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General model and toolkit for the ionization of three or more electrons in strongly driven molecules
using an effective Coulomb potential for the interaction between bound electrons
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We formulate a general three-dimensional semiclassical model for the study of correlated multielectron escape
during fragmentation of molecules driven by intense infrared laser pulses. We do so in the context of triple
ionization of strongly driven HeH, ™. Our model fully accounts for the singularity in the Coulomb potentials of a
recolliding electron with the core and a bound electron with the core as well as for the interaction of a recolliding
electron with a bound electron. This model also accounts for the magnetic field of the laser pulse. To avoid
artificial autoionization, our model employs effective potentials to treat the interaction between bound electrons.
We focus on triple and double ionization as well as frustrated triple and frustrated double ionization. In these
processes, we identify and explain the main features of the sum of the kinetic energies of the final ion fragments.
We find that frustrated double ionization is a major ionization process, and we identify the different channels
and hence different final fragments that are obtained through frustrated double ionization. Also, we discuss the
differences between frustrated double and triple ionization.
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I. INTRODUCTION

Multielectron ionization and the formation of highly ex-
cited Rydberg states are fundamental processes in molecules
driven by intense and infrared laser pulses. Rydberg states
have a wide range of applications, such as acceleration of
neutral particles [1], spectral features of photoelectrons [2],
and formation of molecules via long-range interactions [3].
Electron-nuclear correlated multiphoton resonance excitation
was shown to be the mechanism responsible for the forma-
tion of Rydberg states in weakly driven H; [4]. This process
was shown to merge with frustrated double ionization for
H, (strongly) driven by intense infrared laser fields [5,6]. In
frustrated ionization an electron first tunnel ionizes in the
driving laser field. Then, due to the electric field, this electron
is recaptured by the parent ion in a Rydberg state [7].

Most studies on strongly driven molecules address double
and frustrated double ionization of two-electron molecules
[5,6,8—18]. However, there are scarcely any theoretical studies
on three-electron ionization and formation of Rydberg states
during the fragmentation of strongly driven molecules. The
reason is that accounting for both multielectron and nuclear
motion is a formidable task. This is corroborated by the few
theoretical studies on three-electron ionization of strongly
driven atoms, a simpler but still highly challenging task.
Mostly formulated in the dipole approximation, these studies
on atoms employ lower-dimensionality classical [19,20] and
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quantum-mechanical [21,22] models to reduce the complex-
ity and computational resources required. However, lower
dimensionality results in an inaccurate description of electron-
electron interaction during triple ionization. Currently, only
classical or semiclassical three-dimensional (3D) models of
triple ionization of atoms are available [20,23-26].

In Refs. [27,28] we argued that the main disadvantage of
available classical and quantum models of triple ionization in
atoms is their softening of the Coulomb interaction of each
electron with the core. In quantum-mechanical models, this
interaction is softened to obtain a computationally tractable
problem. However, in classical and semiclassical models, soft-
ening the Coulomb singularity is fundamental and relates
to unphysical autoionization. Classically there is no lower
energy bound. Hence, when a bound electron undergoes a
close encounter with the core, the Coulomb singularity allows
this electron to acquire a very negative energy. Through the
Coulomb interaction, this energy can be shared by another
bound electron, potentially leading to its artificial escape.

To avoid artificial autoionization, most classical and semi-
classical models of triple ionization of strongly driven atoms
soften the Coulomb potential [20,23,24] or add Heisenberg
potentials [29] (effective softening) to mimic the Heisen-
berg uncertainty principle and prevent each electron from
having a close encounter with the core [25,26]. However,
softening the Coulomb potential does not allow for an accu-
rate description of electron scattering from the core [30,31].
This is due to the exponential decrease of the ratio of
the scattering amplitude for the soft-core potential over the
one for the Coulomb potential with increasing momentum
transfer [30,31]. For recollisions [32], this implies that soft
potentials are quite inaccurate for high-energy recolliding
electrons that backscatter. Indeed, we have shown [27,28] that
the ionization spectra obtained with the Heisenberg model
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differ from experimental ones obtained for driven Ne and Ar
[33-39].

Here we formulate a general 3D semiclassical model of
multielectron ionization and fragmentation of strongly driven
molecules while fully accounting for the magnetic field of
the laser pulse. The main premise in our model is that two
interactions are most important during a recollision or return
of an electron to the core and hence are treated exactly. We
account for the singularity in the Coulomb potential between
each electron, bound or quasifree, and the core. Quasifree
refers to a recolliding electron or an electron escaping to
the continuum. Also, we treat exactly the Coulomb poten-
tial between each pair of a quasifree and a bound electron
and hence the transfer of energy from a quasifree to a
bound electron. However, accounting for the singularity in the
electron-core interaction implies we need to avoid unphysical
autoionization that can take place through energy transfer
between bound electrons. We do so by approximating the
energy transfer from a bound to a bound electron via the
use of effective Coulomb potentials. We refer to this model
that accurately accounts for all Coulomb interactions and
only employs approximate effective Coulomb potentials to
describe the bound-bound electron interaction as the ECBB
model. This is a sophisticated model that identifies during
time propagation whether an electron is quasifree or bound,
that is, in the ECBB model, we decide on the fly if the full or
effective Coulomb potential describes the interaction between
a pair of electrons. We do so by using a set of simple criteria
detailed below.

The ECBB model for strongly driven molecules is a
generalization of the ECBB model we have previously de-
veloped for strongly driven atoms [27,28]. For atoms, we
have shown that the ECBB model results in triple ionization
spectra of strongly driven Ne that are in excellent agreement
with experiment [28]. The main difficulty in generalizing the
ECBB model to molecules is the formulation of the effective
Coulomb potential between a pair of bound electrons in the
presence of many nuclei. In atoms, the effective Coulomb
potential is obtained by assuming that a bound electron has
a charge distribution centered around the atomic core. In
molecules, we assume that an electron creates an effective
potential that is the sum of the effective Coulomb potentials
with respect to each nucleus separately, i.e., each effective
Coulomb potential is the same as for an atom. However, each
atomic effective Coulomb potential is weighted by an approx-
imate expression for the probability to find the electron that
creates this potential at a given position around this nucleus.

Using the ECBB model, we address triple and double ion-
ization in the triatomic molecule HeH,* when driven by a
linearly polarized laser pulse. We also address the formation
of Rydberg states via frustrated ionization. Employing the
HeH, " molecule allows us to directly compare the results for
triple, double, and frustrated triple ionization obtained with
the ECBB model in this study and with a predecessor of the
ECBB model obtained in previous work [40]. This previous
model determined on the fly whether an electron is quasifree
or bound, as the ECBB model does, but this was done using a
set of criteria less sophisticated than the ones employed in the
ECBB model for atoms [27,28] and molecules in the present
work. Also, in this previously employed model the interaction

of a pair of bound electrons was set equal to zero. As a result,
in Ref. [40] we could only address frustrated triple ionization
where two electrons ionize and one electron remains bound
in a Rydberg state. Here, since we account, via effective po-
tentials, for the interaction between bound electrons, we can
also address frustrated double ionization. In this process, one
electron ionizes, the other remains bound in the ground state
of one of the He or H fragments, and another electron remains
bound in a Rydberg state of one of the fragments.

Here we address both triple and double ionization as well
as frustrated triple and double ionization and obtain the sum
of the kinetic energies of the atomic fragments, referred to
as kinetic energy release. We find that the atomic fragments
are moving faster when fragmentation of HeH, ™" is described
with the ECBB model compared to its predecessor [27,28].
This is consistent with our finding that the electron-electron
escape to the continuum is more correlated when the process
is described with the ECBB model, since it allows for energy
transfer between bound electrons. Higher correlation results
in faster electron escape, leading to Coulomb explosion of
the nuclei at smaller distances, eventually resulting in higher
kinetic energies. While in frustrated triple ionization (FTI)
two electrons ionize and one remains bound in a Rydberg
state, in frustrated double ionization (FDI) one electron ion-
izes, one electron remains bound in the ground state with a
quantum number n = 1, and another electron remains bound
in a Rydberg state. We find that, in three-electron molecules,
FTI and FDI proceed via two pathways, first identified in FDI
of the strongly driven two-electron molecule H, [6]. One elec-
tron ionizes early on (first step), while the remaining bound
electron does so later in time (second step). If the second
(first) ionization step is frustrated, we label the FTI and FDI
pathways as A and B, respectively.

II. METHOD

In what follows, we describe in detail the formulation of
the ECBB model for strongly driven molecules. The ECBB
model resolves unphysical autoionization in 3D semiclassical
models that fully account for the Coulomb singularity. Also,
we formulate the ECBB model in the nondipole approxima-
tion fully accounting for the magnetic-field component of the
laser field. Finally, both electrons and the cores are propagated
in time.

A. Definition of the effective charge and potential

In what follows, the cores are assigned indices in the inter-
val [1, N.], where N, is the number of cores. The remaining
indices in the interval [N, + 1, N], with N the number of
particles, are assigned to the electrons. For each electron j,
we define an effective charge ¢; ,(¢) associated with each core
n as [41]

Oy, Ej(r) < &
(Qn/ETDEj(), &5 < Ejt) <0 (1

é-j,n(t) =

where Q, is the charge of the core n, &}, is the ground-state
energy of a hydrogenic atom with core charge Q,, i.e., £, =
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—Q?2/2, and &;(¢) is the energy of electron j given by

N,
b, — Q;A(r;, D] ~ 0,0
E:(t) = - : - —O0Or;:-E it
(@) 2m) +; it —1)| Qjr;-E(rj, 1)
Ne N
+Y Y e OCia(E Ity =il ey, — 1)
n=1 i=Ne+1
i#]
X Vet (in(t), [T, — 1)), 2

where A(r;, t) is the vector potential and E(r;, t) = —W

is the electric field. The effective potential that an electron j
experiences at a distance |r, — r;| from the core n due to the
charge of electron i is given by [41]
Vett (8in(t), Ity — 1))
_ 1- (1 + ;i,n|rn - rj|)e_2€i‘n|rn_rj

|rn - rjl

3)

Here Vit(g; n(t), Ir, — 1}|) is a repulsive potential with lim-
iting value of ¢;, when |r, —r;] — 0. To avoid artificial
autoionization, we have to ensure that the charge ¢;, has a
fixed value in this limit. One way to do so is by setting ¢; ,
equal to the nuclear charge Q, for electron energies £;(t) less
than the hydrogenic ground-state energy £ [see Eq. (1)]. For
electron energies greater than &7, electron j is less bound,
which is accounted for by taking ¢; , to be only a fraction of
the charge Q, in Eq. (1).

To generalize this effective Coulomb potential to
molecules, in Eq. (2) we assume that an electron i screens
each core n separately as if it were an atom, with probability
|C;..|* given by

:Oi,n
ey, —ri)==— &

Cin(&is It — i, ... S
n'=1 Pi,n’

with

I
Pin@) = Y&, v, — 1‘i|)|2 — 2B =2 Ol 5)
T

Hence, we approximate the wave function of each bound
electron i with a 1s hydrogenic wave function around each
core. In addition, we are distributing the charge of a bound
electron i among the different cores according to the proba-
bility density of electron i with respect to each core. Hence,
the total potential that a bound electron j experiences due to a
bound electron i is given by

Nc
Y CinlEinler = ril, o oy, = EDVerr(Gin(0), I — 151,

n=1
(6)

where C; (&, Ir; —1yl, ..., |ry, —1;]) is a function of the
energy of electron i and the distance between electron i and the
cores; C; (&, |ry —ril, ..., |ry, —r;|) can be more explic-
ltly written as Ci,n(g-i,l, ey {i,Nc’ |I'1 — l‘,'|, ey |l‘1\/C — I'i|), but
since ¢;, o« & we simplify the expression by only including
&

The functions c; ;(¢) determine whether the full Coulomb
interaction or the effective V(i n(t), [r, —r;|) and

Vete(¢j,n(t), Ir, — ;) potential interactions are on or off
for any pair of electrons i and j during the time propagation.
Specifically, the limiting values of ¢; ;(t) are zero and one.
The value zero corresponds to the full Coulomb potential
being turned on while the effective Coulomb potentials are
off. This occurs for a pair of electrons i and j where either
electron i or j is quasifree. The value one corresponds to
the effective Coulomb potentials Ve (& 4(¢), [r, —r;|) and
Vet (¢j,n(2), Ir, — 1;]) being turned on while the full Coulomb
potential is off. This occurs when both electrons i and j are
bound. For simplicity, we choose c; ;(t) to change linearly
with time between the limiting values zero and one [27,28].
Hence, ¢; ;(¢) is defined as

0, c) <0
ci,j(t)y=qc@), O0<c@) <l 7)
L, c(r) 2 1,

where c(t) = B(t — tsi’j) + ¢o and ¢y is the value of ¢; () just
before a switch at time ¢;/. We note that ¢ € [0, 1], with zero
corresponding to the effective potentials being switched off
and one to being switched on. Equation (7) shows that we
switch on and off the effective potentials according to c(t).
When c(t) reaches zero this means that the Coulomb potential
is fully switched on and hence there should be no further
change to ¢; ;(¢). This is the reason c; ;(¢) is equal to zero for
c(t) < 0. Similarly, when c(¢) reaches one the full effective
potential is on and hence there should be no further change to
¢; ;(t), which is set equal to one. A switch at time 7,/ occurs
if the interaction between electrons i and j changes from full
Coulomb to effective Coulomb potential or vice versa. Every
time during propagation that such a switch takes place, we
check whether for each pair of electrons the full Coulomb
force should be switched on and hence the effective potential
switched off or the full Coulomb force should be switched off
and the effective potential switched on. The former occurs if
at time ;" one of the two electrons in a pair of bound electrons
changes to being quasifree, while the latter occurs if in a pair
of a quasifree electron and a bound electron the quasifree
electron becomes bound. At the start of the propagation at
time to, t;”/ is equal to # and ¢y is one for pairs of electrons that
are bound and zero otherwise. To allow the effective Coulomb
potential to be switched on or off in a smooth way, we choose
B equal to +0.1; plus corresponds to a switch on and minus to
a switch off of the effective Coulomb potential. The dipole
term —Q;r; - E(r;, 1) in Eq. (2) involving the electric field
does not appear in the Hamiltonian given in Eq. (8). There
is no contradiction. Indeed, the gauge-invariant energy of a
particle does not always coincide with the gauge-dependent
Hamiltonian, as discussed in Refs. [42,43].

B. Hamiltonian of the system

The Hamiltonian of the N-body molecular system, com-
prised of N. cores and N-N, electrons in the nondipole
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approximation, is given by

H— Z [p: — Q A(r,, I

Z Z _0.0;

i=1 n=1 j= n+1 Tp — I‘]
N
0i0Q;
+ Z do- e
i=N.+1 j=i+1 |
- Z Z ci i (Vi j, ®)
i=N.+1 j=i+1

where Q; is the charge, m; is the mass, r; is the position vector,
and P; is the canonical momentum vector of particle i. The
mechanical momentum p; is given by

pi =Pi — QiA(r;, 1). 9

The potential V; ; is given as a sum of effective potentials as

Ne
Vij= Y [Cia(&lrr =), ...

n=1
X |, — 1)) + G (& Ity — 13, ..,
X Veit(8in (@), Itn — 1]

We note that the Hamiltonian we consider in Eq. (8) fully
accounts for the magnetic field of the laser field via the space
dependence r; of the vector potential A(r;, ). Investigating
the effect of the magnetic field of the laser pulse in triple
ionization of HeH, ™ is beyond the focus of the present work.
Such an investigation has been carried out for triple ionization
of Ne [44] and can be the focus of a future work addressing
triple ionization of molecules.

LN, = 1D Verr(8,0(2),

r;|)
(10)

[Ty, —

C. Global regularization

We perform a global regularization [45] to avoid any nu-
merical issues arising from the Coulomb singularities. We
previously used this regularization scheme, for strongly driven
H;, to study double and frustrated double ionization within
the dipole approximation [46] as well as nondipole effects
in nonsequential double ionization [47]. Also, we have used
this regularization to study triple ionization in the nondipole
approximation in strongly driven Ar [27] and Ne [28]. In
this scheme, our new coordinates involve the relative position
between two particles i and j,

qij =X —Ij, (11
and their conjugate momenta
1 i—m;
Py = —(foi —p - <p>), (12)
N M
J
. IEW) . AE() . N AE()
E:(t) = J T J D J
7 dr; i P, b ,; or,
93L& (1) — H i 3 (t)
- —a - >

where
N N
=) b M=) m (13)
i=1 i=1
The inverse transformation is given by
| X =
ri=— Z m;iqi; — — ijqji +(q) (14
M ~ M <
j=itl j=1
and
N i—1 .
= Z Py =D Pt 5,4, (15)
Jj=i+1 j=1
where
| X
(@ = 37 >_mir; (16)

Next we define a fictitious particle k for each pair of particles
iand j as

ki, )= —pv — D

+J, 17)
with j > i and the total number of fictitious particles being
equal to K = N(N — 1)/2. In addition, we define the param-
eters o and By as o = 1 and By =m;/M and as aj; = —1
and Bjx = —m;/M when k = k(i, j); otherwise oy = By = 0.
Given the above, Egs. (14) and (15) take the simplified forms

K
r=Y B+ (q) (18)
k=1
and
K m
p;i = i — 19
P ;akpﬁM(p) (19)

D. Derivation of the time derivative of the effective charges

The Hamiltonian in Eq. (8) depends not only on positions,
momenta, and time but also on the effective charges. More-
over, the Hamiltonian depends on time through the vector
potential as well as through the effective charges that are
time dependent. Since the effective charge of electron j is
proportional to the energy &;(¢) [see Eq. (2)], it follows that
we must obtain the derivative with respect to time of &;(t).
This is necessary at any time during propagation if at least
two electrons are bound. Following the same procedure as in
Ref. [27], we calculate the time derivative of the energy of
electron j. To do so, we apply the chain rule in Eq. (2) and
obtain

N

N
_ AE;(t) . BE/(1) 5 | DE;0)
Tnt Z or; "Lt Z AE; &i ot
i=N+1 i=N,+1
i#] i#]
N N
AE;(t) . DE() | DE;D)
+ Y, = bt ) & : (20)
i=Ne+1 or; i=Ne+1 9Ei ot
i#] i#]
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aE;(t)
D, .
we group together all the terms in Eq. (20) that do not depend on &; as

where we use r; = and p; = ;= — % In Appendix A we derive each of the terms in the chain rule in Eq. (20). Furthermore,

N
EO=fi+ Y. g @1)
i=N.+1
i#]
where
N
< aVeff(gi,nv |rn - rj|) a;i,n
gji = Zci,j(t)|:ci,n(£iv ry —rl, ..., [ry, —1i])
= d&in a&;
N,
~ 0Cin (& vy — 1l . ey, — 1) 0
+ Vet (G [Ty — rﬂ)(Z * : : (22)
pa— &b A&
and
AL; 0, Ei(r) < &
85 =10./8L, &L <&E() <0 (23)
! 0, &i(t) > 0.

0Cin(Ei v —Xil,.... PN —Xi]) aVen({m\rn riD

The derivatives and

are obtained in Eqgs. (B1) and (B9) of Appendix B, respectively. These

i
derivatives are obtained in terms of the relatlve coordlnates qx, since we propagate in the regularized coordinates system. We
also find that

N—1 N

QtQm( [ m) .
fi= Y Y- un( =B By = d) -
i=Ne+1 m=i+1 "
NN 3C; (E:, vy — 1] Ity — 1))
in(Ej [t — 15, oo, XN, — X .
D0 e . Vet (s 10 = 1]) - F
- — 8I'j
i=N.+1n=1
i#]
N N
- OVeit(Cin,s It — 1))
i O Cin(&is Ity =1l [Ty, — 1 :
+'Z Zc,,()( A ler =il ey, — 1) -
i=N.+1 n=1
i#]
N AC; (&, Ty — 1] Iy, — i)
i,b\Cis (1 — Ly ooy JAN, — 1 .
+ ) Ver(&is I — 1)) or, ) "y
b=1
0,0,(r, —r;) GIOTIC) STED VIR | JYRES V1) A
+Z( T r, + ;ﬂ;cu(ﬂ Vert(Gins 110 — 1) or, Ry
i#]
N c
+ Y Y i OCia(E ey =il ey, = EDVer (G, [0 — 151 — Q1 - B, 1), (24)
i=N.+1n=1
i)
where 1, = p" , = andr; = p’ . The derivatives of C;, and Vg in Eq. (24) can be found in Egs. (B3), (B2), and (B10).

These der1vat1ves and all the terms in Egs. (22) and (24) are obtained in terms of the relative coordinates q; since we propagate
in the regularized coordinates system. For each electron we obtain an equation similar to Eq. (21). Hence, at any time during
time propagation, we solve a system of N-N, equations to obtain the derivative in terms of the energy of each electron, so that it
does not depend on the derivatives of the other electron energies. We solve this system of linear equations using Cramer’s rule
[48,49].

E. Hamilton’s equations of motion
Substituting Egs. (11) and (19) in Eq. (8), we find that the Hamiltonian in regularized coordinates is given by

K N

H = Z Tiie PiPi + +Z[1— L (0)] +Z—A2(rl,r> Q’fo, A )+ Y Y Ve, (29)

k,k'=1 i=1 k=1 n=1
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where Uy jy = Q;0;. The term Vj; j) , is now given by
Vi = Cin(Ej, Ir1 — 151, .o Ien, — T DVer (8 a (), [T, — 13])
+Cin(&i e =1y, .. — 1iDVer (i n(0), 1, — 1)) (26)

and P and r are expressed in terms of p and q via Egs. (19) and (18). Moreover, we set ¢ (t) = 0 when k corresponds to the
relative distance between an electron and a core. This is the case since in our model the Coulomb potential between an electron
and a core is given by the full Coulomb potential. Using Eq. (25), we find that Hamilton’s equations of motion are given by

K N Q
dqy i
___2§:T, ’_E:_iA 1),
k,lkkpk L i‘xk (ri, 1)

. |rNC

dig) 1 o)
— =R - Z T AT,

dt
dp q 0A(r;, 1)
e - al= o ch«r)hk +Z—[p, QiA(r;, 1)] - ———, 27)
dt 0qx
N
d(p) Q 8A(rl’ t)
- lA rl’ t —’
— ; oy [P~ QA D] =
where
K N
Wi
ch O =3 e (28)
k'= k'=1 n=1
oV i,j),n ave“(é‘",na |rn - ri’|)
HEn (sn,ic,v,n(sv, e —rpl, e ey, — 1y )
Gk, j) aqy
0Cy n(Ery Iry — 1|, ..o, TN, — 1))
+ ‘ T N Vet Gions 100 — 05 1) ) 80 80.iCrn(Ers 111 — w3, ., JEn, — 1))
k
Vet (Cir py [Ty — T ACy n(Ep vy — 1, ..o, |ty — 1)
« ett(c, | Jj |) + 7, ( j | 1 ]| | N, J |)Veff(§j’,m |rn _ri’|)>- (29)
0qy qy
Thus, for 7 we obtain
N.
, ~ WV, jyn ( OVerr(&jr iy Iy — 17])
hg =Y ==t =5 i CraEpn ey —xjl. . ey, — 1)) =
k nZ:; 8qk(i,j) sJ J J J aqk
X 9Cy W(Er, Ity — 1] Ity — i)
i',n\C1' 1 — s e |[IN, — Ly
Vete(Lirons 1T — l‘j’|)> + 3 (Ci’,i(gi’» [ry —xpl, ..., [ry, —17])
n=1 aqk
N,
OVerr(Lyriy X — 1y ]) N 0C) W (Epy vy — 1], oy, — 1))
X : + ’ : Vett(&jrns It — 1)) ), (30)
Oqx HX:]: dqs o

where the derivatives of Vg and C can be found in Appendix B
in Egs. (B11) and (B4), respectively. Note that when N, = 1,
Hamilton’s equations in Eq. (27) reduce to the corresponding
equations for an atom [27].

F. Time derivative of the Hamiltonian

During propagation, besides other criteria used that we do
not detail here, we check the accuracy of our propagation also
by comparing the propagated Hamiltonian with the Hamilto-
nian obtained by substituting the propagated variables. The

(

time derivative of the Hamiltonian in Eq. (25) is given by

dH _~(OH, OH. N OH . OH . OH
ai _kZ(aqk“”apk”">+a<q><q>+a<p><">+ o
= .. 8H
= D (=Pl + @) — (PN@) + (@) () + -
k=1
_B_H (31)
oo
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The partial derivative of the Hamiltonian with respect to time
is given as

K N
- = Z Z g+ DY )V
i=Nct1 j=i+1 k=1 n=1
—ch(r)—+Z—A( ot %
8A(r,,t)

_ Z —f)l (32)
N-1 N ) K N
=Y Y bty Y EVe,

i=Ney1 j=i+1 k=1 n=1
—~ Z (t)— + Z —p, E(r;,1).

G. Propagation technique

In our formulation, we fully account for the Coulomb
singularities. Hence, an electron can approach infinitely close
to the nucleus during time propagation. To ensure the accu-
rate numerical treatment of the N-body problem in the laser
field, we perform a global regularization [45] as described in
Sec. IIC. Here we integrate the equations of motion using
a leapfrog technique [50,51] jointly with the Bulirsch-Stoer
method [52,53]. This leapfrog technique allows integration of
Hamilton’s equation when the derivatives of the positions and
the momenta depend on the quantities themselves. We pre-
viously employed this technique in our studies of nondipole
effects in nonsequential double ionization of strongly driven
H; [47] and in our studies of nonsequential triple ionization
in atoms [27]. The steps involved in this technique, employed
in this work, are described in detail in Ref. [27].

H. Tunneling during propagation

During time propagation, we allow for each bound electron
to tunnel at the classical turning points along the axis of
the electric field using the Wentzel-Kramers-Brillouin (WKB)
approximation [54]. For the transmission probability we use
the WKB formula for transmission through a potential bar-
rier [54],

T ~ exp (—2 f rb{z[vumm tun) — ei]}‘/zdr>, (33)

with Vi (7, fyn) the potential a bound electron i can tunnel
through given by

N.
. QnQi
Vin (7, tun) = E o oir; - E(r;, twn)
—1 n— Lj

N, N
+ Y cijtun)Cin(E ey =1yl Iy,

nel j=Not1
A
= 1;DVeit (&0 (fun ), 10 — 1i]). (34)

Here ¢; is the energy of the electron at the time of tunneling
twun» and r, and r;, are the classical turning points. We find that
accounting for tunneling during time propagation is necessary
in order to accurately describe phenomena related to enhanced
ionization [55-59] during the fragmentation of strongly driven
molecules.

I. Definition of quasifree and bound electron

In the ECBB model, the interaction between a pair of
electrons where at least one is quasifree is described with the
full Coulomb potential. Effective Coulomb potentials are used
to describe the interaction between bound electrons. At the
start of time propagation, the tunneling electron is considered
quasifree and the other two electrons are bound. We decide
on the fly, during time propagation, whether an electron is
quasifree or bound using a simple set of criteria briefly de-
scribed below [27].

A quasifree electron i transitions to bound if, following a
minimum approach to the cores, the position of the electron
along the field axis is influenced more by the cores than by
the electric field. We assume that the electron is influenced
more by the cores if its position along the electric field has at
least two extrema of the same kind in a time interval less than
half a period of the laser field. The minimum approach to the
cores is identified by a maximum in the Coulomb potential of
the quasifree electron with the cores. Also, at the end of the
laser pulse, if the quasifree electron has negative compensated
energy [60], this electron transitions to bound. In our studies,
we use a compensated energy of an electron i that includes the
effective potentials as well and is given by

comy Qan
0 = +Z . £ Y
1 rl n=1 j=N.+1
J#i
X Cjn(&j, vy —1jl, ..., [ry, — 1))
X Veff(gj»n([)v r, — ri|)- (35)

A bound electron i transitions to quasifree if either of the
following two conditions is satisfied: (i) The compensated
energy of the bound electron converges to a positive value
or (ii) the magnitude of the total Coulomb potential of the
electron i with the cores is smaller than a threshold value and
it continuously decreases. The criteria are discussed in detail
and illustrated in Ref. [27].

J. Initial conditions
1. Nuclei

In the initial state of HeH,™, all three atoms are placed
along the z axis. The two hydrogen atoms are at —3.09 and
—1.02 a.u., respectively, and the helium atom is at 1.04 a.u.,
with the origin of the coordinate system set to be the center of
mass of the molecule. We refer to H farther away from He as
H left and the one closest to He as H middle (see Fig. 1). We
compute the distance between the two hydrogen atoms and
the hydrogen and helium atoms using the quantum chemistry
package MOLPRO [61], employing the Hartree-Fock method
with the augcc-pV5Z basis set. The Hartree-Fock method
overestimates by a small amount the distance between the
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1 Oy
Zom,
" " o z
H (left)  H (middle) | Helium

FIG. 1. Schematic illustration of the molecule under consider-
ation, HeH,™, at the time 7, when we initialize our system. The
origin of the coordinate system is set to be the center of mass of
the molecule. Here Z. ., is the distance between the center of mass
of the molecule and the middle of the distance between H left and H
middle.

hydrogen and the helium atoms [62]. However, we employ
this method for consistency with the Hartree-Fock wave func-
tions that we use in the potential energy terms involved in
computing the exit point of the tunnel-ionizing electron [46].
All three nuclei are initiated at rest.

2. Tunnel-ionizing electron

The electric field is along the axis of the linear molecule,
i.e., the z axis with a field strength within the below-the-
barrier ionization regime. As a result, one electron (electron
1) tunnel ionizes at time 7, through the field-lowered Coulomb
potential. We employ a quantum-mechanical calculation to
compute this ionization rate as described in Ref. [40]. We
find £y, using importance sampling [63] in the time interval
[—27, 27] where the electric field is nonzero; 7 is the full
width at half maximum of the pulse duration in intensity. The
importance sampling distribution is given by the ionization
rate. We assume that electron 1 exits along the direction of
the laser field; for details on the exit point, see Ref. [46]. We
compute the first ionization energy of HeH, ™ (with MOLPRO)
and find it equal to 1.02 a.u. The tunnel ionizing electron
exits the field-lowered Coulomb barrier with a zero momen-
tum along the direction of the field. The transverse electron
momentum is given by a Gaussian distribution. The latter
arises from standard tunneling theory [64-66] and repre-
sents the Gaussian-shaped filter with an intensity-dependent
width.

3. Microcanonical distribution

In the ECBB model we obtain the initial position and
momentum of each bound electron i at time #y, using a mi-
crocanonical distribution with an energy

p’
Eilty) = -— + W, (36)
2m,»
where
Ne
R
n=1 |I‘n - I',|
N. N
+Y Y i OCE e =il ey — 1)
n=1 j=N.+1
i#]
X Veff({j,n(t)s |rn - ril)- (37)

03¢
Q® B (ZB,mB) y

bl R ™. C(Z.m_
c >
0 & ‘vs “ X
~ .
~.... s~~ “rc
r‘ Yay « 1
R ! ...h
a r . -
a——"“‘ ©
A(Z,,m,

FIG. 2. Configuration of the triatomic molecule we use to set up
the microcanonical distribution. The origin of the coordinate system
is set to be the middle of the distance between the A and B nuclei.

We take the energy of each electron to be equal to —1,,,
with I, ; the second ionization potential of the molecule under
consideration. We note that the potential energy W; of each
electron i in Egs. (36) and (37) depends not only on the coordi-
nates of the bound electron i but also on the coordinates of all
other bound electrons. This dependence is due to the function
Cin(&j, Ir1 — 1|, ..., |ry, — 1;]). Hence, the microcanonical
distributions of all bound electrons are interrelated, unlike the
case for atoms [27]. For a triatomic molecule, as is HeH,™
(the molecule considered here), indices 1-3 are reserved for
the nuclei, index 4 is for the electron that tunnels in the initial
state, and indices 5 and 6 are for the bound electrons. The
microcanonical distribution for the two bound electrons is
given by

f(rs, ps, Ts, Ps)

6 2
= NHB(%' + Wi(As, us, ¢s, Ae, e, P6) — (—Ip,2)>,
i=5
(38)

where N is a normalization constant. To set up the micro-
canonical distribution we place the origin of our coordinate
system in the middle of the distance between the nuclei A and
B (see Fig. 2). As discussed at the end of this section, once we
obtain the initial conditions for the position of the electrons
in this coordinate system, we shift the positions with respect
to the center of mass of the triatomic molecule. Moreover, A
and p are the confocal elliptical coordinates defined using two
of the nuclei as the foci of the ellipse with A € [1, co0) and
u € [—1, 1] and are given by

A= ra_—l—r;,’ (39)
Rab
g —Tp
=l 40
2 R, (40)
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with 7, and r, the relative position between the electron and
the two nuclei labeled A and B, as shown in Fig. 2. Here R, is
the distance between the two nuclei that are used to define the
elliptical coordinates. The coordinate ¢ is the angle between
the projection of the position vector r; of the bound electron i
on the xy plane and the +x axis. The z axis goes through the
two nuclei that define the elliptical coordinates. Hence, the
angle ¢ defines the rotation angle around the z axis (for more
details see [9]). Transforming from Cartesian to elliptical co-
ordinates, we find that the microcanonical distribution has the
form

p(As, s, Ps, Ae, e, Ps)
2 6

= (%) 167 - )

i=5
X /2LE; — Wi(As, 15, §s, A6, e, $6)18(Ei + 1,2).
(41)

As in our previous derivation of the microcanonical distri-
bution for one bound electron in the presence of three nuclei
[9], we find that the distribution p in Eq. (41) becomes infinite
only when an electron is placed on top of the third nucleus,
labeled C. Hence, as for our derivation in Ref. [9], to elimi-
nate this singularity we introduce an additional transformation
1] = i — e, where

Rac - Rbc
He R, (42)
with R, the distance between nuclei A and C, and similarly
for the other distances. We select the value y = 3 as the lowest
one which eliminates the singularity mentioned above [9]. The
final form of the microcanonical distribution is

P(As, ts5, @5, A, ts, Ps)

T 1877002 = @ + )X 1VP; forall P> 0
o for any P; < 0,
(43)
where
P =2[—1,5 — Wi(As, 15, Ps, As, L, ¢6)], (44)
with
_ 0i0 0:0> 0:0s
B T S R ST S R P
Ne N
+Y D e t)Cia(Ej e =yl ey — 1))
n=1 j=N.+1
J#i
X veff((j,n(tO)» |rn - ri|)a (45)
where
Rab()"i + tiy + /'Lc)
Iry — x| = ,
2
Rap(Ai — tiy — M
[ry — 1| = ( ),
2
R 4z,
= B (0 7 = 1) )
ab

4(x24+22)  4x.cos(g)
RZ;, Rab

x \/(A,-z —[1— (@ + uc)2])]/2. (46)

The parameters x, and z, are given by

R2, —R2 +R%\’
Xe = i\/RZC - < - 2RbC ab) s 47
ab
_ RgL - Rl%c 48
Ze = Tb (48)

The new distribution p goes to zero when one of the electrons
is placed on top of the nucleus C, i.e., when A; = A, = R“‘k;j“‘,
t; =0,and¢[ =0,2r.

Next we generate initial conditions for the linear triatomic
molecule HeH, " assuming the nuclei A, B, and C correspond
to the hydrogen atom on the left, to the hydrogen atom in the
middle, and the helium atom, as shown in Fig. 1. We now iden-
tify the range of values of A;, #;, and ¢; so that P; > 0 for each
bound electron i. We find that #; € [tnin, fmax], and ¢; € [0, 27 ]
for each electron, with #min = —(1 + e)"? and fopay = (1 —
)7 thatis, P; > 0is satisfied for the whole range of values
of ¢; and ¢;. In addition, for P; > 0 to be satisfied we find
that A; cannot be larger than Ay, i.€., A; € [1, Amax]. The
value Ap.x 1S the same for both bound electrons. For this
range of values then, we find the maximum value P, of
the microcanonical distribution p(As, ts, ¢s, Ag, ts, Pg) given
in Eq. (43). Next we generate the uniform random numbers
Ai € [1, Amax]s i € [tmin, Imax)s @i € [0, 27] for each electron,
and x € [0, Pmax]- If D(As, 15, ¢5, Ag, 6, P6) > x then the gen-
erated values of A;, t;, and ¢; are accepted as initial conditions;
otherwise, they are rejected and the sampling process starts
again. Once we find the A;, #;, and ¢;, we obtain the po-
sition vector r; = (7y, I, Iz,;) and the momentum vector
Pi = (Px.i» Py.i» P-,i) of each electron i as

_ abcos«b,)\/ 2 1)

Fi = Rap Sln(¢z)\/ A'Q _ 1 (iy + MC)Z]’ (50)

Ruhi(t + 1.
rog = —2t TR (t’2+“), (51)

i = V/Picos(pi)y/1 = vp . (52)
Pyi = VPisin(gp)\/1 =3, (53)

ci =~ Pvpi, (54)

— (7 + )], @9

where ¢, ; € [0,27] and v, ; € [—1, 1] define the momentum
p; in spherical coordinates. Following the above-described
formulation, we obtain the initial conditions of the electron
with respect to the origin of the coordinate system. However,
for our computations we need to obtain the initial conditions
for the position of the electron with respect to the center
of mass of the triatomic molecule. To do so, we shift the
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coordinates by Ren. = (Xem., 0, Zcm.) with

MeXe
Xem, = (55)

ma+mb+mc,

7 _ (mp — mg)Rap/2 + meze
cm. = .

(56)
my + myp + me

For HeH, ™, m, and m;, are the masses of the hydrogen atoms
and m, is the mass of the helium atom. We also note that
since HeH,* is a linear molecule, x. is zero in Egs. (45),
(46), and (55). The Z., can be seen in Fig. 1. Also, we
use the parameters I, = —1.73 a.u., Ry, = |r| — 1p| = 2.07
au., Ry = |r; —r3] =2.06 a.u., R, = |r| —r3| =4.12 a.u,,
01 =0, =1 au, and Q3 =2 a.u. The distances and the
second ionization energy of HeH," were obtained using the
quantum chemistry package MOLPRO [61], with the Hartree-
Fock method employing the aug-cc-pV5Z basis set.

III. RESULTS

Here we employ a vector potential of the form

Ey ct—Yy 2 .
A t) = - exp —21n(2)(?> sin(wt — ky)Z,
(57)

where k = w/c is the wave number of the laser field and 7
is the full width at half maximum of the pulse duration in
intensity. The direction of both the vector potential and the
electric field is along the z axis. We take the propagation
direction of the laser field to be along the y axis and hence
the magnetic field points along the x axis. The intensity of the
field is 2 x 10'* W/cm? with a pulse duration in intensity of
7 = 40 fs at 800 nm.

Using the ECBB model for molecules, we focus on triple
ionization (TI), FTI, double ionization (DI), and FDI. Out
of all events, we find that TI events account for roughly
1.2% and FTI events with n > 2 account for 0.3%, while
DI and FDI with n > 2 events account for 54% and 9.5%,
respectively. Hence, FDI is a major ionization process in
strongly driven molecules. In triple ionization, three electrons
escape and He’* and two H™ ions are formed. In frustrated
triple ionization, two electrons escape and one electron fi-
nally remains bound at a Rydberg state either at He?* or
at one of the two H' ions. We also find that the formation
of He™ + 2H™ is roughly 2.5 times more likely than the
formation of He** + H* + H*.

In double ionization, two electrons escape while one re-
mains bound. For the vast majority of DI events, we find
that the bound electron has principal quantum number n = 1.
Also, it is three times more likely for the final fragments to
be Het 4 2H* rather than He?>* + H* + H, that is, in DI, it
is three times more likely for the electron to remain bound at
He?*. In frustrated double ionization, an electron escapes, an
electron remains bound at an n = 1 state, and another electron
remains bound at a Rydberg state. In FDI, we have several
possibilities for the formation of different ions depending on
which ions the bound electrons are attached to. We find that
it is roughly four times more likely for the deeply bound
electron to remain bound at He?* versus at H*. Here, in FTI
and FDI we do not include the Rydberg n = 2 states, since

| TI FTI n > 2

o . . . . A

27 8 — Total (a) — Total (b)

Selea H* (left) [T H* (left)
67 i — -H' (middle) [ ] 4 I — =H" (middle) [

? :\ l||l . i l"‘ e Het*

= 41 l‘ll ‘l 1 1 1] Il

2 it il

Bofr i st

Sy ™ IR

- 1l /. AR

D—i 0 L % S, ASLTTN 2 > e

05 1 lﬁ.5 2
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0 05 1 155
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[\
S

FIG. 3. Distribution of the sum of the final kinetic energies
(black solid lines) of the ions produced in (a) triple ionization and
(b) frustrated triple ionization. The gray dash-dotted lines depict the
distribution of the final kinetic energy of the He?* ion for TI and
He** for FTIL The purple dashed (light blue dotted) lines depict the
distribution of the final kinetic energy of the middle (left) H ion for
TI and FTI. All distributions are normalized to one.

an electron from the n = 1 state of H* tunnels to the n = 2
state of He?*, resulting in a large number of n = 2 states.
These states were also not included in our previous work on
the strongly driven heteronuclear molecules HeH" [67] and
HeH,™ [40].

Finally, we identify the principal quantum number n for
each Rydberg electron by first calculating the classical princi-
pal quantum number

1
ny = —— (58)

T 2latn]

with €;(t7) the energy of a bound electron at the end of the time
propagation. Then we assign a quantum number 7 so that the
following criterion is satisfied [68]:

[(n=1)(n = 3)n]"”

N

ne < [n(n+Hn+ D] (59

A. Kinetic energy release distributions

In Fig. 3 we plot the kinetic energy release (KER) of the
final ion fragments for triple ionization and the most probable
route to frustrated triple ionization. As expected, we find that
the KERs for TI and FTI are very similar. This is consistent
with the Rydberg electron in FTI remaining bound in a highly
excited state. Hence, the Rydberg electron does not signifi-
cantly screen the core it remains bound to. Given the similarity
of the KER distributions for FTT and TI, for simplicity, we
next focus on describing the features of the KER for TI. As
in our previous work [40], we find that the left H" ion is the
fastest one, followed by He™ and the middle H" ion. This
is consistent with both Coulomb forces exerted on the left
H™ ion being along the —z axis. Similarly, both repulsive
forces acting on He't are along the +z axis. However, the
mass of He is four time larger than the mass of H. This
results in He™ having a smaller acceleration and hence kinetic
energy compared to the left H" ion. Also, the middle H' ion
experiences repulsive forces from the left H" ion and from
the He™ ion in opposite directions. This small net Coulomb
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FIG. 4. Distribution of the sum of the final kinetic energies
(black solid lines) of the ions produced in (a), (c), and (e) double
ionization and (b), (d), and (f) frustrated double ionization with the
n = 1 electron (a) and (b) bound at He?*, (c) and (d) bound at the
left H* ion, and (e) and (f) bound at the middle H' ion. The gray
dash-dotted lines depict the distribution of the final kinetic energy of
(a) and (b) the He™ ion for DI and FDI and (c)—(f) He>* for DI and
He** for FDI. The purple dashed (light blue dotted) lines depict the
distribution of the final kinetic energy of (a) and (b) the middle (left)
H™ ion fragment for DI and H* or H* for FDI, (c) and (d) the H" (H)
ion for DI and FDI, and (e) and (f) the H (H") ion for DI and FDI.
All distributions are normalized to one.

force on the middle H* ion results in its kinetic energy being
smaller compared to the other two ions.

In Fig. 4 we plot the kinetic energy release of the final
ion fragments for double and frustrated double ionization. In
what follows, we focus on the most probable channels of FDI,
namely, He™ + H* + H* [see Fig. 4(b)], which accounts for
65% of FDI, and the channel He™ + H* + H [see Figs. 4(d)
and 4(f)], which accounts for 17% of FDI. We plot the KER
when the bound n = 1 electron is attached to the He?* ion
[Figs. 4(a) and 4(b)], to the left H* ion [Figs. 4(c) and 4(d)],
and to the middle H™ ion [Figs. 4(e) and 4(f)]. As for TI
and FTI, we find that the KER distributions for DI and FDI
are very similar. Hence, for simplicity, we next focus on
describing the features of the KER distribution for DI. When
the deeply bound electron is attached to He?* [Figs. 4(a) and
4(b)], we find that the left H" is the fastest ion, followed by
He' and the middle H" ion. Indeed, the Coulomb repulsive
forces on the left H™ ion from the other two ions are both
along the —z axis, on He™ both forces are along the +z axis,
and on the middle H" ion the two forces are in opposite
directions. When the deeply bound electron is attached to
the left H* ion [Figs. 4(c) and 4(d)], the electron screens the
charge of the core, resulting in a smaller Coulomb repulsion
between the left H fragment and He?*. Hence, the kinetic
energy of each of the two fragments is smaller than their

—v, = =AVE e AV ol AT
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i 11
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FIG. 5. Distribution of the z component of the final velocity of
the ions v, (black solid lines) and of the change of v, in the time
interval [to, 7] due to the forces from the electric field Avf (green
dashed lines), from the effective potential Avler (light blue dotted
lines), and from the Coulomb potential AvS (dark gray dash-dotted
lines) for (a)-(c) TI and (d)—(f) DI with the n = 1 electron bound at
He?*.

kinetic energy when the deeply bound electron is attached to
He™. The reduction in Kinetic energy is larger for the left H
fragment since both the Coulomb forces from the other two
ions are now smaller. This is clearly seen by comparing the
gray dash-dotted and light blue dotted lines in Fig. 4(b) with
the ones in Fig. 4(a). In contrast, the total Coulomb repulsion
on the middle H* ion is increased. Indeed, the repulsion from
the left H fragment towards the z axis is decreased while the
repulsion from He?* towards the —z axis is increased (the
n =1 electron is no longer attached to He?t). Hence, the
kinetic energy of the middle H" is increased [compare the
purple dashed line in Fig. 4(b) with the one in Fig. 4(a)]. When
the deeply bound electron is attached to the middle H* ion,
the repulsive forces on this fragment are smaller, resulting in
its smaller kinetic energy [compare the purple dashed line in
Fig. 4(e) with the one in Fig. 4(c)]. Also, the kinetic energy of
the left H* ion increases since the deeply bound electron now
screens the middle H fragment [compare the light blue dotted
line in Fig. 4(e) with the one in Fig. 4(c)]. Finally, the kinetic
energy of He?" is smaller since the deeply bound electron is
attached to the H* ion that is closer to He> [compare the gray
dash-dotted lines in Figs. 4(e) and 4(c)].

Moreover, we find that the KER distribution of the left
H* ion has a pronounced double-peak structure for DI and
FDI when the deeply bound electron is attached to He?* [see
the light blue dotted lines in Figs. 4(a) and 4(b)]. To identify
the origin of this double peak, it suffices to focus on the DI
process. In Fig. 5 we plot the final z component of the velocity
of the ions along the electric field, v,, for TI [Figs. 5(a)-5(c)]
and DI [Figs. 5(d)-5(f)]. Also, we plot the contribution to this
velocity from the electric field, Avf, and from the forces due
to the Coulomb, AUZC, and the effective, Av;/ «f_potentials. For
both TI and DI we find that the velocity v, of the left HT ion
is mostly determined by the Coulomb forces acting on this
ion. For DI, the contribution of the Coulomb forces to the
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FIG. 6. (a) Distribution of the final kinetic energy of the left
H* ion for DI when the n = 1 electron is bound at He**. Angular
distributions of the left H" and middle H* and He™ ions are shown
for DI when the kinetic energy of the left HT is (b) low and (c) high.

velocity of the left HT ion has a clear double-peak structure
[see Fig. 5(d)]. This gives rise to the double-peak structure in
the kinetic energy of the left H' ion in Fig. 4(a). In contrast,
the velocities v, of the middle H* and of the He** (He*)
ion for TI (DI) are determined by the forces from both the
Coulomb and the effective potential. The role of the effective
potential is more pronounced for the DI process, consistent
with one electron remaining bound.

Next, for DI we show how the Coulomb forces exerted on
the left H* ion, when the deeply bound electron is attached at
He?*, result in a low- and a high-energy peak in the KER of
the left H' ion [see the light blue dotted line in Fig. 4(a)]. To
do so, we plot the angle of escape of each ion with respect
to the z axis. The angular distributions that correspond to
the low- and high-energy peaks [see Fig. 6(a)] are shown in
Figs. 6(b) and 6(c), respectively. We find that the two peaks in
the kinetic energy distribution of the left H ion are associated
with a different range of angles of escape of the middle H™
as well as of the He™ ions. For both peaks, the left H* ion
escapes along the —z axis [see the dark gray dotted lines in
Figs. 6(b) and 6(c)]. Moreover, all ions have roughly the same
charge and the middle HY ion is closer compared to He™ to the
left H ion. Hence, it is the Coulomb repulsion between the
two H™ ions that mostly determines the final kinetic energy
of the left H" ion. We find that for the lower-energy peak
the middle H* ion escapes with a very wide range of angles
away from the —z axis, compared to a much smaller range
for the high-energy peak. When the middle H ion escapes
with larger angles with respect to the —z axis and, hence
with respect to the left HY, the Coulomb repulsion between
the two H* ions is smaller, resulting in a smaller kinetic
energy of the left H ion. In Fig. 7(b) we show that for TI
the distributions of the angles of escape of the ions are very
similar to the angles corresponding to the high-energy peak
for DI [compare Fig. 7(b) with Fig. 6(c)]. As a result, the
kinetic energy distribution of the left H* ion for TI is similar
to the part of the distribution for DI that corresponds to the
high-energy peak.

Finally, a comparison of the KER for TI, FTI, and DI
obtained with the ECBB model and with the previous model
in Ref. [40] reveals that the KERs have larger values for
the ECBB model. This is consistent with taking into account
the repulsion between the bound electrons using effective

) H* (left) - H* (left) —H™ (middle) —--He"
[ 3 i PP T N T AT AT AT T T 1 L o o o 3 3 4
22 i
7 0.05 1 it
= [ il
el i
o !
0k —rtoe 0 e 1.J\

0 0.5 1 1.5 0 90 180
KER (a.u.) 0 (deg)

FIG. 7. (a) Distribution of the final kinetic energy of the left H*
ion for TIL. (b) Angular distributions of the left H" and middle H*
and He?* ions for TL

potentials in the ECBB model. In our previous more primitive
model, the repulsion between bound electrons is turned off.
Due to this repulsion via the effective potentials, the electrons
are less bound to the nuclei they are attached to. Hence, the
electrons screen the nuclei less, leading to higher Coulomb
repulsion between the nuclei and therefore to larger values of
the KER. Other differences in the KER of the left and middle
H* ions when using the ECBB model versus our previous
model in Ref. [40] are due to the effective potentials in the
ECBB model significantly influencing the final velocities of
the middle HT and He™ ions (see Fig. 5).

B. Correlation in electron escape

In Fig. 8 we plot the distribution of the difference of the
ionization times between the fastest and second fastest elec-
trons as well as the fastest and slowest electrons in TI and
between the fastest and slowest electrons in FTT and DI. We
find that the electron that ionizes second has a significant
probability to do so with a small time difference from the
fastest one, with the time difference being the smallest in TI,
followed by DI and then by FTI. The distributions in all three
processes extend up to ten periods (T) of the laser field. In
contrast, compared to the fastest electron, the time the last
electron ionizes in TI has a distribution that peaks roughly

R —
4{2 — T1 slowest - fastest |
% 0.6 ] TT middle - fastest [
g ’ i = =DI slowest - fastest i
e  XBEEERE FTI n > 2 slowest - fastest [
= 0.4, -
<2 024" -
o ] [
H -
A e T ——
0 5 10 15

Time difference (units of T)

FIG. 8. Distribution of the difference of the ionization times be-
tween the fastest and second fastest electrons as well as the fastest
and slowest electrons in TI and between the fastest and slowest
electrons in FTI and DI.
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FIG. 9. Distribution of the principal n quantum number for path-
ways (a) A and (b) B of FDI and for pathways (c) A and (d) B of FTI
(black solid lines with diamonds). The distribution of the » quantum
number is also plotted separately when the Rydberg electron remains
attached to He?* for FTI and He™ for FDI (light gray lines with
upward pointing triangles) and when it remains attached to H* (dark
gray lines with downward pointing triangles).

around three periods of the laser field. This suggests that the
last to ionize electron escapes mainly due to enhanced ioniza-
tion and not due to a recollision, i.e., the electronic correlation
is weak. This is consistent with HeH, ™ being driven by a long
and intense laser pulse in the present study.

A comparison between the distributions of the difference
of the ionization times for TI, FTIL, and DI of HeH,™ ob-
tained with the ECBB model versus its predecessor model in
Ref. [40] reveals that these distributions for the ECBB model
peak at smaller times and are less wide. This is consistent
with the interaction between bound electrons being accounted
for via effective potentials in the ECBB model. As a result,
following a return of an electron to the core, energy transfer
between bound electrons can take place, leading to possible
ionization or excitation. This in turn leads to electrons escap-
ing faster, which is consistent with the KER of the fragments
having larger values for the ECBB model, as discussed above.

C. n quantum numbers

Next we investigate the distribution of the principal n quan-
tum number of the two main pathways A and B of FTT and
FDI (see Fig. 9). We find that FDI with » > 2 is a major
ionization process accounting for roughly 9.5% of all events,
while FTT is an order of magnitude less probable. Also, we
find that pathways A (54%) and B (46%) with n > 2 con-
tribute roughly the same to FTI, while for FDI pathway B
contributes significantly more (70%) than pathway A. This
can be understood in terms of electronic correlation. Frus-
trated TT, most likely, occurs when the slowest electron finally
remains bound in an excited state. As for the slowest electron
in TI (see the black solid line in Fig. 8), the slowest elec-
tron in FTT can gain energy both from the initially tunneling
electron returning to the molecular ion and from an enhanced

ionization process. Hence, when this electron remains bound
in a Rydberg state, it does so either through pathway B, related
to energy gain from the returning electron, or through pathway
A, related to energy gain from an enhanced ionization process
[6]. Frustrated DI, most likely, occurs when the slowest of the
two electrons that ionize in DI finally remains in an excited
state. However, the slowest electron in DI mainly gains energy
from the electron returning to the molecular ion, associated
with pathway B of FDI. This is supported by the significantly
faster ionization time of the second electron in DI and TI
(dark gray dashed and light gray dash-dotted lines in Fig. 8)
compared to the ionization times of the slowest electron in TI
(black solid line in Fig. 8).

For FDI, we find that it is significantly more likely for
the Rydberg electron to be attached to the HY ion versus the
He’" ion. Indeed, in Figs. 9(a) and 9(b) it can be clearly seen
that the probability for the Rydberg electron to be attached to
He?" (area under the light gray lines with upward pointing
triangles) is much smaller than the probability to be attached
to one of the HT ions (area under the dark gray lines with
downward pointing triangles). This is consistent with 65% of
FDI events having the Rydberg electron attached to one of
the H* ions, while the deeply bound electron is attached to
the He?" [see Fig. 4(b)]. Only 21% of FDI events have the
Rydberg electron attached to He?", while the deeply bound
electron is attached to one of the H' ions [see Figs. 4(d)
and 4(f)]. The significantly higher probability for the Rydberg
electron to be attached to one of the HT ions is consistent
with the bound n = 1 electron staying mostly attached to the
He? ion for both DI and FDI. In this case, all nuclei have
a charge of roughly 1. In addition, the bound n = 1 electron
repels the Rydberg electron from the He™ ion, resulting in the
Rydberg electron being more likely to stay bound in one of the
two H* ions. The Rydberg electron can also remain bound
at He™, a less likely process that we do not show in Figs. 4
and 9.

For FTI, in contrast to FDI, it is roughly 2.5 times more
likely for the Rydberg electron to remain attached to He>*
versus the H' ions [compare the area under the light gray lines
with upward pointing triangles and the area under the dark
gray lines with downward pointing triangles in Figs. 9(c) and
9(d)]. This is consistent with an electron being significantly
more likely to be attracted and remain bound at He?* with
charge 2 versus at H with charge 1.

Also, for FDI and FTI, we find that for both pathways the
distribution of the n quantum number peaks around n = 18
when the Rydberg electron is attached to He?>* compared to
the significantly smaller n values when the Rydberg electron is
attached to H*. This comes as no surprise. Indeed, we assume
that the electron that tunnel ionizes last and remains bound in
a Rydberg state has roughly the same energy for attachment
at He?" or at H*. Given that He?* has twice the charge of
H, it follows that a Rydberg n state of Ht corresponds to
roughly a Rydberg 2n state of He’". In addition, we find
that the distribution of the n number peaks at higher values
for pathway A of FDI versus FT1. This is consistent with an
n = 1 electron remaining bound in FDI, resulting in a higher
screening of the cores in FDI compared to FTI and hence
higher energies of the Rydberg electron for FDI.
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IV. CONCLUSION

We have developed a general three-dimensional semiclas-
sical model for the study of correlated multielectron escape
during fragmentation of molecules driven by intense infrared
laser pulses. This model fully accounts for the motion of
all electrons and nuclei. Moreover, it is developed in the
nondipole approximation, fully accounting for the magnetic
field of the laser pulse. This model is a generalization of
a model we previously developed for atoms. In this model,
referred to as the ECBB model for molecules, the interaction
of each quasifree or bound electron with the cores and each
quasifree electron with a bound electron is treated exactly,
fully accounting for the Coulomb singularity. To avoid artifi-
cial autoionization, the interaction of a pair of bound electrons
is treated through effective Coulomb potentials. We employed
the ECBB model in the context of the linear triatomic HeH, ™
molecule. We focused our study on triple and double as well as
frustrated triple and double ionization. We found that the sum
of the final kinetic energies of all ion fragments is larger when
described by the ECBB model versus a predecessor of the
ECBB model that does not account for the interaction between

J

bound electrons. This suggests that the interaction between
bound electrons allows for a more correlated electron-electron
escape which occurs faster, leading to a Coulomb explosion
of the nuclei at shorter distances. Finally, the ECBB model
allows for the study of frustrated double ionization, a major
ionization process. This process was not accessible with our
previous models, since it has two bound electrons and the
interaction between bound electrons was not accounted for.
We expect that the ECBB model for strongly driven molecules
will pave the way for previously inaccessible studies of multi-
electron ionization processes during fragmentation of strongly
driven molecules.
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APPENDIX A: DERIVATION OF TERMS IN THE CHAIN RULE

We find that the terms in the chain rule in (20) are given by
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APPENDIX B: DERIVATIVES OF THE FUNCTIONS OF THE EFFECTIVE CHARGES
1. Derivatives of C; ,(E;, [ty — 1y, .. ., [tn, — 1;])

The function C; ,(&;, [r1 —ri], ..., |rn, — I;]) has the following derivative with respect to ¢; »:
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The function Cj ,(Ey, |r1 —1jl, ...,
represent electron-nucleus pairs:
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