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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 distributlAids) on the carrier-envelop€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.

DOI: 10.1103/PhysRevA.69.043409 PACS nuniber32.80.Rm, 42.50.Hz, 42.50.Vk, 42.50.Ct

I. INTRODUCTION E
E(t) = Egsin(wt + ¢ho)sir(mt/7) = 20[2 Sin(wyt + ¢bo)
Recent developments in laser technology have made it
possible to produce high intensity laser pulses of few optical = sin(w,t + ¢bg) — Sin(wst + ¢Pp) 1, (@D)]
cycles[1], which provide a powerful coherent light source
with extremely high intensity in high-power I_ase_r SYStems.\yhere 7= 2n7/ w is the pulse durationg, is the CE phase,
Ultrashort pulses have the advantage that a high intensity cagy,q
be reached in a time span shorter than the response time in
which the electron escapes from an atom, allowing much
higher effective field strengthg2]. Meanwhile, for a few- 1= 0, w;=o(l+1h), ©3=o(l-1h). (2)
cycle pulse, the temporal shape of its electric field varies
dramatically with the initial phase of the carrier wave with This treatment corresponds to a series-@fycle pulses, each
respect to the pulse envelope. Thus, all the physical proef which shares a common initial phase. Variation of the
cesses induced by this field depend on the value of theommon phase mimics the change of the CE phase differ-
carrier-envelop&CE) phase, such as above-threshold ioniza-ence of the ultrashort pulses.
tion (ATI) of noble atomg2,3]. In this paper we study ATl of Xe in linearly polarized
The previous studies of the CE phase mainly focused ofew-cycle pulses and focus on the CE phase-dependent PADs
the circularly polarized pulsef2-5]. The use of circularly in various pulses. We study the cases that the number of
polarized pulses has an advantage that the amplitude of thsptical cycles is larger than one, i.a> 1. If n=1, our treat-
electric field varies smoothly with time, thus the modulationment reduces to a two-mode case, which is studied byeBao
on ionization due to the rapid change of electric field isal. as a phase difference effect between mddes We will
avoided[6]. However, in experiments it is not easy to pro- show the dependence of PADs on the CE phase, disclose the
duce a phase-stabilized few-cycle pulse of circular polarizavariation of PADs with the number of cycles in a single
tion, which obstructs the benefits of the circular polarizationpulse, and compare the PADs in linearly polarized pulses
[2]. Thus, the use of linearly polarized pulses is also benefiwith those in circularly polarized pulses.
cial [7-9. In the present paper, we study the phase- This paper is organized as follows: the quantum state of
dependent phenomena of ATl in linearly polarized few-cyclean electron im-cycle pulses is given in Sec. Il; the ioniza-
pulses. tion rate and a brief analysis of inversion asymmetry are
Using a nonperturbative scattering theory of ATI devel-given in Sec. Ill; the numerical results are shown in Sec. 1V,
oped by Guo, Aberg, and Crasemai®], we studied[11]  and Sec. V is our conclusions with a brief discussion.
the photoionization in circularly polarized pulses and dem-
onstrated the spacial inversion asymmetry and symmetry in
photoelectron angular distributioiBADS). Even though an Il. AVOLKOV STATE FOR AN ELECTRON
ultrashort pulse consists of many frequency components, a IN n-CYCLE PULSES
few dominant components may just mimic the short pulses.
We treated the ultrashort pulse as a three-mode laser field The quantized vector potential of the laser pulsgfis
[11]. For ann-cycle pulse, its electric field can be written as =1,c=1)
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Ak =gy +geifal), @)
j=1

whereg;=(2V,w;)*2(j=1,2,3 with V, being the normaliza-
tion volume of thejth photon mode ane; are the polariza-
tion vectors defined by

€= [ cog&2) +ie,sin(¢/2)]e?,

€ =€ cog&l2) ~iesin(E/2)]e?, (4)

where ¢; are the phase angles of each mode relating to th
CE phase as

d’l: T, ¢2: - ¢0/n! ¢3: d)O/n! (5)

and ¢ determines the degree of polarization, &b corre-
sponds to linear polarization. We have
€ €= (cosHe X, g - g =B,

(6)

The state describing a nonrelativistic electron moving in

such a laser field is the quantum-field Volkov state given by

(13]

W)=V X explilP+ (Up — jp)Ky + (Upo = 2K
jvi2is
+ (Upz — Ja)ks] - 1}

1,12,1'3(2)|nl +jnN+ja,Nz+]3),

(7
and the corresponding eigenenergy reads
2 3
g,u,:_+ l(ni+upi+%)wiv (8)

2me
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Xo(2) =J,(ne"®  with z=re'*. (11)
The arguments of the GPB function are defined as
2elA; 2lelA,
gl:—P'Elv §2: P'Ez,
Mew; Mewy
_ 2le|A; 1
3= Mews P-e, 7= Euplel "€,
1 1
e 5= Eup2€2 "€ 3= Eup3€3 " €3,
_ 2e2A1A261 * € _ 2e’2A1A2€1 . E;
Me(w1 + wp) Me(wp — 1)
_ 292A1A3€1 T €3 _ 262A1A361 . 6;
Me(w1 + wg) Me(wz = ;)
- 292A2A362 - €3 - 262A2A362 . €; (12)

Me(wp + @3) Me(wg = @p)

Because the polarization vectors are related to the CE phase,
these arguments, excefjt andz;, are CE phase dependent.

Ill. TRANSITION RATE

The transition matrix element is given py0]

Ti= > (¢ (r), mympmg| W, (W, V| D;(r),11,15,13),

SM:Sf

(13

whereP is the momentum of the intermediate electron state

moving in the field,m, is the rest mass of electron, axgdis
the normalization volume of the electron stdigs wik, with
ko being the unit vector along the pulse propagatim,
+j;) is the Fock state of théh mode withn; being back-
ground photons ang| the number of transferred photons in
this mode; andiy, is the ponderomotive parameter of title
mode defined as

A7

u=——- (i=1,2,3, (9)

i
p o;

with 2A; being the classical amplitude of tith mode. In the
expression of the Volkov state, the generalized phase
Bessel functiofGPB) is given by

X LirisD

= E X—j 1+2q1+q4+q5+q6+q7(£1) X—j 2+2q2+q4‘Q5+q8+q9(§2)
8]

XX—j3+2q3+q6—q7+q8—qg(§3)X—ql(zl) e X—qg(ZQ)a (10)

where the sum is performed ovegq (i=1,2,...,9:

wherel; andm; (i=1,2,3 refer to the numbers of background
photons in thath mode before and after the interaction, re-
spectively, andV is the interaction term in the Hamiltonian

_eP-A(—k-r)+e2A(—k-r)-A(—k-r)
Me 2m,

¢+(r) is the plane wave of the final electro®;(r) is the
bound state of the initial electrod; is the initial energy of
the system

V=

(14)

E=—Ep+ (I + %)wl+ (I, + %)wz"‘ (I3+ %)wg, (15)

th which the positiveE,, is the binding energy of the initial
atomic electron.

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

AE
<‘I’M|V|q)i(f)a|1.|2'|3> =

VT/Zle,jZ,j3(Z)*q)i(P/),
e

(16)

where  P'=P+(Uy—j)Ki+(Upp—j2)Ka+(Uz—ja)ks, and
®,(P’) is the Fourier transform of the initial wave function;

-0 < g, <%, andX,(z) is phased Bessel functions of a com- j;=I;—n; (i=1,2,3 is the number of the absorbed photons in
plex variable defined in terms of ordinary Bessel functionstheith mode when the electron is excited into a Volkov state,
Jn(r) by [14] and
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p2 8 mentum of the photoelectrom is the scattering angle, and
AE=—+Eyt > U= j)w. (17) ¢ is the azimuthal angle.
Me i=1 The transition rate for a given ATI peak is worked out to
The second overlapping factor can be written as be
<¢f(r) my, My m3|\If >= (277)3.)(/ o -/(Z)(S(Pf - P”) (18) d2W (2m3w5)1/2
e m V, Cvl2ls ' = < (q- &)%q- 4up1)2|¢i(Pf’)|2

dQ,  (2m?

* 2
X EXj1—ql,12—q2,j3—q3(2f)?(j1,12,j3(2f) , (22
Gi»Jj

where P"=P—(uy—j1)Ki— (U= j2)Ko— (Upg—J3)Ks, and j/
=m;—n; is the number of transferred photons in thie mode
when the electron leaves the laser field. Then, the overall
transition matrix element is worked out to be
1 Wheredef:sin 0;d6:d¢y; is the differential solid angle of
Tii = Ve "®i(Pr —gk)AE the final photoelectron, and the sum is performed over all
* the possibleg; and j; (i=1,2,3, satisfying the energy con-
x jl%jsX‘1"q1"2_q2'13"q3(zf)/’\‘/'1'12"3(zf) (19 servation relation, an®{ =P;—gk;. The emission rate of a

] given ATI peak is obtained by integrating over the solid
whereg;=1;—m is the number of overall transferred photons gngle, and the PAD denotes the emission for different
in theith mode during the interaction. The quantity azimuths at a fixed scattering angle.

0= [y + oy + Gaws)/@ (20) It has been shown that in a linearly polarized field, elec-

trons are mostly emitted along the laser polarization and the
determines the final kinetic energy of the photoelectron, andPADs are of fourfold azimuthal symmetf{5]. The number
thus can be used to denote the order of an ATl peak. In Eqpf emitted electrons in the azimuthal angbe equals that in
(19), the arguments of the GPB function are reduced to  the opposite direction, say, in the angpe+ 7. We term this
phenomenon as inversion symmetry in the present paper.

(= 2|e|A1Pf €= 2|e|A1Peri</>1, When many transition channels are involved the inversion

Mewq Mew1 symmetry disappeafdl]. It can be shown as follows: In the

polarization plane defined bg;=/2, the space reflection,

2le|A, 2le|A, is which means¢g; — ¢+, results in a phase change in the

2= Pr €= ooy Pre' 2, GPB function as follows:
— +jot
Lor = ZEA% -€3= Zrim%fxe‘%, (21) Vil Zop) = C DL, (2 (29
w3 w3

while other arguments are kept unchanged, aRg  Thus, the transition rate subjected to the space reflection
=|Ps|sin 6; cos ¢;. In Egs.(19) and(21), P; is the final mo-  changes to

dZW ~ (ngw5)1/2

def o (2m)?

@)% (29

(09— €)"A(d = 4up)?D;(Pr — gky)|? PCEIER)Y X mapip-tpi - 20X

: Ligs
Gi Ji

The space reflection leads to an additional factor related till cause a distinct ionization rate from that in the opposite
thoseq;. The sum oven; determines whether the transition directions. Detailed studies show that channels wjth g,

rate changes or not. We identify one setgpkatisfying Eq.  are indistinguishable and thus are regarded as one.

(20) 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- IV. PADS IN VARIOUS PULSES

tron. The phase of each channel varies with the valug;,of

thus different channels are of different phases. When several With the transition-rate formula in E¢22), we obtain the
channels are involved to form an ATI peak, the interferenceangular distribution of the ejected electrons. We choose Xe
among channels will affect the ionization rate. If each ATl as the sample atom in the calculation. The wave function is
peak allows only one channel, the ionization rate is the samehosen as that of the outermost shé®;5 with binding en-

as that in the opposite direction. But, when several transitiorergy 12.1 eV. The linearly polarized laser pulse is of central
channels are involved to form an ATI peak, the interferencavavelength 800 nm and peak intenslty5x 10 W/cn?.
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FIG. 1. The polar plots of the
calculated PADs of the second
ATl peak in nine-cycle pulses.
The CE phase of each plot {g)
$0=0° (b) $p=90° and(c) ¢o
=180°. The linearly polarized la-
ser is of central wavelength
800 nm and intensity I=5
x 10 W/cn?.

In what follows, we study the PADs for various few-cycle the CE phase. This difference is resulted from the depen-
pulses. Since the ionization rate decreases rapidly with thdence of maximal electric-field strength on the CE phase.
ATI order, we just calculate PADs for low order peaks. 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

Our calculations show that in long-pulse cases, whergolarization vector, irrespective of what the CE phase is, but
only one channel is involved to form an ATl peak, PADs the maximal electric-field strength varies with the CE phase.
exhibit the fourfold symmetry, which agrees with earlier As a result, the maximal ionization varies with the CE phase,
studies for linear polarizatiofil5]. The fourfold symmetric  but the asymmetric axis of PADs is always the polarization
PADs show the little dependence on the CE phase. Theector. In Fig. 4 we show the variation of the maximal ion-
ejected electrons distribute mostly along the polarizatiorization rate with the CE phase, in the left main lobg
vector and thus form the main lobe of PADs. When many=180°9 and in the right main lobé¢;=0°), for five-cycle
channels with various phases are involved to form an ATland seven-cycle pulses, respectively.
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.  Although, generally, the inversion symmetry disappears
The inversion asymmetry for relatively longer pulses iswhen many ionization channels are involved, the PADs are
slight, as shown in Fig. 1 for nine-cycle pulses; the inversiorstill inversion symmetric and keep the fourfold symmetry for
asymmetry is evident for further short pulses, and the photosome special CE phases, as showr(lin for ¢,=0.57 in
electrons are ejected out mostly in one direction determineffigs. 1-3. Paulust al. [2] have supposed that, whep,
by the CE phase, as shown in Figs. 2 and 3 for seven-cycle 0.5, the number of photoelectrons emitted to the left side
and five-cycle pulses, respectively. Thus, we conclude that dts=180% must be the same as that emitted to the right side
a fixed pulse length, the photoelectrons emit mostly in ond¢;=0°), because the electric-field distribution in the pulse
direction determined by the CE phase. This phenomenosnvelope is symmetric whe#,=0.57. Our results confirm
makes it possible to control the optimal emission of photo-this conjecture and show that the inversion symmetry in
electrons. PADs revives forgy=0.57 and 1.57.

In the absence of the inversion symmetry, the PADs are In circularly polarized short pulses, the PADs fg,
still symmetric about the polarization vector. This symmetry=0.5x are still inversion asymmetric, but the number of elec-
of PADs is resulted from the symmetry of the electric fieldtrons ejected to the left direction equals that ejected to the
corresponding to its maximum in each single pulse. Theaight direction; while in the linearly polarized pulses, the
symmetry in the case of linear polarization differs from thatPADs for ¢,=0.57 are inversion symmetric, thus show the
in the case of circular polarizatigd1]. In the circular polar-  fourfold symmetry. This fourfold symmetry reflects the sym-
ization case, the PADs are symmetric about an axis related tmetric distribution of the electric field in the pulse envelope
CE phase, but the maximal emission rate keeps constant amghd is only determined by the CE phase. The fourfold sym-
has no relation with the CE phase. While in the linear polarmetry has no relation to the pulse length and the order of ATI
ization cases, the PADs are always symmetric about the pgeaks. The fourfold symmetric PADs also appear wkign
larization vector, but the maximal emission rate varies with=1.5z.

A. Inversion asymmetry and symmetry in PADs

B. Fourfold symmetry in PADs

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

270 270 270
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FIG. 3. Same as those in Fig.
1, but for five-cycle pulses.

180

C. Jet structures in PADs

additional jets appearing in each side of the calculated PADs,

Generally, the photoelectrons in a linearly polarized lasefS shc_)wrr:.ir;] Figﬁ L Eecfaus'f_ th§ I?sRerﬂ.geldhwe uzed is of
field are ejected mostly along the polarization vector, and théntensny Igher t ant atior 9. 50 41.6], the pon ero-
ejected electrons form the main lop&§]. This kind of dis- motive paramett_app IS Igrger, which leads to a largéivari-
tribution is also confirmed by our calculations, but there are?Pl€- Thus, additional jets appear.
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-

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
ments, such as ring structures in higher order ATl pdak$  pulse, and the final kinetic energy of a photoelectron deter-
and the jet structures in lower order ATl pedl$,18. The  mine the main features of PADs, and the role of the CE phase
jet structures observed in experiments are confirmed theoretiaries with the number of optical cycles in a single pulse.
cally [7,19. It has been shown that the jet structures areThe CE phase shows little influence on the PADs for a long
related to the order of ATl peaks, the ponderomotive pa- pulse, but plays an important role for ultrashort pulses.
rameteru,, and the binding numbe, [19]. These studies are The maximum of the main lobe varies with the CE phase
also suggestive to the present study. and the number of optical cycles in a single pulse. The ratio
The value of the GPB function increases oscillatorily with of the maximal ionization in the left main lolies=1809) to
increasing the value of variables at a fixed laser intensitythat in the right main lobég,=0°) varies with the CE phase,
thus it has many extrema. The jets in PADs are caused by thgyq g Jarger ratio is obtained in shorter pulses, as shown in
extrema of the GPB function, and the total number of jets orrjg. 4. It is also found that for the same CE phase, the maxi-
one side of the PADs is twice the number of the maxima inymum jonization direction varies with the number of optical
the domain _of the varlal_:)le. _Compared with the experimen- cycles in a single pulse, which is clear by comparing Fig. 2
tal observations shown in Fig(i3 of Ref.[16], we find two ity Fig. 3. This phenomenon provides a reference to control
the ejected photoelectrons by varying the short pulse.

1.8x10° 1 The jet structure of PADs is also affected by the number
= °-0-0q, 5-0-0-0" of optical cycles in a single pulse. When the number of op-
5 .\°\o\. 5o (a) tical cycles in a single pulse decreases, the jets become more
g 1.2x10° Rl 1 prominent, as shown in Figs. 2 and 3. The enlargement of
g G),o/O .\o\. jets is also induced by the increase of the independent vari-
= . O,O/O’ 5 ‘\.\. able. The pulse length affects the arguments of the GPB
A © ivfﬂ ®-0-0-4 function through the frequenciaes, and the ponderomotive
c r parametersuy,; (i=2,3), and shorter pulse lengths lead to
2 larger {, and {3, thus increasing prominent jets appear.
= 2 50x107h . gers; {3 gp J pp
g ©-0. o
5 o —0— =0 g V. CONCLUSIONS
= , N kil BV ) _ _
2 5.00x10" 1 . o 1 We conclude with the following.
= \o\ /./ (1) The PADs in linearly polarized few-cycle pulses are
g . O\O Pl inversion asymmetric for most of CE phases. The inversion
2 2:50x107 ) /° | asymmetry is resulted from the interference between transi-
= ._.,./‘ \O\O‘O\o ‘ tion channels. As a special case, when the CE phaséds

N ke "0-0-0-0-0" or 3w/2, the PADs are inversion symmetric. This symmetry
0.000 0628 1256 1.884 2512 3.140 reflects the symmetric distribution of the electric field.

the carrier-envelope phase (in radian)

(2) The PADs and the maximal ionization rates along the
main lobes vary with the CE phase. When the value of the

FIG. 4. Variation of the maximal ionization rate in the main lobe CE phase ism/2 or 3w/2, the ionization rates in the two

with the CE phase ina) seven-cycle pulses ang) five-cycle

pulses.

poles of polarization vector equal to each other, thus the
PADs show the fourfold symmetry.
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(3) The PADs show the jet structure. The jet structurepossible to produce few-cycle pulses with a fixed CE phase
reflects the inherent property of photoionization. [20], thus the predicted phenomena are expected to be veri-
(4) The PADs vary with the number of optical cycles in a fied experimentally in the near future.
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 ACKNOWLEDGMENTS
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