0 can be appropriately described

using a plane wave Born approximation in our angular range

at higher impact energies. This was shown for helium by

Hood et al. (1973).

For the double and single differential cross-section a

similar correction proves to be unimportant, because these

cross-sections show a smooth behaviour as a function of

0, <j> and E.

2.6. Error discussion

The final error assigned to our double and triple diffe-

rential cross-sections can be considered as a combination

of statistical (random) and systematic fractional errors.

If these are independent of each other we determine the'

overall error by taking the square root of the sum of

squares of all fractional errors that are involved in a

specific measurement. As was described above we essentially

obtain our d a (and d a ) results by looking at the ratio of

the inelastic (and coincident) countrates to the elastic

countrate under the same experimental conditions. Only the
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TABLE 3. Correction factors for the triple dif-

ferential cross-sections due to finite

angular and energy resolution.

200

300

400

500

600

800

1000

1500

2000

2800

CHe

1.005

i.OOS

1.007

1.009

1.010

1.014

1.017

1.027

1.036

1.050

cH
H2

1.011

1.014

K018

1.022

1.026

1.035

1.044

1.066

1.089

1.124

TABLE 4. Fractional errors in percents, that may

contribute in a measurement of d o and

do. (see discussion in S 2.6).

Sel- Sin
S

CO

N

I

Ud(O*£f

(Idft* dfl-5)
1 2 6

AEj

AE,l,co
30dc(4S°)

*

do (45°)

ff

helium
H2

helium

H2

Statistical

2

4

0.5

2

-

-

3

4

-

-

-

-

Systematic

1

1

.3

.9

3

4

-

_

3

2

2

3

-

-

-

-

-

-

.8

.7

2

2

6

8

3 .

S

*here we also take into account the uncertainty

in 6 -(45 + 0.3)°.
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primary energy is changed in between the two sets of measure-

ments. We observe the behaviour of the beam at the double

1'araday cage system and focus into the inner Faraday cage.

Over a wide range of gun conditions we find no measurable

effect on the countrates.

Jiy this normalization procedure many experimental para-

meters do not contribute their systematic error, but only

their statistical error. We will show this in two examples

below. The error in the elastic cross-section used for nor-

malization gives a large contribution to the final error,

especially for d o , where it contributes twice (this time

linearly added). The various fractional errors that may be

involved are listed in table 4. Here we also include the

error in the do-values due to our uncertainty in 0. We cal-

culate this uncertainty 3 da(45°) at each energy and give

the limiting values for our energy range also in table 4.

As an example we will discuss how we obtain the final

errors in d o and d o for helium at a primary energy 224.S

eV. The elastic cross-section used contains an error of 6

percent. The uncertainty in angle (+ 0.3°) leads to an extra frac-

tional error 30do(45°) of 1.3 percent. For the d o calcu-

lation we substitute the efficiency T from equation (2.1;

do) into equation {2.1; d a). We see immediately, that the

systematic errors in N, (ldfi) £f and I cancel and we end up

with the statistical errors in N and I (each occurring

twice, but independently), S - , S- and AE, and the syste-

matic error in dff(45 ) and S^da (45°). Adding these frac-

tional errors in the above described way leads to an over-

all error in d o of 8 percent, as given in table 1.

For the triple differential cross-section the situation

is more complicated. First we'substitute again the effi-

ciencies t.j and T, for both analyzers from equation (2.1;

do) into equation (2.3; d c). Because the elastic countrates

of both analyzers are determined in the same measurement,

the errors in l\i and I are no longer independent here, and

have to be added linearly. The same holds for the error in

do, which contributes twice.
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The contributing statistical fractional error then arise

from N and I (one single and one doubled contribution), Sgj

(two times independently), S and AE2 . The systematic

errors in N and I cancel partially, leaving us with each

of these parameters contributing once. The uncertainty

3Qda 145°) contributes two times independently. The geome-

trical factors (Idfl1)eff, Udn2)ef£ and (ldfij d ^ e f f
 are

also interconnected. We calculate their resulting systematic
error to be 4 percent. Finally the error in the dc-value
contributes a double fractional error. Calculation then
leads to IS percent for the overall error as shown in table
1 behind the corresponding d c-value.

3. Theory

3.1. Formalism

In order to compare results of various theoretical models

with the experimental data we first give a short introduc-

tion into the quantum dynamical description of the ioniza-

tion problem under study. We limit ourselves to the descrip-

tion of a three electron system, that is an electron scatter-

ing off a two electron target atom or molecule and at first

restrict the discussion to helium. However, the results ob-

tained can be generalized easily to encompass the case of a

more complicated atom or molecule. For a more detailed treat-

ment of the formalism we refer to Taylor (1972). We study a

multichannel scattering problem in which the initial channel

has a different configuration than the final channel. In the

initial channel (i) we have a neutral target atom at re.st,

with the two electrons having vectors r2 and £, with respect

to the nucleus, and an incoming electron of momentum k , and

spatial vector jr.j. In the final channel | f) we have a confi-

guration with two outgoing electrons having momenta and spa-

tial vectors (k-j, r ^ and (k2, £2) respectively and a re-

maining ion with momentum £.

The Hamiltonian (energy-operator) of the electron-atom
system is given by:
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HeA = K1 + K2 + Hj + V1 + V2 + v . (3.1)

Here K1 and K2 represent the kinetic energy operators of elec-

trons 1 and 2, H, is the energy operator of the final ion

(in the helium case Hj is the energy operator of the He ion),

V., stands for the interaction potential of electron 1 with

the ion and V, for that of electron 2 with the ion and, final-

ly, v stands for the interaction of the electrons 1 and 2

(that means v = -— , r.. = r, - r.)«
~12 •! "1

We determine the continuum eigensolutions of the time-

independent Schroedinger equation for the operator H A, which

have appropriate boundary conditions, usually called the

stationary scattering states. These are given by:

Here E stands for the total energy, and the + sign refers to

the asymptotic behaviour of the eigenfunctions describing

the system in the initial and final state (spherically out-

going or incoming waves, respectively). We define this asymp-

totic behaviour by splitting the Hamiltonian into a perturbed

and unperturbed part. Since we have different configurations

in the initial and final channel we shall in general use dif-

ferent splittings of the Hamiltonian for these channels. The

general formula for the splitting is:

H e A = H
( o ) + V(") , a = i, f . (3.3)

Here H*-a^ stands for the non-perturbed part of the Hamilto-

nian and V*-01^ contains all the two-body potentials by which

we describe the perturbing interaction. As an example we

give the most commonly used splitting of the Hamiltonian in

the initial state:

H ( l ) = KQ + HA , (3.4.a)

= _-l * _L + _L. (3.4.b)
r1 r12 r13
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Here K is the kinetic energy operator of electron 1, the in-

coming electron, and H. describes the total helium atom in

rest. The resulting free asymptotic states are eigenstates

of the unperturbed Hamiltonian:

Here | fr^1' > represents the target atom at rest together

with the incoming electron described by a plane wave; in

equation (3.5.b) the subscript y stands for the momentum k of

the incoming electron, and the quantum numbers n rf the ini-

tial state (mostly the ground-state). The two-body interaction

potentials between the incoming electron and the target are

contained in V*-1'. If these are far apart V*-1-' tends to zero.

Similarly one can construct free asymptotic scattering

states for the final channel. In general V^a^ (a = i,f) con-

tains those two-body potentials that link asymptotically

freely moving particles in channel (a).

The actual scattering states | & +_ > can be expressed in

terms of asymptotic states by the Lippmann-Schwinger equation:

±> -

[a = i, f) . (3.6.b)

The Green's operator used is defined as

G(z) - (z - H)" 1 , (3.7.a)

G(a)(z) = (z - H ^ V 1 , (3.7.b)

for all complex z, where the inverse exists (i.e. outside the

spectrum of H or H ^ ) . When z lies in the continuous spectrum
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of H or H*-01 ,̂ as required by the scattering problem, the

Green's operators (3.7.a;b) are ill-defined. It can be shown

(.see for example Taylor, 1972), that by taking z to lie

closely above or below the real positive axis, the solutions

of equations (3.6.a;b) will contain asymptotically diverging

or converging spherical waves with respect to the coordinate

of the scattered particle. Thus

GJj) = lim (z + i e - H)"' (3.8.a)
£*0 ~

= lim (z + i c - H t ab~ 1 , z > 0 , (3.8.b)
_ e->-o

are associated with the scattering states indicated in equa-

tions (3.6.a;b) by | 0; + >, | J - >.

The (e, 2e) cross-section can be expressed in terms of a

t-matrix element t,. as follows - we implicitly assume momen-

tum conservation - :

= {t2ir) I t I } < 3 9 )

The transition matrix element is given by scattering theory

in terms of either j * - > or | £ + > as follows:

I 1 + > = (3.10.a)

= K & ' I V*-1-' | £ ' > • (3.10.b)

The matrix element is calculated "on the energy shell", that

means energy conservation is taken into account, as given by:

7 7 7 1
k* = k!r + k; + q + 2E (e = ionization potential). (3.11)

The quantities, used in this equation are defined in section

(1). Expressions (3.10.a) and (3.10.b) are referred to as

the "post" respectively the "prior" form of the scattering

amplitude. Using equation (5.6.a) we can express t,. comple-

tely in terms of asymptotic states, for example in the

"post" form as:
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= < * I ? I 4 1 } > • (3.12)

Here we introduce the operator T^ x^ ; the superscripts f and

i refer to the way the total Hamiltonian was split. | £ , >

ana | &,) > represent eigensolutions of IT ' and 1-P1'

respectively, corresponding to the desired asymptotic form.

Liquations (3.10.a;b) describe the direct scattering am-

plitude. When we take into account the antisymmetrization of

the wave-functions with respect to the coordinates of the

electrons extra (exchange) terms appear. For simplicity we

have omitted these above, but in calculations they have been

taken into account. Another feature that deserves comment

is the apparent asymmetry in the channel superscripts f and

i in equation (3.12), depending on whether we start from the

post or prior form of equation (3.10.a) and (3.10.b). The

"prior" form corresponding to (3.10.b) may be written as:

t f i" < i$V I V(i)*V««GV») | ̂  > . (3.13)

Note the difference in superscripts with respect to (3.12).

However, it can be shown that this asymmetry is only appa-

rent, when on the energy shell. We will retain the "post"

form in the following discussion. Up to here all formulas are

exact ano'now we start discussing the various approximations.

3*2. Born-type approximations

We neglect the second operator in the matrix element ap-

pearing irf equation (3.12). This means that-we essentially

neglect, the second order terms of the interactions V^a\

which is a reasonable approximation at high incoming ener-

gies. This leads to :

*fi
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The initial free asymptotic state commonly used is given in

equation (3.5.b). The description of the helium ground state

will be discussed in a separate paragraph below. The type of

Born approximation now depends on the splitting of the final

state llamiltonian.

a. Plane Waves Born approximation (PPB)

In this we take:

+ K1 + K2 (3.15.a)

2 + J_) + (_L + _ L + _L) (5.15.b)
1 r2 r13 r23 r12

\i^P> = — * — e x p ( i k ^ - r ^ . e x p ( i k 2 - r 2 ) . * H c + ( l 3 ) •
( 2 w5 (3.15.C)

Here |$ f > contains two outgoing plane waves - hence we de-

note this approach as PPB - and all interactions with the
f f 1emerging electrons are retained in Vv J. From a calculational

point of view this approach is quite simple. It was first

given in the work of Glassgold and Ialongo (1968). The d c

cross-section factorizes as:

k k 2

d3o = 4 -4-1 tjj I L(q) I . (3.16)
o

Here t̂ . is the two electron collision amplitude corrected

for exchange (the so-called Mott scattering t-matrix). In

the present case, when plane waves are used, the Mott scat-

tering t-matrix is given by:

t2 _ 1 L 1 1
M i i s i - k o l 4 I ! s 2 - k _ o l 4 l ^ - k j 2 | k 2 - k 0 | 2

(3.17)

The last two terms in expression (3.17) stem from the iden-

tity of the emerging electrons, for which antisymmetrized

wave functions are used. The term | % (q) \2 is the Fourier

transform of the overlap integral between the initial ground
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state i|),, (r.,,r,J and the I'inul ion st.it.c <k ,(r,J. It is
lit. - 4 —.1 He

given by:

(3.18)

Of course in tne calculations antisymmetrization with res-

pect to the coordinates j^ and r^ was taken into account.

b. Plane CouLomb Born (PCb)

The following splitting of 11 is now used:

ll(f) = II, + K. + K, - 2 + ' (3.19.aj
2 23

V(f) ' zr- * ~ - •} (3.19.b)
r12 r13 r1

Here *iil I—2»-3^ denotes the continuum eigenfunction of the

helium atom, in which one electron is ejected with definite

asymptotic momentum k? and incoming spherical waves are in-

volved. Since in general the ground state *He^-2'-3-' is or~

thogonal to the continuum state "I'He (l2»£3^ t n e t e r m <~2/ri)

cancels in equation (3.19.b) and can be omitted. This ap-

proach was followed by many authors, of which we mention

Geltman (1974) and Van Ivingordcn (1979). Of these, the lut-
' -1

ter one describes *[ic (l2»-3^» **? using a Coulomb wave to

represent the interaction of the outgoing electron with the

in i HK ion, ;is

t! 2,r 3) = *l.~hr2) •Jk, + <r3> . (.3.20)

The ion wave function ^ , + f r J will he discussed in section

(3.4).

a. Coulomb-Coulomh Scvn (CCB) or Coulomb Projected Born

The two outgoing electrons arc indistinguishable and can

be treated on equal footing by describing them both by
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Coulomb waves. For this purpose the following splitting of H

is used:

H(f> = H. • K. + K, - -?- - f- + - L (3.21.a)
l i z r1 r2 r23

r12
(3.21.b)

In the asymptotic state U 7 > now the scattered electron inter-

acts with the nucleus but not with the other two electrons in-

volved, represented by a scattering Coulomb wave with con-

verging (-type) spherical waves for a charge 1=2. This ap-

proach was taken by Geltman (1974).

3.3. Distorted wave impulse approximation (DWIA)

This approximation takes into account distortion effects

on the plane wave representing the colliding particle, due

to the atomic target and achieves a rather simple factori-

zation of the t-matrix element. It was mainly developed by

McCarthy et al. (1976).

The starting point is a final channel partitioning of the

Hamiltonian (3.1), similar to (3.3), together with the post

form of the t-matrix (3.10.a). The difference now is that an

auxiliary central potential V-,(r1) is introduced in JF •* and

subtracted from V1 J (see equation (5.3)).

V, can be chosen conveniently to fit a particular calcula-

tion; this choice is made in such a way, that the hamiltonian

H^ * separates in the coordinates of the centre of mass of

all interacting subsystems. The partitioning thus reads:

= K1 + K2 + Hj + V2 + Vd (3.22.a)

- v + V1 - Vd (3.22.b)

The corresponding channel eigenfunctions li-Cr-.r, £.)>,

where ? stands for the internal degrees of freedom in the
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ion, can then be separated in the form

\t ~ Cl1,r2,e)> = XiCr1)|<»)> , (3.22-c)

where

(K1 + Vd(r1) - Ex) *\~hl^ = 0 (3.22.d)

(K2 + Hj + V 2- eu) |u > = 0 , (3.22.e)

and E = E + e . (3.22.f)
X «

|<o> is an eigenvector of the continuous spectrum of the ato-

mic Hamiltonian (H. = K, * Vj + V2) and describes the asymp-

totic situation in which the atom is left in a definite ionic

state |f) and an electron is ejected. We denote a state

with one electron less by round brackets. Note that this

electron is moving asymptotically in the Coulomb field of

the ion. Further, Xi(l-i) is simply the solution in which an

appropriate choice has been made for Vj(r-j) (see below). Of

course the Pauli exclusion principle is taken into account

by including in |&- > appropriate linear combinations of

terms (3.22.c) with all possible permutations of electron-

indices.

Within the present context equation (3.10.a) becomes:

tfi = K *" (ri»r2»*) I v ( £ ) I * + > • C3-24)

In order to reduce this to a tractable expression McCarthy

et al. (1676) have made a number of approximations.

They write the electron-atom wave function |£+ > in a

multichannel expansion:

I* + > = z $ (r.) |p > . " (3.25)
~ ]i \i — i

Coupled equations for the interaction of the electron with

the target may now be written as:
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Here V are operators acting on functions of the coordinates

of the incoming electron, and V simply represents elastic

scattering. The target Schro'dinger equation now determines

E , according to :

{ey - (K2 + Hj + V2)} | n > = 0 . (3.27)

They now argue, that one may write the Lippmann-Schwinger

expansion (3.6) for the initial actual scattering state

|^)+> approximately as:

Note, that here xi I u > represents the asymptotic state of

the atom plus electron in the incoming channel. Approxima-

tion (3.28) is justified by assuming a weak coupling between

the elastic and inelastic channels. jxj > satisfies the

equation

(E-eij-K1-V;iy)|x1
( + ) > = 0, (3.29)

and is therefore a distorted wave in the optical potential

V of the atom in state \v >.

By substitution of equations (3.28) and (3.22.c) into

(3.24) and taking into account the orthonorniality of the

states \]i> and |w> (discrete, respectively continuum states

of H.) one finds:

t <*[ I ( E - ^ - ^ - V ^ l E- e - V - V V M U x >
fi 1 a) 1 oiu (3.30)

Now by choosing the auxiliary potential V. to be given by

V^ = V and making some more

equation (3.30) is reduced to

= V and making some more assumptions concerning V

i ( d

tfi

where we replaced |u>> and |v> by |x-s" > |f) and
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the target ground state |g> respectively. McCarthy et al.

then proceed to show that in equation (3.31) the operator
_ 1 2 - 1

(E-H .) can be approximately replaced by (p - K - v) ,
where K is the operator for the relative kinetic energy of

2 1 2

the particles 1 and 2 and p = 4- (k.. - k,) • For this approxi-

mation to be valid, it is necessary that the electron-elec-

tron potential be of short range, which is clearly not true,

however, if the momentum transfer is sufficiently high, they

expect that the long range contributions are relatively un-

important. If this approach holds the operator

(v+v(p -K -v) v} enters in equation (3.31). This operator is

the T-operator for the two-body Coulomb interaction (compare

to equation (3.16)). (Note, that it acts only on the relative

coordinates of the interacting particles). Hence,

*fi = <xi"} I < X2~ } l(£l ( 2 l l +) ( )

Since the ion eigenfunction (f| does not depend on the

electron coordinates in Tp(p ) , one may write (f | Tc | g > =

T~(f | g >• By introducing the overlap function <f>(l_2) =

(f | g > - note, that ^ is a function of the coordinate of

the ejected electron r? - equation (3.32) becomes:

tfi = < Xi'3 I ̂ 2 ^ I T C ( P l j I H^ ' Xfi = < X i 3 I ̂ 2 ^ I T C ( P j I H^ ' X 1 > • (

On this formula of the matrix element the (e,2e) reaction

is viewed as the knock-out of the unique electron of the atom

from the orbital iKjr^)'

By adopting further the eikonal approximation for the

distorted waves x in equation (3.33) one can factorize this

equation into an atomic structure dependent part and a modi-

fied Coulomb scattering amplitude. The form of the eikonal

approximation adopted is :

X (k.r) = e'|kP e-^'i , (3.34)

with jc= (1 +jj + i g ) JS> where V, K and p are appropriately
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chosen constants. Here V and W are the magnitudes of the

average real and imaginary potential in the relevant region of

space. They are generally chosen to fit elastic scattering

data, and the imaginary part of the potential then repre-

sents the loss to unobserved (inelastic) channels. If we re-

member, that the incoming electron has momentum k and that

the electrons in the final state have momenta k.. and k,, o n e

finds:

tfi~< Kk^ - k2) | Tc(p
2) | !(k0 + 3) > . | ?{ci) | (3.35)

where -tj= k - ki - k2 and |$(q)| is the Fourier transform of

reason for the appearance of KJS^-kT)

|(kQ+£) as asymptotic wave vectors in equation (3.35) is

that the distorted waves from equation (3.34) depend on the

coordinates r1 and r2 respectively, whereas the Tc(p ) ope-

rator acts on the part of the wave functions depending the

relative coordinate r(r, = R-| r, r7 = R+ \r, where R is the

center of mass coordinate).

The matrix element has thus been reduced to that for

Rutherford scattering from a center of force of a particle

with incoming momentum |(k +£) to a final state of outgoing

momentum HiSi'k?)' N o t e t n a t t n e matrix element is not "on

the energy shell", i.e. although the energy argument of the

Tr(p ) operator is equal to the energy of the final state
2 2

(relative energy p = [J(k--k-) ]), it is not equal to the

energy of the initial state. Since we are dealing with the

case of a Coulomb field some care must be exercised in the

mathematical calculation. Here we only give the result for

its square modulus, after exchange has been taken into ac-

count (analogue of Wott scattering):

I < H k 1 - k 2 ) | Tc(p
2) | i(ko + a) > |

2 ~

In-
Ik1 - k l 4 Ik1

 + k | 4 " | k1 + k | 2 | k 1 . k | 2 ' | k 1 - k | 2

="±2 (3.36)
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where k = Hh0
 + fl) > k 1 - ! ^ - ^ ) and r, = ^

With equation (3.36) we can now write the modulus square

of the tf- matrix element appearing in (3.35) and express

the (e,2e) differential cross-section in the form

f2 • |?(q)|2 (3.37)

In the case of complex atoms or molecules the calculation

°f I? (<i)|> which is the Fourier transform of the overlap

integral <j>(l) = (fig* requires a specification of the model

used to describe the atom (molecule).

2.4, Description of \f) and \g> for helium

We consider the case when the helium ion is left in the

ground state. The case when it would be left in an excited

state can be distinguished experimentally due to the large

energy difference involved - about 40 eV -. The ground

state of the ion is described by

U H e +(l 3)) - 2
3 / 2 *"* e"2r (3.38)

For the helium atom a description in terms of the inde-

pendent particle approximation has been used. Indeed, Dixon

et al. (1976) showed, that for low q-values electron corre-

lation effects are unimportant. In a simple representation

the electronic orbitals can be given in terms of screened

hydrogenic wave functions (denoted S), as described for

example by Bethe and Salpeter (19S7):

z*
(3.39.a)

Z*3/2 TT~* e-
Z* / r (3.39.b)

r *

Z * 27/16 (for helium) . (3.39.c)

In a more refined independent particle approximation the
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orbitals were taken to be of the Hartree-Fock (HF) type. The

ground state is then described as:

UHe
(-2' & > = •otr2) W (3.40.a)

<j>0(r) = (4TT)* (A e"ar + B e"gr) (3.40.b)

A = 2.66505, a = 1.41 ; B = 2.08144, 6 = 2.61 (3.40-c)

See for example Joachain, (1975).

3.5. Molecular hydrogen

To our knowledge there are no absolute theoretical results

available for molecular hydrogen. Hence we perform a PPB-

calculation, as described in section (3.2), equations (3.15)

- (3.18). To do this we need to know the Fourier transform

|?(qj| for H2 at the appropriate q-values.

The energy resolution in an (e,2e) experiment is in gene-

ral insufficient to resolve rotational and vibrational

states and therefore these states must be summed over. Dey

et al. (1975) have shown that summation over vibrational

states amounts to the same angular correlation as the results

calculated for the equilibrium value of the vibrational co-

ordinate (.14 nm). This proved to be consistent with their

experimental results. Applying closure over rotational states

leads to a spherical averaging over all molecular orienta-

tions. Hence we only want to know the overlap of the elec-

tronic and ionic target state. We do the PPB-calculation for

three types of Fourier transforms of this overlap that we

know for H,; these are all calculated for the equilibrium

internuclear distance and differ in the type of H2 wave

functions used:

1. A calculation by Giardini Guidoni et al. (1979) using

Slater type (LCAO-MO) orbitals from Coulson (1937) with

specific constants: binding energy 3.4 7 eV, internuclear

distance .138 nm.



- 86 -

2. By the same group a calculation using Snyder and Basch

(Douole Zeta) wave functions (1972], which is in prin-

ciple a Hartree-Fock approximation.

3. A calculation by McCarthy and Weigold (1979), who use a

configuration interaction wave function for the ground

state by McLean et al. (1960) and and ion wave function

by Guillemin and Zener (1929). They find good agreement

for this Fourier transform of PPB calculation results

and their non-cop]anar experimental relative triple dif-

ferential cross-sections.

The results will be discussed in section 4.

4. Results and discussion

4.1. General remarks

The double and triple differential cross-sections obtained

for helium and molecular hydrogen are listed in tables 1 and

2 respectively, followed by their respective errors in per-

cents between brackets. We already emphasized the importance

of the elastic cross-sections used for normalization and

hence we include these also in the tables.

It should be noted that for our experimental geometry and

energies we observe very small values of the recoil momentum

q. Typical q-values range from about .2 (a.u.) at 200 eV im-

pact energy to .06 (a.u.) at 2800 eV, in the helium case.

Our choice to look at emerging electrons with equal ener-

gies and equal but opposite polar angles 0 = 45° implies that

exchange effects do not play a role for the triple differential

cross-section. For example we can see this by considering the

Mott scattering t-matrix (including exchange) as given in

equatidn (3.17). Since the absolute values of the momenta

k1 and k2 are equal, also the terms |ko-k.J and |ko~k2|
 a r e

equal and hence two of the three terms in equation (3.17)

cancel, leaving us only with the direct amplitude. Of

course the cancellation of < cchange effects does not

hold for the double differential cross-section, since in
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this case we integrate over all possible k-values of one of

the outgoing electrons and hence £ is not fixed anymore, im-

plying that |k.0-Jiil is no longer equal to |jvo-K2| • We also

see, that for our specific coplanar geometry at hiph incoming

energies (when the binding energy becomes relatively small),

the absolute values of L and jc, become almost equal to that

of the momentum transfer K and Ik I ~ /2 |K[. (fence we can
— —o — *

see from equation (3.17) that if we plot (K .d^a) vs. K we

obtain a straight line with a sJope 2/I|J(q)|2 for the PPB-

approximation.

4.2. Helium

The results on helium are given in table 1 and figures

4-7. Note that we use a slightly different value for the

elastic cross-section at 300 eV (Bromberg, 1976) than in our

previous publication (Van Wingerden et al., 1979). First we

compare our triple differential cross-sections with various

theoretical results using plots of (K .da) vs. K as describ-

ed above.

In figure 4 we plot our results together with data from

the existing Born approximations, as discussed in section

(3.2.). For convenience we omit our PPB-results, since for

both a screened hydrogenic (S) and a Hartree-Fock (HF) type

description of the helium ground state (section (3.5)), the

PPB-and PCB-results agree to within two percent above 500

eV impact energies. Shown are PCB-results (Van Wingerden

et al., 1979) for a S and HF type description of the helium

atom and CCB-results by Geltman (1975), who uses a S-type

description for the helium ground state. As can be expected,

the PCB- and CCB-results for the same choice of \% (q)|

tend to converge for high incoming energies (high K-values).

The PCB-HF results are consistently higher than our experi-

mental data, even at high energies. At these energies our ab-

solute results have the same energy dependence as the PCB-hF

and PCB-S cross-sections. Below 800 eV the experimental data

decrease much more rapidly than all the Born results. Above

800 eV the PCB-S results give the best agreement with the
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200 500 1000 2000 2800

0A0

"> Q30

020

0.10

x our exp
— PCB.HF
- - CCB.S

PCB.S

10

Fig. 4 - Absolute t r ip le differential cross-sections for
ionization of helium, together with results of va-
rious Born-approximations. The nomenclature is ex-
plained in sections (3.2) and (3.4J.

experimental data . .
In figure 5 we plot our resul ts together with the theo-

re t i ca l data of DWIA approaches, as discussed in section •
(3.3) . We show DWIA resul ts by McCarthy (19.79), who used
eikonal distorted waves where the parameters V and W occur-
ring in equation (3.34) were chosen to be 20 V and 0 V res-
pectively. His calculations show that for our specific geo-
metry (0=45°) there is no difference between these resul ts
and a plane wave impulse approximation (PWIA) (V=W=0)
above 400 eV impact energy and hence we omit these resu l t s
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E p - e ( e V ) -

200 500 1000 2000 2800

0A0

IT 0.30

. o
5 0.20
o

O

0.10

x our exp
DWIA Eikonal
DWIA Full

Fig. 5 - Absolute triple differential cross-sections for

ionization of helium, together iiith results of dis-

torted wave impulse approximations (see section

(3.3)).

in figure 5. The choice for the eikonal potentials as used

above was found by Stefani et al. (1978), who also performed

this calculation, to give the best agreement with their ex-

perimental coplanar angular correlation results. This group

also performed a fully distorted wave calculation (of which

the results are also shown in figure 5) by solving the op-

tical model Schroedinger equation (3.29) for fully partial-

wave-expanded distorted waves (Stefani, 1979). All DWIA cal-

culations were performed for a HF description of the helium
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atom. The eikonal DWIA gives good agreement with the experi-

mental results over the entire energy range in agreement

with results of relative angular correlation measurements of

Fuss et al. (1978) and Stefani et al. (1978), whereas the

full DWIA data remain too low.

In figure 6 we finally present our d o-results in a more

conventional plot, that is as a function of impact energy.

In this plot we show results of three of the theoretical ap-

proaches as already discussed above together with the only

other experimental absolute data (Stefani et al.,1978). We

500 1000 1500 2000 2500 3000
Ep-e(eV) •

Fig. 6 - Absolute triple differential cross-sections for

lonization of helium, obtained by our group and in

a crossed-beam experiment by Stefani et al. (1978).

For convenience results of three theoretical mo-

dels are included.
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transform their data obtained at 9 = 44° to 45° by dividing

by the ratio of PPB-results obtained at these angles. The

justification of this procedure is the same as already dis-

cussed in section (2.53. Although Stefani et al. (1979) re-

cently improved their error bars from a factor of two to

about 50 percent at high energies the scatter in their data

remains significant even at these energies, as can be seen

in the figure.

Our experimental double differential cross-sections are

plotted in figure 7. The only theoretical approaches for

which the integration of d o over all scattering angles of

(M O

o

D

10"

10'

LJ
•o
ia

10"6 r

x our exp
PPB, 5 with exchange
PPB, 5 without exchange

He

500 1000 1500 2000 2500 3000

Ep-

Fig. 7 - Absolute double differential cross-sections for

ionization of helium together with PPB-S results,

with and without inclusion of exchange (see also

sections (3.2) and (3.4)).



- 92 -

one of the outgoing electrons is performed are the PPB and

PCB approximations (Van Wingerden et al., 1979). The PPB-

results without inclusion of exchange are within two percent

of the corresponding PCB results, both for an S and an HF type

description of the helium atom. There are no PCB data known

including exchange. Ke plot here our PPB-S results, with and

without exchange, since for this description of the helium

atom we find the best agreement for the triple differential

in

1.20

0.90

B 0.60

o

030

Ep-e(eV) —

200 500 1000 2000 2P00

x our exp
— Me Lean
— • Snyder • Basch
— — Coulson

H,

2.5 10

Fig. 8 - Absolute triple differential cross-sections for

ionization of H^, together with PPB results using

three known FourieT transforms of the overlap be-

tween the ionic and molecular ground state of H,.
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cross-sections. The PPB-HF results are about 4 percent higher

than the corresponding PPB-S results at high energies. We

see, that the PPB-S results including exchange give excel-

lent agreement with the experimental data above 800 eV, where-

as the results without inclusion of exchange remain somewhat

too low.

4.3. Molecular hydrogen

Our results are given in table 2 and figures 8 and 9. As

was already discussed in section (3.5) we can only compare

with the triple differential cross-sections resulting from a

PPB approximation in which various Fourier transforms of the

1O'J

x our exp
— Me Lean

Snyder - Basch
Coulson

10"11- ^

500 1000 1500

Ep-e(eV)-

2000 2500 3000

Fig. 9 - Absolute triple differential cross-sections for

ionization of H2, together with PPB resiilts using

three known Fourier transforms of the overlap be-

tween the ionic and molecular ground state of H2-
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overlap between the ground and ionic state are used. For he-

lium we saw that the PPB-S results give good agreement with

the experiment above 800 eV. Here also we find that below

1000 eV impact energy none of the three PPB-calculations

agrees with the experimental data. Above this energy they all

give results that fall within the experimental error bars

and of the three the one PPB calculation using Coulson (1973)

H~ wave functions gives the best agreement.

4.4. Information on the momentum spaae wave function

From the absolute differential cross-sections we can ob-

tain information on the Fourier transform % (q) of the over-

lap between the initial ground state and the final ion state

at one (small) value of q for each impact energy, or in

other words on the momentum space wave function. We

want to compare this with results from the only other expe-

rimental technique that produces absolute values of the mo-

mentum density, electron Compton profile measurements. How-

ever, these are generally given for q=0 only, which means

that we have to extrapolate our $ (q)-results, obtained at

small q, to q = 0.

In section (3.2) we discussed the plane wave Born approxi-

mation (PPB). Within this approach we can directly obtain

the momentum density p(q) from our experimental results

using equation (3.16), if we define

y • (4.1)

We extrapolate our p(q) values to q= 0 by using the known

q-dependence of the Fourier transform for the wave functions

given in sections (3.4) and (3.5). For helium we use the

Hartree-Fock description of the ground state and find that

the extrapolation results in an increase of less than 2 per-

cent above 1000 eV impact energy and never exceeds 10 percent

at lower energies. For H2 we use the q-dependence of the

Fourier transform resulting from the wave functions by

Snyder and Bash (1972); here the increase of p(q) is smal-
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ler than 2 percent above 600 eV and never exceeds 5 percent

at lower energies. We plot the results together with the

p(o) values of the two theoretical Fourier transforms in

figure 10. It should be mentioned that all results presented

in this section are normalized according to :

p(q) <\ dq = 1 (4.2)

Fig. 10- Momentum density at q= 0 as a function of K. Shown

are our experimental results under the assumption

that the PPB-approximation holds (•) and the values

obtained in electron Compton profile measurements

( ). We also give the p(o)-value for He using

our HF description of the ground state and for H2

when the Snyder-Jiasch wave-functions arc used.

( — • — ) . For convenience we give at the top of

the figure the energy E s of the emerging electrons.
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We clearly see in the figure that below 1000 eV impact ener-

gy the Born approximation does not hold anymore since in

equation (3.16) the collisional part is overestimated. From

the results above 1000 eV we can deduce an averaged value

of p(o). We give this value in table (5.a) together with the

Fourier transform results for the various wave functions

discussed in sections (3.4) and (3.5).

In high energy electron Compton profile spectroscopy,

where E is generally greater than 20 keV, one determines

the double differential cross-sections d a. As is described

TABl.li 5a. Momentum densities

section (.4.5).

lie : Experiment C plus PPIi (t

(c,2e) \ plus CCB (L

Screened hydrogenic

llartree hock

Electron Compton profile

H2 : Experiment f plus PPB (E

(e,2e) [plus CCB (E

Coulson

Snyder-liasch

'. IcLcun

Electron Compton profile

ut q "= 0, as discussed

> 1000 eV)

> 1000 eV)

f experimental

^theory

> 1000 eV')

> 1000 eV)

{•experiment

(theory

in

• .1791.* 14S)

: .194[+ 11",)

: .1b8

: .213

.229

.220

.5201+ 18°oJ

.564(+ 18'.)

.550

.503

.576

.627

.574

TABU- Sb. Ratio of d3o-values obtained for Me and

li - e leV]

200

300

400

500

600

ratio

4.23

3.84

3.24

3.04

2.90

Ep - E CeV]

800

1000

1500

2000

2800

ratio

3.20

3.02

3.02

2.92

2.83
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for example in the review by Bonham and Wellenstein (1977)

2 t df(K,E) _ (4#:

M * QE

2
we can express d a as:

In section (3) we already defined kQ, t^ and K; ks stands

for the momentum of the scattered electron, E is the ener-

gy loss and di"(K,ii)/dli the generalized oscillator strength

density.

In the binary encounter approximation (large K and a

knockout type of mechanism) one can establish the relation

with the semi-classical X-ray Compton profile J(q), see al-

so for example Cooper (1971):

J(q,K) = 2%- ux$'nj (4.4)
CD

lim J(q,K) ~ J(q) = 2TV f p p(p) dp, (4.5)

lil
where the momentum of the target electron q is given by

q = (E-K2)/2K.

Since d a-measurements are on a relative scale the nor-

malization of the Compton profile thus obtained can be a

problem. Often the area under the Compton profile is norma-

lized to i., but a better normalization may be obtained by

the use of the Bethe sum rule:

— V ' •* dE = N, (N number of target electrons).(4.6)
j an

For large momentum transfer the Compton profiles for he-

lium and molecular hydrogen were obtained by Bonham and

Wellenstein et al. (1977 and references there in) along -the

lines described above. The accuracy of the Compton profile

at small q-values is estimated to be better than 1 percent.

From these profiles they deduce the momentum density at

q = 0,p(o). If we renormalize their results according to

(4.2) we find p(o) values that can be compared to our (e,2e)

results; these are given in table 5a, and in figure 10.

In table 5a we also give the p(o)-values obtained for helium
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iria a relativistic Hartree-Fock calculation by Benesch

(1976) and for H2 via a 39 configurations interaction wave

function, that was applied by Brown and Smith (1972).

From table 5a we see that there is reasonable agreement

of the experimental and theoretical Compton profile results

with the p(o) obtained via our HF description of the helium

atom. For H, the experimental Compton profile is somewhat

high with respect to the theoretical results. The latter

are in good agreement with each other with exception of the

low results obtained via Snyder and Basch wave functions.

For both gases the p(o)-values obtained for the (e,2e) ex-

periment under the assumption of the PPB-behaviour of the

cross-section remain lower than the experimental Compton

results, even at energies where we find a Born-type energy-

dependence. However, if we look at the comparison of various

Born type approximations in figure 4, we see that for the

same description of the helium atom the CCB results are

lower than the PCB (=PPB) results by about 12 percent at

1000 eV impact energy and still by about S percent at 2800

eV. This means that apart from the experimental errors

the choice of description for the collisional part of the

Born amplitude can also introduce an uncertainty of the

order mentioned above. If we adopt for the collisional part

the CCB approximation we find an increase in p(o), as given

in table 5a, and now the (e, 2e) and electron Compton pro-

file measurements are in agreement within the experimental

errors.

This agreement is further confirmed by looking at the

ratio of our d a-values for He and H~ as a function of im-

pact energy, as given in table 5b. In a theoretical pic-

ture where the (e,2e) matrix element can be factorized,

this ratio at high impact energies will be fully determined

by the ratio of p(o) values for He and H-. Indeed we ob-

serve that the experimental ratios become almost constant

(within the error bars) for higher energies. The average

ratio above 1000 eV is 2.95, which is in good agreement

with the value of 2.75 as obtained from experimental elec-

tron Compton profile measurements.
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5. Conclusions

In the impact energy range from 200 to 2800 eV we measured

absolute triple and double differential cross-sections for

electron impact ionization of helium and molecular hydrogen.

The accuracy obtained is much higher than in previous expe-

riments. These data can be used for normalization of relative

triple differential cross-sections. They form a sensitive

test, at the small q-value we select at each impact energy,

for the various theories describing the (e, 2e) collision.

Analysis of our helium d o-results shows that the best

description over the entire energy range is given by an

averaged eikonal DWIA approach, in agreement with relative

non-coplanar measurements. Such measurements, however, can

not conclusively show that the existing Born-type results

do not yet give a satisfactory fit to the experiment even

at high energies. This is partly connected with the descrip-

tion of the outgoing electrons - as one sees by the diffe-

rence between the PCB-S and CCB-S results - and partly with

the choice of the wave functions to describe the helium

ground state - as one sees by the difference between the

PCB-S and PCB-HF results -. Electron Compton profile data

strongly indicate a favour for a HF-wavefunctions descrip-

tion for the helium atom. At high energies a combination of

a CCB-approach with a HF ground state description appears

to converge better to the experiment than the combination

of PCB plus HF.

For molecular hydrogen we can only compare with PPB-re-

sults for various descriptions of the ground state. All of

these give fairly good agreement (about 10 percent dif-

ference) with the experimental results at higher energies,

but here also one sees that the agreement could be improved

by the use of two Coulomb waves to describe the outgoing

electrons.

The ratio of the d a-results for He and H-, in which the

dependence of the collisional part of the (e,2e) amplitude

will cancel at higher energies, further confirms the agree-

ment with electron Compton profile results.
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The obtained double differential cross-sections show that

in the integration of d3o over the scattering angles of one

of the outgoing electrons, detailed information is lost. This

is indicated by the fact that our PPB-HF results including

exchange agree reasonably well (within 2-5 percent above

1000 eV) with our experiment, whereas the same theory gives

d3o-results that remain higher (13-21 percent) than the ex-

perimental ones in the corresponding energy range. The

PPB-S results (for the "inferior" description of the helium

ground state by screened hydrogenic wave functions) also

give excellent agreement (within 1-3 percent) with the ex-

perimental d2o-data above 1000 eV. The inclusion of exchange,

however, is shown not to be negligible in the calculation of

the double differential cross-sections.
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Partial oscillator strengths(25-40eV)

for repulsive states of Do (Ho)

Abstract. In the range of excitation energies from 26 to 40 eV there is evidence for the
existence of resonant autoionising Rydberg states in D2(H2). In a 'photoionisation'
experiment, using fast electron scattering at zero degrees, we have studied the dissociative
decay of these states, leading to energetic D+(H*) fragments. After extraction by a strong
field a time-of-flight analysis was made of all fragments emitted over 4TT, in a photon energy
range between 18 and 40 eV. This enabled us to determine partial oscillator strengths for
contributions from the lso-g, 2po-u and Rydberg states. The absence of an isotope effect
between D2 and H2 for the repulsive states under study shows that for these states there is no
competition with decay modes other than autoionisation. As a function of photon energy,
we find contributions from different Rydberg states leading to fragments with a kinetic
energy distribution centred around 3 eV at 28 eV, and around 1 eV at 35 eV photon
energy. This velocity analysis allows us to construct photoelectron spectra as a function of
photon energy. Furthermore, we find indications for a near-threshold shape resonance in
the 2po\, electronic transition moment.

1. Introduction

During the last years a lot of effort, theoretical as well as experimental, has been put into
the study of various ionisation and dissociation channels in the simplest molecule
H2(D2> under photon or electron impact. The first measurements on dissociative
ionisation by electron impact by Dunn and Kieffer (1963) and later Van Brunt and
Kieffer (1970) showed that in the energy transfer range between 25 and 36 eV states
other than the first excited state of H j (2pcru) play a role in the formation of fast
protons. Later experiments by various groups (Crowe and McConkey 1973, Stockdale
et al 1975, Schiavone et al 1975 and recently Kdllmann 1978) confirm the existence of
resonant doubly excited repulsive Rydberg states in this region. These experiments
give detailed information on the appearance potential, the energy and the angular
distribution of the ionic fragments produced, without any analysis of the scattered
electrons; the remaining discrepancies between the various groups were summarised
recently by Kollmann (1978).

Absolute oscillator strengths for the total H+(D+) production were determined by
Backx etal (1976) in the energy transfer (= photon energy) range between 0 and 70 eV;
they also estimated the lso-g contribution to the total H+(D+) production. However,
they could not separate the contributions from the 2ptru and Rydberg states. Since,
recently, a considerable amount of theoretical work has appeared on autoionisation of
these Rydberg states (Bottcher and Docken 1974, Bottcher 1974, 1976, Hazi 1975) it
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seemed worthwhile to determine the absolute oscillator strengths for excitation to
separate electronic states over a wide energy range above 25 eV. The only previous
attempts have been reported by Samson (1972) and Strathdee and Browning (1976,
1979). Samson measured the photoelectron spectrum at 50-2 eV photon impact; this
method has the disadvantage of giving broad peaks with low intensity on a rising
background. Strathdee and Browning measured the kinetic energy of ionic fragments
produced by photon impact, but only at three photon energies (26-9,30-5 and 40-8 eV)
and at one angle.

By analysing the kinetic energy of the ionic fragments integrated over all angles we
obtain separate oscillator strengths over a photon energy range from 18 to 40 eV.

Another problem is the production both of H+(D+) and neutral dissociation
products. If both should originate from the same electronic states one expects an
isotope effect, due to the difference in velocity of the dissociating fragments (Platzman
1962). This has not been observed experimentally. Measurements on the neutral
fragments of H2 and D2 have been performed by Carnahan and Zipf (1977), using a
time-of-flight method. Although they observe an appreciable isotope effect between
H2 and D2, they claim that this is not due to the contribution from the repulsive Rydberg
states under study. Mohlmann et al (1977) considered the Balmer emission coming
from these states as a function of electron impact; they did not find an isotope effect
either. One of the purposes of our experiment was to see whether an isotope effect
would show up in the production of H+(D+) ions originating from these states.

2. Experimental

The apparatus (see figure 1) has already been described in previous reports (Backx et al
1975a,b) and for convenience only a brief outline will be given here. An 8 keV electron
beam traverses a collision chamber containing the target gas at pressures between 10~2

and 10~3 Pa; i.e. a pressure range where multiple-scattering effects do not play a role.
Electrons scattered through a small solid angle about zero degrees are energy analysed
by a hemispherical electrostatic analyser, which in our case has an energy resolution of
1 eV, and are subsequently detected. All the ionic fragments formed by the energy

Primary
beam dump

Figure 1.

Collision
chamber

' ^ '
Zero degree "TSir^L T~
angular selection " ^ - ' ' ^ - • s k C ^ ' ^ '
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^/*>^y?S$r'^ Electrons Ions

^-X^N. V^ "[[""-''»] Electron
^ \ ^ " T r " ' / ^ detector
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Schematic diagram of the apparatus.
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transfer of the primary electrons to the target molecules (D2 and H2) are extracted from
the collision chamber at 90° with respect to the primary beam by an extraction field of
250 V cm"1. They are transported to an ion detector by an electrostatic lens system,
which was proved to be free of discrimination against the initial kinetic energy of the
extracted particles in our range of interest, i.e. from 0 to 18 eV.

Mass and velocity analyses of the ions formed are based on the differences in time of
flight between the ions and the scattered electrons and is measured by means of a
time-to-amplitude converter (TAC). The output pulses of the TAC are stored in an
on-line D-116 minicomputer, which operates as a pulse-height analyser. From the
spectra thus obtained we subtracted a least-squares-fitted exponentially decaying
background of accidental coincidences; this background slopes slightly due to the
increase in dead-time correction with increasing channel number.

3. Results and analysis

3.1. Results

We measured time-of-flight (TOF) spectra for dissociative ionisation of D2 and H2 by
8 keV electron impact in a range of energy losses of the primary electrons between 18
and 40 eV, for the greater part at 1 eV intervals. For several reasons we restrict
ourselves here to the presentation of the D2 results:

(i) there is no background problem of contributions from H2O or hydrocarbons,
(ii) the time of flight for D+ is larger, which broadens the spectra and facilitates the

analysis.
In the discussion in § 4, however, we shall show that the results and conclusions for D2

are also valid for H2.
If the incoming electrons have a large velocity compared with those target electrons

that are involved in the collision, the Bethe theory gives for the doubly differential cross
section

(1)

where E is the energy loss of the incoming electron, kn and k0 are the magnitudes of the
momenta of the scattered and incoming electrons and K is the momentum transfer. The
generalised oscillator strength f(K,E) (strictly speaking the density of oscillator
strength df(K, E)/dE) is given by

(2)

with fa and ifff the initial- and final-state wavefunctions. We can expand f(K, E) in a
power series of K2 around K = 0, of which the first term—the dipole oscillator strength
f(E)—is directly related to the photoabsorption cross section <r(E):

f(K,E) =f(E)+f\E)K2+.. .=-^rcr(E)-hf\E)K2 + ... (3)
•ne n

with m the electron mass and e the electron charge. For small scattering angles 6 and
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high incoming energies EQ, the momentum transfer squared is given by

(4)

For our experimental conditions the momentum transfer of the projectile electron is of
the order of 0-01 au. Given the earlier measurements of / ' ( £ ) by Backx et al
(1975a, b), we obtain a term f(E)K* less than 1% of f(E). This means that from our
results we can deduce/(E) with a good accuracy from the generalised oscillator strength
f(K,E) for ion production; thus we have simulated a photoionisation measurement
with photon energies in the range mentioned above. Note that each TOF spectrum
represents a full 4w collection of all fragments, regardless of their initial direction or
kinetic energy.

In figures 2{a)-{f) we show some typical results of TOF spectra for the production of
D+ as a function of energy loss E, with all peak areas being normalised to unity. The
width of the TOF peaks is due to a number of effects:

(i) the energy spread and the angular distribution of the ionic fragments produced,
which leads to a distribution in the velocity component along the extraction direction,

(ii) the spatial width of the primary electron beam and
(iii) the electronic time resolution of the extraction and detection system, which is

known (Tan etal 1978).
At an energy of 23 eV (figure 2(a)) one has only the contribution of direct

dissociative ionisation via the x 2Sg (lserg) state of D j , as can be seen from the potential
energy diagram given by Sharp (1971). The kinetic energy distribution of the fragments
produced is known; it peaks at 0 eV and decreases to zero at 2 eV.

If we vary the 'photon' energy and keep the measured peak area normalised to unity
we find identical spectra from 18 up to 25 eV. From 26 eV onward, figures 2(b)-(f), we
observe a gradual broadening of the peak, indicating the appearance of fragments with
higher kinetic energy. Because we apply an extraction voltage to the ions, the
time-of-flight difference between fragments with an equal but opposite velocity
component along the extraction direction is not a lineai function of this velocity
component. This causes the asymmetry of the spectra, which should show up most
strikingly if the angular dependence of the fragments is predominantly sine-squared
with respect to the incoming beam.

3.2. Computer simulation of the spectra

The analysis of the spectra is quite complicated for several reasons. For increasing
energy E the spectra will consist of superimposed contributions from the different
electronic states that can be reached in optically allowed transitions. Furthermore, in
each channel of the pulse-height spectrum we find a superposition of all fragments with
the same velocity projection on the extraction axis, and no unique separation of angle
and energy as in ordinary TOF experiments. To extract the required information we
made a computer simulation of the shape of the TOF spectra resulting from direct
dissociative ionisation via the x 22g (ls«rg) and 2Su (2peru) states, as a function of E. The
energy distribution of D+ ions from these states is well known and given, for example,
by Dunn and Kieffer (1963); of course we take into account that for varying energy
transfer to the molecule the energy available for the fragments is limited by energy
conservation.
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Figure 2. Time-of-flight spectra for D+ production from D2 as a function of energy transfer
( = photon energy) of an 8keV electron. # , experimental, each point represents the
contents 5 of one MCA channel with a time width W of 2-25 ns; the product (Sx W)
summed over all channels is normalised to one in all graphs. calculated lso--
contribution; its relative magnitude at each energy is known from equation (7). , 2p<ru

contribution, x, rest spectra, obtained from the experimental data minus lscrK minus 2p<ru.
At 40 eV probably 2pjru contribution.

For excitation of diatomic molecules by polarised light, Zare and Herschbach
(1963) calculated the angular distribution with respect to the electric vecto'r e of the
light beam. For the case of axial recoil of the dissociation products, i.e. a decay time
small compared to one rotational period, the distribution has the common form for
dipole interactions:

where 6' is the angle between the electric vector e and the observation direction, a is an
asymmetry parameter depending on the state involved and P2(6') the second Legendre
polynomial given by §(3 cos2 d'-l). In the analysis of our results we make the
assumption that the momentum transfer K of the projectile can be identified with the
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electric field vector e of the photon field used in the article of Zare and Herschbach
(1963). For our experimental conditions it ran be shown, using the Bethe approxima-
tion, that the majority of momentum transfers have a polar angle of 60° with respect to
the incoming beam (see also Dunn and Kieffer 1963). Since we accept scattering in a
small solid angle (l-4xlO"4sr) about 0°, we have rotational symmetry around the
incoming beam and all azimuths of K with respect to the beam contribute. By analytical
integration of the distribution given by equation (5) with respect to K (or e) over all
azimuthal angles around the beam, we obtain a distribution g(0), where 6 is the angle
with respect to the primary beam. For dissociative excitation to the 2po-u state of D j the
result obtained is in agreement with the formula given by Dunn and Kieffer (1963):

? + !sin2<?. (6)

In all our measurements of continuum excitation 't is assumed that the angular
distribution of the dissociation products depends only on the symmetry properties of
the D2(H2) ground state and the states of the Dj(Hj) core under study. We neglect the
symmetry properties of the outgoing electron; this amounts to assuming that this
electron leaves the core in an s wave, ao is i, so implicitly assumed in the article of Dunn
and Kieffer.

Finally we converted this three-dimensional distribution g(8) around the incoming
beam into a distribution /i(cos <f>), with <f> the angle with respect to the extraction axis,
by a suitable integration around that axis of all vectors having a component cos 4> along
this axis (see the appendix for details).

For a given angular and energy distribution the computer program then calculated
the shape of the TOF spectrum, using known experimental parameters like the length of
the extraction path and the voltages along it. Corrections were made for the overall
time resolution of the detection system, which was determined in earlier work (Tan etal
1978), and it was shown that the width of the electron beam had a negligible influence
on the shape of the spectra. Furthermore, this shape proved to be quite insensitive to
the original angular distribution of the fragments. In figure 3 we show the computer
spectra for our experimental conditions for an isotropic and a typical 2po-u angular
distribution, both with the same energy distribution.

~ 2-

565 595
Time of flight (ns)

Figure 3. Comparison in shape between calculated T O F spectra under our experimental
conditions resulting ( ) from a typical 2p<ru angular distribution of the dissociating
fragments and ( ) from an isotropic distribution.
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3.3. Separation of electronic states

The approach we take in separating contributions to the fragment spectra from different
electronic states is the following. Firstly, we introduce the ls<rK contribution, of which
the oscillator strength is known from earlier work (Backx et al 1976). Then, we
establish the 2poru contribution by fitting a calculated 2pcru spectrum to the high-energy
wings of the measured spectra. What remains is a difference spectrum due to Rydberg
states, the energy distribution of which we want to analyse. We will discuss some details
of this procedure below.

As mentioned above, the only contribution to D+ formation below 25 eV is due to
direct dissociative ionisation via the lscrg state of D£. If we compare the experimental
spectrum at 23 eV with the calculated one (figure 2(a), broken line) we find good
agreement. This provides a first test of the computer simulation. The contribution oi
the ls<TR state to D+ production as a function of increasing photon energy E above
26 eV has been discussed in detail by Backx et al.

In the Born-Oppenheimer approximation they deduced the ratio of integrated
Franck-Condon factors for excitation to the repulsive and bound parts of the lso-g state
of D2 from their measurements of the total D+ production between 23 and 24 eV and
found their results to be in good agreement with measurements of Browning and Fryar
(1973) and theoretical predictions of Dunn (1966), Villarejo (1968) and Ford et al
(1975). They derive for the partial oscillator strength for D" production via this state

fo<E, lso-g) = 0-51xl0"2 /Dj(£ '-3) for all £2* 24 eV. (7)

Using this relation and the total D+ oscillator strength, also measured by Backx et al
(1976), we calculated the relative lso-g contribution to each of our TOF spectra at
energies above 26 e V. The numbers are given in table 1 and indicated by crosses in the

Table 1. Oscillator strengths (in units of 10"4 eV"11 for D*(D2) production from various
electronic states.

E

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
39
40

/,o.(H)t

1-78
4-14
4-77
3-80
3-56
3-76
2-88
3-26
3-21
3-53
4-38
4-77
5-05
6-90
8-45
12-1
13-3
U-8
7-56
8-20

/WE)

1-78
4-14
4-77
3-80
3-56
3-76
2-88
3-26
2-46
219
1-95
1-74
1-61
1-43
1-32
1-20
1-10
O-9S
0-60
0-58

h^E)

1-i
2-6
4-7
8-5
8-9
8-8
5-9
6-5

0-74
1-3
2-4
3-0
2-3
2-9
2-5
2-4
3-2
2-0

i-i
M

* Total from sum-rule normalised data of Backx et al (197oi.
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plot of the total oscillator strength for D+ production as a function of energy, shown in
figure 4(a). If we insert this contribution in the TOF spectra, as shown by the broken
lines in figure 2, we see from 26 e V upwards a discrepancy with the measurements. This
must be attributed to the appearance of faster fragments; up to 29 eV these must
originate from excitation to resonant doubly excited Rydberg states as shown in
angle-differential measurements by various authors, while above 29 eV the 2po\, state
of D£ is known to contribute also. We shall discuss this in more detail below.
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Figure 4. Oscillator strengths contributing to D + production, (a) • , total D + production as
measured by Backx et al (1975a). x , lscr, contribution above 25 eV; calculated from
equation (7). (6) • , 2p<ru contribution, determined by fitting the individual TOF spectra
with a computer simulated spectrum; the broken line gives the estimated 2po\, contribution
in the 35-39 eV range. This estimate is confirmed by the data point of Samson (1972) at
5O2 eV, which is shown in figure 6. The error bars are estimated to be 10-15% around
35 eV photon energy, due to the combined error in the fitting procedure and in the total
oscillator strength, x , 2piru contribution, (c) • , Rydberg oscillator strength, resulting
from subtraction of the lscr, and 2po-u contributions from the total D + oscillator strength.

At 40 eV we know the spectrum to consist only of contributions from direct
dissociative ionisation via the lstrB, 2peru and 2p7ru states of D2 except for possible
Rydberg states converging to the 2piru. Of these states only the 2p<ru can produce
highly energetic (8 eV or more) fragments, which means that the wings of our 40 eV
spectrum (figure 2(/)) can be attributed only to this state. At this photon energy we
fitted the wings of a computer calculated 2p<ru spectrum to the wings of the measured
spectrum (full line in figure 2{f)). Again we find a satisfactory fit and therefore by this
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procedure we can determine the relative 2po\, oscillator strength at 40 eV and normal-
ise it to the absolute oscillator strength of Backx et at (1976). If we add the calculated
lso-g contribution to the 2po-u part—the broken line in figure 2(/)—we find that a small
contribution of the 2p;ru state remains. It has the appearance of a broad plateau,
corresponding in shape to a fragment energy distribution which is not incompatible with
the 4 eV distribution expected from the 2p7ru.

Having established a reliable shape for the 2po-u contribution we can proceed to
determine the relative contribution of this state for energies below 40 e V. We make the
assumption that in the spectra the fast fragment wings are due only to ionisation via the
2po\, state and not to other channels, i.e. autoionising Rydberg states to be discussed
below. In this way we determined the partial oscillator strength for the 2p<ru state down
to 30 eV, where contributions from the 2po\, and other states with an energy dis-
tribution around 5 eV would start to overlap. For all energies we then determined the
'Rydberg contribution', i.e. the difference between the experimental result and the sum
of the calculated lserg and 2pcru state. The corresponding oscillator strengths

erg(E) and f2p<ru(E) for the D+ production are given in figure 4 and table 1.

3.4. Rydberg state spectra

In figure 5 we show some of the Rydberg state TOF spectra, i.e. the recorded spectra
minus the lserg and 2pcru contributions. The Rydberg spectrum at 28 eV appears to fit
reasonably well with a computer spectrum representing fragments with a kinetic energy
distribution around 3 eV (broken line); as was pointed out previously the angular
distribution has little influence on the spectrum. By way of contrast we have included a
fragment spectrum with the maximum energy that could be converted into dissociation
energy (5 eV, full curve). Evidently this spectrum is much broader than the experimen-
tal one. Up to a photon energy of 30 eV we could make a similar 3 eV fit, but above this
energy the Rydberg spectra gradually narrowed, indicating a decreasing kinetic energy
of the fragments. As an example we show the Rydberg spectrum at 35 eV, which we
fitted with a computer simulation in which we used an energy distribution around 1 eV
(broken line).

4. Discussion

4.1. Partial oscillator strengths for \sagand 2pcru state

The partial oscillator strength for the total H+ production has been measured by Backx
etal (1976). We report the first absolute (sum rule normalised, see Backx etal) partial
oscillator strengths separated for specific electronic states extending over the photon
energy range from 18 up to 40 eV. The accuracy of the partial oscillator strength for
excitation to the 2pcru state, f2p<ru, is determined not only by the uncertainties of the data
of Backx et al, but also by the accuracy of our fitting procedure. We estimate the overall
accuracy in the highest/2pau values to be about 10-15%.

Previously reported measurements of absolute partial oscillator strengths for
specific electronic states were made by Samson (1972), Gardner and Samson (1975)
and Strathdee and Browning (1976, 1978). Samson measured a photoelectron spec-
trum at one photon energy (50-2 eV) only, which contains a barely visible 2pcru

contribution on a rising background. His estimated intensity of H+ production via
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Figure 5. Rydberg state T O F spectra (crosses in figure 2) as a function of photon energy. O,
experimental, the units result from the original normalised T O F spectrum before subtrac-
tion of the lscr, and 2pcru contribution. The full and broken curves show results of computer
calculations with kinetic energy distributions centred around various energies, as indicated
in the figure. For higher photon energies the T O F spectrum narrows, corresponding to
lower kinetic energies.

direct dissociative ionisation via the 2pcru state is 16% relative to that for the production
of ground-state ions. This percentage multiplied by the H£ oscillator strength yields the
data point in figure 6 represented by the open circle. Samson's value, although subject
to a large uncertainty, seems consistent with the trend of our data in the 35=-40 eV
range. A further study by Gardner and Samson (1975) of the ion kinetic energies led to
the conclusion that at 4O8 eV photon energy there are roughly equal contributions of
4-5 eV fragments (from autoionising 2p7ru states) and 8 eV fragments (from 2poru). The
same two groups of fragments are observed in our experiment; however, we find an
intensity ratio o f l :5 for the respective fragments. The reason for this discrepancy is
not understood; angular anisotropy cannot be involved here, since we collect all
fragments, while Gardner and Samson measured at the magic angle. However, our
analysis does not rely upon a correction for the analyser transmission with energy,
which in the case of Gardner and Samson was obtained for photoelectrons and not for
photoions.

The most recent photon impact exoeriment is that of Strathdee and Browning
(1979). Their ion kinetic energy spectrum, at 40-8 eV photon energy and 90° ejection
angle, is strongly peaked around 5 eV and has essentially no intensity at 8 eV, quite in
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Figure 6. 2pa\, oscillator strength. • , this experiment. O, Samson (1972), error bar
unknown. The full curves show the shape of the oscillator strength after convoluting the
known Franck-Condon overlap with two extreme forms of the electronic transition moment
M(t); curve 1, a delta function and curve 2, a step function (see inset). The most common
form of M(«) as a function of continuum energy e is given in inset 3.

contrast to both our work and that of Gardner and Samson. Angular anisotropy
considerations show that, if anything, the 2p<7u contribution should be favoured in the
experiment of Strathdee and Browning. However, their photoelectron collection
efficiency is such that 7 eV electrons emitted in formation of the 2pcru state are
suppressed by a significant factor (3 or 6) relative to those of 1-2 eV from the 2p7ru or
associated Rydbergs. This might explain their failure to observe a 2p<ru signal. In fact,
the absence of any 2por

u intensity seems to be in contradiction with what one may
expect. We consider both the total H+(D+) oscillator strength and the lso-g contribution
to be well established by various experiments (Browning and Fryar 1973, Backx et al
1975). With an oscillator strength for Rydbergs converging to 2pa\, around 30 eV, as
given in our figure 4(c), we expect the onset of the 2po-u to be at least of the same order
of magnitude. We would not expect the 2p<ru oscillator strength to vanish at 40 eV.

Closer examination of the graph for 2pcru against E (figure 4) reveals a remarkable
feature. We tried to reproduce the energy behaviour of this oscillator strength by
convoluting the Franck-Condon overlap with the ground state, which is well known, see
for example Dunn and Kieffer (1963), with a suitable electronic transition element
M(e), where e is the continuum energy. In general the transition moment will have a
steep onset at the threshold and a slowly decaying tail towards higher e, as indicated in
figure 6, inset 3. However, it was not possible to fit our 2ptru data with such a transition
moment. As an illustration we show in figure 6 once again the partial 2po-u oscillator
strength, together with a relative oscillator strength as calculated for two limiting cases
of the transition moment, i.e. a delta function at the threshold (figure 6, inset 1) and a
step function (figure 6, inset 2). The transition moment properly describing our data
would be of the form

M(e) = 8(e) + c6(e) (8)

where 8(e) is a delta function, 6{e) a step function and c a constant (of the order of 1).
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Such an unusual shape of M(e) might be interpreted in terms of a near-threshold
"shape resonance'. Resonances of this nature have been observed before in several
molecular ionisation continua (Hamnett etal 1976, Kay etal 1977). Their occurrence
is connected with the fact that, over a small region of continuum energies, one of the
partial waves of the outgoing photoelectron can overcome its centrifugal barrier and
penetrate into the molecular core (Dehmer and Dill 1976).

An alternate possibility which cannot be ruled out is that our analysis of kinetic
energies does not yield only pure 2po-u ionisation, but that an addition?.; tmuibution is
present from high-lying Rydberg states very close to the 2pcru threshold. These could
undergo autoionisation to the 2p<ru via a particular case of radial coupling, the so called
Demkov coupling (Demkov 1964) and produce D+, which is indistinguishable from that
produced by direct 2peru ionisation. An objection is that the oscillator strength density
of a Rydberg series is expected to join smoothly that of the corresponding continuum.
Clearly the peculiar shape of M(e) warrants theoretical study.

4.2. Rydberg state spectra

In the energy range between 25 and 35 eV various authors have measured the
angle-dependent production of D+ fragments. A summary was given recently in an
article by Kollmann (1978). Except for direct dissociative ionisation as discussed
above, autoionisation after excitation to resonant doubly excited neutral Rydberg
states seems to be an important channel. The principle of this process is illustrated in
figure 7. An excitation with an energy E to a resonant neutral repulsive state can either
be followed by dissociation into two neutral fragments—having together a kinetic
energy E minus the dissociation limit energy Ed—or by autoionisation after some time T

3 <»

Figure 7. Schematic potential diagram illustrating the dissociative autoionisation process.
The known optically allowed repulsive resonant Rydberg states are included. The symbols
are described in § 4.2.
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to a lower lying state of the D2* ion. In this case the electron will be ejected with the
energy difference e between the resonant and ionised state at the autoionisation
distance /?, while the D2 ion retains the kinetic energy gained during time T as internal
energy. It now depends on this internal energy whether the D2 will dissociate or not. If
dissociation is energetically possible, the produced fragments will share an amount of
excess energy, indicated by 25 in figure 7. Theoretical calculations on repulsive
resonant Rydberg states appropriate for this process have been performed by O'Malley
(1969), Bottcher and Docken (1974), Bottcher (1974, 1976) and Hazi (1975). Where
their calculations overlap the agreement inside the FC region is good. However, there
remains some discrepancy between various experimental groups concerning the
threshold of appearance and energy distributions of fragments originating from these
states.

In our experiment we produce quantitative partial oscillator strengths with qualita-
tive information on the fragment energy distribution and none on the angular dis-
tributions; furthermore our experiment observes only fragments originating from
optically allowed excitations. This limits the known states involved in our spectra to
Oi 'Su (with a threshold at 26 eV, calculated by O'Malley 1969), Q, ' n u (28 eV, Hazi
1975) and Q2 ' n u (32-5 eV, Bottcher 1974).

Up to 30 eV we find fragments with a kinetic energy distribution centred around
3 eV, as indicated in figure 5. This is in agreement with photoionisation measurements
reported by Strathdee and Browning (1979). They excite with 46-2 and 40-6 nm
radiation (photon energies of 26-9 and 30-5 eV) and report a cross section for D+

fragments, which have a kinetic energy above 2 eV, of 0-01 Mb, corresponding to a
generalised oscillator strength of 1 x 10"4 eV"1. Clearly their error bars largely overlap
our value in table 1. Different energy distributions measured by other groups are
probably due to optically forbidden excitations.

Above 30 eV we find less energetic fragments, for example at 35 eV the distribution
seems to-be centred around 1 eV. This may be explained by attributing the majority of
detected fragments around 35 eV to the Q2 ' n u state, which is much less repulsive than
the other states involved (see figure 7). In order to obtain this kinetic energy dis-
tribution, autoionisation must take place preferentially to the lso-s state of D 2 , although
decay to the 2pcru state is also energetically possible. If the lifetime for autoionisation
for the Q2 ' l lu state is of the same order of magnitude as for the other two states, the D 2

ion originating from this state will in general have gained less internal energy.
Radial coupling of Rydberg states with the lsa-R state seems to be ruled out in all

cases, since this would lead to kinetic energy distributions that are much more similar to
that of the 2pcru than we observe.

If autoionisation followed by dissociation plays an important role in D+ production
between 26 and 35 eV, we also expect in this range an enhanced production of stable
D 2 . This is due to autoionising D2 molecules that do not gain sufficient internal energy
to overcome the dissociation threshold. A closer examination of the total D2 produc-
tion as a function of energy (Backx et al 1976), indeed shows an increased production,
as can be seen in figure 8, where we fitted a smooth curve through the data outside the
26-35 eV range. This enhanced production represents an integrated oscillator strength
of about 9x 10~3; when compared to a value for Rydberg D+ ions of 2-3 x 10~3 this
means that a relatively large fraction of the autoionisation products remains bound. For
the determination of the lsorg contribution to D+ production from the D2 oscillator
strength (equation (7)), this has only a small influence. The resulting effect on the value
of the Rydberg oscillator strength is negligible.
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Figure 8. Oscillator strength for total Dj production (Backx el al 1976). The full curve is
fitted through data points outside the 26-35 eV range. Obviously, inside this range there is
an extra contribution from the Rydberg states under study.

4.3. Isotope effects

As mentioned before we have restricted ourselves to the presentation of our results on
D2, although we performed the same set of measurements on H2 (see for example figure
9). However, we have several reasons to believe the conclusions and values given for D2

also hold for H2.
There are various possible causes of an isotope effect; we mean specifically a

difference in production of D + from D2 and H+ from H2.
(i) The difference in widths of the Franck-Condon zones of H2 and D2.
(ii) Competition between autoionisation and decay into neutral (excited) frag-

ments, in which higher dissociation velocities (H2) would favour the neutral decay
(Platzmann 1962).

(iii) Differences in internal energy gained at the instant of autoionisation, also
dependent on the dissociation velocity. This would affect the partitioning over the
stahle and dissociative exit channels, giving higher H+ /H2 ratios than D+ /D2.

The first cause has been dealt with by Backx et al (1976), who explicitly discuss the
lscrg behaviour. We will therefore limit ourselves in the discussion to the 2pcru and
Rydberg contributions. In figure 10 of Backx et al it is clearly visible that the D2

Rydberg peak is narrower and taller than for H2. However, to the accuracy of that data,
the integrated oscillator strength over the 26-40 eV range, for all channels other than
the lsag, is equal for H+ and D + production: 1-01 x 10~2 and 0-96 x 10"2 respectively.
This means that none of the oscillator strength we are dealing with here goes into
neutral decay; thus cause (ii) can be ruled out. Support for this conclusion is found in
measurements of neutral (excited) dissociation products. Mohlmann et al (1977)
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Figure 9. TOF spectra for H^ and D* production, measured at the same photon energy and
under the same experimental conditions.

measured emission cross sections for Balmer a, @ and y radiation by electron impact in
this range. If they combine their results with the measurements of Freund et al (1976)
and Ito et al (1976) concerning Doppler broadening of Balmer emission lines they
conclude that for their group ofdoubly excited Rydberg states there is no isotope effect
with respect to Balmer emission. Carnahan and Zipf (1977) measured neutral frag-
ments from H2 and D2 by a time-of-flight method and although they measured a
considerable isotope effect, they claim after velocity analysis that this is not due to the
fast fragments.

Although the observation of both D£ and D + being produced in the Rydberg energy
region could indicate a competition between two exit channels for one state, the
equality of the D+ and H+ production also rules out this third possibility.

In conclusion, in the band of Rydberg states we observe we must distinguish
between a number of individual states each having one particular decay mode, without
measurable competition. Some states, in fact the majority, autoionise very rapidly and
form stable D j . Other states autoionise preferentially after having gained sufficient
internal energy to form mainly D+with a kinetic energy distribution that peaks around a
finite value (3 eV at 30 eV photon energy and 1 eV at 35 eV). This implies the lifetime
against autoionisation is a strong function of internuclear distance and shortens
drastically as the two potential energy curves approach each other. Still other states,
e.g. those observed by Mohlmann et al (1977) and Carnahan and Zipf (1977) do not
autoionise at all, but give rise to neutral (excited) fragments.

Recent measurements by Bose (1978) have been reported, using direct coincident
detection of two D(2p) dissociation products from a repulsive doubly excited state of
D2. One of the explanations he suggests for his relatively low cross section is
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competition with autoionisation. For reasons mentioned above we believe autoionisa-
tion not to be an important decay mechanism here.

4.4. Photoelectron spectra

There are no photoelectron spectra available in literature, that originate from excita-
tion to repulsive doubly excited Rydberg states in the photon energy range between 25
and 40 eV.

From the energy distribution of the ionic fragments produced, as determined in our
experiment, we tried to construct the complementary photoelectron spectrum, at 29 eV
as an example, as indicated in figure 10.

eleVI

Figure 10. Photoelectron spectrum of Da as constructed from our experimental data at
29 eV photon energy. Except for the high peak at a kinetic energy e of 13 eV, correspond-
ing to stable D j production or D+ by direct dissociative ionisation to the ls<7g, we predict a
distinct Rydberg contribution around 5 eV and finally see a small onset of the 2pcru at
e = 0 eV. The areas under the peaks correspond to the oscillator strength given in table 1.

At 29 eV we first have the contribution of the lserg state, resulting in a photoelectron
peak around a kinetic energy e - 13 eV, corresponding to direct D£ production in the
bound part of the ionic ls<rg state. The overlap of this state with the ground state is
known and the peak is known to have a tail towards smaller e, which at e = 11 eV and
below corresponds to the production of low-energy D+ ions. The peak areas represent-
ing production of stable D£ and D+ will correspond to the respective oscillator strengths
(2-58 x 10"2 and 1-74 x 10~4 eV"1). At this photon energy we also have a contribution
from Rydberg states. As was discussed in § 4.2, we have two decay channels, one
leading to an enhanced Dj production, the other to production of D+ ions with a kinetic
energy 5 centred around 3 eV. The first channel will probably give a hardly dis-
tinguishable photoelectron contribution superimposed on the higher members of the
lstTg vibrational series. The D+ channel will give rise to a photoelectron peak at an
energy e, given by

e = E-Ed-28 (9)

where £ d is the dissociation limit energy (figure 7). We estimate this peak to be around
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5 eV, with a peak area corresponding to an oscillator strength of 3 x 10 4 eV , and an
energy distribution complementary to that of the corresponding D* ions. At 29 eV a
contribution from the 2pcru becomes visible around e = 0 eV. Similar considerations
can be applied to construct photoelectron spectra from our experimental data at other
photon energies.

5. Conclusions

We determined partial oscillator strengths for dissociative ionisation of D2(H2) by
photon impact in an energy range between 18 and 40 eV. Analysis of the fragment
kinetic energy allowed us to separate the total D+ production into contributions from
the lsug, 2pcru, 2p?ru and Rydberg states, in so far as the latter have a kinetic energy
different from the 2p<rL. The accuracy of the results obtained now justifies a theoretical
calculation of the cross sections involved. In particular the transition matrix element for
direct ionisation to the 2po-u state of D 2 , as indicated by our results, needs further study.

In the production of D+(H+) ions via other states than the ls<rg we find no isotope
effect in the 26-40 eV range. This implies that for each of the repulsive Rydberg states
in this region there is no competition between the various possible decay modes (leading
for D2 to D?, D+ , D or D*). This is in agreement with experiments by other groups
measuring neutral decay products.

We observe that as a function of photon energy, the product kinetic energy varies
and also the amount of stable D 2 . This indicates that different states contribute to the
D + production. It would be interesting to see whether a photoelectron spectroscopy
experiment, giving information complementary to our results, confirms this behaviour.
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Appendix

Our aim. is to transform the known angular distribution of ionic fragments with respect
to the momentum transfer vector K into a distribution of velocity components along the
extraction axis. We define a Cartesian coordinate frame, where the incoming beam is
along the z axis and the extraction direction along the x axis. The angular distribution
of the ionic fragments with respect to K is given in equation (5),

For the case of axial recoil and a l1*-*2?.* a is equal to 2. For our experimental
conditions we know the large majority of K vectors lie rotationally symmetric around



- 122 -

the incoming beam at angles of about 60°. Simple geometry then leads to the
distribution around the z axis, given by

& being the angle with respect to the z axis. We now introduce an auxiliary angle x in
the y-z plane and arrive at the distribution along the extraction x axis by

/(cos «£) = - ! - [ /(*(*)) d*[
o

where 6(x) = cos"' (sin <f> cos x) and <j> is the angle between the extraction direction and
a unit vector defined by x and 8. For the transition mentioned above this leads to

We obtain the final distributions of velocities along the x axis by summing over all
contributions to the same velocity window from different parts of the kinetic energy
distribution. Applying the same method for different angular distributions around K,
we find that for our experimental conditions, they have only a small influence on the
shape of the spectra, as shown for example in figure 3.
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Summary

The work described in this thesis deals with scattering

phenomena, which occur when a beam of electrons interacts

with a molecular hydrogen gas of low density. Depending on

the energy loss of the scattered electrons one can dis-

tinguish elastic scattering, excitation and (auto)ionization

of the H2-molecule. The latter processes may also lead to

dissociation. We investigate these processes in four expe-

riments in increasing detail, or speaking in the language

of this thesis, we measure "increasingly differential"

cross-sections,

In chapter I we investigate total scattering of electrons

on H2, i.e. the overall result of the processes mentioned

above. For impact energies between 25 and 750 eV we deter-

mine absolute total cross-sections in a beam attenuation

experiment with well-defined angular and energy resolution.

By adding the (theoretically or experimentally known) sepa-

rate cross-sections for these processes we construct a set

of semi-empirical total cross-sections. The assumptions,

needed in this construction, are tested by comparing the

semi-empirical results with our experimental ones. This

shows amongst other things that optically forbidden excita-

tion is negligible above 100 eV impact energy and that the

available elastic scattering data below 100 eV are about

25 percent too low.

In chapter II we study elastic scattering as a function

of angle. The first absolute elastic scattering cross-

sections are determined for impact energies from 100 to

2000 ,eV and scattering angles between 5° and 55°. By con-

sidering the data as a function of momentum transfer we

investigate the validity range of Born-type approximations.

At low impact energies the exchange between the incoming

and the molecular electrons and the charge cloud polariza-

tion by the incoming electron appear to be important. From



- 126 -

the differential cross-sections one can deduce the total

elastic cross-sections - i.e. integrated over all scattering

angles -.

In chapter III we consider the ionization process. By

measuring the scattered and ejected electron in coincidence

we can determine the triple differential cross-section (i.e.

as a function of detection angles for both electrons and the

energy of one of them - the energy of the other electron is

then determined by energy conservation - ) . The choice of a

static gas cell instead of a molecular beam and the norma-

lization on our previously determined elastic cross-sections

allows the first determination of this absolute triple dif-

ferential cross-section. In a coplanar symmetric geometry

(with a polar angle 8 = 45°) the obtained accuracy is better

than 20 percent for impact energies between 200 and 2800 eV.

This allows a sensitive test of various ionization theories.

To show this we include in this chapter similar results on

helium, where we can compare with many calculations. Our

^-results at high impact energies can be described by a

specific type of Born-approximation. At each impact energy

one obtains information on the momentum distribution of the

molecular electrons at one (small) momentum value. This

leads to a comparison with results from electron Compton

profile measurements. The simultaneously measured double

differential cross-sections (i.e. as a function of detec-

tion angle and energy of one of the emerging electrons)

show that these data form a less sensitive test of theory.

In chapter IV we observe auto-ionization of doubly exci-

ted repulsive Rydberg states for excitation energies between

25 and 40 eV. In a small-angle scattering experiment we

simulate photon absorption. The time-of-flight analysis of

the fragments produced via these states, combined with the

absence of an isotope effect between H, and D, shows that

these states decay only via auto-ionization. We find eviden-

ce for a near-threshold shape resonance in the 2pa elec-

tronic transition moment. From our measurements we can pre-

dict the shape of'the corresponding photon electron spectra.
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Samenvatting

Het onderzoek, dat in dit proefschrift beschreven wordt,

betreft verstrooiingsverschijnselen, die optreden als we

een elektronenbundel in een moleculair waterstofgas met

lage dichtheid schieten. Afhankelijk van het energieverlies

van het verstrooide elektron kan men onderscheid maken tus-

sen elastische verstrooiing, excitatie en (auto)ionisatie

van het H, molecuul, waarbij de laatste processen al dan

niet tot dissociatie kunnen leiden. In een viertal experi-

menten met een opklimmende verfijning onderzoeken we deze

processen, hetgeen in termen van dit proefschrift betekent

dat de gemeten werkzame doorsneden steeds "differentiëler"

worden.

In hoofdstuk I onderzoeken we de totale verstrooiing

van elektronen aan H^, d.w.z. het gezamenlijke resultaat

van alle bovengenoemde processen. Voor inkomende elektronen

met energieën tussen 25 en 750 eV bepalen we deze werkzame

doorsneden met een hoge nauwkeurigheid en op een absolute

schaal. Dit gebeurt in een experiment, waarin met goed

gedefinieerde hoek- en energieoplossing de verzwakking van

de eloktronenbundel gemeten wordt. Door de werkzame door-

sneden voor de afzonderlijke processen op te tellen, voor

zover deze in de literatuur experimenteel en/of theoretisch

bekend zijn, construeren we een reeks semi-empirische totale

doorsneden. Door deze aan de experimentele waarden te toetsen

kan een uitspraak gedaan worden over een aantal in deze

constructie benodigde veronderstellingen. Onder andere

blijken optisch verboden aanslagprocessen boven 100 eV

verwaarloosbaar en zijn de tot nu toe gemeten experimentele

elastische doorsneden beneden 100 eV bijna 25 procent te

laag.

In hoofdstuk II beschouwen we elastische verstrooiing,

als functie van de hoek. Voor het eerst worden de differen-

tiële elastische doorsneden absuluut bepaald voor energieën
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van 100 tot 2000 eV en verstrooiingshoeken tussen 5° en

55°. Uit de metingen kan bepaald worden bij welke waarden

van de impulsoverdracht-benaderingen van het Born-type op-

gaan. Bij lage energieën blijkt zowel de uitwisseling van

het inkomende elektron met een moleculair elektron als de

polarisatie van de moleculaire ladingswolk van belang te

zijn. Uit de differentiële metingen kan ook de totale

elastische werkzame doorsnede - d.w.z. geïntegreerd over

alle verstrooiingshoeken - worden afgeleid.

In hoofdstuk III wordt onderzoek gedaan naar het ioni-

satie-proces. Door het uitgeworpen en het verstrooide

elektron in coïncidentie te meten kan de drievoudig diffe-

rentiële werkzame doorsnede bepaald worden (d.w.z. diffe-

rentieel naar de hoeken waaronder beide elektronen gedetec-

teerd worden en naar de energie van een van beide elektro-

nen - energiebehoud bepaalt dan de energie van het andere

elektron - ) . Dankzij de keuze van een botsingskamer met

statisch gas i.p.v. een moleculaire bundel en via onze eer-

der bepaalde absolute elastische werkzame doorsneden is het

voor de eerste maal mogelijk voor H- deze drievoudig diffe-

rentiële doorsnede absoluut te bepalen. In een zogenaamde

coplanaire symmetrische geometrie met polaire verstrooi-

ingshoek e = 45 en voor inkomende elektronen met energie-

en tussen 200 en 2800 eV is de behaalde nauwkeurigheid

beter dan 20 procent. Dit maakt een zeer gevoelige toetsing

van verschillende ionisatie-theorieën mogelijk. De in dit

hoofdstuk behandelde testresultaten op helium, waarvoor

veel theoretisch vergelijkingsmateriaal aanwezig is, tonen

dit duidelijk aan. Bij hoge inkomende energieën kunnen we

onze H^-resultaten goed beschrijven met een speciaal type

Born-benadering. Voor elke inkomende energie leg je een

punt vast van de impulsverdeling der moleculaire elektronen,

in de buurt van kleine impulswaarden. Dit leidt tot verge-

lijking met resultaten van elektron-Compton-profiel metingen.

Uit de tegelijkertijd gemeten absolute dubbel differentiële

doorsneden (d.w.z. differentieel naar de energie en detectie-

"hoek van één der uitgaande elektronen) blijkt dat dezen al
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een veel minder gevoelige test voor de theorie leveren.

In hoofdstuk IV kijken we naar auto-ionisatie van dubbel

aangeslagen repulsieve Rydberg-toestanden voor excitatie

energieën tussen 26 en 40 eV. We doen hiertoe een verstrooi-

ingsexperiment onder kleine hoeken, waarbij foton-absorptie

wordt nagebootst. De vluchttijden van de via deze toestanden

geproduceerde fragmenten worden gemeten en uit het ontbreken

van een isotopie-verschil tussen H- en D, kan worden afge-

leid dat auto-ionisatie het enige vervalkanaal voor deze

toestanden is. Vlakbij de drempel voor directe dissociatieve

ionisatie vinden we aanwijzingen voor een "shape"-resonantie.

Tenslotte kunnen we op grond van onze metingen een voor-

spelling doen over de vorm van de bijbehorende foto-elek-

tron spectra.
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Nawoord

Hiermee zijn we bijna aan het eind gekomen van dit ver-

slag over een reis door het land der elektronenfysica. Het

zal duidelijk zijn, dat zo'n verslag eigenlijk de neerslag

vormt van een geweldig stuk teamwork. Om in een paar woor-

den al diegenen te bedanken, die het bereiken van het voor

U liggende einddoel mogelijk maakten, is zeker niet het ge-

makkelijkste experiment in dit proefschrift. Een chronolo-

gische beschrijving van mijn tocht is misschien het makke-

lijkst bruikbare model.

Mijn promotor, Prof. Dr. J. Kistemaker, heeft mij niet

alleen in het begin de mogelijkheid tot het maken van deze

reis geboden, maar ook aan het eind de verantwoordelijkheid

voor het reisverslag op zich willen nemen. In de tussenlig-

gende periode zorgde hij voor de optimale werkomstandigheden,

zoals die heersen op het F.O.M.-Instituut voor Atoom- en

Molecuulfysica.

Mijn groepsleider en co-promotor, Dr. Frits de Heer, was

onderweg een voortdurend stuwende kracht ("Zijn er al resul-

taten?"). Zijn systematische aanpak van problemen en schier

encyclopedische kennis van het gebied waar we door trokken,

maakten van hem een onmisbare gesprekspartner en reisleider.

De eerste wankele schreden op het verstrooiingspad wer-

den begeleid door Dr. Rob Jansen. Onze goede samenwerking

ging gepaard met een opmerkelijk aantal (toevallige?) coin-

cidenties, hoewel daar experimenteel toen nog geen sprake

van was. Om daar wat aan te doen bouwde Ing. Hugo Luyken de

eerste coincidentie-schakeling.

• Toen onze wegen uiteen liepen kregen we geruime tijd ge-

zelschap van Prof. Dr. Erik Weigold. He learned us "all we

ever want to know about coplanar symmetric coincidence

techniques". De mechanische en elektronische opbouw van de

Heddle analysatoren (een rechts- en een ]inksdraaiendei)
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kwam in handen van Ing. Nico Stricker. De realisatie van het

nieuwe detectiesysteem was alleen mogelijk door de hulp van

Evert de Haas, Paul van Deenen, Wim Braun, Hans ter Horst,

Ton Neuteboom, Joop van Wel, I.eo Sekeris en Jan Bannenberg.

Toen de doorgaande routes tijdelijk geblokkeerd waren,

verleende mijn andere co-promotor, Prof. Dr. Marnix van der

Wiel, mij onderdak in zijn groep. Met Drs. Eduard van der

Leeuw ontrukten we daar de laatste geheimen aan het ziel-

togende "Armelui's Synchrotron". Ook na onze "mission en

france" mocht ik altijd voor raad en kritiek bij Marnix aan-

kloppen.

Het (e, 2e) experiment kwam daarna in een stadium, waarin

het resultaten begon te produceren. Om die te verwerken

stelde Ing. Maarten van Tilburg zich beschikbaar als diri-

gent van de hard- en software. Jacques Kimman diende zich

ook aan als (reis)gezel; zijn optimisme ("perfecte repro-

duktieJ") en enthousiasme hielpen de laatste etappes in

redelijk tempo afleggen. Naast veel succes met het apparaat

wens ik hem aan het eind van zijn promotieperiode net zo'n

student als ik in hem trof.

Dr. Mihai Gavrila wees ons de weg door het moeras der

gestoorde en ongestoorde elektronengolven. Bij kleine theo-

retische wegomleggingen was Drs. Hans Kaandorp behulpzaam.

Met Drs. Renê Wagenaar heb ik een groot deel van de reis

opgetrokken. Dit resulteerde, naast de gezamenlijke publica-

tie van Hoofdstuk I, in mijn inwijding in de fysica der hoge

temperaturen en lage vochtigheidsgraden.

Frans Vitalis en Wim van der Kaay adviseerden bij de nu-

merieke verwerking der meetgegevens, terwijl Ir. Jan

Verhoeven en Gerrit Frijlink ons onder (lage)druk hielden.

Bij Coen Visser en Wim Tebra konden we onze Camac-problemen

kwijt. Alle reiscorrespondentie werd verzorgd door het secre-

tariaat, te weten Louise Roos, Lygia Atjak en Ans Nolen.

Reisattributen en vergoeding werden gecoördineerd door resp.

Johan Stiel en Martin van Gelderen. Ina Harlaar en Alice

Kras zorgden ervoor dat we tijdig de literatuur over nieuw

te betreden gebieden kregen. Dirk Larooi en Toon Akkermans
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lieten ons iedere ochtend onder optimale condities vertrek-

ken.

Aan het eind van de reis werden de tekeningen verzorgd

door Hanna Smid, de foto's door Frans Montera en Henk

Sodenkamp Jr., en het vele, vele typewerk door Kitty Wünsche,

Tine Köke en Carla van Wingerden.

Daarna las mijn co-referent, Prof. Dr. J.C. Kluyver, het

geheel met een wetenschappelijk timmermansoog door en be-

hoedde mij met zijn milde kritiek voor een aantal fouten.

Het drukken en de realisatie van de omslag waren in han-

den van Henk Sodenkamp Jr. ("vakmanschap is meesterschap").

Alle ongenoemde medewerkers van het Instituut, en de exci-

tatiegroep in het bij zonder,.zorgden voor de goede werksfeer

en de kleine, maar voor de voortgang van het onderzoek on-

misbare bijdragen.

Micheline heeft me de morele steun willen geven die ik

bij de vele steile trajekten nodig had.

Aan het eind van dit verslag wil ik nog even terug naar

het uitgangspunt van deze tocht. Dit uitgangspunt heb ik

slechts kunnen bereiken dank zij mijn ouders, die mij de

kans gaven.in een liefdevolle en stimulerende omgeving de

studie in de wis- en natuurkunde te volgen.
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De nauwkeurigheid in de bepaling van de drievoudig
differentiële werkzame doorsnede voor ionisatie van
atomen en moleculen in de gasfase ten gevolge van
elektronenbotsingen zou nog kunnen worden verhoogd
door één van de twee na de botsing wegvliegende
elektronen te detecteren in een vluchttijdbuis.

- Dit proefschrift, hoofdstuk III.

II

Het is onwaarschijnlijk, dat bij EXAFS- me tingen met
behulp van Johannson optiek en een normale poeder-
diffractometer, de invloed van defocussering op de
energie resolutie zo gering is als Del Cueto rapporteert.

- Del Cueto J. A. en Shevchik N.J. , J. Phys. E:
Sei. Instrum., _H (1978), 616.

Ill

In tegenstelling tot de lichtoptica heeft in de eletronen-
optiek elke opeenvolging van elektrostatische lens-
elementen een netto convergerende werking.

IV

Het is verbazingwekkend, dat Mendelsohn en Smith
bij hun behandeling van relativistische correcties op
het Compton profiel voorbijgaan aan de vraag of het
niet-relativi s tische formalisme, dat het verband geeft
tussen dit profiel en de experimenteel gemeten werk-
zame doorsnede voor verstrooiing, onder deze
omstandigheden nog geldig is.

- Compton Scattering, Ed. Williams B. , McGraw-
Hill (1977), hoofdstuk V.



Voor de absolute ijking van een monochromator in
het extreem-ultraviolet kan gebruik gemaakt worden
van het feit, dat bij botsingen van meervoudig geladen
ionen met atomen de emissie afkomstig van een
bepaald aangeslagen niveau van het projectiel-ion zowel
beïnvloed wordt UUUJ. Ue levensduur van dat niveau als
door die van hoger liggende niveaus, die via cascade
naar dit niveau vervallen.

VI

De door Stefani gegeven vlakke-golf impuls-benader.'ng
(PPWIA) voor de ionisatie van helium door elektronen-
botsingen is in feite een vlakke-golf Born-benadering
(PPB). De afwijking van zijn PPWIA-resultaten bij
een strooihoek van 44 ten opzichte van vergelijkbare
PPB-re sul ta ten bij 45 is echter veel groter dan te
verwachten is op grond van het verschil in de strooi-
hoeken.

- Stefani G., Camilloni R. en Giardini-Guidoni A. ,
Phys. Lett., 4 (1978), 364.

Dit proefschrift; hoofdstuk TTT.

VII

De manier, waarop Gerhart de metingen van Vroom en
De Heer aan de productie van H(2s) en H(2p) bij elektron-
botsingen met H- interpreteert, is onjuist.

- Gerhart D.E., J. Chem. Phys., 62 (1975), 821.
Vroom D. A. en De Heer F. J. , J. Chem. Phys.,

50 (1969), 580.



VIII

De bij botsingen tussen K en O„ in het eV-gebied
waargenomen vibratie-excitatie van 1. 4 eV voor
kleine strooihoeken van het K-atoom kan worden
verklaard uit het feit, dat het systeem gedurende
korte tijd elektronisch aangeslagen is.

IX

Bij het niet-beroepshalve vervullen van bestuurs-
functies in sport- en ontspanningsverenigingen
verdient een zittingsduur van minimaal twee en
maximaal vijf jaar de voorkeur.

X

De intervaltraining op trimbanen zou bevorderd
kunnen worden door ter plekke het aanlijngebod
voor honden op te heffen.


