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Cross section of the impact single ionization of B>* by H*
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The ionization process of B>* by H* impact is studied using the continuum-distorted-wave eikonal-initial-state
(CDW-EIS) method and the modified free electron peak approximation (M-FEPA), respectively. Total, single-, and double-
differential cross sections from 1s and 2s orbitals are presented for the energy range from 10 keV /u to 10 MeV /u. Com-
parison between the results from the two methods demonstrates that the total and single-differential cross sections for the
high-energy incident projectile case can be well evaluated using the simple M-FEPA model. Moreover, the M-FEPA model
reproduces the essential features of the binary-encounter (BE) bump in the double-differential cross sections. Thus, the
BE ionization mechanism is discussed in detail by adopting the M-FEPA model. In particular, the double- and single-
differential cross sections from the 2s orbital show a high-energy hip, which is different from those from the 1s orbital.
Based on Ref. [1], the Compton profiles of B2* for 1s and 2s orbitals are given, and the hips in DDCS and SDCS from the

2s orbital are explained.
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1. Introduction

Ion—atom collision ionization plays a vital role in ba-
sic research and various fields of applied physics, such as
plasma physics, astrophysics, and radiation physics. Hence,
understanding the basic atomic ionization processes has prac-
tical as well as fundamental physical importance. In the past
decades, great progress has been made in this active field >
and various theoretical approaches have been developed to de-
scribe the whole energy spectrum of emitted electrons: the
first-order Born approximation (FBA)®! (restricted to high-
energy projectile collision), classical trajectory Monte Carlo
(CTMC)®! (suitable for moderate- and high-energy projectile
collision), atomic orbital close-coupling (AOCC)"-! (suitable
for low- and moderate-energy projectile collision), continuum-
distorted-wave (CDW)!'9! (suitable for high-energy projec-
tile collision), and the continuum-distorted-wave eikonal-
initial-state (CDW-EIS) method!!'!! (suitable for moderate- and
high-energy projectile collision). Particularly, the CDW-EIS
method is an evolution of the CDW approximation, in which
the perturbation in the initial state is replaced by the Eikonal
approximation.!'?! Previous studies have demonstrated that the
CDW model fails for intermediate impact energies due to the
lack of normalization of the initial state. The CDW-EIS model
for ion-atom collision ionization process shows good agree-
ment with the experimental data of the total cross section
over a wide range of emitted electronic energy. As shown
in Refs. [13] and [14], the total ionization cross sections for
the process H+Li were calculated within the energy range
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from 10 keV/u to 10 MeV /u using CDW-EIS model, which
are in good agreement with the experimental data, so the simi-
lar CDW-EIS approximation is adopted in our present work. In
addition, many ionization mechanisms have been also found:
soft collision (SC) (the low-energy peak),!'! electron captures
to the continuum (ECC) (the cusp-shaped peak),''®! binary en-
counter (BE) (the high-energy ejected electrons ),!'”! and sad-

(18] The center picture has been recognized as a

dle ionization.
useful concept! ! for understanding various ionization mecha-
nisms. (i) The SC mechanism, which is characterized by small
energy and momentum transfers involving weak projectile im-
pact, is associated with the target—center case, and the FBA can
well describe the SC ionization because it includes the full tar-
get interaction in the final state. (ii) The ECC mechanism can
be successfully explained by means of the CDW and CDW-
EIS approaches, because the ECC implies two-center phenom-
ena, where the long-range forces of both the incident particle
and target atoms play an important role in the formation of
the electron cusp where the velocity of the emitted electron is
close to that of the projectile. (iii) The BE mechanism, which
is characterized by a large momentum transfer, can be referred
to as the zero-center case, and it can be described by the free-
electron peaking approximation (FEPA).!'S! In this work, in
order to well account for the BE ionization, we also exhibit
the modified free electron peak approximation (M-FEPA).

In our work, we focus on the ionization process of Boron
ion by proton impact. Boron element is the adopted plasma
facing material in the International Thermonuclear Experi-
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mental Reactor (ITER), because it can be rapidly ionized and
does not contribute to radiative losses in the central plasma
core. Enhanced energy confinement in current tokamak ex-
periments has been achieved by coating heavy metal facing

n.[?01 Besides, boronization is a widely

components with boro
used strategy in carbon-based plasma facing components to
improve their erosion, hydrogen retention, and some thermo-
mechanical properties.?!! Thus, a collision process involving
boron atoms (ions) has attracted increasing attention.”>%3 Hy-
drogen isotopes are magnetic confinement and inertial con-
trolled fusion (ICF) fuel.”%! In the ICF experiments, the heated
high-energy protons easily interact with wall materials, so the

following collision process:
HY+B**=H"+B* +e (1)

has important significance in laboratory research. However,
as far as we know, the only available datum of ionization for
the system B>"+H and the process e +B>* can be found in
Refs. [21] and [24]. Recently, absolute measurement of the
K-shell photo-ionization cross sections of ground-state B>+
has been performed.””! The Coulomb-Born approximation
has been employed to study charge transfer process for B¢+
(g = 1-4) with H?%?7] The cross sections of the charge ex-
change for BY" (¢ = 1-5) with H have been systematically
studied by adopting the CTMC method.!”8! However, the data
of the cross sections for electron excitation, capture, and ion-
ization during the collision process of Ht +B?* are seldom in
theoretical and experimental studies.

The rest of the paper is organized as follows. The adopted
theoretical method is briefly outlined in Section 2. The calcu-
lated results and the discussion of ionization mechanisms are
presented in Section 3. At last, a summary is given. Atomic
units will be used in the remaining part of this article, unless
explicitly indicated.

2. Theoretical method

In the CDW-EIS calculations, the ion—atom collision
ionization is usually treated as a three-body problem. The
independent-electron model is adopted for multi-electronic
targets. That is to say, the passive electrons are assumed to be
frozen during the collision process. Based on the impact pa-
rameter treatment, the nuclear orbit is treated as classical recti-
linear, while the electrons are completely described by adopt-
ing the quantum method. The cross section can be obtained
by means of integral for the transition probability, which is
described by the scattering matrix elements. The differences
between various theoretical methods lie in the selection of the
initial and final wave functions for the collision systems, and
those of interaction potentials.

As shown in Fig. 1, we consider the impact ionization
process of a lithium-like boron ion target (T) with the effec-
tive charge Zr by the projectile (P) with the nuclear charge
Zp and velocity vp. In addition, p is the impact parameter
(p-vp =0), R is the position vector of the projectile rela-
tive to the target (R = p + vpt), rp and rr are the position
vectors of the electron measured from the nuclei of projectile
and target, respectively; and = (r1+7p)/2. In the CDW-EIS

approximation, the transition amplitude can be written as!>’!

> , .0
aif(p)—i/_oodt<'f{+’Heigtf‘Pf_>. )

The initial wave function in the following form:[!!-1?]

2
x exp (—ivpIn(vprp +vp-Tp)), 3

Yt (r,t) = ¢i(rr)exp(—i&i)exp (— liUP'T— ;101§I>

is chosen ¢;(rr)exp(—ig¢) is the initial normalized wave
function of the bound electron with the bound energy €. For
the present B>* target, ¢;(r7) employs the Roothan-Hatree—
Fock wave function;*%! exp(—ivp-r/2 —ivt/8) is the elec-
tron translation factor,*!! which takes account of the energy
and momentum associated with the translation motion of the
active electron; and exp (—ivp In(vprp 4+ vp - p)) is the initial
eikonal distortion factor,|'2! which describes the electron in a
continuum state of the projectile. The final wave function can

be expressed asl!!12]

% (r,1) = (2m)* 2 exp(ik - r7) exp(—iexr)
X exp (—1i’Up'7‘ — 1iv§t>
2 8

X N*(E)1F; (—i&;1;—i(krr+ k- 1))

xN*()1F (—i&;1;,—i(prp+p-7p)). D
The vector k(p = k — vp) is the momentum of the emitted
electron seen from the center of mass of the target (projectile);
e =k2/2, & =Zr/k, { = Zp/p; N(a) is the Coulomb density
of states defined by N(a) = exp(mwa/2)I'(1 — ia); the quantity

(271:)3/ 2exp(ik-rr)exp(—igt) is the normalized free electron
wave function relative to the target; and

N*(&)1F (=i&; 1;—i(krr + k-77))

(N*(E)hF1 (=i 1, —i(prp +p-7p)))
gives the distorted factors of emission electron by the target
(the projectile). The electronic Hamiltonian is
ZpZr

Ho=—-v2_ 2T 22 . 5
¢ ZVV T err R )

The inter-nuclear potential has been removed by a phase
transformation,3?! which does not contribute to the cross sec-
tion. Thus, the triply-differential cross section is given by

d3 d3
0) =G = Frgrag ~ | WPleof @
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The double-differential, single-differential, and total cross sec-
tions can be written as

d’c 2m

o(&,0) = de.d(cos6) =k A d¢O(k), @)

d n
o(a) = d—:k - / d6sin 66 (&, ),

do 3
0-(9) = m - /dSkG(Sk, 9)7
o:/o d9sin66(6):/0md£kc(€k), ©)

respectively.

Fig. 1. (color online) Coordinates for proton (P) collision with B2 (T).
The origin O is taken as the midpoint of the inter-nuclear line.

In the present work, we also consider the results of FEPA,
because the comparison between CDW-EIS and FEPA data
may be very useful for evaluating and understanding electron
emission ionization mechanisms. In the FEPA calculation, the
electron is described by the bound wave function of the target
in the entrance channel, and the outgoing electron is treated as
a simple plane wave, as the three particles in the exit channel
are all free (which is defined by the zero-center case). The
double-differential cross section in FEPAP3 is

do? 47}

— = —=J 10

where J(p;) is the Compton profile determined by the initial
momentum distribution along the incident beam direction in
the following form:

2 g

k
=kcosO — — — —. 11
Pz =keos b = e (1)

The expression of the Compton profile J(p;) is available in
Ref. [1].
Eq. (10), we have replaced the momentum k by k!

w2\ 23 1/2
kc<2£k+3£i (1n£1_’> ) . (12)

Based on the first-order Born approximation results®! when

In order to remove the singularity for k — 0 in
19]

k — 0, this semi-empirical expression may well predict the
SC ionization, which will be discussed in the next subsection.

Hence, the FEPA method is named M-FEPA in our paper. The
single-differential and total cross sections are expressed as [1%]

do 8nZ3
— == (13)
d&'k Upkg
4n7? 02\ >3
o= (mf’) : (14)
3gv; &

respectively.

3. Results and discussion

The present approximations are based on the independent
electron model, so all of the cross sections should have been
gained by multiplying the number of electrons in the shell con-
sidered. However, we only give the case of one electron emis-
sion. Results are presented as follows. Firstly, in order to well
understand the ionization mechanism, the bound wave func-
tions and the Compton profiles of B>* are shown.

The bound wave functions of B>+ are shown in Fig. 2(a).
As we all known, the wave function of 1s orbital has no
node and is almost localized close to the nucleus (r<1 a.u.);
the wave function of 2s orbital has one node, and thus the
curve is divided into two parts: the inner part close to the
nucleus (< 0.5 a.u.) and the outer part far from the nucleus
(0.5 a.u. <r<6a.u.)?8] The differences between the two wave
functions of B>* may affect the Compton profiles. As seen in
Fig. 2(b), the line shape of the 1s orbital is broader, which
can be explained by the uncertainty principle: the distribution
of momentum can be wider because the 1s orbital is confined
close to the nucleus. While the line shape of the 2s orbital
also has two parts as its wave function does: the central peak
is governed by the outer distribution (0.5 a.u. <r<6 a.u.) and
the inner distribution (r< 0.5 a.u.) contributes to the line shape
of the broad background, as explained in Ref. [34]. It is also
noted that the hips appear in the vicinity of |p,| =2 a.u. in
the Compton profiles of the 2s orbital, which should originate
from the node of wave function for the orbital 2s. In the fol-
lowing, the hips will be found in the double-differential cross
sections and even in single-differential cross sections.

100

1.5 (2) (b)
— 1s sub-shell
1.0F 2s sub-shell |
=
&
~
=
=
—05F
—1.0 1 1 1 1 1 L ¥ 1 1 1
0 2 4 6 —10 0 10

r/a.u. p./a.u.

Fig. 2. (color online) (a) Bound wave functions of B2*. (b) The Comp-
ton profiles of B2 based on Ref. [1].

053401-3



Chin. Phys. B Vol. 22, No. 5 (2013) 053401

3.1. Double-differential cross sections (DDCS)

DDCS about the ejected electron energy and the ejected
electron angle can be obtained from Eq. (7) (CDW-EIS) and
Eq. (10) (M-FEPA), respectively. Here, in order to discuss
the ionization mechanisms conveniently, we only plot DDCS
for a fixed electron ejection angle 8 = 0° with the incident
projectile energies Ep = 500 keV /u and Ep = 5000 keV /u,
as shown in Fig. 3. The DDCS derived from the CDW-EIS
method all exhibit three obvious structures except for that
from 1s sub-shell for Ep = 500 keV/u (only the ECC peak
is found clearly): SC peak (~ 0 eV), ECC peak (~ 272 eV for
Ep = 500 keV /u, which can be obtained by setting vp = k),
and BE bump (~ 1014 eV for Ep = 500 keV /u and the 2s or-
bital, which can be obtained from Eq. (15)). This demonstrates
that the CDW-EIS model can well reveal the three ioniza-
tion mechanisms, where the two-center case is accounted for.
However, for the results obtained using the M-FEPA method,
the SC and BE ionization mechanisms can be reasonably de-
scribed, but the ECC ionization cannot be given when intro-
ducing the semi-empirical expression (12) and describing the
zero-center case. As seen from Fig. 3, the ECC peaks do not
exist in the results obtained using the M-FEPA method. In ad-
dition, the result obtained using the CDW-EIS method from1s
orbital for the moderate projectile energy Ep = 500 keV/u
(corresponding to vp ~ 4.472 a.u., which is close to the aver-
aged velocity D, of the initial bound electron relative to the tar-
get, D ~ v/2& = 4.197 a.u.) denotes that the ECC ionization
makes a dominant contribution, and there are not obvious SC
and BE ionization. With the collision energy increasing, SC
and BE ionization become more and more important. It is also
shown that the M-FEPA results from 1s orbital for the moder-
ate projectile energy Ep = 500 keV /u does not show obvious
SC and BE ionization. Moreover, DDCS resulting from the
two models have great deviations because the ECC ionization
plays an important role in this case. With the collision energy
increasing, SC and BE ionization appear, as seen in Fig. 3 (M-
FEPA). Furthermore, for SC ionization, although the results of
M-FEPA model have great differences from that of CDW-EIS
model in DDCS, they are in excellent agreement in the single-
differential cross sections, which is verified in the next subsec-
tion. While for BE bump, the results of M-FEPA model show
good agreement with those of CDW-EIS model, especially for
the higher incident projectile energy (when Ep = 5000 keV /u
for 2s orbital). Therefore, the M-FEPA model can well de-
scribe the essential features of BE bump in DDCS. As shown
in Fig. 3, it is also noted that, the DDCS from the 2s orbital
exhibits the hips, which are different from those from the 1s
orbital. This may be explained as follows: Eq. (10) describes a
remarkable peak which is identified as the BE peak related to
the Compton profile maximizes at p, = 0. Thus, the location
of the electron energy at BE maximum can be obtained using

Eq. (11), as it was in Ref. [35].
EPE =203 cos 6 — 2¢;. (15)

Besides, according to Eq. (10), with the electron momentum k
increasing, DDCS decreases, which results in the asymmetry
of the BE bump, and the hips should come from the Comp-
ton profiles of B2T for the 2s orbital (see Fig. 2(b)). Thus, the
structure analysis of BE bump may be performed by means of
the M-FEPA model.
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Fig. 3. (color online) Double-differential cross sections of 1s and 2s
electrons as a function of electron energy with 6 = 0° for (a) Ep =
500 keV /u and (b) Ep = 5000 keV /u. Short-dashed line: 2s sub-shell;
solid line: 1s sub-shell; blue circle: the shape of curve is defined as the
‘hip’.

3.2. Single-differential cross sections (SDCS)

The SDCS with respect to the ejected electron energy for
the projectile with Ep = 500 keV /u and Ep = 5000 keV /u can
be obtained using Eq. (8) (CDW-EIS) and Eq. (13) (M-FEPA),
respectively. Equation (13) (M-FEPA) is a similar expression
which has previously been deduced from the classical Ruther-
ford cross section''®! only using k instead of k.. According
to the classical conservation rules of energy and momentum,
& = 4T (T is the kinetic energy of the electron with the same
velocity as the projectile one) is the maximum energy that the
free electron can gain from the incident proton.l*®! Thus, it is
reasonable to set do/deg =0 (Eq. (13)) when g > 4T, as seen
in Fig. 4 (M-FEPA). When g < 4T, the results from CDW-EIS
and M-FEPA models are in good agreement for all high inci-
dent projectile energies (except for the result from 1s sub-shell
for Ep = 500 keV /u). Thus, the SDCS for B2t impacted by
H™ with high energy and for & < 4T can be well estimated
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by the simple M-FEPA model. When & > 4T, the curve for
the theoretical results from CDW-EIS method exhibits a turn-
ing point. For the high-energy projectile incident, the position
of the turning point is the BE peak (& ~ 4T is obtained from
Eq. (15)), and then the curve declines sharply, especially for
the higher incident proton energy, as seen in Fig. 4(a) (CDW-
EIS). This phenomenon is consistent with the results of the
classical conservation rules of energy and momentum as men-
tioned above. For the moderate-energy projectile incident (for
the ionization from 1s orbital with Ep = 500 keV /u), the po-
sition of the turning point is the ECC peak (& = T), which
demonstrates that the ECC ionization makes a relatively im-
portant contribution in this case. Hence, it can be seen that
the SDCS derived from M-FEPA has great difference from the
result of CDW-EIS. This is related to the characteristics of the
M-FEPA model, as discussed above.

T 10724

>@ 10—2()‘

E o107 R
a 10-30 f — CDW-EIS Py
S o MEFEPA hip
% 10! 102 10 10
— 10—22

i e 2s

> 1ok el JLECC (b)
% e
£ 10-26 { 1s | .
% 10-2f — CDW-EIS | hip?
8 [ MFEPA L .
n 10 100 10! 102 103

Electron energy/eV

Fig. 4. (color online) Single-differential cross sections for electron
emission with impact energy of (a) Ep = 5000 keV/u (b) Ep =
500 keV/u. Short dashed line: 2s sub-shell; solid line: 1s sub-shell;
blue circle: the shape of curve is defined as ‘hip’; and black arrows
indicate the positions of ECC.

It is interesting to analyze Fig. 4(a), and two phenomena
are found: (i) the curves of SDCS from the 1s and 2s sub-shells
almost overlap in the higher ejected electron energy; (ii) SDCS
from 2s sub-shell shows a high-energy hip, which is different
from that for 1s sub-shell. These can be illustrated by Fig. 5.
By adopting CDW-EIS, the double-differential cross sections
for the different angles and SDCS as functions of emitted elec-
tron energy from 2s sub-shell when Ep= 500 keV /u are dis-
played, as shown in Fig. 5. The electron energy of the BE
peak decreases with increasing electron emission angle, and
the peak disappears when the ejected electron angle is close
to 90°. Therefore, it is clearly noted that the higher-energy
ejection electrons mainly come from the BE mechanism cor-
responding to the large momentum transfer. In this case, the
ionization cross sections will be weakly dependent on the ini-
tial conditions of the bound electron in the target. Thus, the
agreement of SDCS from the 1s and 2s sub-shells at higher
ejected electron energy is explained. The high-energy hip in

the SDCS from the 2s sub-shell comes from the node of the 2s
wave function, as explained in Section 3.1.

T 1022 SDCSx4
7
= L
T 10
g
. L
%)
2 —26
8 10720F 50
L ° ips|
E—6=s80°
10728 g _goe

102 103
Electron energy/eV

100 10!

Fig. 5. (color online) Double-differential cross sections at different an-
gles and single-differential cross section of the 2s sub-shell for Ep =
500 keV /u. In order to show the SDCS clearly, the SDCS is multiplied
by 4.

3.3. Total cross sections (TCS)

Due to the lack of experimental data for the H 4+ B2*
system, the CDW-EIS method is used to calculate the total
ionization cross sections for the process H™ + Li with the en-
ergy ranging from 10 keV/u to 10 MeV /u, and the results were
compared with the experimental results,*>! as shown in Fig. 6.
The results demonstrate that TCS for the HT 4-Li system was
in good agreement with the experimental data. The same
methods are adopted to the process H +B>*. Figure 7 dis-
plays the total cross sections of the impact ionization from 1s
and 2s sub-shells for B>* impacted by H* using the CDW-EIS
and M-FEPA methods with the energy ranging from 10 keV/u
to 10 MeV /u, respectively. In order to ensure the accuracy
of the calculation, the scaled theoretical results for the colli-
sion ionization of Li by H* are also plotted in Fig. 7. For the
high-energy projectile, the ionization cross section for B> tar-
get approaches the scaled cross section for the lithium target,
which is well consistent with the scaling law based on FBA !
Hence, the data for HF +B?* in this paper are reliable. In
Fig. 7, comparison of the TCS resulting from M-FEPA and
CDW-EIS demonstrates that the difference between the total
cross sections obtained from M-FEPA and CDW-EIS is less
than 30% in the calculated energy range (for 1s sub-shell, the
energy is from 50 keV /u to 10 MeV /u; for 2s sub-shell, the
energy is from 500 keV /u to 10 MeV /u), and thus the simple
M-FEPA model can give a good estimation of TCS for B>* by
proton impact in this case; for the low-energy projectile case,
the results of the M-FEPA model cannot be given, as shown
by Eq. (14); and the higher energy impact case is not consid-
ered in this paper. Comparing the TCS from 1s sub-shell with
that from the 2s sub-shell, we find that the ionization from 2s
sub-shell is dominant because of its lower ionization energy,
especially in the case of the low projectile energy, and almost
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accounts for all contributions to the TCS, as shown in the insert
of Fig. 7. With the projectile energy increasing, the ionization
from the 1s sub-shell becomes more and more important. Fi-
nally, the percentages of the partial cross sections from the 1s
and 2s sub-shells are basically invariant, as the curve becomes
flat. Besides, the TCS has a maximum, which is related to the
position where the projectile velocity vp approaches the av-
eraged velocity D, of the initial bound electron relative to the

19.371 That is to say, when vp> 1 (the high-energy pro-

target.!
jectile), the ionization cross sections decrease with increasing
velocity projectile. When vp<De (the low-energy projectile),
the cross sections decrease with decreasing projectile velocity.

This can be proved as follows.

10—1.‘) L

10*20 L

1021

TCS/m?

10—22 -

10*23 L

10—24 L

10! 102 103 104
Energy of projectile/keV-u~!

Fig. 6. (color online) Total cross sections from the 1s and 2s orbitals as
functions of the projectile energy for the H" +Li system.

Ep>500keV/u (vp < 1), the area under the SDCS curve
decreases as the projectile energy increases. This demon-
strates that the collision mechanism depends on the rela-
tion between vp and De. For Ep< 500 keV /u, it is marked
in Fig. 8 that there are clear turning points whose loca-
tions correspond to the ECC ionization (for example, g ~
54 eV when Ep= 100 keV /u). With the projectile energy in-
creasing, it is also noted that the turning points correspond-
ing to the ECC ionization gradually disappear, and that the
other turning points appear, the locations of which corre-
spond to the BE ionizations (for example, g ~ 10893 eV
when Ep= 5000 keV /u). This denotes that the ECC ioniza-
tion mechanism is proved to be important in the moderate- and
low-energy collision ranges, and the BE ionization is obvious
for the high-energy incident projectile impact as mentioned in
Subsection 3.1 and 3.2. But as a whole, the SC ionization gov-
erns the total ionization cross sections because most electrons
are produced in glancing collisions. Moreover, the higher en-
ergies of the incident projectile are, the greater the contribu-
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Fig. 7. (color online) Total cross sections from the 1s and 2s orbitals as
a function of the projectile energy. Green line: the scaled results from
the collision of H with Li,’] where the cross section is multiplied by
ZT’,4 (ZT’,4 = ZBZ+ /Z1; = 1.8854) and the projectile energy is multiplied
by Z%,. The insert shows the percentages of the partial cross sections
from the 1s and 2s sub-shells in the calculated energy range.

The single-differential cross sections (SDCS) from the
Is orbital as a function of the energy of the ejected elec-
tron are calculated using Eq. (8) (CDW-EIS), as shown in
Fig. 8, at the projectile energy of 100, 200, 500, 1000,
2000, and 5000 keV/u, respectively. Figure 8 shows that
the area under the SDCS curve with the projectile energy
Ep=500keV/u (vp = D) is the largest, as shown in Fig. 7.
When Ep< 500 keV/u (vp > D), the area under the SDCS
curve decreases with decreasing projectile energy, while when

Electron energy/eV

Fig. 8. (color online) Single-differential cross sections of the 1s electron
as a function of the energy of ejection electrons for different projectile
energies. The black (red) arrows indicate the positions of ECC (BE).

4. Summary

The ionization process of B* by HT impact has an
important significance in ICF experimental research. In
the present work, the total, single-differential, and double-
differential cross sections from 1s and 2s sub-shells for B>+
ion are investigated by adopting the CDW-EIS. In order to
deeply analyze various ionization mechanisms, M-FEPA re-
sults are also given. The ECC ionization mechanism is proved
to be important in the moderate- and low-energy collision
ranges; the BE ionization mechanism is obvious for the high-
energy incident projectile. By comparing with the results of
CDW-EIS, we prove again that TCS and SDCS can be well
evaluated by adopting the M-FEPA model for the high-energy
incident case. Furthermore, the M-FEPA model reproduces
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the essential features of BE bump in DDCS, and the BE ioniza-
tion mechanism is discussed in detail. Especially, the DDCS
and SDCS from the 2s orbital show a high-energy hip, which
is different from those for the 1s orbital. Moreover, based on
Ref. [1], the Compton profiles of B>+ for 1s and 2s orbitals are
given, and the hips in the DDCS and SDCS from the 2s orbital
are explained.
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