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Abstract: The development of experimental ion-trap techniques provides the opportunity to
compare directly theoretical rate coefficients to experimental data in the low-temperature
regime. In the present work, we consider the ion-atom collisional systems, N**, 0**, Si** and
Si** on a He target, in order to examine the present status of the agreement between theory
and experiment.
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|. Introduction

Charge transfer processes involving low-energy multiply charged ions in collision with atomic or
molecular targets are determinant in laboratory and astrophysical plasmas. In such processes, an elec-
tron is generally captured in an excited state of the ion, followed by line emission. Line intensities pro-
vide important information on the electron temperature, density and spatial distributions in the emitting
region of the plasma. In some cases, however, the electron may be captured directly in a ground state
of the ion, whereupon ionization may occur rapidly via the inverse charge transfer process [1,2]. A
precise understanding of charge transfer processes is thus essential for the determination of the ion
abundances and ionization balance of the plasmas.

From atheoretical point of view, the description of very low-velocity processes requires a complete
guantum mechanical treatment of the dynamics of both electrons and nuclei. The first approach exten-
sively used is the resolution of the stationary close-coupling equations [3]. We have analyzed recently
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the efficiency of a time-dependent wave packet method [4-6] which provides a clear and physical in-
sight into the dynamics of the processes and may be particularly interesting for polyatomic systems
since it allows the possibility of developing a fully quantal mechanical treatment for some degrees of
freedom, the other ones being treated classically. In this method, a wave packet initially located in the
entrance channel is propagated on the coupled electronic potential energy curves; the collision matrix
elements are then extracted by Hankel transform of the time signal obtained from a wave packet stored
in the asymptotic region. The main features of this approach are summarised in section 1l.

The development of modern facilities such as crossed- or merged-beam techniques [7,8], and more
recently ion-trap experiments [9] lead to possible experimental investigations in the very low collision
energy range. Experiments using laser-induced-plasma ion sources and ion storage [9] provide for the
first time a direct determination of rate coefficients at low temperatures, of the order of 10° to 10* K.
Since ions are produced by laser ablation from a solid target, no source gas is required ; this avoids the
potential source of systematic error due to reactions between the ions and the source gas. The ions are
then stored in a cylindrical radiofrequency ion trap and the mass selectivity of the ion trap allows for
the storage of a specific ion group with no other concomitant ions present. Laser ablation produces the
ionsin avariety of excited states, but they rapidly cascade to their ground state and low-lying metasta-
ble states through allowed transitions and collisional deexcitations with plasma electrons.

Such experimental techniques provide the possibility to compare directly theoretically determined
rate coefficients at low-temperature to experimental data The O*/0%* [9-11], N** [12,13], and
Si**/Si** [14,15] ions colliding with gaseous targets of He, H,, N,, and CO and, more recently, He'
[16] and H3" [17] ions colliding with molecular targets of N,, CO and CH,4 have been investigated ex-
perimentally. From the theoretical point of view, ion/atom collisions involving O*, N**, Si** and Si**
on He have been extensively studied. The comparison with the experimental results appears to be quite
different from one ion to another, showing good agreement in some cases, but very large discrepancies
in others. The purpose of this review is to investigate the collisional systems, O** + He [3,18-20], N**
+ He [20-21], Si** + He [1,2,23,24,28] and Si** + He [5,6,23,24-29] in order to exhibit the difficulties
encountered both in the theoretical and experimental approaches. The systems O*" /He, N** /He, Si**
/He are treated by the close coupling formalism. The wave packet method is applied to the Si** /He
case

II. Wave packet dynamics

The convention 7= 1 is adopted throughout. The theoretica model used to solve the time-
dependent Schrodinger equation
i o[Ry (r, R,/ 0t = H[Ry (r,R,1)],
where A is the total transformed Hamiltonian (H =RHR™') which has been described in detail by Vaeck
et al. [4]. In summary, the wave function corresponding to the entry channel i is given by the superpo-
sition :
w (r,R,t)=1 R;AX (R,1)¢,, (r:R)Y," (6,9),

where K is the total angular momentum with A its projection on the internuclear axis. The nuclear
wave functions are the product of an angular part, Y*,, and aradial part which contains the entire time
dependence, x* 1. The electronic wavefunctions ¢4 can be expressed either in the adiabatic (¢u1=aa.)
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or in the diabatic (¢,4=d.1) representation. The unitary matrix F transforming the adiabatic representa-

tion in the diabatic one is obtained by solving the equation :

O FiPF=0,
OR

where the matrix P contains the radial coupling matrix elements.
The corresponding time-dependent functions, y*.i(R.5)=4% A(R,t) or y*.u(R.1)=D* ,u(R,t) are solu-

tions of the coupled equations :

Oy (Rt « <
; % a( ):ZHaAﬁA.ZﬁA.(R,t).
t BN

When Coriolis coupling is neglected, the H* matrix is written, respectively

_ 2
HK:TRI+EG+K(K+1) 2A|_ 1[ a}

+2P—
2uR’ 2u Q OR

in the adiabatic representation or

K(K +1) -2/’
2 1R?

in the diabatic one. T is the nuclear kinetic operator, Tx=-1/2u 6°*/0R?. E* is the diagonal matrix of the

adiabatic energies, and H” is the matrix of the electronic Hamiltonian in the diabatic basis set. The ra-

dial coupling P matrix elements, P,s=<a, /&R /aﬂ> have been calculated using a numerical differen-

tiation method. The double derivative matrix elements Q.5 have been computed from the following

relationship [30,31] :
0? 0 0 0 0
0, —<aa GRz‘a'B>_8_R<aa (3_R aﬁ>+;<aa 8_R ak><ak‘6—R‘aﬂ>,

The radial wavefunction for the initial state (a¢=i) at time =0 is given by a Gaussian wave packet cen-
tered initially in Ry with a width o at half maximum, and a mean relative kinetic energy & corre-
sponding to the wave number ky=(2p5)"

H* =T J+H" +

YasilR,1=0) = 1/(mor’)” exp(-ikoR) exp(-s[R-Ry/c]’).

In any method based on wave packets, the extraction of energy resolved functions requires the compu-
tation of the amplitude of the initial wave packet on the stationary states

na (E) :<lP(:E ch0>
Yo 1Slocated in the asymptotic region so that only itslimit is used

PR —5 5o | M (k,R) 6 - X S (E)hy (K, R
2nk,, 5
where h*(k R) are the Hankel-Riccatti outgoing/incoming wave functions corresponding to the long
range potential  K(K +1)/2uR? and k, =+/2u(E-E,). When y_, does not contain any outgoing

momentum, one has

_ K
e [ hek,R)g, (R)dR

where g,(R) is a Gaussian function in the entrance channel.
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Different strategies are possible in order to obtain the collision matrix elements. They have been com-
pared in [6]
(i) The spectral projection method. The Sga (E) elements are extracted from the functions

vieR1) = -G (E) ,0(R) ()
where G (E) = (E - H+i 0)" istheresolvant. The general relation is
i (]G B)tao)
2n n(E)n, (E)
When the probe nuclear wave packet in the asymptotical region y, is chosen to be the delta function
9;(R)=06(R-R,), onegets

S;'3<Q(E)=-,/2n—:B hi (kgR..) @y, (R, E) I, (E)

@, (R,E) = <¢BK \VZLE>“Q
The resolvant in (1) can be comptuted by time independent or time dependent methods. In the first
case, G (E) is expanded on the Chebyshev polynomials by using the Mandelshtam and Taylor modi-
fied recursion [32]

S. (E)=

where

G+ (E) Koo = ian (E) Tn (ﬁscde) Xao

n=0
where I:IScale is the scaled Hamiltonian mapping the spectrum in the range [-1, 1] [33]. In the second
case, G"(E) isexpressed asthe Fourier transform of the evolution operator

G (E) 7uo = -1 [, exp(-iHt) x,o eXp(EY) ct &)

The wave packets are then propagated on the coupled electronic potentials using the split-operator
technique [34] in the diabatic representation and the more cpu time consuming Chebyshev scheme in
the adiabatic basis set. The difference comes from the structure of the H® matrix in the two representa-
tions. The Chebyshev method only requires the computation of the /¥ and is thus able to account for
any kind of differential operators.

(i1) The flux method. Within this approach, the square modulus of the Sga (E) elements are related to

the average value of the flux operator evaluated in the asymptotical regionat R = R
+ | DK EBK +\ 1 K 2
(Wi |PFRS W) _2_7:‘ Sk, (B)

where f’BK is the projector on the electronic state and

ﬁ:l(ia(R “R,)+3(R- Rc)i)
2u\ R oR
By adding a complex absorbing potential H - H-iW inthe asymptotical range, Jackle and Meyer

have derived the following expression [35]

K 2 2 © ,
S5 B[ = Wsne jo f, (1) exp(-iEt) dr

o

where
fo (@) =[x (c+ 1) BEWRS [, (1) dt
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After extracting the S (E) elements, the final expression of the state selective charge exchange
cross section isgiven by :

— T > . K
B = o = oK OS5 () = 8,8.)

K AN’

where (2L;+1) isthe degeneracy of theinitial state.

2
’

The rate coefficients, k(7) are then calculated by averaging the cross sections over a Maxwellian
velocity distribution at temperature 7.

k(T):(%j (”—i] [ Ec(E)exp(~E k,T)dE

I11. The N*/He system

The experimental study of the electron-capture from the ground state of helium atoms by N (2p)
’P jons has received recently alot of attention [36-38]. Four reaction channels and two entry channels
areinvolved in the transfer mechanism :

YT NF@p) PP +He(1H S o N (2p9) *P+ He'(1y) 1
— N*(2p%) D + He'(1s) 2 Al
— N*(2p?) 'S+ He'(19) 2yt

The potential energy curves have been determined by Lafyatis et al. [22] using state-averaged multi-
configuration self-consistent-field (M CSCF) calculations with Slater-type function basis sets.
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Fig. 1a,b : Adiabatic potential energy curves for respectively the >c* and “I1 states of N** + He [22)].
1: ’I1 state dissociating in N*(2p®) 3P + He*(1s) ; 2: 22 and 1 states dissociating in N*(2p?) 'D +
He'(1s) ; 3 : entry channel N*(2p) ?P° + He; 4 : X state dissociating in N*(2p?) 'S + He'(1s).
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The results displayed in Fig. 1a,b show clearly a very sharp avoided crossing in the 2 and [T symme-
try between the entry channel and the N*(2p?) 'D + He'(1s) level around R=9 a.u. A smoother one is
also observed in the ?[T manifold with the N*(2p?) P + He'(1s) channel around R=6 au. The =%,
N*(2p%) 'S + He'*(1s) level crosses the entry channel at very large interatomic distances, around 30 a.u.
Therefore its influence on the charge transfer process is negligible.

The charge transfer cross sections have been evaluated using the close-coupling formalism [21] and
the rate coefficient may be compared to the recent multichannel Landau-Zener calculations of Wang et
al. [20] and to the recent ion-trap experimental result of Fang and Kwong [12]. These results are pre-
sented in Fig. 2. They show clearly that the two exit channels N*(2p?) 'D and N*(2p?) *P provide im-
portant contributions to the total rate coefficient, N*(2p?) P being the dominant channel at higher tem-
peratures. The experimental temperature of the ions T; determined from the mean energy of theionsin

rate eostlicient! 10™"em’s™)

T(K)

Fig. 2 : Rate coefficients as a function of temperature for N** + He. Comparison of close-coupling
calculations [21] (full curves) and multichannel Landau-Zener approach [20] (dotted-broken curve)
with ion-trap experiment at T; and Tequv [12].

the trap may be quite different in the presence of neutral atoms of helium produced at room tempera-
ture. Fang and Kwong proposed to introduce an equivalent temperature Teqiv Obtained from the mean
relative velocity between the ion at temperature T; and the neutral atom at temperature T, [12]. Both
temperatures have been displayed on Fig. 2, and differ by about a power of ten, 2900K for Tequiv and
2.1 10°K for T;. The close-coupling result [21] appears to be in good agreement with the ion-trap ex-
perimental data of Fang and Kwong [12] when the Teqv is considered. On the other hand, the mul-
tichannel Landau-Zener approach [20] underestimates by more than an order of magnitude the close-
coupling calculation.

V. The O*/He system

The capture of one electron by the ground state O** P ion from He also involves four reaction
channels, corresponding to the 1 and < molecular symmetry of the entry channels:
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I 0% (2p?) 3P + He(1s%) 'S O*(2p°) P° + He'(1s) Il ; pesk B
— 0%(2p%) D° + He'(1s) ° %I ; peak C
— O'(2p% S + He'(ls) %% ; peak D

where the labels B, C, D correspond to the peaks in the trandlational energy spectrum of McLaughlin et
al. [39]. The potential energy curves determined by ab-initio calculations using the CIPSI algorithm
with Gaussian basis sets [40] are displayed in Fig. 3a,b. Similar results have been obtained by Kimura
et a. [18] with MRD-CI (multireference single- and double-excitation configuration interaction) calcu-
lations with a large basis set. The potential energy curves show a sharp avoided crossing around 5.5
a.u. between the 1, O*(2p®) ?P° + He'(1s) level and the *I1 entry channel, and a smoother one at about
4.5 a.u. between the %1, 0*(2p%) ?P° + He'(1s) and O'(2p®) ?D° + He'(1s) exit channels. An avoided
crossing between the 33", 0%(2p®) ?D° + He'(1s) level and the 32" entry channel is also observed at
about 4.5 a.u.

R{o.u.) R{o.u.)

Fig. 3a,b : Adiabatic potential energy curves for respectively the °s” and [T states of O** + He [40].
(Iabels defined in the text)

A quantum mechanical close-coupling calculation [3] of the cross sections and the rate coefficients
may be compared to a similar calculation of Kimura et al. [18] and to the experimental data of Kwong
et a. [9,10]. These data can also be compared to the previous calculation of Butler et al. [19] and the
recent multichannel Landau-Zener calculations of Wang et al [20]. The results are displayed in Fig. 4.
As far as the close-coupling calculations are concerned, the results of Gargaud et a [3] are in quite
good agreement with the extensive calculation of Kimura et al. [18] for the O** P ground state ion.
Nevertheless, these results appear to provide rate coefficients largely overestimated with regard to the
previous calculation of Butler et al. [19] and the multichannel Landau-Zener approach [20], similarly
to the case of the N** + He collisional system. The close coupling results appear to be two orders of
magnitude higher than the ion-trap experiment of Fang and Kwong [10], considering either T; (2.0
10°K) or Tequiv (4200 K). These results obtained from very accurate molecular calculations are about a
factor two larger than the previous experimental value performed using drift tube techniques [41]
which lies one order of magnitude above the results of Fang and Kwong. However, the rate coeffi-
cients calculated by Kimura et al. [18] for the O?*(2p?) 'D excited entry channel appear to be of the
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rate coefficient(10™em’s™)
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Fig. 4 : Rate coefficients as a function of temperature for O** + He. Comparison of close-coupling
calculations, Gargaud et a. [3] (full curve) ; Kimura et al. [18] (broken curves) ; Butler et al. [19]
(dotted curve) and multichannel Landau-Zener approach, Wang et al. [20] (dotted-broken curve)
with ion trap experiment at T; and Tequv [9,10] and drift tube technique experiments (J) [41].

same order of magnitude than the ion-trap result. A fraction of metastable ions in the beam could be a
possible source of discrepancy between theoretical approaches and experimental data. Effectively, in
the ion-trap experiment, ions produced by laser ablation can be in avariety of excited electronic states
immediately after their production, but as measurements are performed 0.4 s after the ions have been
produced and trapped, al the stored ions are expected to be in their ground-state [10] and the presence
of excited states seems unlikely.

V. The S*/He system

The charge transfer recombinations of Si** ions with atomic hydrogen and helium are critical proc-
esses in determining the ionization balance of astrophysical plasmas as they lead to the formation of
the ground-state ion and therefore can induce rapid ionization via the inverse process. The theoretical
treatment of the Si**+He collisional process involves the complete network of exit channels interacting
with both the ground-state Si**(3s) and the excited Si**(3p) + He entry channels. The total manifold of
following channels must be considered :

2yt Si**(3s) °S+ He(1s%) 's — Si%(35%) 'S+ He'(19) %S 2yt
— Si%*(3s3p) *P° + He'(1s) °S DI §|
— Si**(3s3p) P + He'(1s) °S DI §|
OIS §| S**(3p) PP+ He(1s) 'S — S*(359) 'S+ He'(19) °S 2yt
— Si%(3s3p) *P° + He'(19)%S IS5
— Si%*(3s3p) 'P° + He'(19)°S 22

The potential energy curves have been calculated [1] by means of ab-initio configuration interaction
methods based on the CIPSI algorithm with Gaussian basis sets constructed from McLean and Chan-
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dler [42]. A non-local pseudo-potential [43] has been used to represent the core electrons of the Si
atom. The results are displayed in Fig. 5ab. From a dynamical point of view, the ground-state entry
channel 22*, Si**(3s) %S + He(1s%) 'S leads to a simple electron capture process with a pronounced
avoided crossing with the 2=, Si*(35%) 'S + He'(1s) S around R=6 a.u.. It interacts also with the 2z,

E(a.u.)
Efou)
=
T

SiT(3p)*P + He Si*(3p)P + He

SP*(3s3p)'P + HE Si**(3a3p)'P + He

o Si**(3s5")'S + He
02 L b b e T ST T

2 3 & 5 6 7 B il ‘ I10 2 3 4 5 [E] 7 B8 2 10
R (o) R (o)

Fig. 5a,b : Adiabatic potential energy curves for respectively the °=* and “I1 states of Si** + He[1].

Si%*(3s3p) °P° + He'(1s) %S level around R=3.2 a.u. The excited Si**(3p) entry channel shows impor-
tant avoided crossings around R=7 a.u. and 5 a.u. with respectively the Si*(3s3p) 'P° and Si**(3s3p)
3P channels, both in the =" and [T symmetry. These potential energy curves are in satisfactory
agreement with the spin-coupled valence bond calculations of Clarke and Cooper [44].

From these molecular data, a quantum mechanical collisiona treatment taking account simultane-
oudly of all the levels involved in the process has been performed [1] and the rate coefficients are dis-
played in Fig. 6. They may be compared to the quantum mechanical close-coupling treatment of Stan-
cil et a. [2] and to the previous Landau-Zener calculations of Butler and Dalgarno [24], as well as the
experimental data of Fang and Kwong [14]. For the capture process by the ground-state Si**(3s) ion, a
global agreement is observed between the Landau Zener calculations and the ab-initio treatments,
showing a similar shape with a decrease of the rate coefficients with decreasing temperature. These
results appear to be 35% to 47% lower than the ion-trap experimental data at Tequiv = 3900 K. Never-
theless, as aready pointed out in the previous section, the determination of this equivalent temperature
based on the assumption of a thermodynamic equilibrium between the ion at temperature T; = 2.9 10*
K and a neutral atom at room temperature may be questioned. As T; is about two orders of magnitude
larger than the room temperature of the helium gas, it should be rather close to the real temperature of
the process. Both T; and Teqiv temperatures have been drawn on the graph and show clearly that an
uncertainty on the temperature of the reactants in the trap can modify the conclusion on the agreement
between theory and experiment. Furthermore, it is important to ask if the measurement of Fang and
Kwong obtained using an ion trap with cylindrical symmetry can be compared with a cal culation based
on the use of a Maxwell-Boltzmann distribution. On the other hand, the calculated rate coefficients [1]
from the excited Si**(3p) entry channel appear to be of the same order of magnitude than experimental
data points for both T; and Teqiv. This could suggest, as aready pointed out for the O*" ions, that the
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rate coefficient(10cm’™)
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Fig. 6 : Rate coefficients as a function of temperature for Si** + He. Comparison of close coupling
calculations, Honvault et al. [1] (full curves) ; Stancil et al. [2] (broken curves) and Landau-Zener
approach, Butler et al. [24] (dotted curve) with ion trap experiment at T; and Tequiv [14].

presence of a fraction of excited ions in the trap could be a possible source of discrepancy between
theoretical approaches and experimental results. Nevertheless, the life-time of Si** ions being about
1.3ns, one would expect all of the 3p states to have radiatively decayed to the ground state as ion-trap
measurements are performed 0.4s after the production of the ions. Measurements at different tempera-
tures could however be particularly interesting, since the rate coefficients for the ground state Si*(39)
ion exhibit a very different temperature dependence than the Si**(3p) entry channel which is almost
constant with temperature.

V1. The Si**/He system

From a theoretical point of view, the most extensively studied system with regard to the ion-trap
experiment of Kwong et al. [15], is undoubtedly the Si* + He collisional system [5,6,23,25-28]. This
system presents arelatively simple molecular structure with three singlet electron capture channels:

st S*(2p%) 'S+ He(1s9) 's—»  Si**(3s) ’S+ He'(1s) %S Iy
S**(3p) P’ +He'(1s) s =%, I

The potential energy curves and couplings have been determined with the code MOLPRO [45] using a
state-average complete active space self-consistent field (CASSCF) calculation followed by a multi-
reference configuration interaction calculation (MRCI) with Gaussian basis set augmented with extra f
orbitals [46]. A pseudopotential [47] has been used to describe the core orbitals of the Si atom. The
corresponding potential energy curves are displayed in Fig 7. A sharp avoided crossing is clearly ob-
served between the entry channel and the Si**(3p) 2P° + He'(1s) °S level at about R=7 au. and a
smoother one around R=4.5 a.u. between the two Si** channels. These results are in good agreement
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Fig. 7 : Adiabatic potential energy curvesfor the ** (full lines) and *IT (dotted line) of Si*+He

with previous configuration interaction calculations using the CIPS| algorithm [25] and other ab-initio
calculations, using the spin-coupled valence bond method (SCVB) [26,44] or the configuration interac-
tion MRD-CI method [27].

Wave packet propagation approaches [5,6] as summarized in part 11 has been applied in order to
determine the cross sections and rate coefficients at low temperatures. The results are presented in Fig.
8 and compared to the time-independent close-coupling approaches [26,27,29]. The agreement be-
tween the theoretical calculations is good and presents a similar temperature dependence. The intro-
duction of the Hankel-Ricatti functions [6] to replace the approximate plane wave functions [5] in ex-
tracting the S-matrix in the time-dependent approach improves the accuracy of the calculation. How-
ever, al the calculations appear to be in complete disagreement, by a two order of magnitude differ-
ence, with the experimental point of Fang and Kwong [15]. Thisis al the more surprising because re-
cent cross section measurements at ion energies of 100-500 eV [28] appear to be in good agreement
with theoretical calculations. Of course the problem of temperature determination still exists as shown

rate coefficient(10™'em’s™)

£ Tequiv =l

10°
TIK)

Fig. 8 : Rate coefficients as a function of temperature for Si** + He. Comparison of ion trap experi-
ment at T; and Tequiv [15] with calculations using time-dependent (full line : Hankel-Ricatti functions
[6] ; dotted line : plane wave functions [5]) or time-independent methods (S : Stancil et a. [26] ; Opra-
dolceet al. [29]).
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by the T; and Tequv temperatures presented on the graph, but this could never explain such a discrep-
ancy. As shown for the O** + He system, the existence of an excited state could eventually explain a
two order difference in rate coefficients, but the first excited state, Si**(2p°3s), is definitely too high in
energy to be areasonable candidate. In conclusion, it appears clearly that all the theoretical approaches
converge to the same result but cannot explain the experimental data.

VI1I. Conclusions

This work presents a comparative study between recent theoretical approaches and ion-trap experi-
ments which provide for the first time a direct determination of rate coefficients at low temperature.
For N?* + He, a good agreement is found between ion-trap experiments and ab-initio calculations, but
for three of the collisional systems considered here (O**, Si** and Si** on He target), the theoretical
values show significant differences with ion trap experimental data, from 40% for Si**, to one or two
orders of magnitude for O** and Si**. The difficulty to determine precisely the temperature of the reac-
tants in the trap appears to be a fundamental difficulty in such experiments, associated with the as-
sumption of a nearly thermal ion velocity distribution. A more appropriate description of the energy
distribution in the ion trap must be considered. The eventual presence of excited states or impurity in
the trap could also be suggested with respect to the production of the ions, but it seems unlikely con-
sidering the long waiting time before collecting data. However, despite al these possible sources of
imprecision, the very large discrepancies between the experimental data of Fang and Kwong and all
the theoretical predictionsin the case of the Si** + He collisional system is still totally unaccounted for.
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