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We calculated the photoelectron angular distribution �PAD� expected in the laboratory frame �LF PAD� for
the ionization of N2 molecules that are aligned by an intense laser pulse. We consider two independent
processes of the dynamical alignment of molecules in the electronic ground state by an intense femtosecond
laser pulse ��10 TW/cm2� and one-photon ionization or �2+1� resonance-enhanced multiphoton ionization of
the aligned molecules by a weak laser pulse ��10 GW/cm2�. We examined the variation of the LF PAD
against the intensity of the alignment laser, durations of the alignment and ionization laser pulses, and the time
delay between these pulses. The LF PAD obtained from the ionization of the aligned ensemble shows a
semiquantitative agreement with the PAD in the molecular frame.
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I. INTRODUCTION

The photoelectron angular distribution �PAD� contains in-
formation on the phases of the photoelectron partial waves,
and it serves as the most sensitive probe of photoionization
dynamics. However, the PAD observed in the laboratory
frame �LF� is typically a highly averaged quantity, which is
achieved at the instant of ionization, obtained over the mo-
lecular axis distribution of the molecular frame �MF� PAD.
Therefore the LF PAD is significantly less structured than the
MF PAD. In order to overcome such difficulties and to ex-
tract information on photoionization dynamics, attempts
have been made to observe the LF PAD for molecules whose
axes are aligned or oriented in space. The photoion-
photoelectron coincidence �1–6� is the most common tech-
nique employed to measure the relative angle between the
photoelectron wave vector k and the vector k of the daughter
ion in the axial recoil limit after dissociative ionization. The
drawback of this technique is that it requires instantaneous
dissociation of a molecular cation.

In the present paper, an alternative approach considered
involves the preparation of an aligned ensemble of molecules
prior to ionization. It should be noted that since the electrons
are susceptible to electromagnetic fields, the alignment field
should be absent at the instant of photoionization. Therefore
the pendular states �7–11� created in the presence of an elec-
tric field are unsuitable for photoelectron spectroscopy.
When the electromagnetic field is switched slower than the
molecular rotational period, the rotational dynamics are gen-
erally adiabatic, and the overall alignment vanishes as the
field disappears. In the special case demonstrated by a hexa-
pole state selector, the static field is capable of allowing the
transmission of molecules with particular �J ,mJ� quantum
numbers from an isotropic ensemble, thereby forming a
weakly oriented ensemble. Kaesdorf et al. have demon-
strated the application of the hexapole state selector to photo-
ionization �12�. On the other hand, when the electromagnetic

field is switched considerably faster than the molecular rota-
tional period, the dynamics become nonadiabatic and the
alignment is maintained even after the disappearance of the
field. This alignment is induced by the quantum interference
of field-free rotational wave functions that are combined by
an instantaneous electromagnetic field. Previous studies have
shown that an intense femtosecond laser pulse can create a
superposition of field-free rotational states for the duration of
the laser pulse and leaves the superposition state in the field-
free space. It is interesting to note that the induced alignment
may become stronger after the laser field is switched off
�13�. The strength of the induced alignment is reasonably
high, as shown previously by the directional ejection of
daughter ions in multielectron dissociative ionization
�MEDI� �or laser-induced Coulomb explosion� with intense
femtosecond pulses �14–21�.

In this paper, we consider the nonadiabatic rotational dy-
namics of homonuclear diatomic molecules in an intense la-
ser field and the photoionization of this aligned ensemble of
molecules. The nonadiabatic dynamical alignment has been
considered theoretically for both the resonant �22,23� and
nonresonant �13,24,25� cases. The signature of the rotational
wave-packet motion has been observed experimentally for I2
�17–19�, N2 �20,21�, and O2 �21� in the angular distributions
of fragments and for CS2 �26�, CO2 �26�, acetylene �26�,
benzene �26�, and iodobenzene �27� in the transient grating
signals. This paper focuses on the examination of the PAD
measurement for a laser-aligned ensemble of molecules. A
schematic experimental diagram considered in this study is
shown in Fig. 1. The first intense laser pulse creates a dy-
namical alignment of N2 molecules. This results in the for-
mation of a rotational wave packet in the electronic ground
state. A second pulse of a different color ionizes these mol-
ecules when they are maximally aligned. For the ionization
step, we consider �i� one-photon ionization and �ii� one-color
�2+1� resonance-enhanced multiphoton ionization �REMPI�.

II. THEORY

Two distinct optical processes are considered in order to
observe the LF PAD in ionization of the aligned ensemble of*Corresponding author: Email address: toshisuzuki@riken.jp
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molecules. One process is the dynamical alignment of mol-
ecules in the electronic ground state by nonperturbative in-
teraction with an intense laser field ��10 TW/cm2�, and the
other is one-photon ionization or �2+1� REMPI of these
molecules by perturbative interaction with a moderate laser
field ��10 GW/cm2�. We will use three different angles in
the following discussion: the angles with no subscripts
�� ,� ,�� correspond to those of the molecular axis consid-
ered with respect to the laboratory frame, and those with the
subscript LF or MF correspond to the photoelectron wave
vector k in the LF or MF, respectively.

A. Molecular axis alignment and its time evolution

1. Hamiltonian

We consider a homonuclear diatomic molecule with zero
electronic angular momentum and polarizability components
that are parallel ���� and perpendicular ���� to the axis. The
nonresonant interaction between the molecule and the laser
field ��t� is described by the following Hamiltonian
�7,24,28,29�:

Ĥ�t� = BJ2 −
1

2
�2�t����� − ���cos2 � + ��� , �1�

where B is the rotational constant, J2 is the squared angular
momentum operator, and � is the polar angle between the
molecular axis and the electric vector of the linearly polar-
ized light. The time-dependent laser field with an amplitude
E0 and a frequency � is written as

��t� = �g�t�E0 cos�2	�t� , �2�

where g�t� is a dimensionless normalized time profile of the
laser field that was postulated to be a Gaussian function with
a full width at half maximum �FWHM� of 
talign.

The practical form of the Hamiltonian in units of cm−1

becomes

Ĥ�t� = BJ2 − f�t���
���cos2 � + ��� � , �3�

where f�t�=10.553 g�t�I cos2�2	�t� and 
��=���−��� . I rep-
resents the laser intensity in W/cm2 and �� represent the
volume polarizabilities in Å3.

2. Rotational wave packet

The time-dependent rotational wave function ��t� �rota-
tional wave packet� can be expanded in terms of the spheri-
cal harmonics of 	jm
�Y jm�� ,�� as follows:

��t� = �
jm

Cjm�t�	jm
 , �4�

where j is the total angular momentum quantum number, and
m is the projection quantum number of j on the space fixed
axis. The time-dependent Schrödinger equation obtained us-
ing Eqs. �3� and �4� provides the following differential equa-
tions of the coefficients Cjm�t�:

i�
�Cjm�t�

�t
= Cjm�t��Bj�j + 1� − f�t���� � − f�t�
���Cj−2,m�t�



jm	cos2 �	j − 2,m
 + Cjm�t�
jm	cos2 �	jm


+ Cj+2,m�t�
jm	cos2 �	j + 2,m
� . �5�

The matrix elements are


jm	cos2 �	j − 2,m
 =
1

2j − 1
��j2 − m2���j − 1�2 − m2�

�2j + 1��2j − 3�
,

�6a�


jm	cos2 �	jm
 =
1

3
+

2

3

j�j + 1� − 3m2

�2j + 3��2j − 1�
, �6b�

and


jm	cos2 �	j + 2,m
 =
1

2j + 3
���j + 2�2 − m2���j + 1�2 − m2�

�2j + 5��2j + 1�
.

�6c�

The differential equation �5� indicates that the molecular
axis alignment is due to multiple Raman processes. Since the
rotational selection rule of a single Raman process is 
j
=0, ±2, and 
m=0, rotational states with same parities and
m are coupled to each other in the laser field. Therefore when
the expansion of Eq. �4� is truncated at j= jmax, the series of
differential equations is divided into 4jmax �=2jmax+1
+2�jmax−1�+1� sets of the equation.

The time-dependent distribution function of the molecular
axis is written as

FIG. 1. Schematic diagram of the alignment and �a� one-photon
ionization and �b� one-color �2+1� resonance-enhanced multipho-
ton ionization schemes of N2.
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P��;t� =� � d�d���t��*�t�

=� � d�d��
m � �

even j1
even j2

Cj1m�t�Cj2m
* �t�


Y j1m��,��Y j2m
* ��,��

+ �
odd j1
odd j2

Cj1m�t�Cj2m
* �t�Y j1m��,��Y j2m

* ��,��� ,

�7�

It may also be represented by the expectation value of cos2 �:


cos2 �
 =
� sin �d�cos2 �P��;t�

� sin �d�P��;t�
. �8�

The value of 
cos2 �
 ranges from 1 �all molecular axes are
aligned parallel to the laser polarization vector� to 0 �perpen-
dicular�, and it takes the values of 3 /5, 1 /3, and 1/5 for
cos2 �, isotropic, and sin2 � distributions, respectively.

B. Two-photon excitation of the aligned ensemble

In one-color �2+1� REMPI, the rotational wave packet in
the electronic ground state is transferred to the excited state
due to the two-photon absorption of the ionization light. We
consider the 1�g← ← 1�g two-photon transition of a homo-
nuclear diatomic molecule. Further, we assume that the po-
larization of the ionization light is parallel to that of the
alignment light. When the molecules are excited at the delay
time t after the application of the alignment pulse, the rota-
tional wave packet in the excited states is described as

���t� = �
j�m�

Cj�m��t� �
j�m�

F�j�m�; j�m��	j�m�
 , �9�

where 	j�m�
 and 	j�m�
 are the rotational eigenfunctions in
the electronic ground states and excited states, respectively.
F�j�m� ; j�m�� is the two-photon transition-matrix element for
the 	1�g
	j�m�
← ← 	1�g
	j�m�
 process provided by �30�

F�j�m�; j�m�� � �− 1�m���2j� + 1��2j� + 1�


 ��1 − ��� j� j� 0

m� − m� 0
�� j� j� 0

0 0 0
�

+ �10�1 +
�

2
�� j� j� 2

m� − m� 0
�� j� j� 2

0 0 0
�� .

�10�

Here, � is the ratio of the transitions via the � and � virtual
states and is related to the transition path ratio �I /�S by Bray
and Hochstrasser �31� as follows:

� �I

�S
�2

=
1

5
�1 − �

2 + �
�2

. �11�

The distribution function of the molecular axes in the excited
state is calculated by P��� ; t�=��d�d����t���*�t�.

C. Photoelectron angular distribution

In the photoionization of a diatomic molecule, the photo-
electron scattering wave function in the molecular frame
�MF� can be expanded into partial waves of spherical har-
monics �32� as follows:

	�−�k�MF,r��
 = �
l

il exp�− i�l��
�

Yl�
* �k̂MF��l��kMF,r�� ,

�12�

where k�MF and r� are the wave and position vectors of the
photoelectron in the MF, respectively; l and � are the quan-
tum numbers of the orbital angular momentum and its pro-
jection onto the molecular axis, respectively; �l is the Cou-
lomb phase shift; and �l��kMF,r�� is the partial wave. The MF
PAD with linearly polarized ionization light is written as
�32,33�

I��MF,�MF� = 	
�+;�−�k�MF,r��	�� · �� 	�i
	2

= �
LM

BLMYLM��MF,�MF� , �13�

where �� ·�� =��D0�
1 *����� is the scalar product of the ion-

ization dipole moment and the electric vector of the ioniza-
tion laser in the MF; �+ and �i are the wave functions of the
cation and the ionized states, respectively; �MF and �MF are
the polar and azimuthal angles of the photoelectron wave
vector k with respect to the internuclear axis, respectively;
D0�

1 ��� is the Wigner rotation matrix element �34�, and � is
the Euler angle of the MF with respect to the LF. BLM is
given by

BLM =�2L + 1

4	
�
P

�2P + 1��1 1 P

0 0 0
��

ll�

��2l + 1��2l� + 1�


� l l� L

0 0 0
��

���

�1 1 P

� − �� �� − �
�


� l l� L

� − �� M
�D0,��−�

P ����− i�l−l� exp�i��l − �l���


exp�i��l� − �l�����dl�dl���, �14�

where �l�=arg(
�+ ;�l��kMF,r��	��	�i
) is the short-range
scattering phase shift, dl�= 	
�+ ;�l��kMF,r��	��	�i
	 is the
magnitude of the transition dipole matrix element between
the ionized orbital and the photoelectron partial wave, and P
is a summation index. We define the total phase shift as �l�
=�l+�l�.
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The experimentally observed LF PAD corresponds to the
average of the MF PAD for the molecular axis distribution in
space. Therefore the analytical form of the LF PAD is ex-
pressed as �33,35�

I��LF,�LF;t�

=� d�P��;t��
LQ

��
M

BLMDQM
L *����YLQ��LF,�LF�

= �
LQ

�LQ�t�YLQ��LF,�LF� , �15�

where �LF and �LF are the respective polar and azimuthal
angles of the photoelectron wave vector k with respect to the
polarization of the ionization laser, and

�LQ�t� =�2L + 1

4	
�
P

�2P + 1�


�1 1 P

0 0 0
��

ll�

��2l + 1��2l� + 1�� l l� L

0 0 0
�


 �
���

�1 1 P

� − �� �� − �
��− i�l−l�


exp�i��l� − �l�����dl�dl����
M
� l l� L

� − �� M
�


� d�P��;t�D0,��−�
P ���DQM

L *��� . �16�

Once we obtain a complete set of the dynamical parameters
of ionization dl� and �l�, Eqs. �13�–�16� provide the MF and
LF PADs.

III. RESUTS AND DISCUSSION

In this section, we calculate the molecular axis alignment
and photoionization of N2 by using femtosecond laser light.
First, the time-dependent molecular axis alignment in the
X 1�g

+ state and its dependence on laser intensity �I� and
pulse width �
talign� of the alignment are examined. Next, the
LF PAD ionized from the excited electronic state into the
N2

+ continuum using a femtosecond probe pulse is compared
with the MF PAD.

A. Molecular axis alignment in the X state

Figure 2 shows the calculated time-dependent rotational
state distributions, P�j�=�m	Cjm�t�	2, in the X state arising
from the interaction with an intense nonresonant femtosec-
ond laser pulse �800 nm� with intensity I=100 TW/cm2 and
duration 
talign=100 fs. The integration of the differential
equations �5� was facilitated by the fourth-order Runge-Kutta
method with time steps of 0.1 fs and a maximum rotational
quantum number of jmax=20. �These conditions are constant
throughout this paper.� We used the rotational and centrifugal
constants of B0�=1.9896 cm−1 and D0�=5.76
10−6 cm−1 �36�
and the volume polarizabilities of �� =2.38 Å3 and ��

=1.45 Å3 �37� in the ground electronic state. We assumed the

initial rotational distribution to be a single state of 	j=0,m
=0
 and the Boltzmann distribution at the rotational tempera-
ture TR=20 K for the calculations shown in Figs. 2�a� and
2�b�, respectively. For the latter, the 2:1 relative abundances
of ortho- and para-N2 were also considered; ortho and para
correspond to the total nuclear spin states of T=0 and 2 and
T=1, respectively �38�. Due to the selection rule of the rota-
tional Raman scattering, the rotational states with even and
odd values of j evolve independently; therefore Fig. 2�b� is
divided into two sections for the even and odd j states. Be-
ginning from the 	j=0,m=0
 state in Fig. 2�a�, the states j
=2, 4, and 6 emerge successively in �30 fs. After the inter-
action with the laser field, the molecules populate up to j
=12 with a maxima at j=6 or 8. On the other hand, at TR

FIG. 2. �Color� Time evolution of the rotational state population,
P�j�=�m	Cjm�t�	2. The intensity and pulse width of the alignment
laser light in the calculation are I=100 TW/cm2 and 
talign

=100 fs, respectively. The initial rotational temperatures are �a�
TR=0 K with only 	j=0,m=0
 as an initial state and �b� 20 K
�molecular-beam condition�. The time profile of the laser field am-
plitude ��t� is also shown in �a�.
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=20 K, the molecules initially distribute over the rotational
states of j=0–4 with the maxima at j=2, and spread more
widely over the j=2–10 states after the interaction with the
laser radiation.

The time evolution of the expectation value of 
cos2 �
 is
shown in Fig. 3�a�. The value was calculated using the time-
dependent molecular axis distribution P�� ; t� shown later in
Fig. 4. Figure 3�a� shows 
cos2 �
 up to the first revival time
of �=1/2cB0�=8.38 ps. The features at the quarter and three
quarter revivals diminish at 20 K in comparison with those at
0 K because of incoherent summation over the initial rota-
tional states. Near the full revival time of 8.38 ps, the mo-
lecular axis alignment rapidly changes within only 0.3 ps;

the maximal and minimal values of 
cos2 �
 at 20 K are 0.71
and 0.14 at 8.54 and 8.28 ps, respectively. The axis distribu-
tion becomes isotropic �
cos2 �
=1/3� at the full revival time
of 8.38 ps. These values are compared with 
cos2 �
=0.6 and
0.2 that are expected for the molecular axis distributions of
P���=cos2 � or sin2 �, respectively, which indicate the maxi-
mal alignment created by a one-photon dipole transition. The
alignment in the ground electronic state induced by an in-
tense femtosecond laser field is considerably stronger than
that induced by the one-photon absorption process.

In Fig. 3�b�, the molecular axis distributions P�� ; t� at the
mentioned time delays are compared with the functions
sinn � and cosn � �n=2 and 4�. The molecular axis distribu-
tion at 8.54 ps with the maximal alignment is considerably
sharper than cos4 � and is well fitted to the function of
cos15 � with a FWHM of 31°, which may be compared with
90° and 66° for the distributions of cos2 � and cos4 �, respec-
tively.

Figure 4 shows the time-dependent molecular axis distri-
bution P�� ; t� calculated for TR=20 K. The angular distribu-
tions are normalized as �sin �d�P�� ; t�=1. The distribution
rapidly changes in time and has a complex structure with
several nodes.

Figure 5�a� shows the dependence of the final rotational
state distribution on the laser intensity �I� after the interac-
tion with the alignment pulse of 
talign=100 fs at TR=20 K.
As the peak intensity of the laser pulse is increased from
25 to 200 TW/cm2, the distribution spreads and the peak
value of j progressively shifts to the right. The intensity al-
ternation in the distribution is due to the relative abundance
of ortho- and para-N2. The time evolutions of the alignment
parameter 
cos2 �
 are shown in Fig. 6�a�. At the full revival
time of 8.38 ps, the distribution is always isotropic
�
cos2 �
=1/3�, and the time derivative of 
cos2 �
 is posi-
tive. The variation of the alignment parameter becomes

FIG. 3. �Color online� �a� Time evolution of the expectation
value 
cos2 �
. The intensity and pulse width of the alignment laser
light in the calculation are I=100 TW/cm2 and 
talign=100 fs, re-
spectively. The initial rotational temperatures are TR=0 K �black�
and 20 K �red�. The full revival time of the rotational wave packet
in the X state of N2 is 8.38 ps. The axis distribution becomes iso-
tropic 
cos2 �
=1/3 at the full revival time of 8.38 ps. The horizon-
tal dotted lines represent 
cos2 �
=3/5, 1 /3, and 1/5 corresponding
to the axis distributions of P����cos2 �, 1, and sin2 �, respectively.
�b� Molecular axis distributions P�� ; t� at the mentioned time de-
lays. The cosn � and sinn � functions are also shown in the figure for
comparison.

FIG. 4. Time-dependent molecular axis distribution P�� ; t� in
the X state calculated at TR=20 K. The intensity and pulse width of
the alignment laser light in the calculation are I=100 TW/cm2 and

talign=100 fs, respectively. The angular distributions are normal-
ized as �sin �d�P�� ; t�=1.
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faster with an increase in the laser intensity. Dooley et al.
have explained this trend in which the dominant frequency in
the revival structure corresponds to the beat frequency be-
tween the most highly populated states 	j
 and 	j+2
 of the
wave packet and that this frequency increases with the laser
intensity �21�. The peak value of 
cos2 �
 also increases
monotonically with the alignment laser intensity. However,
at an intensity greater than 150 TW/cm2, the alignment pa-
rameter does not increase dramatically. Therefore we consid-
ered the value I=100 TW/cm2 for the following calculations
since a lower intensity of the alignment laser is preferable to
suppress the nonresonant ionization process that might dis-
turb the actual experiment.

Figures 5�b� and 6�b� show the dependence of the final
rotational state distribution on the pulse width 
talign and the
time evolution of 
cos2 �
, respectively, for I=100 TW/cm2

and TR=20 K. As the laser pulse width is increased from
25 to 150 fs, the peak value of j progressively shifts to the
right. However, at a pulse width greater than 150 fs, the peak
value of j ceases to shift, and the rotational state distribution
widens. This suggests that the anti-Stokes Raman process of
	j
→ 	j−2
 is operative in the intense laser field with a longer
time duration. The time evolution of 
cos2 �
 shown in Fig.
6�b� exhibits a similar trend. At 
talign=150 fs, the peak
value of 
cos2 �
 is maximum, while at 
talign�150 fs, it
diminishes with an increase in the pulse width. Thus the
pulse width of 100 fs was employed in the following LF
PAD calculations.

B. PAD in one-photon ionization obtained from the X state

Figure 7 shows the spherical plots of the MF PADs for the
one-photon ionization of N2 at h�=58.2 eV that are calcu-

FIG. 5. Final rotational state
distributions in the X state after
the interaction with the alignment
pulse. The initial rotational tem-
perature of the sample in the cal-
culation is TR=20 K. �a� Depen-
dence on the laser intensity I at
the fixed pulse width of 
talign

=100 fs and �b� dependence on
the pulse width 
talign at the fixed
laser intensity I=100 TW/cm2.

FIG. 6. �Color� Time evolution of the expectation value 
cos2 �

in the X state. The initial rotational temperature of the sample in the
calculation is TR=20 K. �a� Dependence on the laser intensity I at
the fixed pulse width of 
talign=100 fs and �b� dependence on the
pulse width 
talign at the fixed laser intensity I=100 TW/cm2.
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lated using Eqs. �13� and �14�. The internuclear axis is fixed
vertically in the plane of the figure, and the linear polariza-
tion of the ionization light is �a� parallel and �b� perpendicu-
lar to the internuclear axis. We used the dynamical param-
eters of ionization derived from the experiments by Motoki
et al. for the 2�g-shell photoionization �h�=58.2 eV�
�39,40�. The parameters used are listed in Table I. Only the
photoelectron partial waves with the ungerade symmetry
�p , f , , . . . � are allowed in one-photon ionization from the 2�g

shell. In this study, we considered only the p and f partial
waves for simplicity. The selection rule of 
�=0, ±1 also
restricts the � value of the outgoing wave to 0 and ±1. As
shown in Table I, f waves are the main components of the
PADs. The calculated MF PADs shown in Fig. 7 exhibit
nodal patterns of the f waves, which are identical to those
observed by Motoki et al. �39,40�.

Figure 8�a� shows the polar plots of the LF PADs that are
expected for the ionization of time-evolving aligned mol-
ecules near the full revival time. We assumed that the ion-
ization light has a negligible pulse duration and that its po-
larization vector is parallel to that of the alignment laser light
and vertical in the plane of the figure, as indicated by arrows.
As shown in Fig. 3, the molecular axes at 8.28 and 8.54 ps
are aligned such that they are highly perpendicular and par-
allel to the laser polarization. On the other hand, at the re-
vival time of 8.38 ps, the molecules distribute isotropically
in space. Therefore the LF PAD, shown in Fig. 8�a�, strongly
depends on the delay time between the alignment and the

ionization pulses, that is, the molecular axis distribution in
space. When the molecules are aligned parallel to the polar-
ization vector, the nodal pattern of the MF PAD also appears
in the LF PAD. A comparison between the LF PAD obtained
at 8.54 ps and the MF PAD is shown in Fig. 8�b�. The ex-
pected LF PAD for the ensemble with the cos2 � axis distri-
bution is also shown in the figure for comparison. The LF
PAD expected for the strongly aligned ensemble at 8.54 ps is
not identical yet very similar to the MF PAD. Such a pattern
is never obtained for the LF PAD from weakly aligned
ensembles.

TABLE I. Dynamical parameters dl� and �l� of the photoionization of N2 that were used in the calculation
of the photoelectron angular distributions. Cases 1 and 2 correspond to the one-photon ionization of the 2�g

orbital with h�=58.2 eV and 4�g orbital �3s�g Rydberg� with light of 202.4 nm, respectively. The phase shift
is expressed in radians.

dp� dp	 df� df	 �p�−� f	 �p	−� f	 � f�−� f	

Case 1 0.35±0.08a 0.51±0.07a 1.79±0.22a �1 5.37±0.30a 2.06±0.09a 0.91±0.19a

Case 2 1.02b 0.89b 1.40b �1 3.22c 3.47c 0.0025c

aRef. �39�.
bThese values are derived from Fig. 4 in Ref. �42�.
cPhase shifts are derived from the quantum defects of the high Rydberg states of N2 determined in Ref. �45�.

FIG. 7. Spherical plots of the MF PADs in the one-photon ion-
ization of the X state of N2. The internuclear axis is fixed vertically
in the plane of the figure, and the linear polarizations of the ioniza-
tion light are �a� parallel and �b� perpendicular to it. We used the
dynamical parameters of ionization reported for the 2�g-shell
photoionization �h�=58.2 eV� �39,40�.

FIG. 8. Polar plots of the LF PADs in the one-photon ionization
of the time-evolving aligned molecules. The ionization light is as-
sumed to have an infinitely short pulse width, and its polarization
vector is parallel to that of the alignment laser light and vertical in
the plane of the figure. The initial rotational temperature of the
sample in the calculation is TR=20 K. The intensity and pulse width
of the alignment laser light in the calculation are I=100 TW/cm2

and 
talign=100 fs, respectively. �a� LF PADs at different time de-
lays. �b� comparison of the LF PAD with the MF PAD at the delay
time of 8.54 ps. The LF PAD expected for the cos2 � axis distribu-
tion is also shown in this figure.
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The calculated LF PAD at the delay time of 8.28 ps is not
similar to the MF PAD. This is because the molecular axis
distribution generated by the linearly polarized alignment la-
ser light is cylindrically symmetric with respect to the polar-
ization, and the molecular axis at 8.28 ps is distributed in the
plane perpendicular to the polarization. Therefore the mo-
lecular axis is not fixed in a particular direction in the LF.
The observed LF PAD is thus averaged over the azimuthal
axis distribution.

As mentioned in the last section, the angular distribution
of the molecular axis generated by the intense femtosecond
laser pulse varies rapidly in time. Therefore the LF PAD
observed during the ionization of a rapidly moving rotational
wave packet in the ground electronic state is affected by the
finite pulse width of the laser. The normalized LF PADs are
calculated using the following equation:

I��LF,�LF;t� = �
LQ �� dtg�t��LQ�t�

� dtg�t� �YLQ��LF,�LF�

= �
LQ

�̄LQ�t�YLQ��LF,�LF� , �17�

where g�t� is the time profile of the ionization pulse. Figures
9�a� and 9�b� show the dependence of the averaged aniso-

tropy parameters �̄L0 / �̄00 and the polar plots of the LF PADs
on the ionization pulse width 
tion at the delay time of
8.54 ps, respectively. The longer pulse width of the ioniza-
tion light reduces the anisotropy and blurs the nodal structure
of the PAD. This suggests that the observation of the molecu-
lar alignment is hindered by the finite ionization pulse dura-
tion. In the previous study, the axis distributions observed
experimentally were more isotropic than the calculated ones
�21�. This discrepancy may be attributed to the probe pulse
duration, although other effects �laser beam profile, ioniza-
tion by the alignment pulse, etc.� cannot be ignored.

C. PAD in „2+1… REMPI via the a� state

In the laser experiment, the REMPI scheme is widely
used to ionize molecules. In this section, we calculate the LF
PADs for one-color �2+1� REMPI of the aligned ensemble
in the ground electronic state via the a� state using 202.4
nm light. The polarization of the ionization light is assumed
to be parallel to that of the alignment light. Photoelectrons
with kinetic energies of 2.8 eV are generated in this ioniza-
tion scheme.

1. Angular distribution in the a� state

First, we consider the two-photon excitation process:
N2�a� , 1�g

+�← ←N2 �X , 1�g
+�. For this transition, the vir-

tual state path ratio �I /�S=12.5±5 has been obtained by
Hanisco and Kummel from the measurements of the relative
intensities of the O and Q branches �41�. The axis alignment
of the molecules in the X state is projected onto the a� state
by the two-photon transition with the ionization light. This
transition is induced by the perturbative dipole interaction

with the ionization pulse. The time profiles of 
cos2 �

around the full revival time are shown in Fig. 10�a�. The
intensity and pulse width of the alignment laser light used in
the calculation are I=100 TW/cm2 and 
talign=100 fs, re-
spectively. The dashed line represents the time evolution of
the alignment parameter in the X state. The solid lines rep-
resent the alignment parameter in the a� state that depends
on the time delay between the alignment and the ionization
laser pulse. Since the transition a�← ←X is parallel to the
molecular axis, the alignment in the a� state is more en-
hanced than that in the X state.

Figure 10�b� shows the molecular axis distributions
P�� ; t� in the a� state generated at 8.54 ps when maximal
alignment is achieved with the polarization axis of the align-
ment laser in the X state. The angular distribution in the X
state at 8.54 ps indicated by a dashed line is also shown for
comparison. In the X state, the small number of molecules
still direct their axis perpendicular to the laser polarization
��=60° –90° �. On the other hand, such molecules do not
contribute to the angular distribution in the a� state. Al-
though the angular anisotropy is fairly reduced because of
the finite duration of the laser pulse for REMPI, the align-
ment parameter 
cos2 �
 is clearly higher than that in the X
state. The axis distributions in the a� state that are excited by

FIG. 9. Dependence of �a� the normalized anisotropy parameters

�̄L0 / �̄00 and �b� the LF PADs on the ionization pulse width 
tion at
the delay time of 8.54 ps. The polarization vector of the ionization
light is parallel to that of the alignment laser light and is vertical in
the plane of the figure. The initial rotational temperature of the
sample in the calculation is TR=20 K. The intensity and pulse width
of the alignment laser light in the calculation are I=100 TW/cm2

and 
talign=100 fs, respectively.
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the ionization light with 
talign=0, 100, and 200 fs are well
fitted to the functions of cos26 �, cos22 �, and cos18 � with the
angular widths of 24°, 27°, and 29° in FWHM, respectively.
These widths are much narrower than that of the cos4 � dis-
tribution, 66°, which is generated by the two-photon excita-
tion of the isotropic ensemble in the X state.

2. LF PAD in ionization from the aligned a� state

The electronic state a� is the 3s�g �1�g
+� member of the

Rydberg series that converges to the ground electronic state
of the cation. The Rydberg orbital, 4�g molecular orbital, has
94.22% s and 5.58% d characters �42� when it is approxi-
mated by one-center hydrogenic wave functions. In the ion-
ization process of N2

+ �X , 2�g
+�←N2 �a� , 1�g

+�, if we trun-
cate the partial wave expansion at l�3, the selection rule
allows only the p�, p	, f�, and f	 photoelectron partial
waves.

Since the dynamical parameters of ionization have not
been determined experimentally, we used the parameters that
were obtained theoretically �42�. The magnitudes of the tran-

sition dipole matrix elements, dl�, have been calculated to be
dp� /df	=1.02, dp	 /df	=0.89, and df� /df	=1.40 for a pho-
toelectron kinetic energy �PKE� of 2.8 eV. By considering
the dominant s character of the 4�g orbital, an analogy with
a hydrogenic atom would suggest that the contribution of the
p component will be larger than that of f in the outgoing
wave. However, in the ab initio calculations by Rijs et al.
�42�, the matrix elements df� and df	 of the f partial wave
are always larger than dp� and dp	, respectively, for the PKE
of 1–8 eV. On the other hand, no information on the phase
shifts of the photoelectron partial waves is available in the
literature. Therefore, we have considered the scattering phase
shifts of the quantum defects of high Rydberg states. Accord-
ing to the multichannel quantum defect theory �MQDT�
�43,44�, the scattering phase shift, �l�, is related to the quan-
tum defects of the Rydberg states, �l�, by �l�=	�l�, and can
be extrapolated from the quantum defects of the high Ryd-
berg states. The quantum defects of the p and f Rydberg
series of N2 have been determined by Jungen et al. from a
detailed analysis of the near-threshold photoabsorption spec-
tra �45�. They obtained �p�=0.594, �p	=0.672, � f�=0.036,
and � f	=0.035 in radians. In our analysis, we used �l� at
EPKE=2.8 eV obtained from these �l� values. The dynamical
parameters of ionization are listed in Table I. We also as-
sumed that �l� at EPKE=2.8 eV is similar to those in the high

FIG. 10. �Color online� �a� Time profiles of the alignment pa-
rameter 
cos2 �
 around the full revival time. The dashed line rep-
resents the alignment parameter in the X state. The solid lines rep-
resent the alignment parameter in the a� state that is excited by the
two-photon transition from the aligned X state. �b� Molecular axis
distributions P�� ; t� in the a� state generated at the time delay of
8.54 ps when maximal alignment is achieved in the X state. The
simultaneous distribution in the X state is also shown by the dashed
line for comparison. The dependence on the ionization pulse width

tion is shown in both �a� and �b�. The initial rotational temperature
of the sample in the calculation is TR=20 K. The intensity and
pulse width of the alignment laser light in the calculation are I
=100 TW/cm2 and 
talign=100 fs, respectively.

FIG. 11. �a� Polar plots of the calculated MF and LF PADs
expected for the ionization of the a� state. The LF PAD is calculated
during the ionization of the ensemble with maximal alignment �at
the delay time of 8.54 ps�. �b� Effect of the ionization laser pulse
width on the LF PADs. The polarization vector of the ionization
light is parallel to that of the alignment laser light and is vertical in
the plane of the figure. The initial rotational temperature of the
sample is TR=20 K. The intensity and pulse width of the alignment
laser light in the calculation are I=100 TW/cm2 and 
talign

=100 fs, respectively.
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Rydberg states: the energy dependence of the dynamical
phase shift was assumed to be negligible.

Figure 11�a� shows the polar plots of the calculated MF
and LF PADs obtained for �2+1� REMPI via the a� state.
The LF PAD is calculated for the ionization of the maximally
aligned ensemble �at the delay time of 8.54 ps�. Both distri-
butions are strongly peaked along the laser polarization and
have no nodal patterns. Figure 11�b� shows the effect of the
ionization pulse width on the LF PADs. Although a slightly
weaker anisotropy of the LF PAD was obtained by the longer
pulse width, in this particular case, the feature of the distri-
bution does not change dramatically.

IV. CONCLUSIONS

We studied the PAD in the laboratory frame that is ex-
pected for the ionization of molecules aligned by an intense
femtosecond laser pulse. We considered two distinct pro-

cesses of the dynamical alignment of molecules in the elec-
tronic ground state by nonperturbative interaction with an
intense laser field ��10 TW/cm2� and one-photon ionization
or �2+1� REMPI of the aligned ensemble by perturbative
interaction with a moderate laser field ��10 GW/cm2�. Nu-
merical simulation of the axis alignment and photoionization
of N2 molecules demonstrated that the LF PAD expected for
the ionization of laser-aligned molecules is largely similar to
the MF PAD.
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