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Nonsequential double ionization (NSDI) processes of nonaligned diatomic molecules N, and O, are studied using the
S-matrix theory. Our results show that the NSDI process significantly depends on the molecular symmetry and structure.
The ratio of NSDI rate to single ionization rate as a function of the field intensity is obtained. It is found that N, behaves
closely with its companion atom Ar in the ratios over the entire intensity range, while O, exhibits an obvious suppression

effect, which is qualitatively consistent with the experiment.

Keywords: nonsequential double ionization, nonaligned diatomic molecules, S-matrix theory, suppression

effect
PACS: 33.80.Rv, 34.50.Rk

1. Introduction

Nonsequential double ionization (NSDI) of atoms, as
one of the most important multi-electron effects in strong-
field physics, has been intensively studied during the last
decade'®! Compared with atoms, molecules with higher
degrees of freedom exhibit more complex dynamics. In
recent years, physics and applications of molecular dy-
namics in strong laser fields has attracted more and more
attention,l’'4l such as tomographic imaging of molecular
orbitals,'>! and probing molecular dynamics on an attosec-

[16-19

ond time scale. I There is no doubt that the molecular

NSDI process has also become an interesting problem worth

[20-30] Rescattering has been commonly accepted

investigating.
to be the dominant mechanism for molecular NSDI:3 the first
active electron is freed by the field, then driven back to its
parent ion after the field changes its direction, and finally dis-
lodges the second electron by transferring part of its energy.
Early measurements of ion signals for diatomic molecules
in CO; lasers indicated that molecules have nearly the same
single ionization (SI) signals as its companion atoms.!3!=33]
More recent studies using Ti:sapphire laser radiation,?%-!]
however, have shown that the SI yield of O, has an obvious
suppression effect compared with that of its companion Xe
atom. While for N, the SI signal remains comparable to that
of its companion Ar atom.?* Moreover, these studies have
been extended to the double ionization and a suppression ef-

fect for O, in the double ionization process has also been ob-
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served experimentally,’*’! which indicates that molecular sym-
metry and structure strongly influence the ionization process
of molecules.

In our previous work,[>! it is reported that, when only the
parallel aligned N5 and O, are considered, a suppression effect
of O in the NSDI process is found. However, the N, and O,
molecules used in the experiment®®! are not aligned. There-
fore, in this paper, differently from Ref. [29], we aim to study
the NSDI process of nonaligned N and O; using the S-matrix
theory, in which the NSDI rates of N, and O, are averaged
over alignment angles. Our results show that the NSDI rate of
nonaligned O, is a little lower than that of N>. On the con-
trary, Ar has a higher NSDI rate than the nonaligned N, and
O, molecules. This can be interpreted by taking all factors of
the NSDI process for N, and O at different molecular align-
ment angles into consideration. The ratios of the NSDI rate to
the SI rate are also calculated. We find that N, has a similar
NSDI/SI ratios to Ar over the entire intensity range, while O,
shows an obvious suppression effect. These results are quali-
tatively consistent with the experimental observations.

2. Theory

Strong-field phenomena, such as the NSDI, are success-
fully described within the strong-field approximation (SFA),
which assumes that the electron in the initial state of an atom
or molecule is unaffected by the laser field, and the electron
in the continuum does not feel the presence of the binding po-
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tential. Using the S-matrix theory, one obtains the transition
amplitudes of the NSDI process caused by the laser-assisted
inelastic rescattering within the two-active-electron (TAE) ap-

proximation ast?%-30-31

= 1
Aj = —i/_ dtz/_2 dry (Was(22)]
x VGo(t2,11)Va(t1)|Fi(f1)), (D

where Go(lz,[l) = —ie(tz —t1)Z|'PAj(t2)><lPAj(t1)| repre-
J

sents the intermediate two-electron Green’s function, and
Va(t) and Vg denote the laser—electron interaction in the veloc-
ity gauge and the electron—electron interaction, respectively.
The wave functions of the initial, intermediate, and final state
of the system can be written as

'PBi(t) = 71W”]n21)t(pn1nzv( )an (r27R)Wn1 (TI»R)a
lPAJ(I): IW,U/t(p/ ( )Wn’z(r%R)d)A(rlvpat)a
%f(t) ]W,lu/,t¢ ”v”(R)¢(T27p27t)¢(7"17P17t)7 (2)

according to Born—-Oppenheimer approximation, where
Wainpvs Wy Lyl and W,»,» denote the binding energies of X,
X", and X22+, respectively. Additionally, @, ,,v(R), Dy (R),
and @, (R) are the wavefunctions of the corresponding nu-
clei, with v, v/, and v” being the vibration state’s quantum
numbers, nj» and n’2 the electronic quantum numbers. The
summation over j in Go(f2,#1) representing all the quantum
numbers which define the state, includes the integration over
momentum p and summation over 7, and v’. The rescattering
picture can be read from Eq. (1): both of the two active elec-
trons, denoted by ¥, (r1,R) and y,, (12, R), are initially in
the molecular bound states; subsequently one of them is ion-
ized by the external field to the virtual Volkov state, which can
be expressed as

Pa(r,p,t) = ¢(r,p)exp (— % /l dz(p— A(T))z) 3)

and the other one remains in the bound state of the residual ion

Wn (r2a
states ¢(r,p1,¢) and @ (ry, P2, 1) via the electron—electron in-

R); finally, both of them are emitted to the continuum

teraction V. It is noteworthy that the laser field is turned off
in the final state, and thus the electrons are free plane waves

2
¢(r,p,t):¢(r,p)exp<—ipzt>, (4)

where ¢ (r,p) = exp(ip-7)/V'/?, and V is the normalization
volume.

We will consider the case of a linear monochromatic field
A(t) = Age cos(wt) with the ponderomotive energy U, =
(A2(1)),/2 = A3/4, where Ay is the amplitude, and e, and ®
are the unit polarization vector and the frequency of the field,
respectively. The Volkov wavefunction can be expanded using

the Jacobi—Anger formula, so that we can perform the two-
fold time integrations over #; and t, exactly. Then we have the
total NSDI rate

&)
with the differential double ionization rate by absorption of N
photons
w=2r Y [T™(p,py)
N=Ny
2 2
><6(”21+’722+1p1+1p2—Nw>, ©)
where

7™ (py,p2)

ZESZZ/dp —ma)

x <¢(7°2,P2)¢(1°1,pl)\VB|‘lfn;(7’27R)¢(7‘1,P)>
<Wn (TZv )‘P(Tl 7p)|wl12 (TZv R) WYn, (Tl 7R)>

« -,mflz\’(a pvn)-]m(a'pvn). (7)
p?/2+ 1, + Uy, —mo

Here, Ny and myg are the minimum numbers of photons needed

to be absorbed for the emission of the electrons and the first
electron, respectively. The parameters I, and I, are the ion-
ization potentials of the two ionized electrons. The Jy(a;b) is
a generalized Bessel function of two arguments: 1 = U, /20
and o = (Ag/w)e,. Contribution from the ionic ground state
of the sum over n’2 is considered, since it is found to domi-
nate over the contribution from any high excited state by some
orders of magnitude 7! We adopted “freezing nuclei approx-
imation” to obtain Eq. (7), where the nuclei are fixed during
the whole ionization process. Therefore, it is applicable to
calculate the ionization process of heavy molecules, such as
nitrogen and oxygen.

In this paper, we focus our attention on the NSDI process
of nonaligned diatomic molecules N, and O,. The wavefunc-
tions of the ground states for N», O,, and their ions are derived
within the linear combination of the atomic orbital and molec-
ular orbital (LCAO-MO) method.[?%37] The wavefunction of
the n-th molecular valence shell is approximately considered
as a SAE two-centered MO, which is chosen as a linear su-
perposition of predominantly contributing (j-th) one-centered
one-electron atomic orbitals

llfn(r;R)*I[/(rJrR/Z'r R/2)
Z r+R/2
9" (r = R/2)]/\/201£ 8] (R),  ®)
where

PR = [arg B2 - R2) O
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is the respective atomic orbital overlap integral with the inter-
nuclear distance R. It is well known that the highest occu-
pied molecular orbitals (HOMO) for N, and N; belong to two
kinds of orbital symmetries, namely, bonding 30, and 17,
with binding energies of 0.5728 and 0.9993 a.u., respectively.
The HOMO for O, and Oj are both anti-bonding 17, or-
bitals, with binding energies of 0.4438 a.u. and 0.8875 a.u.
For simplicity, one can approximate the two-centered one-
electron molecular wave functions for bonding 30, or 17, va-
lence shells in N, by composing from antisymmetric or sym-
metric superposition of one-electron hydrogen-like 2pz or 2px
orbitals.?%-¢] Similarly, for O,, the two-centered one-electron
molecular wave function of the anti-bonding 17, orbital can
be composed of antisymmetric superposition of one-electron
hydrogen-like 2px orbitals.

3. Results and discussion

In order to investigate how the NSDI process of molecules
will be influenced by the molecular symmetry and structure,
we adopt a model molecule which has the same electronic
structure as O, but the ionization potential equal to that of
N». For simplicity, we still denote it as O, in the following.
We first calculate the NSDI rates of N> and O, molecules at
each fixed angle B (the angle between the molecular axis and
the polarization direction of the field) using Eq. (5), and then
average the results over an ensemble of randomly distributed
molecules. The results are shown in Fig. 1(a). For comparison,
we also plot the NSDI rate of Ar which is the companion atom

of Np. The laser field with a wavelength of A = 800 nm and
the coulomb screened potential Vg = e~ "12 /rj; with y=0.2
between the two ionized electrons are adopted throughout. It
is shown in Fig. 1(a) that in the low field intensity regime
considered (I < 2.4 x 10" W/cm?), the NSDI rate of non-
aligned O, molecules is a little lower than that of N», and it is
nearly equal to that of N, when the intensity increases. How-
ever, Ar has a higher NSDI rate than nonaligned N, and O,
molecules. This can be understood by considering the NSDI
process of N, and O, with different angles . Figures 1(b)
and 1(c) show two specific cases of = 0°(*”) and B = 50°.
Figure 1(b) shows that in parallel alignment (8 = 0°), N, be-
haves closely as its companion atom Ar in NSDI rate, but the
NSDI rate of O, shows an obvious suppression effect over-
all, especially in the low intensity regime considered. This
can be interpreted by studying the angular distributions of the
first ionized photoelectrons for parallel aligned N, and O,:1>°!
similar to atoms, N has a maximal angular distribution along
the direction of the field and decreases rapidly with increas-
ing angle; while for O, the distribution is maximal at about
25° and minimal along the direction of the field, as shown
in Fig. 2(a).*°! Therefore, the first ionized electron of N is
ejected mainly along the direction of the field. However, the
first photoelectron of O, has a relatively larger transverse ve-
locity when it is ejected from O,, which will greatly reduce the
probability of recollision with the core. Therefore, the NSDI
rates for N, and O, are significantly different. When the angle
B increases to 50°, the angular distribution of O, reaches its
maximum along the direction of the field, which is similar to
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Fig. 1. (color online) NSDI rates of N, , O, , and Ar as a function of intensity at A = 800 nm. The alignment angles of the

molecules are (a) averaged, (b) B = 0°.2°! and (c) B = 50°.
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Fig. 2. (color online) Normalized angular distributions of the first ionized electrons from N, and O, at alignment angles (a) f = 0°1291 and

(b) B =50° at I =2 x 10" W/em?.
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Ny, as shown in Fig. 2(b). Therefore, after the field changes
its direction, the photoelectrons have a large probability to be
driven back to the core to recollide with it. Thus, the NSDI
rate of O, at B = 50° will be higher than that at 8 = 0° in
the whole intensity regime considered. On the other hand, Ny
has a monotonic decreasing SI rate with increasing angle 3.°!
which will cause decreasing NSDI rate with increasing 8 for
N,. With these effects in mind, N> and O, molecules will
have similar NSDI rates after averaging over alignment angle
B, and the NSDI rates are apparently lower than that of Ar.

Furthermore, in order to eliminate the influence of the sin-
gle ionization on the NSDI process, the intensity dependence
of ratios of NSDI rate to SI rate for nonaligned molecules
N, and O,, together with Ar, are depicted in Fig. 3. It is
shown that the ratios of NSDI rate to SI rate for N, and Ar
are quite similar over the entire intensity range, while the ra-
tios for O, are much lower, which means that, after exclud-
ing the influence of the single ionization probability, a non-
aligned N, molecule behaves similarly to Ar and a nonaligned
0O, molecule shows an obvious suppression effect in the NSDI
process. Compared with the parallel aligned O,,*°! the sup-
pression effect of the nonaligned O, in the NSDI process still
exists, but is weakened. Our results are in qualitative agree-
ment with the experimental observations.I*’! Here, it is worth
noting that in our calculations above, only the contribution
from the outmost valence orbitals in a molecule and ion is in-
volved. According to Ref. [30], the inner valence orbitals in a
molecular ion also play an important role in the NSDI process
of N» since their contribution to the NSDI yield exceeds that
from the outmost orbital when the alignment angle is small.
Similarly, it is easy to find that for O,, when the molecular
alignment angle is close to /2, the contribution from the in-
ner orbitals in a molecular ion can also exceed that from the
outmost orbital. However, this effect will not affect the main
conclusions of this paper since, according to our calculation,
we find that it will increase the NSDI yield of N, more obvi-
ously than O,. More details will be given elsewhere.
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Fig. 3. (colour online) Ratios of NSDI rate to single ionization rate
for nonaligned Ny, O, and Ar as a function of the field intensity.

4. Conclusions

In summary, the S-matrix theory is extended to the molec-
ular case to study the nonsequential double ionization process
of nonaligned diatomic molecules N, and O, in intense laser
fields. The results show that the NSDI rate of a nonaligned O,

molecule is a little lower than that of Ny in the low intensity
regime and is very close to that of N, when the intensity in-
creases. However, Ar has a higher NSDI rate than nonaligned
molecules N, and O,. This can be understood by studying the
NSDI processes for N, and O, at different molecular align-
ment angles. The ratios of NSDI rate to SI rate are also ob-
tained. It is shown that compared with Ar, N; has a similar
NSDI/SI ratio over the entire intensity range. In contrast, O,
shows an obvious suppression effect. Our calculation is quali-
tatively consistent with the experimental observations.
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