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Abstract: Photoionization of atoms in intense, few-cycle laser pulses is inversion asymmetry. An

asymmetric parameter is used to quantitatively analyze the asymmetry degree. By means of a non-

perturbative quantum scattering theory and employing a three-mode laser field to mimic the short

pulse, the variation of the asymmetric parameter are researched with the carrier-envelope phase

and duration of the pulses. It is found that the asymmetry degree varies with the carrier-envelope

phase as a sine-like pattern, and the maximum of asymmetry degree varies with pulse intensity

and pulse duration. Along with the increasing laser intensities, the maximal asymmetry firstly

decreases and then increases after it reaches a minimal wvalue.

At higher intensities, the

asymmetry is still distinctive for relative-long few-cycle pulses. Thus, increasing the pulse

intensity is helpful to observe the carrier-envelope phase-dependence.
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0 Introduction

The ultrashort intense laser pulses with
duration as short as few optical cycles, as a
powerful research tool, are widely used in many
fieldst .

shape of the electric field varies with the initial

For few-cycle pulses, the temporal

phase of the carrier wave with respect to the pulse
envelope, i. e. , the carrier-envelope (CE) phase.
All physical processes depending on the electric
field of the laser pulses may depend on its CE
phase*,

In the photoionization of atoms irradiated by
few-cycle pulses, the numbers of ionized electrons
in the direction of the positive and the negative
optical fields are not always the same, which is
termed as inversion asymmetry. The inversion
asymmetry has attracted much attention, both

[4-10]

experimentally and theoretically Because the

inversion asymmetry varies with the CE phase, the
measurement of asymmetry manifests directly the
[11-13]

CE phase of a short pulse

The inversion asymmetry is intensity-

dependent and varies with the pulse duration. In

Ref. [ 10 ], very large asymmetry was

Article ID;:1004-4213(2012)01-0043-6
demonstrated for the pulses persisting up to eight
cycles at a higher intensity, while the asymmetry
decreases quickly with the increase of pulse
duration at a lower intensity. In the calculations
performed by means of the time-dependent
Schrodinger equation ( TDSE), the asymmetry
varies dramatically with the laser intensity and the
pulse duration™**.

To quantitatively study the inversion

asymmetry, an asymmetry parameter is

introduced” ', The

defined as the ratio of the difference to the sum of

asymmetry parameter is

partial ionization rates in opposite directions:
7P\ *P,
P.+P_

where P. and P_ are the partial ionization rates in

(@Y)

a

a pair of opposite directions, respectively. This
parameter is zero for symmetric ionization and
reaches its extrema Z=1 when the ionization occurs

L), Thus we prefer to term

completely in one side
this parameter as the asymmetry degree. The

asymmetry degree disclosed by Chelkowski ez. al.

is of maximum about 60%™, and the
experimentally observed asymmetry in radio-

frequency domain is far larger than that in infrared
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domain ™'

In our study on the photoionization of atoms
in few-cycle pulses, distinctive asymmetry appears
in the photoelectron
(PADs)™ 17
CE phase, the pulse duration, and the kinetic

angular  distributions

The asymmetric PADs vary with the

energy of photoelectrons. A large asymmetry
appears in the PADs of certain kinetic energies,
and the corresponding asymmetry degree can be
very close to 100%, both in linearly polarized
pulses and in circularly polarized pulses. Then,
how about the asymmetry in the overall
ionizations?

Based on our earlier works, in this paper, we
study the asymmetry degree in the ionizations in
few-cycle pulses of various peak intensities and of
We will show that

increasing the pulse intensity is helpful to observe

different pulse durations.

the CE phase-dependence.
1 Theory

We use a nonperturbative scattering theory of
photoionization™® , which treats the Volkov states
as intermediate states while the final state of a
photoelectron is an electron plane wave. The
electric field of n-cycle pulses is written as

E(t)=E,cos (wl+¢0)sin2(7cl/r+7c/2) (2)
where ¢, is the CE phase. The pulse duration is
defined as r=2nn/w, which differs a little from the
pulse width 7, defined as the half width at half
maximum (FWHM). For 800 nm laser pulses, r=
2.67n s while ¢,=0. 97n {s. We use a three-mode
laser field to mimic a train of identical n-cycle
pulses

wr=wiw —w(1+1/1) 50 =w(1—1/n) (3)
with the intensity of the sideband modes being a
quarter of that of the central mode. The advantage
of our treatment is that the ionization rate can be
obtained analytically™™'", Our treatment
reproduces the asymmetric PADs, and also shows
the reversal of asymmetry with shifting the CE
phase by =.

The differential
photoelectrons with given kinetic-energy is (=1,
c=1)

AW Cmie™)V?
A2, @2n)?
gk |*? |(1§:.X]17,,1 S R €705 S CTO R R €D

ionization rate for

(q—e)* (qg—u,)? | & (P —

where m. is the electron rest mass, P; is the final
momentum of photoelectrons, and k the central

wave-vector of the laser pulse. The integer g

relates the final kinetic energy of photoelectrons as
2

Fi=p=do—E, (5)
thus is named as the absorbed-photon number,
since it denotes the absorbed energy of electrons in
unit of w. The number of transferred photons in
the ith mode in overall process, say ¢;(i=1,2,3),
satisfies the following integer equation
q=qtqtq+(g—q)/n (6)
and the sum over ¢, is performed over all the
possible g, that satisfy the above relation. The sum
over j, is performed on the energy shell; j, is the
ponderomotive parameter defined as
e’ A’
:mcw3
with 2A being the classical-field amplitude of the
laser pulse. The generalized phased Bessel (GPB)
functions are given by

Xiy vig iy (Zf)zzxf,l F2m) +m

m
i
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X*jg+2m$+m6*m7+mx*m() (L)

X ()Xo, (29) (8
where the sum is performed over m; (i=1,2+9);
— oo <m; < oo, and X, (2) are phased Bessel

functions defined by

X, ()=7,(|z])er== 9
The arguments of the GPB function are defined as
2 ‘ € ‘ Ay 2]e ‘ A
=P & L™ P;-g,
me.w: m.w:
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5 ) ® e (10)

where g; (j =1,2,3) is the polarization vector of
the jth mode defined by
g, =&, cos (£/2)+ig,sin (£/2) e 11

where g, and g, are unit vectors vertical to each

m. ((1}2 T

other; & determines the degree of polarization,
such that €= &£ n/2 denotes circular polarization
and £&=0 and = linear polarization. The phase angle
$,(j=1,2,3) is related to the CE phase as

$1=0s¢="—go/nsps =g /n (12)
In Eq. (10), 2A;(:=1,2,3) is the classical-field
amplitude of the th mode given by

_ Vmewu, _nA _ nA
M= AT M T iy Y
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The photoelectron rate with given kinetic-energy is
obtained by integrating over the solid angle dQ , =
sin 0;df;dg; of photoelectrons, where 6; is the
scattering angle and ¢ is the azimuthal angle. The
overall ionization rate is obtained by the sum of
rates of all the possible q. All the calculations are
performed in the polarization plane defined by ;=
n/2.

It has shown that the inversion asymmetry of
photoionization is caused by the interference effect

117 Here one

among different transition channels"
transition channel is identified as one set of ¢, that
satisfying Eq. (6) for a fixed integer q. The
number of channels is determined by the kinetic
energy and the pulse duration in Egs. (5) and (6).
More transition channels are available in shorter
pulses. Because the kinetic-energy spectrum of
photoelectrons varies with the laser intensity, the
asymmetry degree in overall ionization varies with

the laser intensity and the pulse duration.

2 Numerical results and discussions

We choose Kr as sample atoms in our
calculations. The initial wavefunction is chosen as
that of the outermost shell 4P,, with binding
energy 13. 99 eV. The circularly polarized laser
pulses are of central wavelength 800 nm and of
peak intensity varying from 10 TW/cm? to 90 TW/
em’. The asymmetry degree is calculated by means
of the partial ionization rates along one pair of
opposite directions, and we set ¢=0 for P and =
for P_.

advantage that GPB functions in the transition-rate

The choice of circular polarization has the

formulae is simplified largely'™, thus time-
consumed calculations are avoided. We also find
that the maximal asymmetry degree along the
polarization vector in linearly polarized five-cycle
pulses, at I =50 TW/cm?, is larger than that in
circularly polarized five-cycle pulses. In what

follows, we just discuss variation of the
asymmetry degree with the CE phase, the pulse
intensity, and the pulse duration in circular
polarization case. Some calculation results are
shown in Figs. 1~3.

Our calculations show that, the asymmetry
degree varies with the CE phase as a sine-like
pattern, with a periodicity of 2x. Here the sine-
like variation pattern means the regular oscillation

of the

maximum to its negative maximum along with the

asymmetry degree from its positive

change of CE phase. Similar variation also appears
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Fig. 1 Variation of the asymmetry degree with CE phase

in seven-cycle pulses for several pulse intensities
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Fig. 2 Variation of the asymmetry degree with CE phase
in five-cycle pulses for several pulse intensities
in the linearly polarized pulses. This variation
pattern reflects the change of electric field in the
pulse envelope. For circular polarization, it
reflects the change of maximal electric field along
one pair of opposite directions with CE phase. For
linear polarization, it reflects the change of
maximal electric field along the polarization vector.
Thus, this variation pattern does not depend on
the polarization of laser pulses. According to the

{57, the modulation of

observation of Paulus et. a
the CE phase on the ionization in opposite
directions shows the oscillation with a periodicity

of 2, which agrees with our calculations.
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Fig.3 Variation of the asymmetry degree with CE phase
in three-cycle pulses for several pulse intensities

The maximal asymmetry, both positive and
negative maximal degrees, appears for the CE
phase being the integer times of =. For some
special CE phases, such as =n/2 and 3n/2, the
asymmetry degree is zero. These phenomena do
not vary with the pulse intensity and the pulse
length. Noting that the electric field is
symmetrically distributed in the pulse envelope
when the CE phase equals to n/2 * kx, these
phenomena mean that the symmetric distribution
of electric field produces symmetric ionization, and
the asymmetric distribution of electric fields leads
to asymmetric electron emissions'®.

The investigation using TDSE methods also
discloses the sine-like variation pattern of the
asymmetry degree with the CE phase, and the
asymmetry reversal when the CE phase shifts a

[89-14]  These phenomena agree with

quantity of =
our calculations, but the differences are obvious
yet. The calculations using 3D TDSE methods
show that the

corresponds to ¢, = — 0. 3w and 1. 5x, and the

symmetric emission always
maximal asymmetry always corresponds to about -
0.5 and 0. 71, when the laser intensity is about
10~100 TW/em?™ . The calculations using 1D
TDSE method show that the value of CE phase
corresponding to symmetric ionization varies with
the pulse intensity for higher pulse intensity, while
at lower intensities, the corresponding value of CE
phase is always 0. 57 and 1. 5x''"). Meanwhile, the
Coulomb attraction of parent core to the ionized
electron has important influence on the
asymmetry!.

The total ionization rate, say P, + P_, also

varies with the CE phase. Our calculations show
that the total ionization rate varies with the CE
phase with a periodicity of 7, but the modulation is
less than 5%, even for 3-cycle pulses (of which the
FWHM is about 2. 9 fs). The CE-phase
dependence of the total ionization rate is hard to be
observed, as shown in a recent experiment*?,
The asymmetry degree varies with the pulse
duration. Although we have shown that the
inversion asymmetry arises from the interference
among transition channels, a more direct picture is
that the inversion asymmetry reflects the
asymmetric distribution of the electric field in the
pulse envelope. Since the asymmetry in the electric
field becomes more dramatic in shorter pulses, it is
natural that the

asymmetry becomes more

prominent in shorter pulses. QOur -calculations
indicate that this is the case when the laser
intensity is less than 50 TW/cm?®, as shown in the
three figures. Take the asymmetry degree at 30
TW/cm® as an example. The maximal asymmetry
degree in seven-cycle pulses is about 14. 4%, and
that in five-cycle pulses is a little higher, reaching
15. 7%. The asymmetry degree in three-cycle
pulses increases greatly and reaches 26. 8%.
Meanwhile, the corresponding CE phases to the
positive and the negative maximal asymmetry
degree vary with the pulse duration. For example,
at pulse intensity 50 TW/cm®, the asymmetry
degree reaches a maximum at ¢, = in five-cycle
pulses, while that occurs at ¢, =0 in seven-cycle
pulses, as shown in Fig. 1 (b) and Fig. 2 (b),
respectively. Similar phase shift appears when the
pulse intensity changes.

Besides the pulse duration, the pulse intensity
also affects the asymmetric photoionization as well
as the corresponding asymmetry degree. When the
laser intensity is very low, the multiphoton

ionization will not occur. Increasing laser
intensity, the ionization becomes more and more
probable. The ionization cannot be significant until
the laser intensity exceeds the ionization threshold.
For further higher intensities, it is not always the
case that a higher intensity corresponds to higher
ionization probability, because the target materials
may be depleted before the laser intensity reaches
its maximum. Correspondingly, the maximal
asymmetry degree varies with the pulse intensity,
as shown in Fig. 1~3 for several pulse durations.
Fig. 1 shows the variation of the asymmetry degree
with CE phase in seven-cycle pulses (with FWHM
about 6. 8 fs) at

several calculated pulse
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intensities. The maximal asymmetry degree for
pulse intensity 30 TW/cm? is about 14. 4%. The
maximal asymmetry degree decreases with the

When the

intensity is 50 TW/cm?, the maximal asymmetry

increasing pulse intensity. pulse
degree is only about 7. 4%. But for further

increasing  pulse intensities, the maximal
asymmetry increases, for example, the asymmetry
degree reaches 45. 7% when I = 70 TW/cm’.
Besides the change of the maximal asymmetry
degree, we also find a shift in the corresponding
CE phases. For example, the asymmetry degree
reaches its positive maximum at ¢, =0 for I =
30 TW/cm®, but at ¢, =x for I =150 TW/cm’.
That means the optimal emission reverses along
with the increase of pulse intensity. Similar
phenomena are found for other pulse lengths, as
shown in Fig. 2 for five-cycle pulses (with FWHM
about 4. 86 fs) and in Fig. 3 for three-cycle pulses
(with FWHM about 2. 92 {s).

Why the maximal asymmetry first decreases
then increases, with increasing laser intensity?
This phenomenon comes from the nonlinear
dependence of ionization on the laser intensity. At
lower intensities, a sub-strongest half-cycle ionizes
less electrons (here, the sub-strongest half-cycle
denotes the one weaker than the strongest half
cycle but stronger than others in the envelope,
generally it points to the opposite direction against
the strongest one), while if the value of electric
field in the following strongest half cycle exceeds
the ionization threshold, the ionization will be
increased significantly. Thus, a larger value of
lower laser

asymmetry can be reached at

With
although the strongest half-cycle may ionize much

intensities. increasing laser intensity,
more electrons than that in the sub-strongest half-
cycles, while the latter is also notable, the
asymmetry is less than that of lower intensities.
Correspondingly, the asymmetry degree decreases
with increasing pulse intensity, on the condition
that the

photoelectron than that in the strongest half-cycle.

sub-strongest half-cycles ionize less
For further higher intensities, the asymmetry
reverses. On the other hand, along with the
increasing pulse intensity, the ionization in other
half-cycles contributes more and more to the

When the

reaches a critical value, the ionization will occurs

overall ionization. pulse intensity

mainly at the leading edge of laser pulses, i. e. ,

before the electric filed in laser pulses reaching its

maximum. Because the electric field in the leading
edge varies more dramatically than that in the top
of pulse envelope, the asymmetry degree gets a
larger maximal value. The possible maximum of
the asymmetry degree depends largely on the pulse
envelope. For sine-square pulse envelope, the
asymmetry becomes more and more distinctive
with the increasing pulse intensity, as long as the
pulse intensity exceeds the critical value.
Correspondingly, the asymmetry degree becomes
larger and larger, but in an oscillation manner.

The critical value of pulse intensity varies with
the ionization potential of the target atom, the
frequency of the carrier wave., and the pulse
duration. In our treatment, the synthesized laser
comprises a sequence of identical, few-cycle laser
pulses. The electron wave-packet ionized by the
laser field comes from many cycles, which leads to
the critical value of pulse intensity less than that of
single few-cycle pulses.

The maximal asymmetry degree depends not
only on the pulse intensity and the pulse length,
but also on the kinetic energy of photoelectrons.
The maximal asymmetry degree of overall
ionizations is found to be about 60% , although the
asymmetry degree for photoelectrons at given
kinetic energies may be very large. Not all the
photoelectrons with different energies have the
same optimal direction, and the asymmetry degree
may vary with the kinetic-energy of photoelectrons
dramatically. For circularly polarized laser pulses,

behave as the CE

corresponding to the maximum of PADs varying

the difference phase

with the kinetic energy of photoelectrons. Our
study on PADs has found that

increasing kinetic energies of photoelectrons, the

along with

original maximum of PAD splits into two maxima;
the newly produced two maxima evolve to the
opposite pole of the symmetric axis, and finally
incorporate as a new maximum located in the
symmetric axis; thus, after the evolution, the CE
phases corresponding to the maximum of PADs
differ from each other by a quantity of x/*. As a
result, the asymmetry degree in the overall
variation of the

ionization decreases. The

energy  of
L,

asymmetry  with  the  kinetic

photoelectrons is observed by Paulus ez. a

3 Conclusion

The asymmetry degree in photoionization
depends on the CE phase, the pulse duration, and

the pulse intensity. The maximal asymmetry
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degree decreases with increasing pulse intensity, al. Asymmetry in the strong-field ionization of rydberg atoms
by few-cycle pulses[ J]. Physical Review Letters, 2004, 92
(3): 3002-3005.

[11] KAKEHATA M, KOBAYASHI Y, TAKADA H, et al.

while increases when the pulse intensity exceeds

the critical value. For relatively-longer few-cycle

pulses » the inversion asymmetry becomes weak at Single-shot measurement of a carrier-envelope phase by use of
low intensities while still notable at higher a time-dependent polarization pulse [ J]. Optics Letters,
intensities.  Considering the dependence of 2002, 27(14); 1247-1249.

[12] TZALLAS P, SKANTZAKIS E, CHARALAMBIDIS D.

ionization vyields on the pulse intensity, we , )
Measuring the absolute carrier-envelope phase of many-cycle

conclude that adopting higher intensity pulses will laser fields[J]. Physical Review A» 2010, 82(6): 1401-

be helpful to observe the CE-phase effects. 1404.
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