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Double-electron excitations in electron collisions with NH; are investigated in the range of the outer valence
and inner valence excitations by means of angle-resolved electron-photon coincidence measurements. Double-
electron and single-electron excitations are termed double and single excitations, respectively, in this article. It
is found that the dissociative double excitation resulting in H(2 p) formation becomes more dominant over the
dissociative single excitation at 100-eV incident energy as the electron scattering angle increases just from 8° to
15°. This remarkable domination is not expected from the independent particle model and strongly supports the
double-excitation mechanism through the electron correlation induced by the penetration of the incident electron

depth into the valence orbitals of a NH; molecule.
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I. INTRODUCTION

It is of great significance to reveal the role of the electron
correlation in a wide range of matter, from atoms and
molecules to solids. In solids strongly correlated electron
systems have been actively investigated from the aspect of
fundamental interest and application to the electronics industry
[1-3]. In atoms and molecules the transition from the ground
state to the doubly excited state is a key issue in terms of the
electron correlation since a multielectron transition is in gen-
eral much more unfavorable than a single-electron transition
within the independent particle model. Hence investigation of
the double-excitation mechanism in a wide range of matter is
an invaluable direction for research on the electron correlation.

Doubly excited states of atoms and molecules are embedded
in an ionization continuum, unlike states below the ionization
energy. The doubly excited state of molecules is not described
as a product of the electronic and nuclear wave functions be-
cause of the superposition of electronically discrete and contin-
uous states of molecules [4,5] and, thus, attracts much attention
as a few-body correlated system, as shown below. Doubly ex-
cited molecules have a specific decay channel not seen in dou-
bly excited atoms, that is, neutral dissociation. Taking advan-
tage of neutral dissociation the superposition of electronically
discrete and continuous states of molecules can be removed
and only the doubly excited state separates. Over about the
last decade, experimental efforts have been devoted to precise
studies of the double excitation followed by neutral dissocia-
tion, i.e., dissociative double excitation, of diatomic molecules
mediated by the absorption of a single photon [6—17] and
electron collisions [ 18-21] in the range of excitation of valence
electrons. Neutral dissociation of doubly excited molecules
competes with autoionization. Dissociative double excitation
should hence be investigated, as well as double excitation
followed by autoionization [22-26], in order to obtain the full
picture of the dynamics of few-body correlated systems.
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Double excitation by the absorption of a single photon
and fast electron collisions in the domain of the Born-Bethe
approximation originates from the electron correlation in a
target molecule since the interaction operators in both cases
are expressed by a sum of single-electron operators [27].
However, double excitation by electron collisions at lower
incident energies seems to be brought about in a much different
way. It is hence of interest to investigate the double-excitation
mechanism specific to electron collisions at low-to-moderate
incident energies where the Born-Bethe approximation is not
appropriate. In this respect, interesting results were recently
obtained in electron collisions with not diatomic molecules
but polyatomic molecules. Our group found that for H,O [28]
and NHj3 [29] electron collision at 100-eV incident energy
and 8° electron scattering angle enhances dissociative double
excitation versus dissociative single excitation in comparison
with the absorption of a single photon. The momenta of the
incident and scattered electrons are in the range of 2.2-2.7 a.u.
(atomic units), which is around the upper edge of the
momentum distributions of valence electrons in H,O [30]
and NH;3 [31] molecules. The interaction of 100-eV electrons
with these molecules hence could not be expressed by a sum
of single-electron operators, unlike the Born-Bethe approxi-
mation. As a result the double excitation by 100-eV electron
collisions is not attributed to only the electron correlation in a
target molecule. In the context of the electron correlation, the
observed enhancement suggests that an incident electron of
100-eV kinetic energy penetrates so deeply into the valence
orbitals in a target molecule that it induces a stronger electron
correlation in an electron + molecule collision system than
the electron correlation in a target molecule alone in the
absorption of a single photon. To our knowledge, a limited
number of precise calculations of the cross sections for double
excitation by electron collisions at low-to-moderate incident
energies have been carried out, but such investigations have
been in progress [32-34]. It is hence fruitful to experimentally
substantiate the suggested mechanism of double excitation
through the electron correlation induced by penetration of the
incident electron into the region of orbital electrons.
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In this paper we aim to substantiate the double-excitation
mechanism through an induced electron correlation mentioned
above. For this purpose we measure the electron energy-loss
spectra of NHj3 in coincidence with detecting the Lyman-o
photons emitted by a neutral H(2p) fragment at 100-eV
incident energy and at electron scattering angles of 8° and
15°. These spectra are the cross sections (d*c/d EdQ2.d Qpn)
as a function of the energy loss E at given electron scattering
angles. Here, d>0/d EdQ2.d Q2 is the differential cross section
of the dissociative excitation resulting in H(2 p) formation per
unit ranges of E and solid angles of scattered electrons, €2,
and emitted Lyman-a photons, €2,,. Brackets (...) indicate
average cross sections with resolutions of £, Q., and ,,. We
stress that the key to observing doubly excited molecules is
measuring cross sections free of ionization since ionization
makes a large contribution that prevents the observation of
doubly excited states. The coincidence measurement is done
to eliminate the contribution of ionization and to separate only
the doubly excited state from superposition with the ionization
continuum. It is predicted from the double-excitation mecha-
nism through the induced electron correlation that the ratio of
the differential cross section for dissociative double excitation
to that for dissociative single excitation increases with an
increase in the electron scattering angle, for the following
reasons: (i) the ratio above seems to provide a good measure
of the strength of the induced electron correlation, with a higher
ratio indicating a stronger electron correlation; (ii) an electron
collision at a smaller scattering angle takes place when an
incident electron interacts with a target molecule in its outer
region, which is referred to as a distant collision, while that
at a larger scattering angle takes place when the incident
electron interacts in the inner region and is referred to as a
close collision; and (iii) it is natural that a close collision
induces a stronger electron correlation than a distant collision
does. The prediction is compared with the experimental result
to substantiate the double-excitation mechanism through the
electron correlation induced by penetration of the incident
electron into the region of orbital electrons.

II. EXPERIMENT

The experimental apparatus was described in detail in our
previous papers [35,36] and hence is summarized briefly here.
A time-resolved position-sensitive detector of electrons was
introduced for the angle-resolved measurement [35,36]. An in-
cident electron beam produced in an electron monochromator
was introduced into a gas cell filled with ammonia. Electrons
scattered into a small solid angle were energy-dispersed by
an electron energy analyzer incorporating a 50-mm-radius
hemispherical deflector, and dispersed electrons were detected
by a position-sensitive detector, which covers an energy-loss
range of approximately 11-eV width because of the 50-eV pass
energy of the energy analyzer. The resolution of the energy
loss was approximately 650 meV. Vacuum ultraviolet photons
emitted perpendicular to the scattering plane were detected
by a microchannel plate incorporating a MgF, window, which
provides a filter range of wavelength 115-150 nm. Signals
from the photon detector are attributed to Lyman-« photons
emitted by fragment H(2p) atoms since the fluorescence
spectrum measured at 100-eV electron impact on NH3 [37]
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shows a dominant contribution of Lyman-« fluorescence in the
wavelength range mentioned above. The electron beam current
was estimated to be several nanoamperes. The ammonia
pressure in the gas cell was carefully chosen so as to obtain a
good linearity between the electron and photon count rates and
the ammonia pressure, i.e., the ammonia pressure in the gas cell
was lower than 0.03 Pa, which was estimated from the mea-
sured pressure in the gas reservoir. A set of coincidence time
spectra between an energy-dispersed electron and a Lyman-
o photon is recorded in the multiparameter coincidence
system. The electron energy-loss spectrum in coincidence
with the detection of Lyman-« photons, simply referred to as
the coincident electron energy-loss spectrum, was obtained in
the range of an energy loss of 14-43 eV from several sets of
time spectra, following almost the same procedure as described
in Ref. [36].

III. RESULTS AND DISCUSSION

The ground electronic state of ammonia in C3, symmetry
[38]1is

X'A; day  Qa)* (le)*(Bar)*.
N—— N —— N ——’

Inner shell Inner valence Outer valence

The vertical ionization potentials for the (3a;)~', (le)7!,
(2a;))~!, and (la;)~! states of NH;t are 10.85, 16.4, 27.3,
and 405.6 eV, respectively [39,40]. In this article we focus
on the energy range of excitation and ionization of valence
electrons.

A. Superexcited states of NH; associated with the present study

Before showing the experimental results in Fig. 1, we
explain below the superexcited states of NHj3 associated with
the present study based on the states of NH3 T, since ionic states
have been studied in more detail than superexcited states of
NH; [29] and superexcited states are built on ion-core states
such that one electron is bound on an ion.

According to the precise calculation of the electronic states
of NH3 ™ by the symmetry-adapted cluster configuration inter-
action general-R method [41], the (3a, )~!and (le)~! states are
single-hole states, but the (2a;)~! state is described as a super-
position of the single-hole (2a;)~' configuration and double-
hole one-electron configurations, where the contributions of
the double-hole one-electron configurations are comparable to
or even larger than that of the single-hole (2a;)~' configura-
tion. The (2a;)~! state is a multiconfiguration state, and thus in
what follows it is referred to as the ‘(2a;)~"" state. The quota-
tion marks show that it is in fact a multiconfiguration state. The
superexcited state built on the (1e)~! core is a singly excited
state referred to as the (le)~!(mo) state. The symbol “mo”
stands for the molecular orbital. The singly excited (1e)~! (mo)
state involves just a single configuration of (1¢)~!(mo). On the
other hand, the superexcited state built on the ‘(2a;1)~"" ion
core is not a single-configuration state but is expressed as the
superposition of the singly excited (2a;)~! (mo’) configuration
and doubly excited configurations. The contribution of the
doubly excited configurations appears to be comparable to
or even larger than the contribution of the singly excited
(2a;)~ N (mo) configuration, as in the ‘(2a;)~"" ion-core state.
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FIG. 1. Electron energy-loss spectra of NHj; in coincidence with
detection of Lyman-o photons measured at 100-eV incident energy
and electron scattering angles of (a) 15° and (b) 8°. Differential cross
sections are shown on the same relative scale of the vertical axes in (a)
and (b). The resolution of the energy loss is approximately 650 meV
and the short vertical bars attached to the data points show the
statistical uncertainties. Upper axes show the values of K2, where
K is the magnitude of the momentum transfer vector. Long vertical
bars show the dissociation limits of the H(2p) formation indicated.
Curves show the results of the fits of Eq. (1) (see the text).

The superexcited state built on the ‘(2a;)~!” ion core is hence
considered a semi—doubly excited state. It is referred to as the
‘(2a;)~'(mo’)’ state. The quotation marks again show that it
is in fact a multiconfiguration state. According to Ref. [41],
there exist other multiconfiguration states of NH;* ions around
the ‘(2a;)~"" state. Each multiconfiguration state around the
‘(2a;)”~" state is described as the superposition of some
double-hole one-electron configurations with a negligible
contribution of single-hole configurations. Superexcited states
built on such multiconfiguration states of NH3* ions around
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the ‘(2a;)~"" state are hence doubly excited states expressed as
the superposition of some doubly excited configurations. The
contribution of singly excited configurations appears to be
negligible, as in the ion-core states. They are referred to as Dn
states, wheren = 1,2,3, ... is an index used to distinguish ion
cores.

The superexcited states of NH3; mentioned above were sub-
stantiated in single-photon absorption and electron collisions
of NH; by probing with Lyman-o photons in a study by
Ishikawa et al. [29]. They found four superexcited states of
NHj; that are allowed and result in H(2 p) formation in the range
of excitation energy below 32 eV: a singly excited (1e)~!(mo)
state at an excitation energy of 16.3 eV, a doubly excited D1
state at 18.4 eV, a semi—doubly excited ‘(2a;)~'(mo’)’ state
at 25.3 eV, and a doubly excited D2 state at 31.5 eV. The
terms singly and doubly excited states rely on the independent
particle model, where the motion of each electron in a
many-electron system is described by its own wave function,
i.e., orbital. In fact, the doubly excited D1 state, semi—doubly
excited ‘(2a;)~'(mo’)’ state, and doubly excited D2 state are
not so amenable to the independent particle model that they are
described as the superposition of multiple configurations. On
the other hand, the singly excited (1e¢)~!(mo) state is amenable
to the independent particle model, and thus it is described
with just a single configuration. There is a large difference
between the singly excited (1e)~'(mo) state and the doubly
excited (semi-doubly excited) D1, ‘(2a;)~'(mo’), and D2
states with respect to the validity of the independent particle
model. For this reason it is of no significance to distinguish the
doubly excited and semi—doubly excited states in this article.
In what follows the semi—doubly excited ‘(2a;)~'(mo’)’ state
is classified as a doubly excited state.

B. The coincident electron energy-loss spectra

Figures 1(a) and 1(b) show the electron energy-loss spectra
of NHj; in coincidence with detection of Lyman-a photons
measured at 100-eV incident energy and at electron scattering
angles of 15° and 8°, respectively. The scales of the vertical
axes are the same in Figs. 1(a) and 1(b). Several peaks originat-
ing from the superexcited states of NH3 and components of dis-
sociative direct ionizations are observed. These peaks are not
seen in the electron energy-loss spectra of NH; measured by
detecting only energy-dispersed electrons, without any coinci-
dence measurement. The relative contributions of the superex-
cited states involved change significantly with an increase in
the electron scattering angle from just 8° to 15°. It is likely
that the allowed superexcited states found by Ishikawa et al.
[29] contribute to the coincident electron energy-loss spectra
in Fig. 1. We obtain the ratios of the differential cross sections
due to the doubly excited ‘(2a;)~'(mo’)’ and D2 states to the
differential cross section due to the singly excited (1e)~!(mo)
state to substantiate the double-excitation mechanism through
the induced electron correlation as mentioned earlier. The
(le)~'(mo) state is the singly excited state nearest to the
doubly excited D1, ‘(2a;)~'(mo’), and D2 states in terms of
energy.

We separate the coincident electron energy-loss spectra in
Fig. 1 into the peaks due to precursor superexcited states of
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H(2p) atoms by fitting the equation [29]

d3c ke 1 / ,
dEdQdQ,, Kk K2 > A, exp(—Bo(E — Eq))
e p i >
a/
+ o - b>} (1)

where k; and k, are the magnitudes of the wave-number vectors
of the incident and scattered electrons, respectively, and K is
the magnitude of the momentum transfer vector. The first term
on the right-hand side expresses the sum of the contributions
of the superexcited states ‘e,” and A,, By, and E, are constants
independent of E. The first term is based on the multidi-
mensional reflection approximation [42] and the semiclassical
treatment of the decay dynamics of the superexcited molecules
involved [43]. The second term expresses the component of
the dissociative direct ionization of HQ2p) + NH, (X)) + e,
for which the dissociation limit is the lowest among those of
the dissociative ionizations resulting in H(2 p) formation [29]
and is shown by the vertical bar in Fig. 1. In Eq. (1) onn,+(E)
is the cross section of the dissociative direct ionization of
H(1s) + NH,t(X) 4+ e~ in the photoionization of NHj as a
function of the incident photon energy E, and a’ and b are
constants independent of E. Both the energy loss and the
incident photon energy express the excitation energy of the
target molecule, and thus the same symbol, E, is used for
both quantities. We use the cross section of the formation of
NH, " in the photoionization of NH; measured by Samson
et al. [44] as onp,+ (E). In the range of energy loss above 32.0
eV, there is the possibility that the dissociative ionization of
H(2p) + Nt P) +H,(X) + e~ contributes; its dissociation
limit, 32.0 eV, is shown by the vertical bar in Fig. 1 and is the
second lowest among the dissociation limits of the dissociative
ionizations resulting in H(2p) formation [29]. We hence fit
Eq. (1) to the coincident electron energy-loss spectra in Fig. 1
in the range below 32 eV. The validity of fitting Eq. (1) was
described in Ref. [29]. In the fitting, A), and a’ are fitting
parameters, but B, and E, for the allowed states mentioned
above and b are taken to be the same as those obtained from the
cross section for the emission of Lyman-« fluorescence versus
the incident photon energy in the single-photon absorption of
NH; [29] since B, and E, are inherent in the superexcited
states ‘«’ and b seems inherent in the process. The resolution
of the energy loss, approximately 650 meV, is not taken into
account in the fitting of Eq. (1) because the peaks involved
in the spectra seem not to be influenced by the resolution. A
good fit is obtained throughout the range below 32 eV with
the contributions of the singly excited (1e)~!(mo) state, the
doubly excited D1, ‘(2a;)~'(mo’), and D2 states, and the
dissociative direct ionization of H(2p) + NH,(X) + e~ as
shown by the dashed and solid curves in Fig. 1: the dashed blue
curve represents the (1e)~'(mo) state; the dashed pink curve,
the ‘(2a;)~!(mo’)’ state; the dashed yellow curve, the D2 state;
the dashed green curve, the D1 state; the dashed black curve,
the dissociative direct ionization; and the solid red curve, the
sum of the preceding curves. The contribution of the D1 state
is not noticeable and hence we focus on the singly excited
(1e)~!(mo) state and doubly excited ‘(2a;)~!(mo’)’ and D2
states. The good fit in Fig. 1 obtained with the contributions
of only allowed superexcited states shows that the forbidden

PHYSICAL REVIEW A 96, 012706 (2017)

states make just a small contribution in the range below 32 eV.
A forbidden doubly excited state around 35-eV energy loss
was recently reported in electron collisions with NHj at a
200-eV incident energy and 8° electron scattering angle [45].
However, the contribution of this state seems not to extend to
the present fitting range.

C. Domination of dissociative double excitation
over dissociative single excitation

As clearly shown in Fig. 1, it is remarkable that the
contributions of the dissociative double excitations (dashed
pink and yellow curves) become more dominant over that of
the nearby dissociative single excitation (dashed blue curve)
with a change in the electron scattering angle from just 8°
to 15°. The degree of domination is quantitatively shown in
terms of the differential cross section (d*c, /dQed Qpn), which
is obtained from (d’c,/d EdQ2.d Qpp) using

(d*00 /d2ed Q) = / (d%04 /dEdQdQpn)dE,  (2)

where (d30,/d EdQ2.d Qpn) is the peak due to the superexcited
state ‘o’ in Fig. 1. The quantity (d’0,/dS2dQpn) is the
differential cross section for the dissociative excitation to the
superexcited state ‘e’ resulting in H(2p) formation at a given
electron scattering angle. The ratio of (d0,/dQed Qpp) to
(dzo(le)fn(mo) /d2d2p) is plotted against the electron scatter-
inganglein Fig.2 [« = ‘(2a;)~ (mo’)” and D2]. As mentioned
the D2 and ‘(2a;)~!'(mo’)’ states are doubly excited states

(2a,) ' (mo’)
5 F—Ak—

o] at optical
limit — i
A

Dis. double ex. /Dis. single ex.

D

| | | | | |
0 4 8 12 16 20
Electron scattering angle(degree)

FIG. 2. Ratios of the differential cross sections for dissocia-
tive double excitations resulting in H(2p) formation to that for
dissociative single excitation against the electron scattering angle,
(d°04 /dS2edQpn) /(%0101 (mo)/dRed Qpn) Vs the electron scattering
angle. Squares, o = the doubly excited D2 state; triangles, o = the
doubly excited ‘(2a;)~!(mo’)’ state. Open symbols show ratios at the
optical limit (see the text). Vertical bars represent errors derived from
the uncertainties in fitting Eq. (1), and horizontal bars represent the
resolution of the electron scattering angle.
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and the (1e¢)~!(mo) state is the singly excited state nearest to
them. The angular variation may partly be due to the angular
anisotropy of the Lyman-« photons in the averaged differential
Cross section (dzoa /d2d2p,). However, the angle subtended
by the photon detector was so large, i.e., 60°, that the anisotropy
of the Lyman-« photons in (d%04/dSd Qpn) was smeared out
to a considerable extent. The angular variation seems to be
dominated by (do, /d2.). It is quantitatively revealed that the
dissociative double excitations resulting in H(2p) formation
become more dominant over the dissociative single excitation
with increasing electron scattering angle: the ratios increase
from 1.5 at 8° up to 5 at 15°. The large increase in the
ratios may be attributed to the dynamics and kinematics of
electron collisions. The magnitude of the momentum transfer
vector, K, plays an important role in the kinematics of electron
collisions. As shown on the upper axes in Fig. 1, the value of
K? ranges from 0.18 to 0.34 a.u. over the region of energy
loss where the precursor superexcited states of H(2p) atoms
lie at 8° and from 0.51 to 0.63 a.u. at 15°. The kinematics
for excitation to the singly excited (le)~'(mo) state seems
approximately the same as that for excitation to the doubly
excited ‘(2a;)~'(mo’)’ and D2 states at each scattering angle
since the value of K2 does not change quite as much. The
remarkable increase in the ratios in Fig. 2—in particular, the
ratios much larger than unity at 15°—could not be explained
by the kinematics but is mainly attributed to the dynamics
of electron collisions. We hence compare the experimental
results in Fig. 2 with the aforementioned prediction from the
suggested mechanism of double excitation through the electron
correlation induced by penetration of the incident electron into
the valence orbitals. The suggested mechanism of double exci-
tation is strongly supported by the present experiment since the
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remarkable increase in the ratios in Fig. 2 is consistent with the
prediction.

As mentioned earlier it is reasonable that the induced
electron correlation becomes stronger as the electron collision
transfers from a distant collision, with a smaller scattering
angle, to a close collision, with a larger scattering angle. In
this context it is valuable to plot in Fig. 2 the results at an
infinite incident energy and a 0° electron scattering angle,
i.e., the results at the optical limit, which are derived from
the cross section for the emission of Lyman-o fluorescence
in the single-photon absorption of NH3 versus the incident
photon energy [29] following the procedure [36] based on the
Born-Bethe approximation [27]. The electron collision at the
optical limit is an ideal distant collision [46] and does not cause
an induced electron correlation. The results at the optical limit
again support the suggested mechanism of double excitation
through an induced electron correlation since these results are
located at the expected position, i.e., a position lower than the
data points at 8°.

IV. CONCLUSION

In conclusion, it is found that dissociative double excitation
resulting in H(2p) formation becomes more dominant over
dissociative single excitation resulting in H(2 p) formation as
the electron collision with NHj3 at 100-eV incident energy
transfers from a distant collision (8° scattering angle) to a close
collision (15° scattering angle). This remarkable domination is
not expected from the independent particle model and strongly
supports the double-excitation mechanism through an electron
correlation induced by penetration of the incident electron into
the valence orbitals of a NH3; molecule.
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