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Above-threshold ionization of Xe atoms in an infinite sequence of linearly polarized few-cycle pluses is
studied. The dependence of photoelectron angular distributions(PADs) on the carrier-envelope(CE) phase in
various few-cycle pulses are obtained. Our study shows that PADs in linearly polarized few-cycle pulses vary
with the CE phase. The PADs are inversion asymmetric for most CE phases and inversion symmetric for some
special CE phases. The PADs are always symmetric about the polarization vector, but the maximal ionization
rates vary with the CE phase. Our study also shows the jet structures in PADs arising from the inherent
property of photon ionization and the variation of PADs with the number of optical cycles in a single pulse.
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I. INTRODUCTION

Recent developments in laser technology have made it
possible to produce high intensity laser pulses of few optical
cycles [1], which provide a powerful coherent light source
with extremely high intensity in high-power laser systems.
Ultrashort pulses have the advantage that a high intensity can
be reached in a time span shorter than the response time in
which the electron escapes from an atom, allowing much
higher effective field strengths[2]. Meanwhile, for a few-
cycle pulse, the temporal shape of its electric field varies
dramatically with the initial phase of the carrier wave with
respect to the pulse envelope. Thus, all the physical pro-
cesses induced by this field depend on the value of the
carrier-envelope(CE) phase, such as above-threshold ioniza-
tion (ATI ) of noble atoms[2,3].

The previous studies of the CE phase mainly focused on
the circularly polarized pulses[2–5]. The use of circularly
polarized pulses has an advantage that the amplitude of the
electric field varies smoothly with time, thus the modulation
on ionization due to the rapid change of electric field is
avoided[6]. However, in experiments it is not easy to pro-
duce a phase-stabilized few-cycle pulse of circular polariza-
tion, which obstructs the benefits of the circular polarization
[2]. Thus, the use of linearly polarized pulses is also benefi-
cial [7–9]. In the present paper, we study the phase-
dependent phenomena of ATI in linearly polarized few-cycle
pulses.

Using a nonperturbative scattering theory of ATI devel-
oped by Guo, Åberg, and Crasemann[10], we studied[11]
the photoionization in circularly polarized pulses and dem-
onstrated the spacial inversion asymmetry and symmetry in
photoelectron angular distributions(PADs). Even though an
ultrashort pulse consists of many frequency components, a
few dominant components may just mimic the short pulses.
We treated the ultrashort pulse as a three-mode laser field
[11]. For ann-cycle pulse, its electric field can be written as

Estd = E0sinsvt + f0dsin2spt/td =
E0

4
f2 sinsv1t + f0d

− sinsv2t + f0d − sinsv3t + f0dg, s1d

wheret=2np /v is the pulse duration,f0 is the CE phase,
and

v1 = v, v2 = vs1 + 1/nd, v3 = vs1 − 1/nd. s2d

This treatment corresponds to a series ofn-cycle pulses, each
of which shares a common initial phase. Variation of the
common phase mimics the change of the CE phase differ-
ence of the ultrashort pulses.

In this paper we study ATI of Xe in linearly polarized
few-cycle pulses and focus on the CE phase-dependent PADs
in various pulses. We study the cases that the number of
optical cycles is larger than one, i.e.,n.1. If n=1, our treat-
ment reduces to a two-mode case, which is studied by Gaoet
al. as a phase difference effect between modes[12]. We will
show the dependence of PADs on the CE phase, disclose the
variation of PADs with the number of cycles in a single
pulse, and compare the PADs in linearly polarized pulses
with those in circularly polarized pulses.

This paper is organized as follows: the quantum state of
an electron inn-cycle pulses is given in Sec. II; the ioniza-
tion rate and a brief analysis of inversion asymmetry are
given in Sec. III; the numerical results are shown in Sec. IV;
and Sec. V is our conclusions with a brief discussion.

II. A VOLKOV STATE FOR AN ELECTRON
IN n-CYCLE PULSES

The quantized vector potential of the laser pulse iss"
;1,c;1d
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As− k · r d = o
j=1

3

gjse je
ik j·raj + e j

*e−ik j·raj
†d, s3d

wheregj =s2Vjv jd−1/2 s j =1,2,3d with Vj being the normaliza-
tion volume of thej th photon mode ande j are the polariza-
tion vectors defined by

e j = fex cossj/2d + ieysinsj/2dgeif j ,

e j
* = fex cossj/2d − ieysinsj/2dge−if j , s4d

wheref j are the phase angles of each mode relating to the
CE phase as

f1 = p, f2 = − f0/n, f3 = f0/n, s5d

andj determines the degree of polarization, andj=0 corre-
sponds to linear polarization. We have

ek · e j = scosjdeisfk+f jd, ek · e j
* = eisfk−f jd. s6d

The state describing a nonrelativistic electron moving in
such a laser field is the quantum-field Volkov state given by
[13]

uCml = Ve
−1/2 o

j1,j2,j3

exp hifP + sup1 − j1dk1 + sup2 − j2dk2

+ sup3 − j3dk3g · r jX j1,j2,j3
szdun1 + j1,n2 + j2,n3 + j3l,

s7d

and the corresponding eigenenergy reads

Em =
P2

2me
+ o

i=1

3

sni + upi +
1
2dvi , s8d

whereP is the momentum of the intermediate electron state
moving in the field,me is the rest mass of electron, andVe is
the normalization volume of the electron state;k i =vik0, with
k0 being the unit vector along the pulse propagation,uni
+ j il is the Fock state of theith mode withni being back-
ground photons andj i the number of transferred photons in
this mode; andupi is the ponderomotive parameter of theith
mode defined as

upi =
e2Li

2

mevi
si = 1,2,3d, s9d

with 2Li being the classical amplitude of theith mode. In the
expression of the Volkov state, the generalized phased
Bessel functionsGPBd is given by

X j1,j2,j3
szd

= o
qi

X−j1+2q1+q4+q5+q6+q7
sz1dX−j2+2q2+q4−q5+q8+q9

sz2d

3X−j3+2q3+q6−q7+q8−q9
sz3dX−q1

sz1d ¯ X−q9
sz9d, s10d

where the sum is performed overqi si =1,2, . . . ,9d :
−`,qi ,`, andXnszd is phased Bessel functions of a com-
plex variable defined in terms of ordinary Bessel functions
Jnsrd by f14g

Xnszd = Jnsrdeinw with z= reiw. s11d

The arguments of the GPB function are defined as

z1 =
2ueuL1

mev1
P · e1, z2 =

2ueuL2

mev2
P · e2,

z3 =
2ueuL3

mev3
P · e3, z1 =

1

2
up1e1 · e1,

z2 =
1

2
up2e2 · e2, z3 =

1

2
up3e3 · e3,

z4 =
2e2L1L2e1 · e2

mesv1 + v2d
, z5 =

2e2L1L2e1 · e2
*

mesv2 − v1d
,

z6 =
2e2L1L3e1 · e3

mesv1 + v3d
, z7 =

2e2L1L3e1 · e3
*

mesv3 − v1d
,

z8 =
2e2L2L3e2 · e3

mesv2 + v3d
, z9 =

2e2L2L3e2 · e3
*

mesv3 − v2d
. s12d

Because the polarization vectors are related to the CE phase,
these arguments, exceptz1 andz1, are CE phase dependent.

III. TRANSITION RATE

The transition matrix element is given by[10]

Tfi = o
«m=«f

kf f sr d,m1,m2,m3uCmlkCmuVuFisr d,l1,l2,l3l,

s13d

wherel i andmi si =1,2,3d refer to the numbers of background
photons in theith mode before and after the interaction, re-
spectively, andV is the interaction term in the Hamiltonian

V = −
eP ·As− k · r d

me
+

e2As− k · r d ·As− k · r d
2me

, s14d

f fsr d is the plane wave of the final electron,Fisr d is the
bound state of the initial electron,Ei is the initial energy of
the system

Ei = − Eb + sl1 + 1
2dv1 + sl2 + 1

2dv2 + sl3 + 1
2dv3, s15d

in which the positiveEb is the binding energy of the initial
atomic electron.

The first overlapping factor in the transition matrix ele-
ment is

kCmuVuFisr d,l1,l2,l3l =
DE
Ve

1/2X j1,j2,j3
szd*FisP8d, s16d

where P8=P+sup1− j1dk1+sup2− j2dk2+sup3− j3dk3, and
FisP8d is the Fourier transform of the initial wave function;
j i = l i −ni si =1,2,3d is the number of the absorbed photons in
the ith mode when the electron is excited into a Volkov state,
and
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DE ;
P2

2me
+ Eb + o

i=1

3

supi − j idvi . s17d

The second overlapping factor can be written as

kf fsr d,m1,m2,m3uCml =
s2pd3

Ve
X j18,j28,j38

szddsPf − P9d, s18d

where P9=P−sup1− j18dk1−sup2− j28dk2−sup3− j38dk3, and j i8
=mi −ni is the number of transferred photons in theith mode
when the electron leaves the laser field. Then, the overall
transition matrix element is worked out to be

Tfi = Ve
−1/2FisPf − qkdDE

3 o
j1,j2,j3

X j1−q1,j2−q2,j3−q3
szfdX j1,j2,j3

szfd* , s19d

whereqi = l i −mi is the number of overall transferred photons
in the ith mode during the interaction. The quantity

q = fq1v1 + q2v2 + q3v3g/v s20d

determines the final kinetic energy of the photoelectron, and
thus can be used to denote the order of an ATI peak. In Eq.
s19d, the arguments of the GPB function are reduced to

z1f =
2ueuL1

mev1
Pf · e1 =

2ueuL1

mev1
Pfxe

if1,

z2f =
2ueuL2

mev2
Pf · e2 =

2ueuL2

mev2
Pfxe

if2,

z3f =
2ueuL3

mev3
Pf · e3 =

2ueuL3

mev3
Pfxe

if3, s21d

while other arguments are kept unchanged, andPfx
= uPfusin u f cosf f. In Eqs.(19) and(21), Pf is the final mo-

mentum of the photoelectron,u f is the scattering angle, and
f f is the azimuthal angle.

The transition rate for a given ATI peak is worked out to
be

d2W

dVpf

=
s2me

3v5d1/2

s2pd2 sq − ebd1/2sq − 4up1d2uFisPf8du
2

3 Uo
qi,j i

X j1−q1,j2−q2,j3−q3
szfdX j1,j2,j3

szfd*U2
, s22d

wheredVPf
=sin u fdu fdf f is the differential solid angle of

the final photoelectron, and the sum is performed over all
the possibleqi and j i si =1,2,3d, satisfying the energy con-
servation relation, andPf8=Pf −qk1. The emission rate of a
given ATI peak is obtained by integrating over the solid
angle, and the PAD denotes the emission for different
azimuths at a fixed scattering angle.

It has been shown that in a linearly polarized field, elec-
trons are mostly emitted along the laser polarization and the
PADs are of fourfold azimuthal symmetry[15]. The number
of emitted electrons in the azimuthal anglef f equals that in
the opposite direction, say, in the anglef f +p. We term this
phenomenon as inversion symmetry in the present paper.
When many transition channels are involved the inversion
symmetry disappears[11]. It can be shown as follows: In the
polarization plane defined byu f =p /2, the space reflection,
which meansf f →f f +p, results in a phase change in the
GPB function as follows:

X j1,j2,j3
szu−pf

d = s− 1d j1+j2+j3X j1,j2,j3
szupf

d. s23d

Thus, the transition rate subjected to the space reflection
changes to

U d2W

dVpf

U
−pf

=
s2me

3v5d1/2

s2pd2 sq − ebd1/2sq − 4up1d2uFisPf − qk1du2Uo
qi

s− 1dq1+q2+q3o
j i

X j1−q1,j2−q2,j3−q3
szfdX j1,j2,j3

szfd*U2
. s24d

The space reflection leads to an additional factor related to
thoseqi. The sum overqi determines whether the transition
rate changes or not. We identify one set ofqi satisfying Eq.
s20d for a fixedq as one transition channel, thus one channel
means one possible combination of the absorbed photons
from different laser modes during the ionization of an elec-
tron. The phase of each channel varies with the value ofqi,
thus different channels are of different phases. When several
channels are involved to form an ATI peak, the interference
among channels will affect the ionization rate. If each ATI
peak allows only one channel, the ionization rate is the same
as that in the opposite direction. But, when several transition
channels are involved to form an ATI peak, the interference

will cause a distinct ionization rate from that in the opposite
directions. Detailed studies show that channels withq2=q3
are indistinguishable and thus are regarded as one.

IV. PADS IN VARIOUS PULSES

With the transition-rate formula in Eq.(22), we obtain the
angular distribution of the ejected electrons. We choose Xe
as the sample atom in the calculation. The wave function is
chosen as that of the outermost shell 5P3/2 with binding en-
ergy 12.1 eV. The linearly polarized laser pulse is of central
wavelength 800 nm and peak intensityI =531013 W/cm2.
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In what follows, we study the PADs for various few-cycle
pulses. Since the ionization rate decreases rapidly with the
ATI order, we just calculate PADs for low order peaks.

A. Inversion asymmetry and symmetry in PADs

Our calculations show that in long-pulse cases, where
only one channel is involved to form an ATI peak, PADs
exhibit the fourfold symmetry, which agrees with earlier
studies for linear polarization[15]. The fourfold symmetric
PADs show the little dependence on the CE phase. The
ejected electrons distribute mostly along the polarization
vector and thus form the main lobe of PADs. When many
channels with various phases are involved to form an ATI
peak, due to the interference effect among different transition
channels, the inversion asymmetry appears in PADs and the
fourfold symmetry reduces to a twofold symmetry in PADs.
The inversion asymmetry for relatively longer pulses is
slight, as shown in Fig. 1 for nine-cycle pulses; the inversion
asymmetry is evident for further short pulses, and the photo-
electrons are ejected out mostly in one direction determined
by the CE phase, as shown in Figs. 2 and 3 for seven-cycle
and five-cycle pulses, respectively. Thus, we conclude that at
a fixed pulse length, the photoelectrons emit mostly in one
direction determined by the CE phase. This phenomenon
makes it possible to control the optimal emission of photo-
electrons.

In the absence of the inversion symmetry, the PADs are
still symmetric about the polarization vector. This symmetry
of PADs is resulted from the symmetry of the electric field
corresponding to its maximum in each single pulse. The
symmetry in the case of linear polarization differs from that
in the case of circular polarization[11]. In the circular polar-
ization case, the PADs are symmetric about an axis related to
CE phase, but the maximal emission rate keeps constant and
has no relation with the CE phase. While in the linear polar-
ization cases, the PADs are always symmetric about the po-
larization vector, but the maximal emission rate varies with

the CE phase. This difference is resulted from the depen-
dence of maximal electric-field strength on the CE phase.
For circularly polarized pulses, the maximum value of the
electric-field strength keeps constant for various CE phases,
but its position varies with the CE phase. While for linearly
polarized laser pulses, the electric field is always along the
polarization vector, irrespective of what the CE phase is, but
the maximal electric-field strength varies with the CE phase.
As a result, the maximal ionization varies with the CE phase,
but the asymmetric axis of PADs is always the polarization
vector. In Fig. 4 we show the variation of the maximal ion-
ization rate with the CE phase, in the left main lobesf f

=180°d and in the right main lobesf f =0°d, for five-cycle
and seven-cycle pulses, respectively.

B. Fourfold symmetry in PADs

Although, generally, the inversion symmetry disappears
when many ionization channels are involved, the PADs are
still inversion symmetric and keep the fourfold symmetry for
some special CE phases, as shown in(b) for f0=0.5p in
Figs. 1–3. Pauluset al. [2] have supposed that, whenf0
=0.5p, the number of photoelectrons emitted to the left side
sf f =180°d must be the same as that emitted to the right side
sf f =0°d, because the electric-field distribution in the pulse
envelope is symmetric whenf0=0.5p. Our results confirm
this conjecture and show that the inversion symmetry in
PADs revives forf0=0.5p and 1.5p.

In circularly polarized short pulses, the PADs forf0
=0.5p are still inversion asymmetric, but the number of elec-
trons ejected to the left direction equals that ejected to the
right direction; while in the linearly polarized pulses, the
PADs for f0=0.5p are inversion symmetric, thus show the
fourfold symmetry. This fourfold symmetry reflects the sym-
metric distribution of the electric field in the pulse envelope
and is only determined by the CE phase. The fourfold sym-
metry has no relation to the pulse length and the order of ATI
peaks. The fourfold symmetric PADs also appear whenf0
=1.5p.

FIG. 1. The polar plots of the
calculated PADs of the second
ATI peak in nine-cycle pulses.
The CE phase of each plot is(a)
f0=0°; (b) f0=90°; and (c) f0

=180°. The linearly polarized la-
ser is of central wavelength
800 nm and intensity I =5
31013 W/cm2.

FIG. 2. Same as those in Fig.
1, but for seven-cycle pulses.
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C. Jet structures in PADs

Generally, the photoelectrons in a linearly polarized laser
field are ejected mostly along the polarization vector, and the
ejected electrons form the main lobe[16]. This kind of dis-
tribution is also confirmed by our calculations, but there are
still some abnormal structures, such as those jetlike struc-
tures sticking out between the main lobes, as shown in Figs.
1–3.

The jet structures were frequently observed in experi-
ments, such as ring structures in higher order ATI peaks[17]
and the jet structures in lower order ATI peaks[16,18]. The
jet structures observed in experiments are confirmed theoreti-
cally [7,19]. It has been shown that the jet structures are
related to the order of ATI peaksq, the ponderomotive pa-
rameterup, and the binding numbereb [19]. These studies are
also suggestive to the present study.

The value of the GPB function increases oscillatorily with
increasing the value of variables at a fixed laser intensity,
thus it has many extrema. The jets in PADs are caused by the
extrema of the GPB function, and the total number of jets on
one side of the PADs is twice the number of the maxima in
the domain of thez variable. Compared with the experimen-
tal observations shown in Fig. 3(b) of Ref. [16], we find two

additional jets appearing in each side of the calculated PADs,
as shown in Fig. 1. Because the laser field we used is of
intensity higher than that for Fig. 3 of Ref.[16], the pondero-
motive parameterup is larger, which leads to a largerz vari-
able. Thus, additional jets appear.

D. Variation of PADs with the number of optical cycles
in a single pulse

The CE phase, the number of optical cycles in a single
pulse, and the final kinetic energy of a photoelectron deter-
mine the main features of PADs, and the role of the CE phase
varies with the number of optical cycles in a single pulse.
The CE phase shows little influence on the PADs for a long
pulse, but plays an important role for ultrashort pulses.

The maximum of the main lobe varies with the CE phase
and the number of optical cycles in a single pulse. The ratio
of the maximal ionization in the left main lobesf f =180°d to
that in the right main lobesf f =0°d varies with the CE phase,
and a larger ratio is obtained in shorter pulses, as shown in
Fig. 4. It is also found that for the same CE phase, the maxi-
mum ionization direction varies with the number of optical
cycles in a single pulse, which is clear by comparing Fig. 2
with Fig. 3. This phenomenon provides a reference to control
the ejected photoelectrons by varying the short pulse.

The jet structure of PADs is also affected by the number
of optical cycles in a single pulse. When the number of op-
tical cycles in a single pulse decreases, the jets become more
prominent, as shown in Figs. 2 and 3. The enlargement of
jets is also induced by the increase of the independent vari-
able. The pulse length affects the arguments of the GPB
function through the frequenciesvi and the ponderomotive
parametersupi si =2,3d, and shorter pulse lengths lead to
largerz2 andz3, thus increasing prominent jets appear.

V. CONCLUSIONS

We conclude with the following.
(1) The PADs in linearly polarized few-cycle pulses are

inversion asymmetric for most of CE phases. The inversion
asymmetry is resulted from the interference between transi-
tion channels. As a special case, when the CE phase isp /2
or 3p /2, the PADs are inversion symmetric. This symmetry
reflects the symmetric distribution of the electric field.

(2) The PADs and the maximal ionization rates along the
main lobes vary with the CE phase. When the value of the
CE phase isp /2 or 3p /2, the ionization rates in the two
poles of polarization vector equal to each other, thus the
PADs show the fourfold symmetry.

FIG. 3. Same as those in Fig.
1, but for five-cycle pulses.

FIG. 4. Variation of the maximal ionization rate in the main lobe
with the CE phase in(a) seven-cycle pulses and(b) five-cycle
pulses.
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(3) The PADs show the jet structure. The jet structure
reflects the inherent property of photoionization.

(4) The PADs vary with the number of optical cycles in a
single pulse. It is possible to optimize the PADs by varying
the CE phase and the number of cycles.

In our treatment of few-cycle pulses, the electric field is
no longer a single pulse, but a long sequence ofn-cycle
pulses sharing a common CE phase. If the CE phase of the
n-cycle pulses can be stabilized in experiments, the predicted
characters of PADs will be observed experimentally. Fortu-
nately, recent developments in laser technology have made it

possible to produce few-cycle pulses with a fixed CE phase
[20], thus the predicted phenomena are expected to be veri-
fied experimentally in the near future.
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