Chin. Phys. B Vol. 23, No. 4 (2014) 043201

Origin of diffraction fringes in two-dimensional photoelectron
momentum distributions for single ionization
of atoms in few-cycle intense laser pulses”

Guo Zhi-Jian(35 £ %), Chen Zhang-Jin(I4K#)P T, and Zhou Xiao-Xin(JH #%135)?)

a) College of Physics and Electronic Engineering, Northwest Normal University, Lanzhou 730070, China

b) Department of Physics, College of Science, Shantou University, Shantou 515063, China

(Received 17 August 2013; revised manuscript received 14 September 2013; published online 10 February 2014)

We use the strong field approximation with a time window function controlling the release time of electrons to study
the intra-cycle and inter-cycle interferences in few-cycle intense laser pulses impinging on He. The diffraction fringes,
i.e., the vertical stripe-like structure, observed in the experimental two-dimensional photoelectron momentum distributions
of Gopal et al. (2009 Phys. Rev. Lett. 103 053001) have been attributed to the interplay of the intra- and inter-cycle
interferences. The pure numerical calculations by solving the time-dependent Schrédinger equation are also performed and
the results are compared with the experimental measurements directly. It has been found that the position of the stripe-like
structure can be used to determine the duration of the laser pulses used in experiments.
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1. Introduction

Single ionization of rare gas atoms in intense laser pulses
has been extensively studied and most of the phenomena have
been well understood. The ionization takes place through ei-
ther a multiphoton or a tunneling mechanism depending on
the value of the Keldysh parameter y = \/IP/TUP, where I, is
the ionization energy and U, is the ponderomotive potential.
It has been well recognized that in a multiphoton ionization
process, in which ¥y > 1, an electron absorbs more photons
than necessary and the resulting photoelectron energy spec-
tra show characteristic ATI (above-threshold ionization) peaks
separated by the photo-energy with the positions shifted by
the ponderomotive potential. On the other hand, as the laser
intensity increases such that ¥ < 1, the valence electron tun-
nels through the potential barrier formed by the combination
of the atomic potential and the external strong field.

While the photoelectron energy spectra carry the basic in-
formation about the ionization processes, more detailed infor-
mation can be obtained by the study of the two-dimensional
momentum distributions (2DMD). To our knowledge, the first
measurements on fully 2DMD with high-resolution for sin-
gle ionization of atoms by short intense laser pulses were car-
ried out by Rudenko et al.™ in 2004, and similar measure-
ments were performed by Maharjan et al.l?! two years later.
Besides the typical ATI pattern, the experimental measure-
ments on the 2DMD also show energy features that do not
move with laser intensity, indicating possible multi-photon

DOI: 10.1088/1674-1056/23/4/043201

resonances,3! and the radial fan-like structures attributed to
Coulomb-focusing. !

With the fast development of laser techniques, the gen-
eration of few-cycle optical pulses with durations of less than
10 fs corresponding to fewer than four cycles has become rou-
tine in several laser laboratories. Ultrashort pulses with du-
rations comparable to the optical period associated with the
carrier frequency lead to novel features of laser—matter inter-
actions, among which the most remarkable one is the strong
carrier-envelope phase (CEP) dependence of excitation and
ionization processes.>-8! The major technological advance in
recent years in ultrafast lasers is the stabilization of the CEP.
Although it turns out that it is extremely difficult to stabilize
the CEP, especially to high precision, the recent development
in Ref. [9] allows experimentalists to measure electron spectra
and monitor the shot-to-shot CEP variation. With CEP stabi-
lized few-cycle intense laser pulses, the features in the pho-
toelectron 2DMD are markedly different from the typical ATI
spectra for longer pulses with well-defined ponderomotive en-
ergy.

Since the pioneering attosecond double-slit experiment in
the time domain by Lindner et al.,['"! the intra-cycle and inter-
cycle interferences have recently attracted considerable inter-
est both experimentally!'!! and theoretically.!'>~16! In the tun-
neling ionization regime, electron emission occurs within each
optical cycle predominantly around the maxima of the abso-
lute value of the electric field. For a few-cycle intense laser
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pulses, the emission is temporally confined to a few adjacent
field maxima. It is the interference of the successive bursts of
ejected electrons reaching the same final momentum in ultra-
short pulses that accounts for the “unusual” features which are
not found in the ATTI spectra in multicycle pulses.

Recently certain unusual features have been observed in
the experiment by Gopal er al.!'!] for single ionization of he-
lium by 5-fs CEP stabilized laser pulses with a carrier wave-
length of 740 nm at a peak intensity of 4 x 10'* W/cm?. In the
measured 2DMD, clear stripe-like fringes were observed for
CEPs with maximum asymmetry.

The goal of this work is to understand and analyze the ex-
perimental measurements in Ref. [11]. By using a model based
on strong field approximation (SFA),!'”] we demonstrate how
the stripe-like fringes are formed. We also present results from
an ab initio solution of the time-dependent Schrodinger equa-
tion (TDSE). Atomic units m, =i = e = 1 are used throughout
the paper unless otherwise indicated.

2. Theory

We consider the interaction of atoms with linearly polar-
ized laser pulses with the electric field along the z axis,

E(r) = Epa(t) cos(ot + ¢)2, (1)

where o is the frequency of the carrier wave and ¢ is the CEP
with the envelope function a(z) chosen to be

a(t) = cos® (n?t) 2

for the time interval (—7/2, T/2) and zero elsewhere. The
pulse duration I', defined as the full-width at half-maximum
(FWHM), is then related to 7 by I' = T'/2.75.

In this section, we briefly summarize the SFA and TDSE
which are used to simulate the 2DMD for the ionization of
atoms exposed in strong laser fields. The details of the SFA
and the numerical method for solving the TDSE have been
presented by Chen et al.[*!8]

2.1. The SFA

In the SFA model, the momentum-dependent ionization
amplitude, including only the first two terms of the perturba-
tion series, is given by

f(p) = filp)+ f2(p), 3)

where p is the momentum of the detected photoelectron.

In Eq. (3), the first term f|(p), which is actually the tra-
ditional SFA, will be referred to as SFA1. The SFA1 is given
by

A =i [ am@EoE), @

where H;(t) is the atom—field interaction in the form
Hi(t):r'E(t)v %)

and ¥ is the ground state wave function, which can be ex-
pressed by

W (1) = Ry, (r) Yigm, () e 5 (6)

where E; and Ry, are the energy and the radial wave function
of the ground state, respectively. By introducing the new radial
function

Un;l; = arl'l,-7 @)

the radial wave function is obtained numerically by solving the
differential equation

1 d?

_E ﬁ + Veff(r) Mnil,- = Eiun,'ll‘a (8)
where Veg(r) is the effective potential related to the atomic
central potential V (r) by

Vef‘f(r) - 1(12—:21)

In the single-active-electron approximation, the model poten-

+V(r). ©)

tial for atoms is parametrized in the form

1 —asr —ayr —agr
V(r):— +are “+azre “+ase . (10)
r

The parameters in Eq. (10) are obtained by fitting the calcu-
lated binding energies from this potential to the experimental
binding energies of the ground state and the first few excited
states of the target atom.[!”]

The Volkov state x;, in Eq. (4) is given by
1

(rlxp(t)) = R ol Pr A0 T o —iS(p). an
where the action S is
1 1
Stpa) =5 [_ar [p+ AW (12)

To evaluate the SFA1 amplitude, we rewrite Eq. (4) as

oo

.1 iS(py) il
filp) = *lw/ﬂdw@)e (P1) e h!
X /dre*i[p+A(’>]""z‘I’i(r), (13)

where I, = —E; is the ionization potential of the ground state.
To perform integration over space coordinates in Eq. (13), we
use the identity

e T =4y i ji(gr)Yim (7)Y (), (14)

Im

where j;(gr) is the spherical Bessel function. By using
7=v/471/3rY19(7), the integral over space coordinates can be
expressed

%% (q) = /drefiq""z‘ﬂ(r)
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AT — . _ R .
=4r 721 (@) / drr Ry, (r)i(qr)
Im
< [ QR (Y10 (#), (7). (1)

Note that although we focus in this work on helium, the above
expressions are universal. In the numerical calculations, only
m; = 0 is taken into account in Eq. (15) even for /; = 1 for
Ar, for example, since it is well known that for linearly polar-
ized laser pulses, the contribution to the ionization probability
from m; = %1 is relatively much smaller in comparison to the
m; = 0 component. Consequently, the integral over a solid an-

gle is given by

R AGIGING)

= mC(ll,-l;OOO)C(ll,-l;OOO)Smo, (16)
where the C’s are the Clebsch—Gordan coefficients.

While the SFA1 accounts for direct ionization, the second
term f,(p) in Eq. (3), which will be called SFA2, describes
rescattering of laser-induced electrons with the parent ion. The
SFA2 term is expressed as

/ dt/ dt/dk Xo() V] (1))

X (2 (1) [Hi(1)| (1)) - (17)

The details of the numerical procedure for evaluating SFA2
can be found in Refs. [17] and [18].

With the momentum-dependent ionization amplitude, the
angular and momentum distribution of the emission of an elec-
tron with energy E = p?/2 in the direction of p is given by

d’P
o = @ (18)

For a linearly polarized laser field, the system has cylindrical

symmetry. As a result, we can define the 2DMD as

d2p
dp dp;

= |f(p)|*27psin®, (19)

where p; = ,/p?+ p? and 6 is the angle between the polar-
ization axis of the laser field and the direction of the ejected
photoelectron. Obviously, the integration over the azimuthal
angle ¢ has been carried out in Eq. (19). Furthermore, by in-
tegrating over 0, we get the energy spectra

dp +1
= :Zn\/ﬁLI £(p)[2d(cos §). 20)

2.2. The TDSE

While the SFA is of great interest for analyzing features
of the intense laser—atom interaction, the direct solution of the

Schrodinger equation in a time-dependent laser field provides
an accurate reliable full quantum description of the ATI spec-
tra which can be used to evaluate the validity of all types of
approximations. Within the single-active-electron approxima-
tion, the TDSE for an atom in the presence of a linearly polar-

ized laser field, in the length gauge, can be written as

ii‘P(r,t) =

P Hi(t)|¥(r,r). (2D

1
—§V2+V(r)—|—

The time-dependent equation is solved by using a second-
order split operator method,?*?!! and the wave function is
expanded by the direct products of discrete variable represen-
tation basis sets!>>>* associated with Legendre polynomials.

The photoelectron yield is obtained by projecting the to-
tal final wave function at the end of the laser pulse onto eigen-

states of a continuum electron with momentum p,

d’pP
op =~ (@ C=T/2)f, (22)

where the continuum state @, is the outgoing asymptotic

Coulomb wave function satisfying the following equation

2

Lo, (23)

[_;Vz +V(r)] o, =2

3. Result and discussion

3.1. The SFA simulations

We use the SFA to simulate the experimental measure-
ments in Ref. [11]. To investigate the intra-cycle and inter-
cycle interferences, we introduce a time window function
W (#;) to control the electron emission time, such that the elec-

tric field is replaced by
~ n
E(t)=E(t) Yy W(1), (24)

where the window function is defined as

vo-{sTisan o
with At being the time interval from which the electron is re-
leased. Here we choose Ar=0.017, where 7 is the period of the
electric field.

The electric field and the vector potential of a laser pulse
of 5 fs at 740 nm with the CEP of ¢ =0 and ¢ = /2 are
plotted in Fig. 1, in which the centers of the time windows are

marked.
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Fig. 1. (color online) The electric field and the vector potential of a laser
pulse of 5 fs at 740 nm with the CEP of (a) ¢ = 0 and (b) ¢ = /2. The
marked times #; (i = 1, 2, and 3) are the centers of the time windows
with a width of 0.01 times of the optical cycle for the detached time of
the electron.

The 2DMD for single ionization of He in a laser pulse
shown in Fig. 1(a) with restricted release times (t1,12), (¢1,13),
and (t1,1,13) are displayed in Fig. 2. To understand the in-
terference patterns in the momentum spectra, we rewrite the
SFA1 amplitude in Eq. (13), by replacing the time integration
by a discrete sum over the number of release times, as

1 o
fitp) = i | _ar@E @) e
~ Y o(a)E (1) e SP) ethi, (26)
i=1

where g; = p+ A(t;). Furthermore, for simplicity, we ig-
nore the envelope change between #1, f;, and #3 such that
|E(#;)] = Eo and |A(t;)] = 0 (i = 1,2, and 3). Consequently,
the full-space momentum distribution for the interference be-
tween two release times #, and #, is given by

d3p
o %0 (p)|*[1 + cos(AS + L,Ar)], (27

1.0
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Fig. 2. (color online) The SFA1 two-dimensional momentum distribu-
tions for single ionization of helium by a 5-fs pulse with a wavelength
of 740 nm at an intensity of 4.0 x 10'* W/cm? with a CEP of ¢ =0 as
shown in Fig. 1(a). (a) Intra-cycle interference between #; and ;. (b)
Inter-cycle interference between ¢; and 3. (c) Total interference (intra-
and inter-cycle interferences) between t1, t,, and #3.

where At =1, —t,, and

Lo, N2
AS:E dt’ [p+A(")]". (28)
17

a

From Eq. (27) one can see that the interference pattern in the
photoelectron momentum distributions is mainly determined
by the difference of action between two times from which the
electron wave packets are launched.

For a flat envelop pulse, the difference in the quasi-
classical action between any two release times marked in
Fig. 1 becomes

1, Al 7 Ag
Asz{p Aut S a2 [E @)~ Ew)] - @9)

From Eq. (27), it is easy to see that the maxima in the
momentum distributions satisfy the following condition

cos(AS+I,Ar) =1, 30)
from which one obtains
2 2 TAO
pLtp+ Ak [E(15) — E(1a)]
dnm

For the case in Fig. 2(a), where t;, =1, =0, and 1, =t =
—1/2, the interference criterium in Eq. (30) is given by

240\ 2 240\ >
pi+<p|+n°> :2(2nw—1p—Up)+(n°> . (32)

Equation (32) clearly demonstrates that the intra-cycle infer-
ence generates the 2DMD which are the circles centered at
p1 =0and p, = —2A¢ /7, and each of the circles is separated
by 2 times of the photon energy. This is exactly what the nu-
merical simulations reproduced, as shown in Fig. 2(a).

On the other hand, for the case in Fig. 2(b), where , =
t3 = t/2, and 1, =t} = —7/2, the interference criterium be-
comes

PL+pf = 20—, —Up). (33)

It is not surprising at all to see that Eq. (33) predicts nothing
but the ATI rings centered at the origin, as shown in Fig. 2(b).

When three consecutive release times are involved, as
shown in Fig. 2(c), both the intra- and inter-cycle interfer-
ence patterns are imprinted in the 2DMD. It can be seen from
Fig. 2(c) that the 2DMD are superpositions of the center-
shifted circles due to intra-cycle interference and the AT rings
due to inter-cycle interference. As a result, vertical stripes are
generated nearby the p)| axis for p; ~ 0.25, which were ob-
served in the recent experimental measurements by Gopal et
al.'

It should be noted that the intra-cycle and inter-cycle in-
terferences have been analyzed by Arb6 et al.['®) by means of
saddle point approximation and by Remetter et al.!*! using
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a sequence of extreme-ultraviolet attosecond pulses combined
with an infrared laser field, in which a similar interference cri-
terium was derived, but in a different way.

In Fig. 3, we show the energy spectra calculated by us-
ing SFA1 for single ionization of helium corresponding to the
2DMD in Fig. 2. One can see from Fig. 3(a) that for the
intra-cycle interference, small oscillations appear in the energy
spectra with expanding separation and decreasing strength as
the electron energy increases. For the inter-cycle interference
between #; and 13, strong regular ATI peaks prevail in the en-
ergy spectra as expected, as shown in Fig. 3(b). Furthermore,
when both intra- and inter-cycle interferences are involved, the
ATI peaks survive, as can be seen from Fig. 3(c).

1.0 .
0.8} tit:  (a)q
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= 045
2
£t
S 03}
8t th,toty (C)1
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Fig. 3. (color online) The SFA1 energy spectra for single ionization
of helium by a 5-fs pulse with a wavelength of 740 nm at an intensity
of 4.0 x 10'* W/cm? with a CEP of ¢ = 0 as shown in Fig. 1(a). (a)
Intra-cycle interference between #; and #,. (b) Inter-cycle interference
between #1 and 3. (c) Total interference (intra- and inter-cycle interfer-
ence) between 11, fp, and 73.

For the few-cycle short pulses considered here, the pho-
toelectron spectra are CEP-dependent. To illustrate the CEP
dependence, in Fig. 4, we show the same 2DMD as those in
Fig. 2 but for laser pulse with the CEP of ¢ = /2, as shown
in Fig. 1(b). While the main feature remains the same, a few
discrepancies exist. In Fig. 4(a), the interference center shifts
to the right side due to the fact that the change of electric field
E(tp) — E(11) <0 (see Fig. 1(b)) while for the case in Fig. 2(a),
E(t;) —E(1;) > 0. In addition, due to the envelope, the center
of the ATI rings in Fig. 4(b) slightly moves away from the ori-
gin because E(13) — E (1) # 0, and the spectra in Fig. 4(c) are
not symmetric about p| = 0.

Once the origin of the vertical stripe-like structure in the
2DMD has been tracked, we perform the numerical simula-
tions using the SFA model for the single ionization of helium
in full laser pulses. First, we choose the same laser param-
eters as those used in the experiment!!!l and display the re-
sults in Fig. 5(a). Compared with the wide spread of distribu-
tions with two centers at (p)| ~ +2A4¢/7, p, = 0) in Fig. 4(c),
the momentum spectra shrink to a lower energy region where
much more enhanced vertical stripes are generated. In addi-
tion, the maximum asymmetry in the 2DMD is obtained at the

CEP of ¢ = m/2. As a result, the characteristic interference
patterns, i.e., the three strong vertical stripes observed in the
experimental measurements on the right side in the region of
0.38 < p); <0.62 (see Fig. 4 in Ref. [11]) are very well repro-
duced.
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Fig. 4. (color online) The SFA1 two-dimensional momentum distribu-
tions for single ionization of helium by a 5-fs pulse with a wavelength
of 740 nm at an intensity of 4.0 x 10'* W/cm? with a CEP of ¢ = /2,
as shown in Fig. 1(b). (a) Intra-cycle interference between #; and ;. (b)
Inter-cycle interference between #; and 3. (c) Total interference (intra-
and inter-cycle interference) between t1, t;, and #3.
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Fig. 5. (color online) The SFA1 two-dimensional momentum distri-
butions for single ionization of helium by (a) 5-fs, (b) 10-fs, and (c)
15-fs laser pulses with a wavelength of 740 nm at an intensity of
4.0 x 10" W/em? with a CEP of ¢ = /2. In panel (a), the three strong
vertical stripes observed in the experimental measurements on the right
side in the region of 0.38 < p|| < 0.62 are marked by a rectangle.

The vertical stripe-like interference pattern gradually dis-
appears as the pulse duration increases, as illustrated in
Figs. 5(b) and 5(c) for pulse durations of 10 fs and 15 fs,
respectively. This might indicate that in multicycle pulses,
the inter-cycle interference dominates while the intra-cycle in-
terference is suppressed. It should be noted that the vertical
stripes in the low energy region corresponding to the first ATI
peak in Fig. 5(b) are not due to the intra-cycle interference.
This low energy structure in the 2DMD has been investigated
by Chen et al.'*! in which it is demonstrated that the neglect of
the long range Coulomb potential in the SFA model accounts
for this structure.
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It should be emphasized that we have also performed the
SFA2 calculations (the results are not shown in this paper) and
confirmed that the SFA2 contributions do not make any visible
change to the spectra shown in this paper. It has been well es-
tablished that the SFA2 accounts for the high-energy “plateau”
photoelectrons above 4U,.["¥! Although in the energy region
from 2U,, to 4U, the SFA2 is comparable to the SFAL, for the
energies less than 2U,, the SFA1 absolutely dominates.

3.2. The TDSE results

We also calculate the electron-momentum spectra by
solving the TDSE of a one-electron model atom in the laser
field. Since it is much more time consuming to solve the TDSE
than the SFA and the stripe-like structure does not appear in
long pulses according to the SFA results shown in Fig. 5, only
the TDSE calculations for laser pulses shorter than 5 fs have
been performed. In Fig. 6, we show the 2DMD from TDSE for
single ionization of helium by laser fields with pulse durations
of ' =51s,4fs, and 3 fs. One can see that the stripe-like struc-
ture can also be predicted by TDSE as long as the pulse dura-
tion is less than 5 fs. However, while the stripe-like structure
is reproduced with 5-fs and 4-fs pulses at the same region of
p|| > 0.3 as that observed in experiment, as shown in Figs. 6(a)
and 6(b), it shifts to lower momenta along the p)| axis if shorter
pulses are used, as can be seen in Fig. 6(c). In addition, differ-
ent from the 2DMD from SFA in Fig. 5(a), the ring of the first
ATI peak shows the fan-like radial structure in Fig. 6(a). This
is a general feature of the two-dimensional electron momen-
tum distributions from the full TDSE solutions.[*l Even for
shorter pulses with I" = 4 fs and 3 fs, as shown in Figs. 6(b)
and 6(c), the fan-like radial structure remains for the low en-
ergy region. This indicates that the long-range Coulomb in-
teraction between the outgoing photoelectron and the residual
core plays a very important role in low energy spectra.

5.0 fs vl

R s

1 it 1.0
i A TR
2 0.8
g
: 0.6
g 0.4
L 0.2
=
IsH

0

-1.0 -0.6 -0.2 0.2 0.6 1.0

p,/atomic units

Fig. 6. (color online) The TDSE two-dimensional momentum dis-
tributions for single ionization of helium by (a) 5-fs, (b) 4-fs, and
(c) 3-fs laser pulses with a wavelength of 740 nm at an intensity of
4.0 x 10'* W/ecm? with a CEP of ¢ = /2.

To compare with the experiment, the focal-volume
effect>! has to be taken into account. According to the above

analyses, the length of the laser pulses used in the experiment
is between 4 fs to 5 fs. Therefore, we compare the volume-
integrated TDSE results for I =5 fs and 4.5 fs with the exper-
imental measurements directly in Fig. 7. Unfortunately, the
digital data of the experimental measurements are not avail-
able so that the experimental 2DMD cannot be plotted in the
same color coordinate as the theoretical results. Nevertheless,
one can still see clearly that both the TDSE results shown in
Figs. 7(a) and 7(b) reveal the stripe-like structure observed in
the experimental measurements shown in Fig. 7(c). Further-
more, the radial fan-like structure in the low energy region
predicted by the TDSE is also confirmed in the experimental
2DMD, especially for the part of p;| <O0.
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0.2 0.8
£ 0 0.6
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Fig. 7. (color online) Comparison of the TDSE results with the experi-
mental measurements. (a) Volume-integrated TDSE two-dimensional
momentum distributions for single ionization of helium by a 5.0-fs
laser pulse with a wavelength of 740 nm at the peak intensity of
4.0 x 101* W/cm? with a CEP of ¢ = 1/2. (b) Same as panel (a) but
for 4.5 fs. (c) The experimental measurements taken from Fig. 4 in
Ref. [11] with the ratio of width to height adjusted and the TDSE re-
sults removed.

The position of the stripe-like structure predicted by the
TDSE with a 4.5-fs pulse in Fig. 7(b) is in better agreement
with the experiment than that in Fig. 7(a) with a 5-fs pulse.
This can be seen more clearly in Fig. 8 in which the projection
of the 2DMD from TDSE onto the p)| axis is compared with
the experimental distributions. One can see from Fig. 8 that
the theoretical results with a 4.5-fs pulse are in overall good
agreement with the experimental data, except for the central
part around p|| = 0 where the counts are underestimated by
the TDSE. Since the position of the stripe-like structure is very
sensitive to the pulse duration, this comparison can be used to
determine the pulse duration of the laser pulses used in exper-
iments.

Furthermore, in Fig. 9, we plot the momenta p|; where
interference peaks occur in Fig. 8. The stripe-like structure
in the 2DMD in Fig. 7 corresponds to the peak numbers 5,
6, and 7 in Fig. 9. Again, unsurprisingly, all the positions
of the interference peaks are predicted exactly by the TDSE
with a 4.5-fs pulse, while with a 5-fs pulse, the TDSE pre-
dicts peaks at larger momenta for the peak numbers greater
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than 4. It can be seen from Fig. 9 that the spacing between
peaks for short pulses is distinctly different from that of regular
ATT peaks with a square-root behavior when long laser pulses
are used. This has been attributed to the fact that in ultra-
short pulses, interferences emerging from wave packet emis-
sion at the maxima of the oscillating electric field, i.e., at the
carrier frequency corresponding to the photon energy of 7@,
are widely suppressed.l'!! As a result, quite regular spacing
emerges as nearly a linear function of p),.

12771717

Counts/arb. units

-1.5-1.0-05 0 05 1.0 1.5

p,/atomic units

Fig. 8. (color online) Projection of the experimental two-dimensional
momentum distributions at a CEP of ¢ = 7/2 onto the p|| axis taken
from Fig. 2(b) in Ref. [11], compared with the volume-integrated TDSE
results for single ionization of helium by (a) 5.0-fs and (b) 4.5-fs
laser pulses with a wavelength of 740 nm at the peak intensity of
4.0 x 10'* W/em? with a CEP of ¢ = /2.

1.0 —
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Fig. 9. (color online) Positions of peaks in the parallel momentum pj,
extracted from Fig. 8.

4. Conclusions

We have investigated recent experimental measurements
on the single ionization of helium in few-cycle intense laser
pulses!'! by using the SFA model and solving the TDSE. By

setting the time window function in the SFA model to control
the release time of electrons, we have identified the typical
pattern of the intra- and inter-cycle interferences, and found
that the vertical stripe-like structure observed in the experi-
mental 2DMD can be attributed to the interplay between the
intra- and inter-cycle interferences. It has also been found that
the TDSE calculations with the focal-volume effect taken into
account are in overall good agreement with the experimental
data and the stripe-like structure can be predicted by the TDSE
very well. In addition, we have demonstrated that the position
of the stripe-like structure can be used to determine the pulse
duration of the laser field used in experiments.
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