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Molecular photoelectron momentum and angular distributions of N,
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The ultrafast photoionization dynamics of N, molecules by x-ray/XUV laser pulses is investigated. The molecu-
lar frame photoelectron momentum distributions (MF-PMDs) and the molecular frame photoelectron angular distributions
(MF-PADs) are obtained by numerically solving 2D time-dependent Schrédinger equations within the single-electron ap-
proximation (SEA) frame. The results show that the molecular photoionization diffraction appears in 5 nm laser fields.
However, when the laser wavelength is 30 nm, the molecular photoionization diffraction disappears and the MF-PMDs
show four-lobe pattern. The ultrafast photoionization model can be employed to describe the MF-PMDs and MF-PADs of

N, molecules.

Keywords: N, molecules, molecular frame photoelectron momentum distributions, ultrafast photoionization

model
PACS: 32.80.Rm, 32.80.Fb, 42.50.Hz, 42.65.Re

1. Introduction

With  the
technology,!' 3! electronic dynamics in atoms and molecules

rapid advances of ultrashort laser

on attosecond (107'® ) time scales has attracted great

[4-12] Recently, attosecond pulses with a duration

attention.
of 43 as have been achieved by Gaumnitz et al.,''*! which
can track electronic motion. Time-resolved photoelectron mo-
mentum and angular distributions based on the pump-probe
techniques has been used as an efficient tool to investigate

14-16]' A transition between the

molecular reaction dynamics. !
ground state and the excited state of the target is initiated by
the ultrafast pump laser pulse, and the dynamics process of the
target is monitored by probe pulse.

Cohen and Fano!'”! firstly suggested the interference of
electron wavepackets in a diatomic molecule in perturbative
single-photon ionization, and then Walter and Briggs modeled
the interference of electron wavepackets in molecules.!!8! Zuo
et al. have extended such interference of electron wavepack-
ets to nonperturbative regime.!!”! Utilizing the ultrafast laser
pulses to the molecules can induce the laser-induced electron
interference and laser-induced electron diffraction (LIED),
which is applied as an effective tool for imaging molecular
orbitals.

Molecular photoelectron diffraction can imagine the
time-resolved molecular dynamics.?*23! Yuan er al.[** the-
oretically studied triatomic molecular photoelectron diffrac-
tion by circularly x-ray laser pulses, they found that molecu-
lar photoelectron diffraction patterns show dependence on the
symmetry of the molecular orbitals. Attosecond electron co-

DOI: 10.1088/1674-1056/abca22

herences have been tracked by photoelectron spectra in the x-
ray region, which can allow one to monitor attosecond elec-

5.12] The photoelectron

tron migration in atoms and molecule
diffraction patterns in photoelectron spectra encode informa-
tion about the molecular intrinsic properties including the or-
bital symmetry of the molecules. Some researchers investi-
gated the dependence of the geometries and orbital structures
on the photoelectron diffraction patterns of the N, and CO,
molecules in few-cycle laser pulses.[?6-28] Experimentally, the
diffraction patterns of O, and N> molecules were reported by
Meckel et al. in 2008.1>°! For experiments, photoelectron mo-
mentum distributions (PMDs) and photoelectron angular dis-
tributions (PADs) are usually detected in the laboratory frame.

30311 have explored the connection between

Some researches!
PADs measured in the molecular frame and PADs measured in
the laboratory frame.

Recently, the researches about the molecular ultrafast dy-
namics have been achieved with the single-electron approx-

[27.32-341 which has been used to study

imation (SEA) frame,
the ionization dynamics of the multi-electron molecules by in-
tense ultrashort linearly polarized laser pulses. Int the present
study, we extend the SEA frame for studying photonioniza-
tion of the diatomic N, molecules to x-ray/XUV regions. The
molecular frame photoelectron momentum distributions (MF-
PMDs) and molecular frame photoelectron angular distribu-
tions (MF-PADs) of N, molecules are investigated in circu-
larly polarized attosecond laser fields.

The paper is organized as follows: In Section 2 we de-

scribe the numerical method for solving TDSE of the aligned
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N, molecules within the SEA frame. The results of numerical
calculation and theoretical prediction are discussed in Section
3. In Section 4, we summarize our findings. Atomic units
(a.u.) (e = =me = 1) are adopted unless specifically stated.

2. Numerical methods

The electron dynamics of the N> molecules within the
static nuclei and SEA frame is investigated by solving the two-
dimensional (2D) time-dependent Schrédinger equations (TD-
SEs) as follows:
dy(r,t) _ [pz

) 2+V(T)+VL("’J):| w(r,n), (@)

i

where p is the photoelectron momentum, and the potential of

the N, molecules has the form[27-32]

0_ 7w 2.2
i —Z; )eXp(_Tj/O'j)'

AR VA
V(r):—z d 4 —
J 1/?“j+aj

The parameters used in the potential of N, molecules are same
as those in Ref. [32].
The imaginary-time propagation method has been used

2

to obtain the initial wavefunction of N, molecules, the Nj
molecule is aligned along the x axis, Ry—n = 2.08 a.u. is the
equilibrium internuclear distance.?”-33] The initial state of the
highest occupied molecular orbital (HOMO) for N, molecules
is shown in Fig. 1. One sees that the N, molecule has three
nodes mainly located along the molecular R axis with the oy
symmetry. The ionization potential is [, = 15.6 eV. (321
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Fig. 1. The HOMO orbital of the N, molecule.

The interaction between the laser pulse and the electron
of Ny molecule is Vi (r,t) = - E(r), E(¢) is field vector in the
(x, y) polarization plane, the circularly polarized laser pulse in
our simulation is

E(t) = Ec(t)éx+E,(t)é,

= Eof(t)[cos(wt)é, +sin(wr)é,]. 3)
The laser intensity is Ey = 5.34 x 1072 a.u. Iy =1x
10'% W/cm?); @ is the laser frequency, and €,/y 1s the po-

larization direction of the laser. A smooth pulse envelope

f(t) = sin®(mt /T) of duration T = 10Ty is used, and one opti-
cal cycle (o.c.) is Th =27/ o.

The second-order split-operator method is used in our cal-
culation to obtain the wavefunction propagation in time, [36-37]

i P

V/(T'J-‘y-Al) _ efi(T)Atefi[V(r)JrVL(r.t)]Atefi(T)AtlI](,mt)

+0(AP). “)

[S]

The total length of spatial grid is 204.8 a.u. The wavefunction

1/8 at each

is multiplied by a mask function of the form cos
time step to suppress unphysical reflection from the boundary,
the mask function M(r) is same as that in Ref. [32], and the
absorber domain is from 75 a.u. to 102.4 a.u. The ionized part
is recorded as [1 — M (r)]y(r,t), and r = \/x2 +y2. The MF-
PMDs are obtained by Fourier transformation from the time-
dependent electronic wavefunction.*8! The MF-PADs are ob-

tained from the MF-PMDs.

3. Results and discussion

We focus on the photoionization process of the N
molecules to describe the effect of wavelength and rotation
of laser field on MF-PMDs and MF-PADs by high-frequency
soft x-ray and XUV laser pulses. We only study the MF-PMDs
and the MF-PADs around the energy @ — I,, and other excited
states of the system are neglected.

The MF-PMDs and MF-PADs are presented by a circu-
larly polarized x-ray laser pulse with the wavelength A = 5 nm
(@ =9.11 a.u.) in Fig. 2. The duration is chosen as T = 107y,
and Ty = 2/ ®. From Fig. 2 one sees that the MF-PMDs and
MF-PADs are mainly localized along the p, direction. The
corresponding photoelectron momentum is about p =4.1 a.u.,
two radiation peaks at angles 0° and 180° with large ampli-
tudes appear, and four radiation peaks at angles n x 180° +62°
(n =0, 1) with small amplitudes also appear. The photoelec-
tron diffraction occurs in the MF-PMDs and MF-PADs. The
photoelectron energy is much larger than the ionization poten-
tial of the molecules, i.e., ® > I,, the molecular Coulomb po-
tential has little influence on the electron with larger momen-
tum. Thus, the photoelectron diffractions in the MF-PMDs
and MF-PADs are determined by the symmetry of the N
molecule.

We use the ultrafast photoionization model based on the
S-function!!323% to interpret the photoelectron distribution.
The wavefunction of HOMO for the N, molecules can be ex-
pressed as Yo(r) = [Yap, (r — RLN) — Y2, (r — RrN)]/V2.
Then, we get the total transition amplitude

Ty (p) < |[V2(n- €)sin(P- Rnon/2) P2, (IP]), (5

where e is the vector unit of the laser polarization vector, n
is unit vector of the transition dipole, and P = p+ E. The
delta-function pulse in the ultrafast photoionization model is

043201-2
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used to shift the photoelectron distributions of molecular or-
bitals by the momentum of the laser field vector E. Thus the
photoelectron momentum distributions in our simulation can
be written as

Fy (p) o= [V2(n-e)sin[P- Ryn/2)[yap, (IP])]*. (6)

The negligible ponderomotive energy U, < I, and E < p,
therefore the laser field E, can be ignored and then we can

(a) max | 0 min (b)

obtain p ~ P. Moreover, the shape of the wavefunction of
the y»,, orbital is proportional to the function of cos6. The
MF-PMDs and MF-PADs can be expressed as

TN, (P) ~ | cos O sin[pRy—n cos(0)/2]|%, ©)

where 6 defines the angle between the photoelectron momen-
tum p and the x axis.

(c) 90

-5 0 5
p. (a.u.)

270 270

Fig. 2. Molecular-frame photoelectron diffraction patterns of the N, molecules at equilibrium internuclear distance Ry_n = 2.08 a.u. by a
circularly polarized laser pulse at A = 5 nm (@ = 9.11 a.u.): (a) the MF-PMDs, and (b) the MF-PADs obtained by integrating over energy, (c)

theoretical prediction obtained from Eq. (7).

According to the energy conservation, the photoelec-
tron momentum and the de Broglie wavelength are pn, =
V2(w—1,) =4.13 au. and Ax, = 27/pN, = 1.52 au. in
5 nm laser fields. For the N, molecule at equilibrium inter-
nuclear distance, An, < Rn—n, so the diffraction pattern ap-

161 We also present

pears in the photoelectron distributions.
the theoretical prediction in Eq. (7) obtained from the ultrafast
photoionization model in Fig. 2(c). Six radiation peaks with
different amplitudes are same as the MF-PADs in Fig. 2(b),
the angles of the radiation peaks predicted from ultrafast pho-
toionization model are in good agreement with those of the
TDSE simulations.

When the photon energy is slightly larger than the molec-
ular ionization potential, @ > I, the electron with lower mo-
mentum is inclined to be influenced by the molecular Coulomb
potential in the photoionization process. Thus the MF-PMDs
and MF-PADs can be strongly influenced by the Coulomb
effect. We next consider the photoionization process of N»
molecules by an XUV pulse with the wavelength A = 30 nm.
In Fig. 3 we show the MF-PMDs and MF-PADs of the N»
molecules by a counter-clockwise circularly polarized laser
pulse at wavelength A = 30 nm (@ = 1.52 a.u.), which is dif-
ferent from the results in Fig. 2. The duration is T = 107y,
and Tp = 27/ @. Therefore, the patterns of the MF-PMDs and
MEF-PADs depend on the wavelengths. The momentum of the
photoelectron is p&z = 1.38 a.u. and de Broglie wavelength
of the photoelectron is 11112 =4.55 a.u. for N, molecules at
A =30 nm. Obviously, diffraction pattern in the photoelec-
tron distributions disappear because AI(IZ > RN-N. The MF-

PMDs of N, molecules by a counter-clockwise circularly po-
larized laser pulse have four components, and the strongest in-
tensity of the four components are localized at 35°, 140°,213°,
320°, and the MF-PADs have six radiation peaks, four radia-
tion peaks with large amplitudes are localized at 35°, 140°,
213°, 320° and two radiation peaks with small amplitudes are
localized at 82°, 262°. One sees that rotations of the MF-
PMDs and MF-PADs appear of N, molecules by a clockwise
circularly polarized laser pulse in Fig. 3(b). The MF-PMDs in
Fig. 3(a) and the MF-PMDs in Fig. 3(b) show mirror symme-
try, and the MF-PADs is the same as the MF-PMDs. Due to
the fact that the Coulomb effects have influence on the molec-
ular photoionization, the ultrafast photoionization models are
modified by using the angle-resolved ionization probability.
The ionization probability in different direction by a linearly
polarized laser pulse with the wavelength A = 30 nm is cal-
culated. The other parameters are the same as those in Fig. 2.
The ionization probability of the N> molecule is a function of
sin0, therefore the modified MF-PMDs and MF-PADs can be
expressed as

Fn, (p) ~ | sin @ cos B sin[pRx_n(cos 0) /2] . (8)

In Fig. 3(c), the results are obtained from the modified ultrafast
photoionization models predicted in Eq. (8) at the momentum
PN, = 1.38 a.u. It is found that the predicted results of the
N, molecules exhibit four angular nodes at +38° and +£142°,
which are in agreement with the TDSE results in Figs. 3(a) and
3(b).
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Fig. 3. Molecular-frame photoelectron momentum distribution of the N, molecules by (a) a counter-clockwise and (b) a clockwise circularly
polarized laser pulse at A =30 nm (@ = 1.52 a.u.). (c) theoretical prediction obtained from the Eq. (8).

To further understand the rotation direction of the MF-
PMDs and MF-PADs of N, molecules in the XUV laser field,
we present the MF-PMDs and MF-PADs by linearly polarized
laser pulses with the wavelength A = 30 nm in Fig. 4. The
intensity and duration of the laser are the same as those in
Fig. 3. The MF-PMDs and MF-PADs in the parallel linearly
polarized laser pulse for N, molecules are shown in Fig. 4(a),
four components of the MF-PMDs for N, molecules are dis-
tributed in four quadrants respectively, and the intensities of
the four components are identical. The distributions cover
ranges 28°-79°, 94°-147°, 214°-266°, and 283°-335°. The
MF-PADs have four radiation peaks localized at 56°, 123°,
236°, 303°. The MF-PMDs and MF-PADs of the N, molecule
in a perpendicular linearly polarized laser fields are shown in
Fig. 4(b), the MF-PMDs have six components, and four com-
ponents with stronger intensity are distributed in four quad-
rants respectively, the distributions cover the ranges 9°-58°,
118°-173°, 188°-239°, and 305°-348°. However two com-
ponents with weaker intensity are located along the y axis, and
the distributions cover the range from 76° to 99° along the up-
per half of the y axis and the range from 261° to 283° along
the bottom half of the y axis. The six radiation peaks of the
MF-PADs are localized at 33°, 90°, 146°, 213°, 270°, 328°.
The MF-PMDs and MF-PADs of N, molecules by circularly
polarized laser pulses with wavelength A = 30 nm are shown
in Fig. 3, the distributions of the MF-PMDs have four compo-
nents, and the distributions cover the range from 9° to 96° in
the first component, the range from 113° to 165° in the second
component, the range from 184° to 275° in the third compo-
nent, and the range from 296° to 348° in the fourth compo-
nent. Six radiation peaks of the MF-PADs are localized at
35°, 82°, 140°, 213°, 262°, and 320°. Thus the MF-PMDs
for N, molecules in circularly polarized laser fields in Fig. 3
are superpositions of the MF-PMDs in both parallel and per-
pendicular linearly polarized laser fields*”! and the case of the
MEF-PAD:s is the same as the MF-PMDs. The rotation direction

depends on the helicity of the laser field.[*14°]

W min

(b) max |

. 1(a) \ |

0 0

11

ps (a.u.) ps (a.u.)

Fig. 4. The MF-PMDs and MF-PADs of the N, molecule by linearly
polarized laser pulses at A = 30 nm (® = 1.52 a.u.): (a) parallel linear
polarization (parallel to the x molecular axis), (b) perpendicular linear
polarization (perpendicular to the x molecular axis).

)

py (a.u

For further understanding the facts that the MF-PMDs by
the circularly polarized laser pulse are superpositions of the
linearly parallel and perpendicular polarized cases, the super-
positions of MF-PMDs for the N> molecule in parallel linearly
polarized fields and perpendicular linearly polarized fields are
shown in Fig. 5. The counter-clockwise circularly polarized
laser pulse is the sum of parallel linearly polarized pulse and
perpendicular linearly polarized pulse, thus we add up the
wavefunction of final states in coordinate space in the parallel
linearly polarized fields and perpendicular linearly polarized
fields, and transform the superimposed wavefunction in co-
ordinate space to the momentum p space, the superpositions
for the case of the counter-clockwise circularly polarized laser
pulses is shown in Fig. 5(a), which is in agreement with the nu-
merical result in Fig. 3(a). Similarly, the clockwise circularly
polarized laser pulse is the subtraction of parallel linearly po-
larized pulse and perpendicular linearly polarized pulse, thus
we subtract the wavefunction of final states in coordinate space
in the parallel linearly polarized fields and perpendicular lin-
early polarized fields, and transform the superimposed wave-
function in coordinate space to the momentum p space, the
superpositions for the case of the clockwise circularly polar-
ized laser pulses is shown in Fig. 5(b), which is in agreement

with the numerical result in Fig. 3(b).
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400

300

200

100

Fig. 5. The superpositions of MF-PMDs for the N, molecule in parallel
linearly polarized fields and perpendicular linearly polarized fields: (a)
the superpositions for the case of the counter-clockwise circularly po-
larized laser pulses, (b) the superpositions for the case of the clockwise
circularly polarized laser pulses.

4. Conclusions

In summary, we have studied the ultrafast photoionization
process of N> molecules by numerically solving 2D TDSE
within the frozen-nuclei and SEA frame. The photoelectron
momentum and angular distributions of the HOMO electronic
state for N, molecules are presented in circularly polarized
laser fields. Numerical results show that the wavelengths of
the laser pulses have influence on the structure of the MF-
PMDs and the MF-PADs. Diffraction patterns in the photo-
electron distributions are induced by a soft x-ray circularly po-
larized laser at A = 5 nm, the ultrafast photoionization model
can be employed to interpret the MF-PMDs and MF-PADs. [°]
The molecular Coulomb potential has little influence on the
electron with larger momentum at x-ray high frequency re-
gions. For comparison, we present the MF-PMDs and MF-
PADs by an XUV laser pulse at A = 30 nm, in this case, the
electron with lower momentum is inclined to be influenced by
the molecular Coulomb potential in the photoionization pro-
cess, thus the Coulomb effect cannot be ignored. The angle-
resolved ionization probability is used to modify the ultrafast
photoionization model, the modified ultrafast photoionization
model can be employed to interpret the MF-PMDs and MF-
PADs. It is also found that changing the sign of the helicity
will lead to the rotation of the MF-PMDs and MF-PADs, and
the rotation direction depends on the helicity of the circularly
polarized laser pulses. In addition, we also present the MF-
PMDs and MF-PADs by both parallel and perpendicular lin-
early polarized laser pulses with the wavelength A = 30 nm,
and the MF-PMDs by the circularly polarized laser pulse are
superpositions of the MF-PMDs for the linearly parallel and
perpendicular polarized cases.
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