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and momentum distributions of H," in intense femtosecond laser pulses
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We study above threshold ionization, energy-resolved photoelectron angular distributions and photoelectron
momentum distributions for the initial 22;(15%) ground and the *3*(2por,) first-excited state in H,*, driven
by an arbitrary orientated linearly polarized 800 nm laser pulse of different intensities and temporal durations.

When the pulse duration is reduced, multiphoton structure is erased, and continuum states of gerade (g) and
ungerade (u) inversion symmetry start to overlap. A strong localization of the photoelectron emission occurs as
a consequence of the g-u mixing. Furthermore, as the pulse length is reduced, effects of the carrier-envelope
phase show up, and a number of complicated interference patterns in the momentum distribution radially as
well angularly are predicted. Such patterns were previously reported in the atomic case. In the molecules,

additional structures appear due to the interference between electronic waves emerging from different nuclear

centers.

DOI: 10.1103/PhysRevA.79.063406

I. INTRODUCTION

The hydrogen molecular ion is the simplest molecule and
as such has been the favorite of theorists in investigations of
molecular effects in strong-field physics. Despite its simplic-
ity, carrying only a single electron and two nuclei, the system
has resisted fully ab initio descriptions in the regime where
most interesting strong-field phenomena occur, i.e., femto-
second pulses of a wavelength of 800 nm, and intensities
around 10' W/cm?. The highly nonlinear interaction with
the electromagnetic field simply implies that the full problem
with all electronic and nuclear degrees of freedom is too
numerically demanding to be solved in the foreseeable fu-
ture: the full problem of dissociative ionization is still largely
open. As a consequence the computational models applied to
this problem are accurate either in the nuclear part, i.e., dis-
sociation, or in the electronic part, i.e., ionization.

We have recently developed computational models to ad-
dress the electronic part in fully three dimensions, keeping
the nuclei fixed at their equilibrium positions [1,2]. Within
this approximation effects of orientation on the ionization
can be studied by the rotation of the direction of the polar-
ization vector with respect to the molecule. A few other
groups have also been able to compute these effects (see,
e.g., Refs. [3,4] and references therein). However, in our ap-
proach, we describe the continuum dynamics of the electron
in an angle- and energy-resolved way, allowing us to study
the ionization process at the most detailed level of momen-
tum distributions. Recall that single ionization is the first step
in strong-field phenomena involving rescattering, such as en-
hanced ionization, high-harmonic generation (HHG), or pla-
teau in above threshold ionization (ATI). Fully understanding
this step is accordingly important.

In the present work, we investigate effects of pulse dura-
tion and carrier-envelope phase (CEP). The investigation of
these effects is timely in view of progress in laser technol-
ogy. With current technology, one can generate femtosecond
(fs) laser pulses with few optical cycles [5,6]. The peak elec-
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tric field of such few-cycle pulses depends on the CEP,
which specifies the delay between the maximum of the en-
velope and the nearest maximum of the electric field of the
carrier wave with frequency wy (see Fig. 1). Since the ion-
ization process depends on the field in a highly nonlinear
way, the asymmetry of the field induces an asymmetry in the
emission direction of photoelectrons [7-18]. Note that in-
cluding nuclear motion is far beyond the scope of the present
work. We expect the typical effect of nuclear motion to be a
smearing out of the reported features [19].

The purpose of the present paper is twofold. First, we
study the role of the pulse duration on ATI, molecular frame
photoelectron angular distributions (MFPADs), and momen-
tum distributions of H,", in the fixed nuclei approximation,
for intensities ranging from 5X 10" to 5X 10" W/cm?.
Second, we investigate to what extend the CEP can be used
to control the electron emission. We focus on H,* because it
represents a useful workbench on which to test different ap-
proaches and numerical methods. Moreover, experiments us-

30 1 2 1 2 1 2
@ _me_ 0=0](0) e 02 () 0=

-
~ 7 e
S, ] A <\

t > >~0
~ ’ Y
~, I ’ ~, 1 ’
~\ /.- \/ -
RUS (-
H

A
.
.
5
.
. \/'
h

>

(=4

I~o
1

A®) (au.)

(2)

|

|
03 : )
~ A b © 1o :
EN AR N 2 Sy )
s VIV \/ \/
02 : . . -0.2

T
0 1 2 1 2 1 2
time (cycles)

FIG. 1. (Color online) Upper panels, vector potential A(z) and its
envelope (dashed line) and, lower panels, electric field E(r) as a
function of time in cycles for three values of the CEP, ¢: (a) 0; (b)
7/4; (c) /2. The laser field corresponds to an 800 nm pulse of 2
optical cycles and intensity 5X 10'* W/cm?. The vertical dashed
lines give the maximum of the envelope. An optical cycle corre-
sponds to 110.2 a.u. (2.7 fs). In panel (b), lower row, we include a
rescaled electric field of a 3 optical cycle laser pulse.
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ing H," beams have been performed (see, e.g., Refs. [20-22]
and references therein).

The paper is organized as follows: in Sec. II, we introduce
our methodology [1,2,23]. Next, in Sec. IIl we present re-
sults for ATI spectra MFPADs, and electron momentum dis-
tributions for the 2+(lscr ) ground and the *3*(2pa,) first-
excited state. For the ground state and intensities 3 X 104
and 5% 10 W/cm?, the roles of the pulse duration and
CEP are presented in Secs. III A and III B, respectively. Re-
sults for the 22;(21)0[,) first-excited state using intensities in
the range 5% 103-5X10'* W/cm?, are presented in Sec.
III C. Finally, conclusions and future perspectives are given
in Sec. IV. Atomic units (m,=fi=|e|=ay=1) are used
throughout unless stated otherwise.

II. THEORY AND COMPUTATIONAL DETAILS

In this section we sketch a recently introduced methodol-
ogy [1,2]. The method for solving the time-dependent
Schrodinger equation (TDSE) was described previously
[23-26]. In short, for a fixed internuclear distance, and a
given orientation of the polarization vector with respect to
the molecular axis, B, the wave packet describing the elec-
tron dynamics is expanded in terms of spherical harmonics,
W(r,B,1)= 25“;’;“7'_1‘](@’,"(7‘,3,I)Y’;(f), In our case, we con-
sider the nuclear equilibrium distance of 2 a.u., and use an
expansion with €., =23, and a sphere of radius R,
=600 a.u. divided into 4096 radial grid points, i.e., step-size,
Ar=0.14 a.u. The TDSE is solved by means of the split-
step method, using a time step of 6=0.005 a.u. Here we
employ the velocity gauge of the electron-field interaction,
since this gauge has proved superior to the length gauge with
respect to the number of angular momenta needed for con-
vergence, and since we are not interested in dynamics during
the laser pulse [27,28].

We consider a linearly polarized few-cycle pulse in the
dipole approximation wherein the incident field E(z)
=-d,A(1) is defined through the vector potential

A(1) = Ag()sin[w(t = T/2) + Pple, (1)

for 0=¢=T, and zero outside this interval, where T is the
duration of the pulse, and e, is the unit vector along the z axis
in the laboratory frame. We consider a sine-square envelope
function Ay(f)=A, sin’(wyt/2N,) that assumes its maximum
at t=T/2 (see upper panels of Fig. 1). In Eq. (1), ¢ is the
CEP that specifies the delay between this maximum of the
envelope and the nearest maximum of the electric field of the
carrier wave with frequency w,. Figure 1 illustrates our defi-
nition of the CEP: For ¢=0, maxima of field and envelope
coincide [panel (a)], while for ¢p=m/2 the maximum of the
envelope coincides with the zero of the field. Therefore, ¢
=0 and ¢=m/2 (modulo ) correspond to cosine and sine
pulses with respect to the maximum of the envelope. We
consider the angular frequency w;=0.057 a.u. correspond-
ing to a central wavelength of 800 nm. In this work, we
consider four different pulse durations ~19, 13, 8, and 4 fs,
corresponding to N.=7, 5, 3, and 2 optical cycles, respec-
tively, and we consider the intensities, 5 X 1013, 1x 10", 3
X 10", and 5X 10" W/cm?2, in order to reflect different
physical mechanisms.
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After the laser field is turned off, the fully differential
ionization probability, differential in (i) the electron energy,
e, (ii) the emission direction in the molecular frame, (1,
=(6,,¢,), and (iii) the polarization direction, B, is obtained
from the wave packet W(r,3,T) by [1,2,23]

dP(pB)

—L jioy(e * 2
oL |2 e @)t @

w

Here the summation index u denotes the set of quantum
numbers u={A,, €}, where A is the value of the z compo-
nent of the total electronic angular momentum (%,11,...), 7
denotes the symmetry under inversion (g or ) and € desig-
nates the asymptotic electronic angular momentum of a con-
tinuum state with given A and symmetry 7. Without loss of
generality we consider the polarization vector to be con-
tained in the xz molecular plane. In Eq. (2), oy(e) is the
Coulomb phase shift for partial wave €, and I, (e, ) is the
matrix element

I (e, ) = (W)W (r, Bt =T)), (3)

where o (r) represents a continuum (scattering) state of the
field-free molecular Hamiltonian of energy & with incoming
wave boundary conditions [29,30], and asymptotic momen-
tum k.

The continuum states needed for projection are obtained
in a B-splines basis set [31,32], applying the method devel-
oped in Refs. [33,34]. In our case, scattering states with
quantum numbers *A, up to [A /=23 are described by a
partial wave expansion, €, of 12 terms (see Refs. [1,2] for
more details). Note that in the special case of a laser field
linearly polarized along the molecular axis, i.e., 8=0, the
axial symmetry is preserved, and therefore only the * ;'/u
symmetries are accessible. In this case 24 partial waves in
Eq. (2) are sufficient. For an arbitrary oriented laser polar-
ization as considered in this work, the existence of a compo-
nent of the electric field perpendicular to the molecular axis
breaks the axial symmetry, so that the angular momentum
projection A is no longer conserved, and for this case the
coherent interference of 576 partial waves has to be consid-
ered.

From Eq. (2) we obtain the (angle-integrated) ATI spec-
trum:

2
dP('B) f J dP('B)sm 0d6d¢p = E |1_(8 3)|2

Comparing Egs. (2) and (4), we see that only the angle dif-
ferential quantity of Eq. (2) is sensitive to the phase shifts of
the continuum wave functions, since Eq. (4) is an incoherent
sum of norm squares of matrix elements.

III. RESULTS

We use the methodology outline above to study the role of
the pulse duration and the CEP on ionization of H," initial-
ized from the ground- or the first-excited state.

A. Role of the pulse duration

In this section, we present the results of the ionization of
the H,* molecule from the 22;(1sag) ground state focusing
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FIG. 2. (Color online) ATI spectrum of H,* for =0° driven by
an 800 nm laser pulse, with ¢=0 and two different intensities (a)
3x 10" and (b) 5X 10" W/cm?, as a function of the number of
optical cycles, N.=7,5,2. The Keldysh parameter, 7, is shown in
each panel. The small numbers in the lower right of each panel
indicate the factor by which the results should be multiplied to
obtain the true value of the ionization probability.

on the role of the pulse duration in the ATI spectrum, the
energy-resolved MFPAD, and the photoelectron momentum
distribution.

1. Above-threshold ionization and photoelectron angular
distributions

Results for the ATI spectrum [Eq. (4)] of H," starting out
in the ground state are given in Fig. 2, for the parallel geom-
etry, 8=0°, an 800 nm laser pulse, ¢=0 in Eq. (1) and in-
tensities (a) 3Xx 10" and (b) 5X 10" W/cm?, and three
pulse durations, N.=7, 5 and 2. At 800 nm an optical cycle
corresponds to 110.2 a.u. (2.7 fs). For both intensities, results
obtained with a laser pulse of N.=7 optical cycles display
the typical ATI spectra characterized by a series of peaks
separated from each other by the energy corresponding to the
angular frequency of the carrier. In each panel, we include
the Keldysh parameter [35], y= \e"Ip/ 2U,, where I, is the ion-
ization potential (/ lwg(Req)z 1.10237 au. and Iy, (Reg)
=0.66753 a.u.), and U,=1/ 4w(2) is the ponderomotive energy
with I the peak intensity of the field in atomic units.

As the duration of the pulse is reduced, for a given laser
intensity, (i) the ATI peaks are drastically washed out, (ii) the
signal is reduced, and (iii) the energy positions of the ATI
peaks are shifted. These effects are well known and can be
understood considering the time-energy uncertainty prin-
ciple, AtAE=1/2: as the duration of the pulse is reduced,
the pulse is spectrally broadened and neighboring peaks will
begin to overlap and interfere. Basically, a given final kinetic
energy can be reached through more than a single energy-
absorption pathway involving different numbers of absorbed
photons. Alternatively, we may think of the two-cycle data as
the result of a series of electric-field bursts in different direc-
tions. In each half-cycle an electronic wave packet is
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FIG. 3. (Color online) Inversion symmetry decomposition
(gerade-ungerade) of the ATI spectrum of H,* for 8=0° driven by
an 800 nm laser pulse of /=5X10'* W/cm?, ¢=0, and three dif-
ferent numbers of optical cycles, (a) N.=7, (b) 5, and (c) 2. The
energy associated with the angular frequency of the carrier wy is
represented by a horizontal double arrow. For the indicated electron
energy, €, the MFPAD is displayed. All three-dimensional (3D)
plots are normalized to unity at the maximum of the electron angu-
lar distribution. These maxima of the MFPADs are (a) 0.0073, (b)
0.0075, and (c) 0.0113. The molecular axis is placed along the z
axis of the molecular fixed frame.

launched. Wave packets launched by different half-cycles
may subsequently interfere [36,37].

The breakdown of the multiphoton picture may be ana-
lyzed further by considering the inversion symmetry decom-
position of the ATI spectrum (Fig. 3). Figure 3 shows the ATI
spectrum for the parallel geometry (same conclusions can be
extracted for other orientations) obtained at 800 nm, 5
X 10" W/cm?, and ¢=0, for three pulse durations, N.=7,
5, and 2. For pulses with N.=7 and 5 optical cycles, the
inversion symmetry character of each ATI peak alternates
from peak to peak [Fig. 3(a) and 3(b)]. Contrary, for a pulse
of 2 optical cycles [Fig. 3(c)], the g-u decomposition, while
still visible, gives contributions of similar magnitude and
washes out the ATI spectrum. When both g- and u-type con-
tinuum states are populated, an asymmetric photoelectron
angular distribution is observed due to interference [MFPAD
in Fig. 3(c), see also Ref. [1]]. This latter effect is similar to
what is known for bound states. For example, in a double-
well potential a linear combination of a delocalized symmet-
ric and antisymmetric state may result in a state localized in
one of the wells. In H," in few cycle, strong fields, the com-
bination of g and u states in the continuum results in a lo-
calization of the ejected photoelectrons to a half plane. Note
that the g-u-induced localization should not be confused with
CEP control over the photoelectron emission. The former is a
pure quantum effect giving highly directional pulsed bursts
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FIG. 4. (Color online) Differential momentum distributions (in
logarithmic scale) following strong-field ionization of the ground
state of H," in the k_-k, plane for three orientations of the polariza-
tion vector (a) 8=0°, (b) 45°, and (c) 90°, and three different num-
ber of optical cycles, N.=7 in (a.l, b.1, c.1); N.=5 in (a.2, b.2, ¢.2)
and N,=2 in (a.3, b.3, ¢.3). The wavelength is 800 nm and the peak
intensity is 5 10" W/cm?. The molecule is placed along the k,
axis (dashed line) and the polarization vector is given by the dash-
dotted line.

of electrons at particular energies, while the latter can be
understood classically in terms of the simple man’s model
[see Eq. (9)].

2. Momentum distributions and asymmetry coefficient

A detailed analysis of the electron yield produced by an
external laser field can be performed in terms of the triple-
differential momentum distribution, dP/dk=dP/kd() de.
Figure 4 shows the results in the k -k, plane, for the follow-
ing orientations of the polarization vector, (a) 8=0°, (b) 45°,
and (c) 90°, driven by an 800 nm laser pulse of intensity 5
X 10" W/cm? and ¢=0, for N,=7, 5, and 2 optical cycles,
panels labeled (a.1, b.1, c.1), (a.2, b.2, c.2), and (a.3, b.3,
¢.3), respectively. The results in Fig. 4 are displayed on a
logarithmic scale in order to reveal the global angular distri-
bution. For all pulse durations considered the results share
some common features: The electrons are preferentially
emitted along the polarization vector and, in spite of the
different numbers of continuum states (and partial waves)
taken into account for each particular orientation, the ob-
served secondary structures are practically independent of 3
[1].

In Fig. 4, ATI peaks for N.=7 manifest themselves as
ringlike structures. For a laser pulse with N.=7 optical
cycles [Figs. 4(a.1), 4(b.1), and 4(c.1)], the momentum dis-
tribution presents a symmetric distribution with respect to
the center of inversion of the molecule. As the pulse duration
is reduced, the symmetry of the electron distribution is
clearly lost (see also Fig. 3) and the preferred direction of
electron emission can be explained classically by assuming
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that an electron is freed at the peak of the field r=¢, with
initial velocity v(f;)=0 and subsequently moves under the
influence of the external field only [15,17,18],

kfina1=_f E(t')dt' =-Altp). (5)

0

Hence, in this simple man’s model, the direction of ejection
is opposite the direction of the maximum vector potential.

The low-energy electron momentum distributions present
stripes fanning out radially from k=0. For the extreme case
of a pulse of N.=2 optical cycles, these fanlike structures
completely dominate the forward electron distribution. So, in
contrast to the (N,=2) ATI spectrum, where a lack of struc-
tures is more than evident, the momentum distribution
clearly displays a number of complicated interference pattern
radially as well as angularly in the forward direction at spe-
cific position. What is more, the number and angular direc-
tion of these jets are independent on B and their widths grow
with the electron energy. We have checked that these jets are
also present in the results obtained with a laser pulse of an
intensity 3% 10" W/cm? (figure not shown), and in the
same angular directions. Similar structures are also observed
for the ionization of the H," molecule from the first-excited
state, *>*(2pa,), making use of a laser pulse of a similar
time duration and intensity [see Figs. 9(c.4) and 9(d.4)].

Structures in the low k£ momentum distribution have been
intensively studied for atoms experimentally [38,39] as well
as theoretically [40-45] and originate from the interaction
between the outgoing low-energy electron and the long-
range asymptotic Coulomb potential [see, e.g., Figs. 3(d) and
3(c) in Ref. [45]]. Their number depends on the intensity and
the binding energy [44], and they tend to be dominated by a
single angular momentum. While in the present molecular
case, the presence of the long-range monopole is still impor-
tant to obtain the radial fans, the distributions are no longer
dominated by a single angular momentum since for an arbi-
trary orientation of the polarization vector, many continuum
states of different symmetries are accessible, and the contri-
bution of each of them to the ionization process is described
by a large number of partial waves. In other words, the an-
gular momentum mixing taking place at short distances due
to the multicenter molecular potential impedes a straight for-
ward generalization of the atomic models. The number of
jets seems to be larger than what would be expected from the
atomic case [40-45], an effect we attribute to the € mixing
discussed above, or equivalently, but slightly different
phrased, to the interference of waves originating from the
two molecular centers.

The observed angular asymmetry in Figs. 3 and 4 can be
quantified through the definition of the angular asymmetry
coefficient [1,16,18,46-48],

3(€) — Pyle)
(&) + Pjyle)’

where P}}(s)[P;g(s)] is the ionization probability obtained
along B, in two opposite directions, ¢,=0°(¢,=180°). Fig-
ure 5 shows Ag(e) for B=0° driven by an 800 nm laser pulse
of intensity 5 X 10" W/cm?, ¢=0, and four different num-

Agle) = (6)
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FIG. 5. (Color online) Angular asymmetry coefficient [Eq. (6)]
for S=0° as a function of the electron energy for four different
pulse durations in number of optical cycles, N... The wavelength is
800 nm and the peak intensity is 5 X 10* W/cm?.

ber of optical cycles, N.=7, 5, 3, and 2. As the pulse duration
is reduced, the angular asymmetry approaches unity and de-
creases its oscillatory character as a function of the electron
energy. Only for very low-energy electrons, the position of
the minimum and maximum appears at the same electron
energy for all the N, considered, while for higher electron
energies the oscillation character is lost.

B. Role of the CEP

Now we focus our attention on the role of changing the
CEP in the ionization process from the H2+[2§);(1so'g)]
ground state.

1. Above-threshold ionization spectra

Figure 6 displays the ATI spectrum of ground state H,*
for B=0° as a function of the CEP, driven by an 800 nm laser
pulse of 3 optical cycles and intensity 5% 10'* W/cm?. We
choose a 3 optical cycle laser pulse, since CEP effects
emerge as the pulse duration is reduced, and at the same
time, the ATT spectrum still presents the characteristic multi-
photon peaks. As can be seen in Fig. 6, the effect of control-
ling the CEP presents two main features: as the CEP is varied
from O to /2, (i) the position of a given ATI peak is shifted
to higher electron energies, and (ii) its intensity is reduced.
The first effect can be qualitatively explained by referring to
the simple man’s model [Eq. (5)] which also maps the instant
of ionization to the final energy of the electron. As the CEP
increases from zero for the considered 3 cycle pulse, the
peaks of the electromagnetic field change, so 7, changes such
that more energy is picked up from the field. To explain the
second effect, we note that as 7, changes the peaks of the
electromagnetic field are effectively reduced and therefore
less ionization is observed.

If the CEP is not controlled the “integrated-CEP” ATI
spectrum should present wider ATI peaks than the ones ob-
tained for a specific ¢. Same conclusions can be extracted

PHYSICAL REVIEW A 79, 063406 (2009)
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FIG. 6. (Color online) ATI spectrum of H,* initially in the
ground state, for 8=0° as a function of the CEP and the electron
energy, driven by a laser pulse with N.=3 optical cycles. The wave-
length is 800 nm and the peak intensity is 5X 10" W/cm?.

for other orientations of the polarization vector, 8. Due to
inversion symmetry the total ionization remains invariant
when the CEP is changed by 7 (or equivalently when the
system is rotated by 7r) for atoms and symmetric molecules
interaction with linearly polarized pulses. Therefore, the ATI
spectrum is the same for ¢=0 and r for all .

2. Momentum distributions and asymmetry coefficient

Figure 7 shows the momentum distribution following
strong-field ionization of the ground state of H," in the k_-k,
plane for the orientations 8=0°, 45°, and 90°, panels labeled
(a), (b), and (c), respectively, driven by an 800 nm laser
pulse of 3 optical cycles and intensity 5X 10'* W/cm?, for
three values of the CEP, ¢»=0, 7/4 and /2, panels labeled
(a.1, b.1,c.1), (a.2, b.2, c.2), and (a.3, b.3, ¢.3), respectively.
The results are presented in logarithmic scale in order to be
able to display the different structures. As in Fig. 4, for all
CEP, the electron is preferably emitted along the polarization
vector, and we also see “jets” symmetrically distributed with
respect to the direction of the polarization vector. The num-
ber and angular directions of these structures are also similar
(compare only results displayed in the first row, ¢=0). In
Fig. 1(b) we display the rescaled electric field corresponding
to a pulse of 3 optical cycles. As can be seen, this pulse and
the 2 optical cycles pulse are quite similar, explaining the
presence of similar structures in both electron momentum
distributions. As the CEP is varied from O to 7r/2, the main
electron emission direction is reversed from forward to back-
ward. Note that the results obtained for ¢p= are the specular
imagine of the result obtained for ¢=0 with respect to k,
axis. The change in the emission direction as ¢ is changed
from O to 7 implies a change in the relative phase between
states of opposite inversion symmetry. This emission asym-
metry can be measured through the asymmetry angular co-
efficient, making use of Eq. (6).
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FIG. 7. (Color online) Differential momentum distributions (in
logarithmic scale) following strong-field ionization of the ground
state of H," in the k.-k, plane for three orientations of the polariza-
tion vector (a) B=0°, (b) 45° and (c) 90° and three values of the
CEP, ¢=01in (a.1, b.1,c.1), p=7/4 in (a.2, b.2, c.2), and ¢=7/2 in
(a.3, b.3, c.3). The wavelength is 800 nm and the peak intensity is
5% 10" W/cm?. The molecule is placed along the k, axis (dashed
line) and the polarization vector is given by the dash-dotted line.

Figure 8 shows the angular asymmetry coefficient [Eq.
(6)] for ground-state H," with 8=0° as a function of electron
energy and CEP in an 800 nm laser pulse of 3 optical cycles
and intensity 5X 10" W/cm?. Whereas the dependence on
the electron energy is relatively weak, the asymmetry coef-
ficient presents a strong dependence varying from 1 to —1
(forward-backward emission) as the CEP is varied from 0 to
7. Moreover, the angular asymmetry coefficient displays a
~cos(¢) dependence. Hence, the study of the angular asym-
metry coefficient can be used to determined the value of the
CEP.

Asymmetry coefficient (Unitless)

FIG. 8. (Color online) Angular asymmetry coefficient [Eq. (6)]
of H," initially in the ground state for 8=0° as a function of elec-
tron energy and CEP. The field contains N.=3 optical cycles. The
wavelength is 800 nm and the peak intensity is 5X 10'% W/cm?.
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FIG. 9. (Color online) Differential momentum distribution of
H," for the 3*(2pa,) excited state (in logarithmic scale) in the
k.-k, plane for B=0°, driven by an 800 nm laser pulse with ¢=0,
for four different intensities, (a) 5% 10'3, (b) 1 X 10", (c) 3 X 10'4,
and (d) 5X 10 W/cm? and three different numbers of optical
cycles, N.=7 in (a.1, b.1, ¢.1, d.1), N,=5 in (a.2, b.2, ¢.2, d.2), and
N.=2 in (a.3, b.3, c.3, d.3). The molecule and the polarization vec-
tor are placed along the k, axis.

C.?3*(2pa,) excited state

To explore effects related to molecular-state symmetry,
we now turn to a discussion of results following strong-field
ionization of the first-excited *>*(2pa,) state in H,*. Figure
9 displays the two-dimensional momentum distribution in
the k-k, plane for a parallel orientation, S=0°, and an 800
nm laser pulse with ¢=0, four different intensities (a) 5
X 103, (b) 1Xx 10", (c) 310", and (d) 5%X 10'* W/cm?
and three different pulse durations, N.=7, 5 and 2, panels
labeled (a.1, b.1, c.1, d.1), (a.2, b.2, c.2, d.2), and (a.3, b.3,
c.3, d.3), respectively. Results for other orientations are very
close to the ones obtained by a global rotation of the 8=0°
electron momentum distribution. The considered intensities
correspond to Keldysh parameters 1.75, 1.23, 0.71, and 0.55,
respectively. The photoelectron momentum distributions
show surprisingly rich but different structures at the consid-
ered intensities. For the lowest intensities in Figs. 9(a) and
9(b) the momentum distributions are dominated by the pres-
ence of two circular structures symmetrically distributed
with respect to the k,=0. As the pulse duration is reduced,
the symmetry of the electron emission is lost, as in Fig. 4,
presenting a mainly forward emission direction. What is
more, the results driven by a 2 optical cycle pulse present a
clear circular structure in the forward direction. Results ob-
tained for the two higher intensities, display similar struc-
tures as the ones obtained for the ground state (Fig. 4).

Figure 10 displays the ATI spectrum of H," obtained from
an angular integration of the results shown in Fig. 9. Results
obtained for N.=7 and 5, present the normal multiphoton
features. Figures 10(a) and 10(b) show that the reduction in
the pulse duration from 7 to 5 optical cycles leads to a de-
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FIG. 10. (Color online) ATI spectrum of H," from the
22;(2[7%) excited state for S=0° driven by an 800 nm laser pulse,
¢=0, for four different intensities, (a) 5x 103, (b) 1 X 10, (c) 3
X 10, and (d) 5% 10 W/cm? and three different numbers of
optical cycles, N.=7, 5, and 2. The Keldysh parameter, vy, is shown
in each panel. The small numbers in panels indicate the factor by
which the results should be multiplied to obtain the true value of the
ionization probability.

crease in the yield, but the number and energy position of
each ATI peak remains unchanged. Therefore in this regime,
i.e., for pulses that are long enough to show ATI peaks, the
ionization process is not that sensitive to the duration of the
pulse but mainly to the intensity. ATI peaks reached without
the participation of intermediate resonances are known to
shift toward lower energies as the intensity grows due to the
increase in the ionization potential by U,. On the other hand,
for higher intensity, Figs. 10(c) and 10(d) show patterns
similar to the ones previously obtained for the ground state
(Fig. 2): the position of the ATI peaks appears at different
electron energies, as the pulse duration is reduced. This fact
can be explained as an interference of electron wave packets
born in successive cycles [36,37]. Therefore, in this regime
the pulse duration (number of cycles) plays a crucial role.
Note that in this case all peak positions are independent of
the intensity. For a pulse of 2 optical cycles, the ATI spec-
trum obtained for the two lowest intensities presents drasti-
cally different features. First, the well-known ATI structure
in the electron spectrum is completely erased. Instead, in
panel (a) it can be seen that the electron spectrum displays a
fast smooth decay from O to ~0.5 a.u. and a double peaked
structure of width ~0.1 a.u. Beyond this dominant structure
the spectrum smoothly decay and goes to zero ~0.4 a.u. In
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particular, it looks like the double peaked structures are im-
posed on top of a smoothly decaying background. Increasing
the intensity to 1 X 10'* W/cm? [panel (b)] implies the shift-
ing to lower electron energies of the double peaked structure,
in agreement with a laser-induced shift of the threshold and
associated channel closing. As for longer pulse duration, a
secondary structure appears at higher electron energies, al-
though in this case it is situated at lower electron energies.
Increasing the intensity deep in the tunneling regime [Figs.
10(c) and 10(d)] makes the peak structure less pronounced,
similar to the results obtained for the ground state (Fig. 2). In
particular, for the higher intensity considered here, the ATI
spectrum displays the presence of shallow peaks that are not
separated by the photon energy.

IV. SUMMARY AND CONCLUSIONS

In conclusion, our numerical simulations reveal that the
photoionization dynamics of even a single-electron molecule
near the tunneling regime shows extremely rich and interest-
ing behavior. We have studied the dependence of the ioniza-
tion of the H," molecule on the pulse duration and the CEP.
For the ground- and the first-excited states, we have ob-
served how the reduction in the pulse duration has three
main consequences: first, the erasement of any multiphoton
feature in the ATI spectrum. Second, strongly asymmetric
electron emission along the polarization vector at particular
energies. And third, the appearance of strong radial structures
(jets) in the momentum distribution. We have also studied
the role of the CEP in the ionization process. We have shown
how the CEP can be used to control the population of con-
tinuum states and therefore, the electron emission direction.

In this paper, we have focused on the low-energy part of
the spectrum, corresponding to direct electrons that are
ejected without further interaction with the molecular core,
i.e., no rescattering. Beyond the energies of direct electrons,
a plateau extends up to energies of >15U,. These electrons
are due to rescattering: electrons can scatter elastically from
the core after they are driven back by the laser field. After the
recollision, the scattered electron is further accelerated by the
field and can thus gain a large amount of energy. For mol-
ecules, it has been suggested that scattering from more than
one nucleus gives rise to a diffraction pattern in the electron
angular distribution [49], because the wave packets scattered
from different nuclei can interfere constructively or destruc-
tively with each other. Therefore, interference effects due to
multicenter nature of the problem should appear very clearly
for rescattered electrons at higher electron energy. A change
in the molecular geometry during the departure in the field
would then lead to a change in the electron distribution, so
that ATT could be used as a tool to probe nuclear dynamics.
Also, in Ref. [50] it was proposed that lasers can be used to
produce electron beams in situ, which in turn can be used to
diffract from their host targets, and that quantitative informa-
tion on the structure of the host can be extracted form the
observed pattern [51]. Interference patterns have been re-
cently described in the one-photon ionization of the simplest
diatomic molecules, the H,* and H, [52-54]. Ionization of
diatomic molecules driven by a laser field at high electron
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energies implies a tremendous computational challenge ap-
plying the methodology described here, since the number of
continuum states that are required to obtain convergence in
the high-energy part of the spectrum is much larger that for
the lower part (for example, for a parallel orientation, our
preliminary calculations required the calculation of con-
tinuum states described by more than a hundred of partial

PHYSICAL REVIEW A 79, 063406 (2009)

waves). Our preliminary results show features similar to the
ones observed in the one-photon ionization process [52-54].
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