CHINESE JOURNAL OF CHEMICAL PHYSICS

VOLUME 28, NUMBER 5

OCTOBER 27, 2015

ARTICLE

Fully Differential Cross Sections for Single Ionization of Helium by AuQ+
Impact
Li-li Feng, Shi-yan Sun, Qiao-qiao Duan, Xiang-fu Jia ∗
School of Physics and Information Engineering, Shanxi Normal University, Linfen 041004, China
(Dated: Received on March 7, 2015; Accepted on May 18, 2015)

We present fully diﬀerential cross sections (FDCS) within three-body distorted wave (3DW)
for the single ionization of He by 3.6 MeV/amu AuQ+ (Q=24, 53) ions. By comparing our
calculations with experimental data and other theoretical predictions, we ﬁnd the cross sections are strongly inﬂuenced by highly charged projectile, ejected electron would be “pulled”
along in the forward direction. However, all of the theoretical approaches can not display
experimental unique forward peak structures in the FDCS.
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transfer in the scattering plane [11, 12].
In this work, we will apply the 3DW model to analyze
the fully diﬀerential cross sections (FDCS) for the single
ionization of helium by AuQ+ (Q=24, 53) impact at the
incident energy of 3.6 MeV/amu. Compared with the
corresponding experimental results, the ability of the
present method to reproduce the peak structure of the
experimental data is assessed.

I. INTRODUCTION

The study of electron emission spectra in ion-atom
collisions has been a ﬁeld of intense activity for years.
However, single ionization processes occurring in atoms
by the impact of highly charged particles have not
been completely understood [1−5]. During the last
decade, investigations on diﬀerential single ionization
of He by AuQ+ (Q=24, 53) projectiles have been reported where the projectile interaction with the He target was much strong [2, 3, 6−9]. These experimental
measurements present a substantial challenge to theory,
in principle, as they can show up signiﬁcant discrepancies which can be hidden in less diﬀerential cross sections [10]. Nonetheless, the theoretical interpretation of
the experimental results can not be satisfactory both in
shape and magnitude. The continuum-distorted-waveeikonal-initial-state approach (CDW-EIS) [1], the three
distorted-wave-eikonal-initial-state method (3DW-EIS)
[4], the coupled-pseudostate approximation (CP) [10],
have not been able to obtain reasonable agreement with
the measurements. These unexpected ﬁndings may be
due to lacking some physical eﬀects that are important
for highly charged ions. Accordingly, further other theoretical analysis and calculations seem appropriate and
interesting.

II. THEORY

Single ionization of helium in the ground state by the
impact of AuQ+ with incident momentum Ki relative to
the atomic center of mass is considered. In the centerof-mass (CM) system, the T-matrix element is deﬁned
as
Tf i = ⟨ψf− (r1 , rT , RP )|Vi |Φ+
i (r1 , rT , RP )⟩

where rT represents the coordinate of the ionized electron with respect to target ion, r1 is the coordinate of
the passive electron relative to target nucleus, and RP
is the position of the projectile relative to the atomic
center of mass.
The initial state Φ+
i is represented as a product of
a plane wave for the projectile and a wave function of
helium atom in the ground state

Three-body distorted wave (3DW) is well known and
has been shown to be capable of predicting the shapes
of cross sections at intermediate and high energies of
ion-impact ionization processes qualitatively [1, 2, 4].
Recently, the description was extended to high energy
C6+ -helium ionization and showed quite good agreement with experimental values at small momentum

(
Φ+
i (r1 , rT , RP ) =

1
2π

)3/2
exp(iKi · RP )ϕi (r1 , rT ) (2)

For the ground state wave function ϕi , we choose the
analytical ﬁtting to the Hartree-Fock (HF) wave function given by Byron and Joachain [13],
(3)

ϕi (r1 , rT ) = U (r1 )U (rT )
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with A=2.60505, B=2.08144, α=1.41, β=2.61 in
Eq.(4).
The ﬁnal state wave function ψf− is approximated by
−
a product of 3DW ψ3DW
and the ground-state wave
+
function of He ,
−
ψf− (r1 , rT , RP ) = ϕf (r1 )ψ3DW
(rT , RP )

ϕf (r1 ) = 23/2 π −1/2 e−2r1

(5)
(6)

−
ψ3DW
can be written as
−
ψ3DW
= C exp(ikT · rT ) exp(iKP · RP ) ·
1 F1 [iαT e ; 1; −i(kT rT + kT · rT )] ·
1 F1 [iαP T ; 1; −i(KP RP + KP · RP )] ·
(7)
1 F1 [iαP e ; 1; −i(kP rP + kP · rP )]

with the normalization factor
C = (2π)−3 Γ(1 − iαP T )Γ(1 − iαPe )Γ(1 − iαTe ) ·
(
)
1
1
1
exp − παPT − παPe − παTe
(8)
2
2
2
where kP and kT are the momenta of scattered projectile and ejected electron, respectively, which are both
considered with respect to the center of mass of target
ion (He+ ),
kP = (1 − γ) kT − [δ(1 − γ) + γ]KP
1
1
γ=
, δ=
MP + 1
MT + 1

(9)
(10)

1 F1

is the conﬂuent hypergeometric function.
The form of Sommerfeld parameters αTe , αPT , αPe
are
µTe Z∞
kT
µPT ZP Z∞
=
KP
µPe ZP
=−
kP

αT e = −

(11)

αPT

(12)

αPe

(13)

where µPT and µPe are the reduced masses of the
projectile-target ion subsystem and projectile-ionized
electron subsystem, respectively, and Z∞ is the charge
of the target ion. An uncertain point of this model represents the use of the asymptotic charge Z∞ =1.
If the ﬁnal channel projectile-target ion interaction is
switched oﬀ (αPT =0), Eq.(5) can be expressed as:
−
ψf−2C = ϕf (r1 )ψ2C

(14)

If both the interaction of the projectile-target ion and
interaction of the projectile-ionized electron are neglected (αP e =αP T =0),
−
ψf−1C = ϕf (r1 )ψ1C

(15)

This is the FBA (ﬁrst-born-approximation) [14] result.
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Perturbation corresponding to the initial state is
given by
Vi =

ZT ZP
ZP
ZP
−
−
R
rP
|R − r1 |

(16)

where R is the position of the projectile with respect to
the target nucleus. ZP and ZT are the charges of the
projectile and the target nucleus, respectively.
The FDCS in the CM system is given as follows [15,
16]:
KP kT
d3 σ
= Ne (2π)4 µTe µ2P ,He
|Tfi |2
dΩP dΩe dEe
Ki

(17)

where Ne is the number of electrons in the atomic shell,
µTe is the reduced mass of the ionized electron-target
ion subsystem and µP,He is the reduced mass of the
projectile-atom system. The solid angles dΩP and dΩe
represent the scattering direction for the projectile and
the ejection direction for the ionized electron, respectively, and dEe represents the energy interval of the
ejected electron.
The nine-dimensional integral (Eq.(1)) can be reduced analytically, to a two-dimensional integral on the
real parameters [17, 18] which has to be carried out
numerically.
III. RESULTS AND DISCUSSION

To check the accuracy of 3DW, we have investigated
the FDCS for single ionization of the helium by the
impact of 3.6 MeV/amu Au24+ and Au53+ ions, with
the ejected electron emitted into the scattering plane,
which corresponds to the measurements [4]. The results are displayed in Fig.1 and Fig.2, respectively. We
compare the FBA, 2C (two-Coulomb-wave) [17], 3DW
results with the experimental and 3DW-EIS [4] results.
In order to compare conveniently with other data, all
of our results have been normalized to put them on the
same scale as the experimental data.
From Fig.1 we can see excellent agreement between
the FBA and 3DW both in the shape and magnitude.
This implies convergence of our results which can describe the collision qualitatively. Binary peak of 2C
shifts towards larger ejection angles due to a postcollision interaction (PCI) between the highly charged
ion and the ionized electron. With the increase in momentum transfer, 3DW predicts the forward peak very
well but there is still small deviation with experimental measurements. All of the theoretical results show
the same angular distribution as the experiment and
have a shifting of binary peak towards larger ejection
angles. Furthermore, the cross sections of all the theories show clear binary peak and distinct recoil peak,
but underestimate height of binary peak. It is very delighting to see that the 3DW calculations exhibit the
improvement over the 3DW-EIS results and are in excellent agreement with the experimental measurements
c
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FIG. 1 Fully differential cross sections for 3.6 MeV/amu Au24+ impact ionization of helium in the scattering plane. The
ejected-electron energy is (a) 4.0 eV and (b) 10 eV, the momentum transfers are (a1, b1) 0.45 a.u. and (a2, b2) 0.65 a.u.,
respectively. The angle θe is the emission angle of the electron.

FIG. 2 Fully differential cross sections for 3.6 MeV/amu Au53+ impact ionization of helium in the scattering plane. The
ejected-electron energy is (a) 4.0 eV and (b) 10 eV, the momentum transfers are (a1, b1) 0.65 a.u. and (a2, b2) 1.0 a.u.,
respectively. The angle θe is the emission angle of the electron.
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in the recoil peak. Experimentally, since the projectile
is a positively charged ion, ejected electron is a negatively charged ion, they will be attracted along in the
forward direction. Through the comparisons with experimental data, we can see that the 3DW theory does
not show its superiority to the 3DW-EIS near the binary peak, neither the 3DW-EIS calculations nor the
present results predict a strong peak in the FDCS in
the forward direction. The agreement between experiment and these theoretical results is confused that may
be due to highly charged projectile.
Figure 2 shows the FDCS for Au53+ . As in the Au24+
case, the experimental data exhibit a similar structure,
the data appear to have a binary peak overlapping a
strong forward peak and there is also a shifting of binary
peak towards larger ejection angles. For this higher
charge state of the projectile, unlike the case of Au24+ ,
there are signiﬁcant diﬀerences observed between the
FBA and 3DW where the FBA results overestimate the
3DW results both in the binary peak and recoil peak.
Furthermore, the 2C contains some additional structure
in addition to the usual binary and recoil peaks in all
of cases. The diﬀerence between the Au24+ and Au53+
outcomes is remarkable. The theories are in reasonable
agreement for Au24+ , but are in dispute with each other
for Au53+ .
We have presented 3DW results for the single ionization of helium by 3.6 MeV/amu Au24+ and Au53+ ions.
For ionization by Au24+ there is a large extent of consensus between FBA and 3DW in the shape and magnitude, therefore we believe that in this case the theory is reliable. However, for Au53+ the situation is less
satisfactory. We forecast that the failure of the theory
stems from highly charged projectile. Consequently, the
present approach still neglects some important physical
eﬀects, such as the eﬀect of atomic polarization, treatment of projectile-target ion subsystem, and initial state
of the projectile [4].
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