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The plasma screening of fast-electron-impact-ionization by excited state (3p) of Hydrogen-like ions was investigated
in the first Born approximation with a plasma screening length dvarying from 1000aq to 10ag. The generalized oscillator
strength densities showed dramatic changes: some accessional minima occurred along with a remarkable enhancement in
certain continuum-energy domains. The double-differential cross sections exhibit not only the same structures as the Bethe
surface for moderate and large momentum transfers, but also a broadened enhancement for small momentum transfers.
The single-differential cross sections exhibit a near-zero-energy-enhancement and prodigious multiple-shape resonances,
depending on the continuum energy and the plasma screening length. These features are analogous to those of the photo-
ionization cross section. These findings, for both types of cross section, can be explained by processes associated with
continuum electrons, as long as the potential has a short-range character.
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1. Introduction

Electron-impact ionization processes are used in a diverse
range of fields, such as radiation physics, plasma physics, at-
mospheric physics, astrophysics and electron microscopy,!!!

2-10]

and have been subject to numerous theoreticall and

H-15] studies. In recent decades, high-resolution

experimental|
measurement has made high-order interaction terms dis-
cernible, especially in extreme conditions such as plasma envi-
ronments and strong electric, magnetic, or laser fields, etc. In

[16-25] ond

hot dense plasma, many theoretical investigations
experimental studies?®?”! have been performed on plasma-
screening effects on atomic structure and spectra,!”-?8 and
several of dynamic processes. Photo-ionization,[!32°-311 and
electron-impact excitation with hydrogen-like ions are in-
vestigated using the convergent-close-coupling method, [*?!
R-matrix method,?”! the first Born approximation,'®! and
the first-order semi-classical SL trajectory approximation. %]
However, studies on fast-electron-impact ionization are sel-
dom performed because of excessive partial-wave contribu-
tions and the inherent difficulty in carefully computing con-
tinuum wave functions.

If an incident electron is fast enough, the Bethe—Inokuti
theory (%3l can be applied, where the expression for the double-
differential cross section (DDCS) can be expressed as two

[2

distinct factors:[?! one dealing with the incident electron and

the other dealing with the target, which is the generalized
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oscillator-strength density (GOSD) of an atom or molecule.
The single-differential cross sections (SDCS) for the high-
energy-electron-impact ionization are finite but not zero at the
ionization-threshold for the pure-Coulomb potential. How-
ever, the most prominent manifestations of non-Coulomb
character for the self-consistent field are the shape resonances
and zero values at the ionization threshold from the Winger
threshold law. The shape resonances emerge due to the cen-
trifugal barrier in the effective potential of the continuum
channel &/’ when I’ > 0, and the zero values appear at the
ionization threshold due to the local potential. In the present
paper, the interaction between charged particles is local be-
cause of plasma screening, and thus we can predict that these
characteristics will account for the electron-impact ionization
process in a plasma environment. In a previous paper,3 we
studied the plasma effect on fast-electron-impact-ionization by
2p state of hydrogen-like ions in the Debye—Hiickel potential
Ze? r
V(T;Z,D):—Texp (_B>’ (1)
which denotes the interaction between an ion of positive
charge Z and an electron, where D = +/kpT./47en, is the
Debye screening length, kg is the Boltzmann constant, and T
and n, are the electron temperature and density, respectively.
The interaction potential (1) is accurate if the Coulomb cou-
pling parameter I" = ¢? /akgT, < 1, where a = (3/47rne)1/3 is
the average inter-particle distance, and the non-ideality param-
eter y = ¢*>/DkgT, < 1. However, the highly excited states are
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more important for plasma diagnostics because of their rela-
tively high population.

The purpose of this paper is to investigate plasma screen-
ing on fast-electron-impact ionization with 3p for hydrogen-
like ions in the first Born approximation (FBA). The calcula-
tion details can be found in our previous papers!!’-19-31:331 and
will not be given here for the sake of brevity. In the remainder
of this paper, we will present and discuss the characteristics of
GOSD, DDCS, and SDCS for the ionization process involving
3p state. Atomic units will be used for the remaining sections
unless otherwise explicitly stated.

2. Results and discussion
2.1. Generalized oscillator strength density

Following Ref. [33], the GOSD in Debye plasmas is given
as

~—

d _ Ag(6 )
ngOSD (q(8)) = 2(5) Y @r+1)(20+1)

1l

7\ 2 2

“(000) ()’ @
where Ag (8) = €(6) — &, (8) =€(6)+1(0) is the Z-scaling
transition energy by the transformation § = ZD,g(8) =
E(Z,D)/Z?, from the initial channel |nl) to the final chan-
nel |el’) . According to the energy conservation, Ag(8) =
k2(8)/2 — k% (8)/2 is the energy transfer, where k, and
ky are the Z-scaling momenta of the incident electron and

<

scattered electron, respectively.
17-19,31,33]

Based on our previous
research, | we can predict that this quantity will be
influenced by the plasma-screening effect because it effec-
tively changes the atomic wave functions (both bound and con-
tinuum) and the atomic ionization energies.

GOSD can be represented comprehensively by a three-
dimensional plot of df99SP(4(§))/de as a function of
In (q2 (5)) and €, called the Bethe surface,?! which embodies
all information concerning the inelastic scattering of charged
particles by an atom or molecule within the first Born ap-
proximation, and proves useful for an analysis of quantities
such as stopping power and total-inelastic-scattering cross sec-
tion. The Bethe surface for the pure Coulomb field is sepa-
rated into two distinct domains!?! depending on energy trans-
fer, and possesses a regular ridge in the larger energy-transfer
domain, which is common to all atoms and molecules and is
independent of the atomic or molecular inner structure. How-
ever, the Bethe surface is sensitive to the electronic structure
of an individual atom or molecule for smaller energy-transfer
domain, which corresponds to a lower continuum energy &,
whose wave function is largely dependent on the atomic poten-
tial, resulting in a considerable difference between the plasma
environment and the pure Coulomb field.

The Bethe surfaces from the excited state 3p are plotted
in Fig. 1 for 6 = 1000aq, 20ag, 10ag. In this work, we replace

the unscreened case with the case where 6 = 1000ag, because
we have already established that the plasma effect is practi-
cally negligible on the atomic energies and wave functions in
this plasma. In the unscreened case, there is a Bethe ridge
followed by a series of hips in the GOSD for 3p from the ion-
ization threshold to the larger continuum energy, as shown in
Fig. 1(a). The position and the value of these hips are regularly
arrayed as functions of &//3;, and momentum transfer In (4%,
as shown in the inset of Fig. 1(a). This feature is similar in the
2s orbital but different for the 2p orbital,[33! and is attributable

to the node of the wave functions for 3p and 2s states.
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Fig. 1. (color online) A model of the Bethe surface from the 3p ex-
cited state for hydrogen-like ion in Debye plasmas. The horizontal axes
for £/L5, and the momentum transfer Ing? define the base plane. The

vertical axis represents the generalized oscillator strength density. The
energy range for the continuum electrons is £/I3, = 1073 ~ 10.
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In a plasma environment, the bound and continuum wave
functions vary considerably due to the screening potential, the
zero-energy enhancement, and the shape resonance, to pro-
duce the above-threshold domain (green lines) and the reso-
nance domain (red lines) in the Bethe surface; the case where
0 = 20ay is a typical example, as shown in Fig. 1(b). In the
above-threshold domain, three accessional minima emerge in
the Bethe surface, and move towards the larger momentum
transfer with an increasing energy of electronic ejection. In
this energy domain, only the s wave is scattered and other
partial waves are forbidden. Owing to the centrifugal bar-
rier, there are three zeros for the transition (/#') = (110) and
these zeros are all observed in the screened case, as shown in
Figs. 2(a-2) and 2(a-3) for 6 = 10ag. Though there are four
nodes for the transition (/¢/') = (110) in the unscreened case
(Fig. 2(a-1)), the contribution from the higher partial waves
obscures all but the last node, because the coulomb potential

is long-range. The same phenomenon appears for 6 = 10ay,
as shown in Fig. 1(c).

With increasing energy of electronic ejection, the contri-
butions from the higher-angular-momentum states are more
and more prominent. No change occurs in GOSD for the un-
screened case, but significant changes emerge in the screened
case, where only one hip remains, and the Bethe surface
spreads outward. The GOSD then has a peak at € =4.39726 x
1073 a.u. (g/p = 2.3695x 10%), because § = 20ay < &5; =
20.068a.[" In this plasma condition, the f partial wave of
the ejecting electron is trapped in the quasi-bound state 4f and
its contribution will exhibit a strong enhancement (shape reso-
nance), whose transition matrix elements (/zI') = (123), (143)
are represented in Fig. 2(b-3). As a comparison, the other
transition matrix elements bearing significant contributions are
plotted in Fig. 2(b-2).
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Fig. 2. (color online) Multi-pole transition matrix elements from the 3p excited state in the plasma environment & = 1000ag, 20a,
10ag and for the continuum energy 8/13FJ = 10_5, 2.3695 x 10_3, 2% 1073, 0.02.
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Thus, the energy of the ejecting electronic continuum
for a single ratio is reduced with stronger plasma screen-
ing, in which case the number of final angular-momentum
states contributing to GOSD decreases, and the transitions
from the lower angular-momentum states becomes predomi-
nant. In the common plasma conditions, this contribution de-
creases progressively with the final angular momentum, be-
coming large for the same continuum energy. However, when
0 approaches (from below) some &7,
the final state !’ becomes predominant over all transitions,
and shape-resonance and zero-energy enhancement will occur
in the high-energy electron-impact ionization process, which
changes the photo-ionization process in plasma environments.

the contribution from

2.2. Double-differential cross section

In the previous subsection, we explained GOSDs (Bethe
surfaces) and detailed their odd structures. The plasma effect
on the double-differential cross section is discussed in this sub-
section.

A DDCS in the plasma environment can be expression as
a function of the GOSD

d [do'(8)

dQ( de >
_4k(3)  £6) 1

T ka(8) (v2+ 42 (8))* Ae ()
deGOSD(qw))( may )

de hartree - Degree

3)

Obviously, the DDCS is independent of ¢. The integration
over ¢ is performed, and thus the DDCS between the scatting
angle 6 — 6+ d6,

d do'o" (8)
sin6d6 de

(4B PO 1 a5 ()
B 7 ka(8) (v2+42(5))* Ae(5) de
naj
x (hartree~]0)egree) ’ @

where g2 (8) = k2 (8) + k2 (8) — 2k, (8) ky (8)cos O and v =
1/8. The DDCS is exactly the GOSD multiplied by

on (403 ) 1
Tka(8) (v2+42(8))* Ae(8) )’

which yields the contribution from the projectile particle as
well as the plasma-screening effect on the projectile parti-
cle. The factor ¢* (8)/(v* +¢* (5))2 degenerates to 1/4° (8)
when v — 0, namely, the no-plasma-screening case or the free
field. For no plasma screening, this factor decreases mono-
tonically with scattering angle increasing proportionally with
momentum transfer. However, in plasma conditions, this fac-
tor has a maximum near ¢ (8) ~ v, but is only approximate,
because Ag (0)and ky (8) are not constant.

When the incident electronic Z-scaling energy is fixed at
€, = 1keV =36.76 a.u., it is fast enough for any discrete-level

excitation of Hydrogen-like ions, so the first Born approxima-
tion can be used. Figure 3 represents the DDCS for 3p with
6 = 1000agy, 20.0ag, 11.0ay, 10.94aq, which are divided into
three domains: large-angle scattering (third domain), where
the DDCS only decreases monotonically; small-angle scat-
tering associated with a large energy transfer (the second do-
main); and small-angle scattering associated with smaller en-
ergy transfer (the first domain). All anomalous structures
appear in the first and second domain. In the second do-
main, when 8 = 1000ag (similar to pure Coulomb scattering),
the DDCS begins to decrease from the zero-scattering angle,
passes through an extended valley, climbs up to the peak value
then down to a hip, and finally enters into the third domain
(corresponding to the large scattering angle or the large mo-
mentum transfer). Meanwhile, the extend valleys are widened
and their magnitudes are reduced with increasing energy of
electronic ejection, and the positions of their peaks and hips
move toward the large scattering angle. However, in the first
domain, the DDCS decreases along a steep gradient slope fol-
lowing the hip because GOSD monotonically decreases before
reaching a minimum, while 1/¢? (§) also decreases with an in-
creased scattering angle, similar to Rutherford scattering.

When 6 = 20.0ag, the DDCS in small-angle scattering is
separated into three parts, in terms of the energy of electron
ejection: the above-threshold domain, the shape-resonance
domain (or near-zero-energy enhancement domain), and the
large-energy domain. In the above-threshold domain, the
DDCS has four broadened enhancements and four minima
(corresponding to the pink line from the inset in Fig. 3(b)).
The first broadened enhancement and minimum are produced
by the factor ¢* (8)/(v* + ¢ (5))2, the rest of the minima and
the broadened enhancements correspond with positions in the
GOSD. The first peak of the first broadened enhancement is
located around 6 = 0.24258°, corresponding to the momen-
tum transfer ¢ (0=20) = 0.0364 # % = Vv when € = 10,
which does not agree with v because of the singularity of the
GOSD in this domain. With the energy of electronic ejec-
tion continuously increasing, but in advance of the shape reso-
nance, the contribution from the higher-angular momentum is
more and more important. These minima and broadened en-
hancements are erased, and only one enhancement following
a hip remains. In the shape-resonance domain, the transitions
(Itl") = (123),(143) dominate the DDCS, whose magnitude
increases rapidly. For the larger energy transfer, the DDCSs
are similar to the unscreened case and independent of atomic
structure.

When 6 = 10.94q, the DDCS resembles the case where
0 =20.0ay, because 8 = 10.94ay < &5, = 10.947a¢. Here, the
transitions (/z/") = (112),(132) dominate the DDCS, and their
magnitudes increase rapidly. In contrast, figure 3(c) shows the
DDCS for 6 = 11.0ag > 054 = 10.947ap, where there is no
shape resonance.

Now, we must emphasize that DDCS deceases monotoni-
cally with small scattering angles for the plasma-screening in-
teraction, which is the biggest difference from pure Coulomb
scattering.
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Fig. 3. (color online) A model of DDCSs from the 3p excited state for hydrogen-like ions in Debye plasmas. (a) 6§ = 1000a, (b)
& = 20ag, (c) § = 11ap, and (d) 6 = 10.94ay. The horizontal axes for £/I3, and the scattering angle 6 define the base plane. The

vertical axis represents the double-differential cross section. The energy range for continuum electrons is /I3, = 1073-10.

2.3. Single-differential cross section

The single-differential cross section (SDCS) can be cal-
culated from the DDCS as follows:

do™(8) Td (do(§)\ . naj

de

Using the previous double-differential cross sections, the SD-
CSs from the excited state 3p for the incident-electron en-
ergy & = 1 keV at a variety of Debye lengths are shown
in Fig. 4. Bracketed values for the critical screening length
are chosen in order to demonstrate shape-resonance and zero-
energy enhancement in the SDCS, namely,*!! § = 11.0ay >

51 = 10.947ay > 10.94a0 and 19.772a9 = 65, < 6 = 20ay <

4t = 20.068a¢. The envelopes of the SDCS for high-energy
electron-impact ionization are similar to those of the photo-
ionization cross section in plasma environments, i.e., exhibit-
ing multiple shape resonance, and near-zero-energy enhance-
ment. However, only the dipole transition happens in the
photo-ionization process, and here any-pole transitions are
possible, as long as a virtual bound state exists in this plasma
condition. It is worth noting that the peaks of the SDCS
from 3p and 2p fall at the same continuum state in the same
plasma condition, £ = 1.225 x 107* a.u. = 3.33 x 1073 eV
for 6 = 10.88ag and € = 8.67 x 1075 au. =2.37x 1073 eV
for § = 10.90a,3! respectively. The energy position and
widths of the resonance peaks within the SDCS are related

to the extent of the difference § — &;, from below, which was
demonstrated in the photo-ionization processes in our previous
work. 3!l The multiple series of shape resonances and near-
zero-energy enhancements in the photo-ionization cross sec-
tion will appear in the SDCS of for electron-impact ioniza-
tion, as shown in Fig. 4, and their origin and properties are
described in Ref. [31].

107k S ——6=10.00ag —— §=10.87a,
< ——§=10.89a9 —— §=10.90a0
L et —6=10.92a9 — 6=10.93ag
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2 103k 0
F
101 F
L
101 i 1 1 1 ! !
10-6  10-° 104 1073 10-2 107!
Emitting electron energy/a.u.
Fig. 4. (color online) Electron-impact ionization single-differential

cross sections for the 3p excited state of Hydrogen-like ions in Debye
plasmas with the incoming electron & = 1 keV. The energy of elec-
tronic ejection € ranges from the ionization threshold to 10 times the
ionization energy.
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3. Conclusions

We have studied plasma effects on generalized oscil-
lator strength densities (Bethe surfaces), double-differential
cross sections, and the single-differential cross sections from
electron-impact ionization in the Debye plasma environments.
The results demonstrated that GOSD from the excited state 3p
were enormously varied because of plasma-screening interac-
tions, especially near ionization thresholds and with smaller
momentum transfers, which corresponding to smaller scatter-
ing angles. Accessional minima (hip), broadened peaks, and
remarkable augmentation consistently appear in GOSD and
DDCS, while multiple shape resonance and near-zero-energy
enhancement appear in SDCS, all of which are dependent of
the plasma conditions. Although we used the simplest Debye
potential to simulate the plasma screening interaction and only
calculated the case from the lower orbital, the results have uni-
versal significance: the shape resonance and near-zero-energy
enhancement will appear in the case of the Rydberg states
when the screening interaction is not as strong previously con-
sidered, or the screening interactions are not used by the De-
bye model, but the interaction become local. These effects
should be considered in the simulation of spectroscopy for
hot, dense plasmas, and are more important for low-energy
electron-impact excitation and ionization processes. 2%-2%-34]
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