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Energy and ang‘ularxdependences of the elastic and inelastic scattering of electrons from
H, have been measured in the energy range 10 to 16 eV and for scattering angles ranging
from 10° to 120°, Three resonance series have been investigated starting at 11,30, 11.50,
and 13. 63 eV, respectively. The last two series decay preferentially into one single elec-
tronic channel, while the first resonance (resonance I) decays into all energetically possible
exit channels, i.e., X‘E;, b3sh, B!z, Throughout, stress is laid on the importance of
absolute cross sections and reported values, and excitation functions have been presented in
absolute units. The cross sections for the elastic channel and some inelastic channels
(X!z, v=1and 2, and the dissociative continuum b 32;) are composed of resonant and non-
resonant scattering and show pronounced and rapidly changing interference structures.
Relative branching ratios for resonance series I in terms of absolute total cross sections have
been listed for those channels where practically no direct scattering amplitude is present.
Summarizing those results, one can state that the probabilities (branching ratios) for the
decay of resonance series I into the three electronic states X 12‘,}, 3%}, and B!s} of the
H, molecule summed over all vibrational states of the exit channel are of the same order
of magnitude. From the observed angular dependence of the scattered electrons, the configu-
ration of the resonances has been determined and compared with existing theoretical pre-

dictions.

INTRODUCTION

H, is the simplest molecule and therefore attrac-
tive for theoretical investigations, Similarly, the
simplest molecular negative-ion system is the
H,~ which is responsible for a large number of res-
onances in the e-H; scattering. It can be hoped
that quite reliable calculations, not only for energy
positions!'? but also for cross sections of forma-
tion and probabilities of decay of such resonance
states into different exit channels, can be carried
out, Therefore it seems essential to provide as
much detailed and quantitative experimental infor-
mation as possible. Only little is known with re-
spect to transition probabilities, The e-H, system
is an interesting example in this respect as it pos-
sesses two very distinct types of resonance series;
one that decays preferentially into one single elec-
tronic exit channel, while the other type branches
out into all energetically possible exit channels.
Examples of these two groups are the resonances
that start at 11. 30 and 13. 63 €V, respectively.

The region 11 to 13 eV deserves Special attention
since various authors®:® have suggested the pos-
sibility of other H,™ states lying in this range.

In this paper an attempt has been made to follow
through quantitatively the details of formation and
decay into different exit channels of these compound
states. From the observed angular dependence of
the scattered electrons, their configuration has
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been determined and compared with existing the-
oretical predictions.

We shall first review in general the present state
of knowledge of the H,™ states and give a survey of
existing experiments on the scattering of low-en-
ergy electrons by H, and their theoretical analysis.
Some of our results, to be discussed fully in sub-
sequent sections, have been anticipated in this
Introduction to clarify certain concepts.

Figure 1 illustrates the potential energy curves
of some H,~ states and also some electronic states
of the hydrogen molecule which are relevant to this
discussion. The limits to which these states tend
as the nuclear separation tends to infinity have
been drawn for the lower state [H(1s)+H(1s%)]
and have been omitted for higher states, since
several dissociation asymptotes may exist, e.g.,

H;*~H@®I)+H (1s?) ~H (l,n’I’)+H(1s), etc.

The 22} resonance in the 3-eV region is well
documented. *”* The 2Z; resonance at 10 eV is of
interest because of its role in dissociative attach-
ment in e-H, collisions and in electron-associative
detachment in H-H" collisions.® The resonance at
14 eV has been reported recently by Ehrhardt and
Weingartshofer.” Values of the vibrational levels
are as follows (in eV):
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FIG. 1. Potential energy curves for some H," reso-
nances (dashedlines, see text and Ref, 2) and some H,
states (full lines). The shaded area represents the
Franck-Condon region for excitation from the ground
vibrational and electronic state of H,.

H,™ v=0 v=1 v=2
13.63 13.93 14.20
v=3 v=4 v=5
14,47 14,70 14.92 .

The resonance shows the peculiar characteristic
that it decays preferentially into the C 'II,(v=0,1,
2,...) vibrational states of H,. Sincethe observed
transitions of significant intensity occur between
identical vibrational quantum numbers of the H,™
and C 11, states it is very likely that the potential
energy curves of the new H,~ state should have the
same shape and internuclear distance as the C 'II,
- as well as the D I, —state of H,. Therefore

it is assumed that the core of the negative-ion state
has a I, configuration and angular dependences of
the resonance indicate that the over-all configura-
tion of the H,™ is ®%,. The nuclear separation of
the core does not change significantly during the
autoionizationprocess, The corresponding potential
energy curve has been drawn simply by shifting

the potential energy curve of the C 11, state of H,
to the measured energy position.

The scattering of electrons in the energy range
11 to 13 €V by H, and its isotopes has been inves-
tigated by several groups.®-1® This region is in-
teresting because the elastic and inelastic cross
section show a lot of structure. Kuyatt, Simpson,
and Mielczarek® have tabulated the resonance en-
ergies of the transmission peaks and ascribed this
structure to the vibrational levels of two resonances,
The surprising feature of these results is that pairs
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of resonances are nearly equal in size for HD,
while H, and D, show predominantly only one strong
series of resonances with an indication of a weaker
series, but the over-all pattern is similar to that
of HD. Because of their appearance in H, (strong
peaks and shoulders), these two series are some-
times referred to as the “strong” and “weak”
series. Transmission experiments give informa-
tion on the formation of the compound state; there-
fore, the expressions strong and weak may be used
only in this sense. In differential cross-section
measurements both formation and decay are de-
termining factors for the observed intensities in
a given channel, Therefore, depending on the ex-
periment, a weak resonance may very well appear
stronger than a strong resonance in the above
sense, Because of this we will be using the no-
menclature resonance I and II instead of strong and
weak series. The configuration of resonances I
and II could not be determined in the measurements
of Kuyatt et al., nor did the authors consider the
possibility that some of the structure might arise
from interference effects between the potential and
resonant scattering, The calculation of energy and
vibrational structure of these resonances was
initiated by Taylor and Williams! and greatly im-
proved by Eliezer, Taylor, and Williams.? These
authors predicted a total of four resonances in the
11-13-eV energy range, two of which were iden-
tified with the resonance series I and II, They
proposed the configuration 22; for both, The out-
standing result of these calculations is that res-
onance I is represented by an electron bound to the
¢ 31, state of H,, while resonance II represents
almost purely the electron bound to the C !1I, state.
Heideman, Kuyatt, and Chamberlain® observed the
energy dependence of the excitation cross sections
of the v=0 and v=1 vibrational states of the B 'T
state of H,. In both curves, several sharp reso-
nances occur, which these authors clearly relate
to the resonances in the total scattering cross-
section measurements by Kuyatt et al.® In the
same laboratory Menendez and Holt'® observed
resonance structure in the electron scattering from
H, in the forward direction in two inelastic channels
v=1 and v=2 of the electronic ground state of H,.
These authors felt that it was impossible to state
conclusively on the basis of their work, whether
the two H, ™ series proposed by Kuyatt ef al.? could
fully account for the resonance structure in the in-
elastic channels, They noticed that the resonance
shapes in the inelastic channels differ from those
in the transmission (elastic) channel and from one
another,

In this work we try to trace out a picture as
complete as possible of the e-H, resonance sys-
tem in the 11-15-€eV region. In particular, we
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attempt to relate the different resonance structures
to resonance states (series) and also to determine
the configurations of the resonances and branching
ratios for their decay into various exit channels.
We have measured differential excitation functions
(energy dependences of the intensity of the scattered
electrons into a given decay channel for a fixed
scattering angle) and angular dependences of the
intensity of the scattered electrons for fixed pri-
.mary energy and a given decay channel, The fol-
lowing exit channels have been investigated: (a) the
B '3} state in the vibrational states v=0, 1, 2, 3;
(b) the b 32} dissociative continuum for small en-
ergy windows around 10. 17, 10.47, 10.76, 11.02
eV, and other energy values, (c) the electronic
ground state of Hy: X '3}, v=0, 1, 2, 3, 4, 5; (d)
the two triplet states of a ®Z} and ¢ *II,; (e) the

C 'm, state in the vibrational states v=0, 1, 2, 3;
(f) two channels, which were not resolved and con-
sist mainly of C I, (v=4,5) and probably admix-
tures of B’ 'z} and D 1, states. In the section on
experimental results we deal mainly with points
(a)-(d) while most of the results contained in (e)
and (f) have already been reported in a previous
paper. ’

EXPERIMENTAL PROCEDURES

The experimental arrangement consists of a mo-
nochromatic electron beam of ~10® A and a full
width at half-maximum between 30 and 80 meV,
The incident beam of which the energy can be var-
ied between 8 and 30 eV is crossed at right angles
with a molecular beam (~10 Torr), The scat-
tered electrons are energy selected in a second
127° electrostatic analyzer and detected with a
17-stage multiplier, The collector system can be
rotated from 0° to 120°,

The scattered electrons are counted and the sig-
nal can be plotted analog on an X-Y recorder or the
counting rate can be stored over the period of sev-
eral hours in a multichannel scaler. The output is
plotted on an X-Y recorder through a digital-to-
analog converter. The apparatus, as well as the
technique of modulation to free the signal from
background contributions, has been discussed in a
previous paper, 51!

We employed two methods to calibrate the energy
scale: (i) observation of the onset energy of known
inelastic processes in H,; (ii) direct comparison
with the 19. 31-eV resonance in He using a H,-He
gas mixture and observing the elastic scattering at
an angle of 100°, wheretheresonance series in Hp,
as well as the He resonance appears as a uniform
destructive pattern (see Fig. 5). The two methods
agree within 20 meV,

The following procedure was adoped to calibrate
our measurements on an absolute scale, The ratios

of the measured inelastic intensities to the elastic
differential cross sections were obtained directly
from energy-loss spectra. Special care was taken
to ensure an energy-independent transmission of
the electron optical systems.3'!! The experimental
uncertainty in this respect should not exceed 10~
15% over an energy range of about 10 eV. Absolute
e-H, scattering cross sections from other experi-
ments'?'!® have been used to put all measured in-
tensities, inelastic as well as elastic cross sec-
tions, on an absolute scale. The over-all error

in determining the absolute values is of the order
of 20%.

EXPERIMENTAL RESULTS
Exit Channel B 'z}, (v=0, 1,2, 3)

Figure 2 shows the energy dependence of the
absolute differential cross section of the three low-
est vibrational levels in this electronic state. The
curves were smoothed to bring out the more prom-
inent resonance peaks which can be measured with
an absolute reproducibility of +0.02 eV in all our
tracings., The curves for »=0 and v=1 are very
similar to the excitation functions published by
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FIG. 2. Energy dependence of the absolute differen-
tial cross sections for excitation of the v =0, 1, and 2
vibrational levels of the Bis} state of Hy. The scattering
angle is 40° and the curves were smoothed to bring out the
significant structure that appears in all tracings. Note
the different absolute scales. Resonance series II ap-
pears weak in the channel v =0, but rather strong in the chan-
nelsv=1and2.
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Heidemann et al.® However, it should be remarked
that our curves do not suffer from nonphysical
background contributions and from them it can be
clearly seen that the direct nonresonant scattering
amplitude is remarkably small, but increases very
much at higher collision energies (not shown in
the figure). Also note that the cross sections in
Fig. 2 are given in absolute units.

These resonance peaks can be grouped into two
series which decay into the H, B 'Z} (v=0,1, 2)
channels with a rather large probability. The res-
onance energies are listed in Table I. For com-
parison the measured values of Kuyatt et al.® and
the calculated values of Eliezer et al.? are given
also.

Two things are to be noticed. For the series I,
our values deviate systematically from the values
of Kuyatt et al.3; however, they agree with the
calculated values., For the series II, there is a
moderate agreement of all measured values (ours
included) with the calculated values in Table I. The
discrepancy between the data of Kuyatt et al.® and
this work can be explained by the different method
of determination of the resonance energies, The
numbers of Kuyatt et al.® are derived from peak
positions in the transmitted current. These peak
positions need not be the true energy positions of
the negative-ion states, since strong interference
effects between resonant and nonresonant scatter-
ing probably cause more complicated resonance
structures than just simple peaks. On the other
hand, simple resonance peaks (because of the ab-
sence of direct scattering contributions) have been
used for energy level determination in our work,

The total cross section, which is measured in a
transmission experiment, is mostly determined by
the elastic scattering, Our elastic cross-section
data (see Fig. 5) can be explained as a result of
interference structure caused only by resonance I
(without observable contributions from resonance
II). It would be worthwhile to carry out an inves-
tigation to see if the structure in the transmission
experiment could not also be explained by taking
into account resonance I only, and if the observed
shoulders could be reproduced by interference ef-
fects. If one assumes the shape parameter g=~1
for the resonances measured by Menendez and
Holt! in transmission and takes the points of steep-
est descent to be the true energy positions of the
resonances, then good agreement with the energy
positions of our work can be obtained. In a model
with narrow neighboring resonances with shape
parameters g=+1, the direct-scattering contribu-
tion produces a shoulder between two consecutive
resonanrces. However, only a partial-wave anal-
ysis will be able to clear up this question,

The configuration of the negative-ion states can

TABLE I. Energy positions (in eV) of resonance
series I and II.

This paper® Calculated® Kuyatt et al.®
I I 1 I I I
11,07

11.30 11,37 11.28
11.50 11.46 11.46

11.62 11,66 11,56
11.79 11.75 11.72

11,92 11,93 11.84
12,08 12,03 11.99

12,20 12,19 12,11
12,38 12.31 12,27

12,46 12,43 12,37
12.58 12,53

12,70 12.65 12, 62
12.84 12,77

12, 86
13.09 12,97

2Estimated error 0, 02 eV,
"Eliezer et al. (Ref. 2).
°Reference 3.

be determined by angular dependence measure-
ments of the scattered intensity. For resonance
series I this is illustrated in Fig. 3 for two differ-
ent decay channels X '=} and B '=}. If a 2z} con-
figuration for the negative-ion state is assumed,
then the autoionization into the X '} state of the
molecule leads to a 0, assignment of the outgoing
electrons, i.e.,

H,~(B2;) ~Hy(X 1))+ e(0,) . (1)

In a first approximation!*-!® one has to expect an
s-wave angular distribution for o, electrons. This
is in accordance with the measurements of Fig, 3
(right-hand side). The exit channel v=4 has been
chosen, since only in this channel is the pure auto-
ionization process observed without direct-scatter-
ing contributions (see Fig. 7). In contrast to Eq.
(1), the autoionization into the B 'Z} state of H,
leads to a o, electron, i.e.,

H,"(t3}) -H,(B 'Z})+e(a,) . (2)

In an expansion in [ of a ¢, outgoing wave one ex-
pects a dominating p-wave (po) contribution., This
has been measured (see Fig. 3, left-hand side) and
found in agreement with the theoretically predicted
(1+2 cos?9) angular dependence (full line).

In Table II the angular dependences of all prom-
inent peaks (see Fig. 2) for the transitions into
the B '3} (v=0, 1, 2) states are listed. All the
peaks belonging to series I have a clear p-wave
character. In addition, a systematic energy de-
pendence of the angular distributions is observed,
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FIG. 3. Angular dependence of the scattered electrons

for the decay of resonance series I into two different
electronic channels. The full line (left figure) represents
the simplest theoretical prediction (Refs. 14-16) for

the angular dependence of o, electrons. The simplest
prediction for o, electrons gives an isotropic angular
distribution (right figure).

i.e., the angular dependences are steeper for
higher kinetic energies of the outgoing electrons.
A change with energy is to be expected'® since the
higher partial waves in the [ expansion of the auto-
ionizing electrons become more important with
increasing kinetic energy. (The small relative
variations of the energy of the colliding primary
electrons cannot affect the angular dependences. )
Table II gives angular dependences of only the
two most prominent peaks of series II. Unfor-
tunately, these peaks have an unsymmetrical shape
and do not lend themselves to a clear interpreta-
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curred in the measurements on small peaks of series
II are rather large. However, although conclusions
are not definite, one can say that our results do

not contradict the possible configuration 2)3; for
series II as has been predicted. *

Before discussing the other exit channels we
would like to make two general remarks about
resonance series I and II, First, series I has the
peculiar characteristic of decaying with a fairly
large probability into all energetically possible
electronic exit channels (B '3}, the dissociative
continuum b *Z;, and the electronic ground state
X 12;), In contrast, series II decays with a large
probability only into the vibrational levels v=1 and
2 of the B '} electronic state.

Secondly, we would like to remark that we have
looked carefully for the predicted? first level at
11. 07 eV of series I, but could not observe it in
any of the exit channels, It has been suggested that
the reason for this could be a very small Franck-
Condon factor for the formation of the compound
state from the molecular ground state, On the
other hand, experiment (Fig. 1 of Ref. 7) gives
rather large Franck-Condon factors for the v=0-0
transitions from the ground state X '} into the two
excited states c %I, and C T, of H,, Since the
potential curves of the two resonances are pre-
dicted? to be similar in shape and internuclear dis-
tance, it is difficult to see why the Franck-Condon
factors should be so different in the case of for-
mation of the negative ions. We have, therefore,
referred in this work to the first observed levels
of both series I (11.30 V) and II (11.50 eV) as
v=0,

McGowan and Williams have recently reported!’
the resonance excitation of the B '3} state by mea-

tion. In addition, the experimental errors in- suring the vacuum ultraviolet radiation which re-
TABLE II. Absolute differential cross sections in 107!® cm? for the decay into exit channel B '3} (v=0, 1,2) of
resonance series (rs) I and II.
rs I () rs I @)
Scattering
angle =0 v'=1 v'=2 v'=1 v'=2 v'=3 v’ =2 v'=4 v =0 v =1
(deg) v=0 v=0 v=0 v=1 v=1 v=1 v=2 v=2 v=1 v=2
10 9.9 27.4 16.0 8.5 6.4 6.5 5.2 2.1 6.0 4,8
20 7.4 22.5 13.4 6.2 4.9 5.8 4,2 1.8 4.4 3.5
30 6.4 21.8 11.7 6.3 4.7 5.5 4.1 1.4 4.0 3.1
40 5.4 20.0 9.5 6.0 3.6 5.0 4.0 1.1 3.0 3.3
50 5.1 17.0 7.6 5.4 3.0 4.5 3.8 1.0 2.7 3.3
60 4.9 13.5 5.7 4,8 2,3 3.8 4.3 1.0 2.4 3.2
70 4.4 10.5 3.7 3.8 2.1 3.0 3.7 1.1 2.5 2.9
80 4.2 7.9 2.9 2.8 1.5 2.2 3.2 1.0 2.0 2.7
90 4.1 6.0 2.3 2.3 1.6 1.9 2.8 0.9 1.7 2.5
100 4.2 6.0 2,3 2.1 1.4 1.9 2,3 0.9 1.8 2.4
110 4.4 7.1 2.9 2.0 1.8 2,3 2.0 0.9 1.7 2.2
120 5.0 7.9 3.1 2.5 2.1 2.5 2.1 0.7 2.0 1.8
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HoX's§ —Hy b33 at 1047ev; ¥70°

FIG. 4. Energy dependence of
the absolute differential cross
section for excitation into a nar-
row band (~ 60 meV) at 14,47 of
the dissociative continuum b 3z}
channel by electron collision with
Hy;. The zero line is dashed. The
length of the bar to the left of the
curve represents the absolute
scaling factor in units of 1.0x1071°
cm?/sr. The insert illustrates
the autoionization of the H,™ ion

differential cross section [10‘19%(;‘2]

into the energy band. The Franck-
Condon region is subdivided: The
direct excitation can only occur

in the center part, while transi-
tions into the resonance take place
over the whole width.

10 1 12 13

collision energy [eV]

sults from the (e, H,) collisions. There is qual-

itative agreement between our data and this work;
however, the results of these authors lie some 90
meV above ours along the energy scale.

Exit Channel b 3Z!, (Dissociative Continuum)

Figure 4 shows the excitation function of the
b 3% state. Since in the experiment electrons are
detected which have lost 10.47 eV, only transitions
into a narrow band (~60 meV width) of the b 32}
potential energy curve are observed. This is rep-
resented in the insert of Fig.4. To within 0,03
eV the resonance peaks occur at the same energies
as in series I. The broad maximum represents the
nonresonant contribution of the b 32} excitation
which has a maximum near 11.5 eV and decreases
with increasing collision energy. The direct ex-
citation into this state has been investigated at
higher collision energies by Trajmar et al.'® The
probability for the transition H, (Z}) - Hy(b 32)
is large for small energy differences but decreases
continuously with increasing energy difference,
The probability becomes negligible for the decay to
a point on the potential energy curve of the b %}
state outside the Franck-Condon region, although
this region would be accessible because the life-
time of the H, ™ ion is sufficiently long for molecular
vibrations.

Exit Channel X 12§ (v=0,1,2,3,4,5)

Figure 5 shows the energy dependence of the
absolute differential elastic cross section for dif-
ferent scattering angles. Again the resonance

14 15 !
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FIG. 5. Energy dependence of the absolute differen-
tial cross sections of the electronic and vibrational
ground state of H, (elastic channel) for three different
scattering angles. Note the different absolute scales
to the left. The dotted lines were constructed by extrap-
olation of the low- and high-energy sides of the direct
elastic scattering and have been traced in to bring out
the rapid variation of the shapes of the resonance peaks
with collision energy and scattering angle. The energy
positions of the resonance peaks (see text for calibration)
are shown at the bottom and are indicated with vertical
arrows for each curve.
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FIG. 6. Energy dependence of the absolute differen-
tial cross sections of the v =1 vibrational level of the
electronic ground state of H, for three different scatter-
ing angles. The zero lines are dashed. The length of
the bars to the left represent the scaling factors in units
of 10.0x10™1 m?/sr. for the 10° curve and 1.0 x1071?
cm?/sr. for the 40° and 90° curves. Note the rapid change
of peak shapes with collision energy and scattering
angle,

structure is caused by resonance series I and en-
ergy positions shown at the bottom of this figure
were obtained by direct comparison with the 19, 31-
eV resonance in He using a H,~-He gas mixture and
observing the elastic scattering at an angle of 100°,
where the resonance series in H, as well as the He
resonance appears as a uniform destructive pat-
tern. These energy positions are indicated with
vertical arrows on each curve to indicate the com-
plexity of the interference patterns at small scat-
tering angles. The dashed lines were also traced
in for the same purpose and were constructed by
extrapolation of the low- and high-energy sides of
the curve for direct-elastic scattering. The rapid
variation of the shapes of the resonance peaks with
collision energy is almost spectacular. This phe-

nomenon is unknown from resonance series in other
molecules, e.g., Ny, CO, NO, CO,, etc. It seems

implausible to explain this phenomenon by the as-
sumption that the phases for the potential scatter-
ing could change so rapidly, that by interference
the shape of the resonances should vary in the ob-
served manner, It should be noted that the col-

lision energy is of the order of 11 to 13 eV and that
we are considering elastic scattering, i.e., the
potential phase would have to change by about 45°
over an energy range of approximately 0.5 eV, It
seems to us that further theoretical investigations
are needed to account for this phenomenon., The
peculiar variation of resonance shapes with co§111-
sion energy can also be observed in the inelastic
vibrational channels,

A selection of excitation functions for excitation
of the vibrational lévels v=1, 2, 3, and 4 of the
ground electronic state are presented in Figs, 6-8.
The energy positions of the most prominent reso-
nances are indicated by small vertical arrows,
Within the limits of experimental accuracy, all res-
onance structure in these figures can be explained
by resonance I, with the possible exception of the
small feature close to 11.8 eV that can be seen
on the 10° curve in Fig, 6 (see also curve A of
Menendez and Holt!®), The zero lines are dashed,
and have been obtained from energy-loss spectra
taken at different collision energies. Whereas the
resonance contributions in different exit channels
are of comparable magnitude, the amount of direct
excitation of vibrational states decreases quite
rapidly with increasing vibrational quantum num-

. - 2
differential cross sections [10 ® %}

| INNLIN S S S B S S B B S B B B B B

collision energy [eV]

FIG. 7. Energy dependence of the absolute differen-
tial cross sections for different scattering angles and
into two different exit channels, » =2 and 4 of the elec-
tronic ground state. The zero lines are dashed. The
length of the bars to the left represent the scaling factors
in units of 1. 0x10 ¥em?/sr.
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FIG. 8. Energy dependence of the absolute differen-
tial cross sections of the v = 3 vibrational level of the
electronic ground state of H, for four different scattering
angles. The zero lines are dashed. The length of the
bars to the left of each curve represents the absolute
scaling factors in units of 1. 0x 107" cm?/sr,

bers. The angular dependences of the pure-reso-
nant and pure-nonresonant vibrational excitation
of the H, molecule in its electronic ground state
are distinctly different. In contrast tothe nearly
constant angular distribution for the resonant ex-
citation (see Fig. 6) the nonresonant part exhibits
a pronounced minimum close to 70° scattering
angle. Franck-Condon factors vary drastically
with respect to the exit channel (see Fig. 7, v=2
and 4) and are useful for construction of potential
energy curves, A surprising finding is presented
in Fig. 8. The three observable resonance peaks
in the same exit channel show quite different an-
gular dependence. This does not necessarily in-
dicate a breakdown of the Born-Oppenheimer ap-
proximation. This could also be explained by in-
terference between the resonance and the very
small direct-scattering amplitude. Indications for
this are the angular dependence of the shape of
the resonances, the different size of the saddle
between the first two peaks and the shift of the
maximum of the first resonance with respect to
the second one. Independent measurements of the
resonance decay into the electronic ground state
v=0, 1, and 2 performed by Comer and Read' are
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FIG. 9. Differential excitation function for the ¢ °IL,,
v=1 vibrational level. Admixtures of the a°T} state due
to insufficient resolution should be small (Refs. 21, 22).
No clear resonance series are discernible in the abun-
dant resonance structure.

invery good agreement with the present results. The
direct-scattering contributions into these channels
also agree very well with recent measurements

by Trajmar et al.?

Other Exit Channels

In the course of this work, a number of other ex-
citation functions have been measured, namely, the
triplet states ¢ *Il,, a 3%}, and several vibrational
states of the C ', B’ '}, and D 'll, channels,
Some of these states could not be resolved. All

e ENERGY POSITIONS OF Hj* -RESONANCES
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FIG. 10 Compilation of resonance lines observed in
the indicated decay channels. The thickness of the lines
is indicative of the measured transition strength. Trip-
lets I and II stand for the unresolved states c °Il, and
a32:, with predominant contribution from the c state (see
Refs. 21 and 22). I and Ilinthe top lines stand for C1Hu,
v=4 and 5 with some unresolved admixture of the B’ ’Ez,
and D' '], states.
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these measurements show lots of structure, es-
pecially close to threshold. Figure 9 gives an
example. This structure is the result of interfer-
ence of resonances with each other and with direct-
scattering contributions. Therefore, it is very
difficult at the moment to determine energy posi-
tions and configurations of possible resonances.
In Fig. 10 only positions of some maxima for these
channels are given, which do not necessarily coin-
cide with true energy positions, All these measure-
ments may be regarded as strong evidence for the
existence of resonance states other than series I
and II,

Recent measurements® with the trapped-elec-
tron method have also shown resonance structure
in these channels.,

SUMMARY

Figure 10 shows a compilation of the different
resonance lines that have been found in this inves-
tigation, Given are the energy positions of the
resonance states and the exit channels in which they
were observed, Three clear resonance series ap-
pear; (i) resonance series I starting at 11.30 eV
which decays into all energetically possible chan-
nels; (ii) four members of resonance series II
starting at 11, 50 eV which decays preferentially
into the B !T; channel; (iii) six members of a third
resonance series starting at 13. 63 which have been ob-
served. This series decays almost exclusively
into the C 'II, channel, with predominant transitions
occurring with the same vibration quantum num-
bersbetweenthe H,"ion and the C 'II, state of the
H,. The exit channels above B 'Z} (v=2) show a
lot of resonance (maxima, respectively, minima).

It is very likely that some of this structure may
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)

arise from other negative-ion states.

An approximate half-width of resonance series
I of 40 meV has been measured by direct compari-
son with the He resonance at 19, 31 eV using a
He-H, mixture and observing the elastic scattering
at an angle of 100°, Objections can be raised that
in such an experiment the resonance could be
broadened by the presence of H," ions that would
necessarily be formed, No broadening of the He
resonance was observed. By the uncertainty prin-
ciple the measured half-widths of the three reso-
nances correspond to a lifetime of the order of
107! sec; therefore, decay of any of these reso-
nances by light emission (1 ~10”° sec) is highly
improbable.

The outstanding behavior of resonance series I
is that it decays into all energetically accessible
exit channels. Table III gives absolute total cross
sections for the decay of this resonance series for
most of the exit channels where this series could
clearly be identified, In order to give a complete
picture for the decay of the resonance into the var-
ious exit channels it would be desirable to determine
the branching ratios for all the processes. If I, is
the intensity of resonance scattering into channel
i (integrated over all angles) and %,/ is the sum of
intensities over all decay channels, then the branch-
ing ratio for channel ¢ is defined as the ratio of these
two quantities. It is directly related to the partial
width T'; and total width I'= Z,T'; (see, for example,
Ref. 23).

In the case of the Hy ZE;‘ resonance (series I) the
situation does not consist simply in taking the
branching ratios from the experimentally deter-
mined intensities, because in several important
exit channels (X '3}, v=0, 1, 2) strong interference

TABLE III. Relative branching ratios for the decay of resonance series I in terms of absolute cross sections
(1071 cm?. The estimated error for the cross sections is in the order of 20%.
Exit channel v'=0 v'=1 v'=2 v'=3 v' =4 v’ =5
B!z v=2 0.27 0.39 0.09 0.14 0.14
v=1 e 0,41 0.29 0.39 0.18 0,10
v=0 0.67 1.4 0.76 0.21 .. .
b3zh? 11.02 eV . 0.11 0.10 0, 042 0. 020 0.008
10.76 eV 0.031 0,087 0.063 0.039 0,015 v
10.47 eV 0, 042 0,063 0,048 0.024 0,007
10,17 eV 0,033 0,045 0,022 0,011 0.004
b3z  Integrated values 2.0 2.5 2.5 1.4 1.0
x'z v=>5 0.09 . . .
v=4 0,04 0.2 0.06 0,02 .
v=3 0,14 0.23 0. 02 e
v=2
:i; Pronounced interference structure, see text.

2Within an energy band of AE ~ 60 meV.
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between resonant and nonresonant scattering occurs.
Therefore, it seems to be necessary to carry out
a complete partial-wave analysis for the e-H,
scattering problem for elastic and inelastic scat-
tering in order to get a complete set of branching
ratios. Such an analysis is outside the framework
of this investigation, and instead, a simplified
model was used for an estimation of resonance
contributions in the X 'Z; (v=0, 1, 2) channels.

In Table III relative branching ratios in terms
of absolute total cross sections have been listed for
those channels where practically no direct-scatter-
ing amplitude is present, i.e., for the v=0, 1, 2
vibrational channels of the B =} state and for the
v=3, 4, 5 channels of the X '3} state (ground
state). In the excitation functions of the b 3T} con-
tinuum state the resonances appear as peaks su-
perimposed on a nonresonant-scattering contribu-
tion of approximately equal magnitude (see Fig. 4).
In Table III the absolute intensities of these peaks
(nonresonant contribution subtracted) have been
listed. The uncertainty of these values (approxi-
mately 30%) is somewhat higher than in the other
cases because of experimental difficulties in mea-
suring the excitation of a continuum state.

One has to be cautious when comparing the val-
ues for the b 3%} state directly with the other values
in the table in terms of branching ratios or partial
widths, since the resonance peaks may be enhanced
by the interference term of the resonant and direct-
scattering amplitude. In the table only the mea-
sured intensities of the resonance peaks have been
considered. The decay probabilities show a clear
dependence on the positions of the energy windows
in the b 3%} continuum state. The nearer the win-
ow of the continuum state lies to the decaying res-
onance state, the higher the decay probability is
into this energy window. Integrated cross sections
(over all accessible energy windows) are also
given in the table. These values represent the
total cross sections for resonance scattering into
the electronic b ¥z} state.

The decay of the resonance into the electronic
ground state is practically free from direct-scat-
tering contributions only in the vibrational channels
v=3, 4, 5, whereas, in the channels v=0, 1,2,
strong interference with the nonresonant scattering
amplitude occurs. Therefore, for the latter chan-
nels the extraction of quantitative cross sections
for the resonance process from the measured data

is not possible without carefully analyzing the in-
terference structure. However, one can gain in-
formation by using the following model which is
valid, at least, for a spherically symmetrical
system (see, for example, Ref. 24). This model
describes the occurrence of a resonance by letting
the scattering amplitude trace out a circle in the
complex plane with a certain radius R, which is
determined from the minimum and maximum in-
tensities of the resonance line. The value 4R? can
then be taken as a measure for the pure resonance
effect in this channel. For example, in the case of
elastic scattering (channel »=0) the resonance ef-
fect is very large in absolute units., However, the
model shows that this is not due to a large reso-
nant scattering amplitude, but arises from the co-
herent superposition of a quite small resonant
amplitude on a very large direct-scattering ampli-
tude. The applicability of this simple model to
molecules needs careful study, but the model seems
reasonable inasmuch as we find that it gives val-
ues for the channels v=0, 1, 2 which are of the
same order of magnitude as have been measured for
the channels v=3, 4, 5. The measurements of the
excitation functions for the channels v=0, 1, 2
have been presented in absolute units (Figs. 5-17).
In this form, besides being of practical interest,
the curves contain the material needed for the
determination of quantitative branching ratios when
a detailed theory becomes available.

Summarizing the results of Table III, one can
state that the probability for the decay of resonance
series I into the three electronic states X !z},

b %z}, and B 'Z} of the H, molecule summed over
all vibrational states of the exit channel are of the
same order of magnitude. This behavior of res-
onance series I is contrary to the behavior of the
other two resonance series discussed in this paper.
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Basic Formulas

The radial Schrédinger equation for a modified Coulomb field is separated into two first-
order equations for a “phase” function and an “amplitude” function which vary only in the non-
Coulomb region »<#,. At r=7,, these functions are related to the mixing parameter and
normalization constant of quantum-defect theory. Integrals over the range [0, 7] give the
scattering phase shift and the wave function’s amplitude near the nucleus. Phase shifts for
negative energies serve to calculate the discrete eigenvalues of an atom or positive ion. A

numerical procedure for this approach is outlined.

I. INTRODUCTION

This paper originates from an attempt to ex-
plain the behavior of inner-shell photoabsorption
cross sections. Since these cross sections are
proportional® to the square of the final state’s am-
plitude near the nucleus, their interpretation re-
quires a suitable formulation of this amplitude in
terms of the factors that influence it. The phase-
amplitude method? (PAM) serves this purpose by
representing the inner amplitude in terms of a
definite integral over the non-Coulomb part of the
potential, provided one utilizes as basis functions

a pair of solutions of the Coulomb-field wave equa-
tion. The same method also produces a finite-
range integral expression for the exact scattering
phase shift.

In the last decade, Calogero and others® have
developed this method in the context of potential
scattering. However, this recent progress has
treated explicitly only potentials which vanish fast-
er than ! and has not yet applied the PAM to the
broader range of problems for which it is useful.

This paper further develops the PAM in three
ways: (a) It derives basic PAM formulas for the
case of a modified Coulomb field. (b) It describes



