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Abstract：We borrow the concept of virtual state to characterize the strong interacting feature of the

two transferred electrons in slow highly charged ions with helium collisions. Consequently, a potential

parameter ω is defined to distinguish the collision systems and to scale the double-electron transfer pro-

cesses. The Q-value is taken into account according to the classical over-the-barrier model. Comparing

with our previous experimental data, it is clearly shown that the true double capture or the autoionizing

double capture dominates when ω 6 1 or ω > 2, respectively. We clarify that the distinction of the

collision systems is essentially the ratio between the average excitation energy and the average binding

energy of the two transferred electrons at the scattered ion.
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1 Introduction

Double-electron transfer (DET) is one of the

basic multi-electron processes in slow collisions of

highly charged ions (HCIs) with helium atoms. In

such a process, DET is usually divided into two

subsequent stages: (i) the electron transfer and (ii)

the subsequent stabilization. Both classical[1−3] and

quantum[4−6] methods are developed to understand

the first stage. These theories usually treat the pro-

jectile as a structureless charged point, which is rea-

sonable for the electron transfer happening at large

inter-nuclei distance of about 10 a.u., as well as the

transferred electrons being populated in highly ex-

cited states. At the second stage, the doubly excited

states stabilize via either photon emission which

gives rise to true double capture (TDC), or Auger

electron emission leading to autoionizing double cap-

ture (ADC). The stabilization of DET was experi-

mentally investigated by both Auger spectrum[7−16]

and optical spectrum[16−19], and it was found that

ADC dominates if the two electrons are captured into

same or similar n-shells and that TDC dominates

when the two electrons are populated in asymmetri-

cal configurations. It was also found that the impact

velocity[18,20] and the projectile core properties[21]

affect the stabilizing results. However, the initial

population of the doubly excited recoiled ions is dif-

ficult to be calculated in very detail, and therefore

the decay scheme is indistinct. We still lack a precise

theory to describe the stabilization stage.

Sakaue et al.[22] measured the branching ratios

of DET in Iq+ (q = 10, 15, 20 and 25) with Ne, Ar,
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Kr and Xe collisions at 1.5 q keV. They introduced

the average principal quantum number ⟨n⟩ of the ex-

cited scattered ions and showed that Auger decay is

dominant when ⟨n⟩ is sufficiently large. Recently, Lü

et al.[23] investigated the relative ratio between TDC

and ADC in slow Aq+-He (A=C, N, Ne, Ar, Kr, and

q = 4 ∼ 7) collisions. They defined a potential pa-

rameter Ω= Imax/
(
IHe
1 +IHe

2

)
−1 to distinguish the

different collision systems, where Imax is the maxi-

mum bonding energy of the projectile vacancies, and

IHe
1 and IHe

2 denote the first and second ionization

energy of helium, respectively. They showed that

TDC is the major channel when Ω < 1 while ADC

becomes dominant when Ω > 1. They argued that

the electrons are influenced by both the projectile ion

and the recoiled He2+, and the stabilization is deter-

mined by the competition of the Coulomb potential

between the projectiles and the recoiled He2+. How-

ever, to our best knowledge, the Auger electron spec-

tra show that the emitted electron comes from the

scattered ion rather than the quasi-molecular of the

ion-helium system, which implies that during the sta-

bilization the interaction between the electrons and

the He2+ is negligible. In addition, Krok et al.[24]

showed that the stabilization of excited ion does not

depend on the target.

In this paper, we emphasize the strong inter-

acting feature between the two transferred electrons,

and present a practical approach to estimate the

stabilization ratio RTDC = σTDC/σDET (σTDC and

σDET are the cross sections of TDC and DET, respec-

tively). The Q-value is taken into account according

to the classical over the barrier model. We show that

the distinction of the collision systems is essentially

the ratio between the average excitation energy and

the average binding energy of the two transferred

electrons at the doubly excited ion.

2 The model

Since the transferred electrons are always pop-

ulated on excited states in HCI with helium colli-

sions, the electron-nuclei interaction is greatly re-

duced. Due to the strong electron-electron corre-

lation, the configuration mixing is large and the

independent-particle model is no longer a good

approximation[25−27]. Although the eigen energy of

each electron is nonsense, the total energy is still

a conserved quantity. Therefore, the two electrons

in doubly excited states couple together and should

be considered simultaneously, as if they are popu-

lated in a transient virtual state. According to en-

ergy conservation, the average binding energy of the

virtual state is ⟨Eb⟩=(E1+E2)/2, while practically

the electron binding energies E1 and E2 are calcu-

lated from any models about the electron transfer

stage, e.g., the MCBM (Molecular Coulombic Bar-

rier Model)[3].

According to this assumption, we propose a po-

tential parameter ω to represent the ratio between

the average excitation energy and the average bind-

ing energy:

ω=
Imax−⟨Eb⟩

⟨Eb⟩
=

IMAX

⟨Eb⟩
−1 , (1)

where Imax denotes the maximum bonding energy of

the projectile vacancies. The average binding energy

⟨Eb⟩ includes the contributions of the initial helium

binding energies IHe
1 and IHe

2 , as well as the Q-value

of the reaction

⟨Eb⟩=
IHe
1 +IHe

2 +Q

2
. (2)

The Q-value can be deducted following the idea

of the MCBM, which was expatiated by Niehaus[3].

Briefly, the superposed Coulomb potential has two

troughs due to the projectile ion and the helium nu-

clei, and the charge transfer corresponds to a tar-

get electron to overcome the potential barrier. In

atomic units, the potential at the inter-nuclei posi-

tion is written as V (r) = −q/(R−r)− t/r, where

q is the charge state of the ion, t represents the

charge state of the target core, R is the distance be-

tween the two nuclei, and r represents the distance

between the active electron and the target nuclei.

The height of the barrier between the two nuclei is

Vmax =−
(√

q+
√
t
)2
/R when r=−R

√
t/
(√

q−
√
t
)
.

During approaching (“way in”) the height of the

barrier decreases and the electrons successively over-

come the barrier and move around both nuclei. Tak-

ing into the Stark energy, the energy of the t-th elec-

tron in the superposed potential is Et = −It− q/R,



· 226 · 原 子 核 物 理 评 论 第 31卷

where It is the ionization energy. The condition to

overcome the barrier is Et > Vmax, so the distance

of overcoming the barrier is Rin
t = (t+2

√
qt)/It.

MCBM supposes that the energy of the electron

keeps constant after it overcomes the barrier, be-

cause it moves around both nuclei and the Stark

effect does not work anymore. Then its over-the-

barrier energy is Et = −
[
1+1/

(
t/q+2

√
t/q

)]
It.

While separating (“way out”), the electrons are suc-

cessively isolated by the raising barrier, and both

captured by the ion in DET. Taking into account

the Stark energy of the recoiled target again, the Q-

value of the electrons can be deduced. The Q-values

of the first and the second electrons are

Q1 =− I1
2
√
q+1

[
q−

2
(√

q+1
)2(√

q−1+
√
2
)2

]
, (3)

Q2 =− q−2

2
(√

2q+1
)I2 , (4)

where I1 = 0.9 a.u. and I2 = 2.0 a.u., respectively.

Q = Q1 +Q2 depends on the charge state q of the

projectile ion, and contributes a notable part to the

average binding energy.

If the average excitation energy Imax −⟨Eb⟩ is

smaller than the average binding energy ⟨Eb⟩, the

ADC channel closes. Even though the electron-

electron interaction still works and may lead to the

auto-transfer to Rydberg state[28−30], as shown in

Fig. 1(a). Due to the weak electron-nuclei interac-

tion, the electromagnetic transition is also reduced.

Therefore, when Imax−⟨Eb⟩ is larger than ⟨Eb⟩, we
further assume that, if only the ADC is possible in

energy, it will dominates over TDC, as illustrated in

Fig. 1(b).

Fig. 1 (color online) Stabilization of double-electron transfer in slow HCI-He collisions. Due to the strong

electron-electron correlation the eigen energy of each transferred electron is nonsense, but the total energy

is still a conserved quantity. Accordingly, the two electrons are assumed populating in a virtual state with

average binding energy of ⟨Eb⟩.
(a) If the average excitation energy Imax−⟨Eb⟩ is less than the average binding energy ⟨Eb⟩, ADC channel closes

therefore TDC dominates. (b) Otherwise, due to the weak electron-nuclei interaction and strong electron-electron

interaction, ADC channel dominates.

3 Result and discussion

The stabilization ratios RTDC (as well as the

autoionizing ratio RADC = 1−RTDC) in collisions

of Aq+ (A=C, N, O, F, Ne, S, Si, Ar, Ca and Kr,

q = 4 ∼ 9, 11, 16) with helium which is taken from

our previous work[21,31] are illustrated as two func-

tions of the potential parameter ω in Fig. 2. It clearly

shows that TDC or ADC dominates when ω 6 1

or ω > 2, repectively. In the region of 1 < ω < 2,

the RTDC decreases dramatically from about 90% to

about 10%. According to this definition, the poten-

tial parameter ω distinguishes the collision system

and can be employed as a scale to evaluate the sta-

bilization stage.

We note that in very high charge states region

(i.e., ω ≫ 1), the ADC channel dominates but the

stabilization ratio RTDC increases slowly with the

parameter ω increases. The reason is that the ra-

diative decay rate scales as q4 while the autoioniza-
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tion rate is independent of q[32]. This is consistent

with the results of Cederquist et al.[33], who mea-

sured cross sections for TDC and ADC in slow colli-

sions of Xeq+ with helium in the charge state regime

15 6 q 6 42. The minor fluctuation of the stabiliza-

tion ratio was studied by Krok et al.[24], who pointed

out that RTDC reaches a local maximum when the

number of electrons and vacancies in the outer sub-

shells is almost same. It also should be noted that

the shell effect on the stabilization following multi-

electron transfer (MET) was observed in slow Arq+-

Ar collisions[34], where the branching ratios of MET

vary dramatically with the inner shell open or close.

However, although the K-shell of F7+ and Ne7+,8+

is closed, the ADC dominates due to its vacancies is

deep enough to open the ADC channel. The poten-

tial parameter is a more critical criterion than the

shell effect[34].

Fig. 2 The stabilization ratio RTDC and the autoioniz-

ing ratio RADC =1−RTDC as functions of the po-

tential parameter ω in slow ions with helium colli-

sions. The slow ions we have considered, include

C4+, N4+, O4+, Ne4+, C5+, N5+, O5+, Ne5+,

C6+, N6+, O6+, F6+, Ne6+, Ar6+, Ca6+, O7+,

F7+, Ne7+, S7+, Ar7+, Ca7+, F8+, Ne8+, Ar8+,

Ca8+, F9+, Ne9+, Si9+, S9+, Ar9+, Ca9+ Si11+,

Ar11+ and Ca11+.

The solid and open symbols represent RTDC and

RADC, respectively. The data are taken from our

previous work, Yu et al. [21] (■ and □) and Cao et

al.[31] (● and ○). The solid and dashed lines are

employed to guide the eye.

4 Conclusion

A potential parameter ω is defined to scale the

DET process in HCI-He collisions, and in which the

Q-value of the collision is taken into account. It is

shown that TDC or ADC dominate when ω 6 1 or

ω > 2, respectively. In the region of 1 < ω < 2, the

TDC channel decreases rapidly, and correspondingly

the ADC channel increases. We introduce the tran-

sient virtual state hypothesis, and point out that

the distinction of the collision systems is essentially

the ratio between the average excitation energy and

the average binding energy of the two transferred

electrons at the scattered ion. The result agrees sys-

tematically with our previous experimental data.
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慢速高电荷态离子与氦原子碰撞中双俘获稳定比的势能参量

杜 凡
1, 2
，卢荣春

1
，于得洋

1

( 1. 中国科学院近代物理研究所，兰州 730000；

2. 中国科学院大学，北京 100049 )

摘要: 在慢速高电荷态离子与氦原子碰撞的双电子转移过程中，借用虚态图像来描绘转移电子间的强关联特

性；根据分子库仑过垒模型纳入反应Q值，定义势能参量ω来区分碰撞系统并度量双电子转移过程。对照之前

的实验数据，清晰地显示当ω 6 1和ω > 2时，纯双电子俘获或自电离双俘获分别占优。澄清了碰撞系统的本

质区别在于散射离子上两个转移电子的平均激发能和平均束缚能的相对比率。

关键词: 双电子转移；纯双俘获；自电离双俘获；双俘获稳定比
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