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Electron interference in atomic ionization by two crossing polarized ultrashort pulses
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Formation of geometrically regular interference patterns in the photoelectron momentum distributions (PMDs)
corresponding to the photoionization of atoms by two single-color, crossing ultrashort pulses is investigated both
analytically and numerically. It is shown that, in contrast to the photoionization by monochromatic pulses, PMDs
for the ionization by crossing and co-propagating broadband pulses are essentially different (unless both pulses
are linearly polarized), namely, when one pulse is linearly polarized along the propagation direction, k, of the
circularly polarized (CP) pulse, then interference maxima (minima) of the ionization probability have the form of
three-dimensional single-arm regular spirals which are wound along K. Next, the interference maxima (minima)
of the ionization probability by a pair of crossing elliptically polarized pulses have the form of either Newton’s
rings or two-arm Fermat’s spirals, depending on the position of a detection plane. Remarkably, these regular
patterns occur only for certain values of the pulse ellipticities, and they become distorted for CP pulses. For both
above-mentioned pulse configurations, the features of interference patterns depend on the time delay between
pulses, their relative electric field amplitude, and relative carrier-envelope phase. Our predictions, illustrated by
the numerical results for the ionization of H and He atoms by two orthogonal pulses, are quite general and we

expect them to be valid for the ionization of any randomly oriented atomic or molecular target.

DOLI: 10.1103/PhysRevA.103.023103

I. INTRODUCTION

Recent advances in the experimental technique have made
it possible to investigate the ionization of atoms and molecules
by few-cycle electromagnetic pulses with tunable polariza-
tions and carrier-envelope phases (CEPs) [1-6]. It was found
that, for the time delay between ionizing pulses comparable
with their duration, the photoelectron momentum distributions
(PMDs) exhibit geometric patterns which bear a signature of
the quantum interference of ionized electrons [1,2,7,8] similar
to that observed by Ramsey [9]. In most experimental [1-3,6]
and theoretical [7,8] works, only the ionization by linearly
polarized (LP) pulses has been considered. In this case, the
PMD exhibits a series of ring-shaped patterns superimposed
by mutually perpendicular dark and bright dipole patterns [7].

The ionization of atoms by a pair of copropagating circu-
larly polarized (CP) pulses has been investigated theoretically
in Ref. [10]. In that work, based on the ab initio numerical
solution of the time-dependent Schrodinger equation (TDSE)
for the He atom and using perturbation theory (PT), it was
shown that the PMD for the ionization by a pair of time-
delayed CP pulses exhibits regular geometrical interference
structures in the form of either Newton’s rings (for corotat-
ing pulses) or two-arm Fermat’s spirals (for counter-rotating
pulses). An analysis of atomic ionization by both single-
color and two-color time-delayed CP pulses was performed
in Ref. [11], where it was demonstrated that the number
of arms in spiral patterns depends on the number of pho-
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tons required for single-electron ionization. These predictions
have now been confirmed experimentally for multiphoton ion-
ization of potassium atoms using single-color time-delayed
CP femtosecond pulses [12,13] and of sodium atoms using
bichromatic counter-rotating or corotating CP cycloidal fem-
tosecond laser fields [14,15].

The prediction of Fermat’s spirals in PMDs [10] has stim-
ulated a number of theoretical works [16-29] which found
the same spiral patterns in PMDs for other atomic [18-21,23—
29] and molecular [16,17,22] photoionization processes with
CP pulses taking place either in the multiphoton regime
[16-19,22,25-29] or in the tunneling regime [20,21,23,29].
In Ref. [30], the semiclassical approach was used to analyze
the interference patterns in PMDs. In all of these ioniza-
tion processes, the two time-delayed CP pulses were always
copropagating and the photoelectron has to be detected in
the pulse polarization plane perpendicular to its propagation
direction.

Recently, in Ref. [31] the time delay in the atomic ioniza-
tion by a combination of LP and CP pulses was analyzed,
including the case of perpendicularly propagating pulses.
However, the authors of Ref. [31] did not report on the emer-
gence of spiral interference patterns in PMDs.

So far, the emergence of spiral interference patterns in
PMDs has been observed only for multiphoton ionization by
femtosecond pulses with carrier frequencies in the optical
region [12-14]. It is, however, of great interest to analyze the
electron interference in the ionization by attosecond extreme
ultraviolet (XUV) pulses, since the attosecond timescale is
natural for the electron dynamics in an atom. Although the
creation of isolated attosecond XUV pulses has been re-
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ported [4,32—-34], the polarization of those pulses was linear.
Recently, the polarization control of attosecond XUV pulses
has been achieved [35]. Nevertheless, the production of at-
tosecond XUV pulses with controllable polarization and time
delay, which is necessary to observe the photoelectron in-
terference with elliptically polarized (EP) pulses, remains a
challenging task to date. In the present paper, we demonstrate
that it is possible to avoid the use of counter-rotating copropa-
gating pulses to observe the spiral patterns in PMDs, namely,
the photoelectron interference can be, in principle, observed in
the ionization by few-cycle crossing, rather than copropagat-
ing, isolated pulses, provided those pulses are phase-locked
and the photoelectron detectors have sufficient angular
resolution.

We investigate the PMD for the ionization of atoms by a
pair of crossing few-cycle electromagnetic pulses using PT
and illustrating PT predictions by the results of the direct
numerical solution of the TDSE for the He atom. We demon-
strate that PMDs corresponding to the ionization by coprop-
agating and crossing few-cycle (i.e., broadband) pulses differ
significantly when at least one of the pulses is polarized ellip-
tically or circularly. For example, for copropagating CP and
LP pulses neither ring-shaped nor spiral interference patterns
can be seen in the PMD [10]. However, below (Sec. III A) we
show that for perpendicularly propagating LP and CP pulses,
the single-arm spiral patterns can be observed in PMD when
(i) the polarization vector €; of a LP pulse coincides with the
propagation direction of a CP pulse and (ii) the photoelectron
is emitted along the surface of any of the two cones whose
axis is defined by the vector €; and which are mirror images
of each other with respect to the polarization plane of a CP
pulse (see Fig. 1). For the ionization geometry shown in Fig. 1,
interference fringes do not occur in PMD when the electron is
detected in the polarization plane of a CP pulse. Note that no
ring-shaped patterns (i.e., Newton’s rings) can be observed in
the PMD for the ionization by LP+CP pulses.

As is known [10,11,18,22], interference patterns in PMDs
for copropagating CP pulses can be either Newton’s rings (for
corotating pulses) or two-arm Fermat’s spirals (for counter-
rotating pulses) but under no circumstances could they both
emerge in the PMD for the same ionization process. We
show (see Sec. IIIB), that for the ionization by orthogonal
EP pulses, having some particular values of their ellipticities,
two-arm Fermat’s spiral patterns emerge in the PMD together
with the Newton’s rings in the same experimental setup. For
example, when two ionizing pulses are identical and propa-
gating perpendicularly, the Newton’s rings can be seen in the
PMD in a plane tilted at the angle 7 /4 with respect to the po-
larization plane of the second pulse (xz plane in Fig. 2), while
two-arm spiral patterns are seen in the PMD in a plane tilted
at the angle —m /4 with respect to the xz plane in Fig. 2. It is
remarkable that the aforementioned interference patterns are
geometrically regular when the sum of squared pulse elliptic-
ities is equal to unity [see Eq. (35)] and they become distorted
for purely CP polarized pulses. This is in contrast to the ion-
ization by copropagating pulses when regular patterns occur
for purely CP polarized pulses only [10]. For two identical
orthogonal EP pulses, the regular interference patterns occur
when pulse ellipticities are equal to =1/+/2, corresponding to
a linear polarization degree of each pulse of 1/3.

FIG. 1. Detection scheme for the observation of single-arm spiral
patterns in PMD of atomic photoionization by perpendicular LP and
CP pulses. The wave vector k; defines the propagation direction of
the LP pulse with the polarization vector €, || Z, while k, defines
the direction of the right-hand CP pulse whose polarization ellipse is
defined by the unit vectors €, €,. The solid circle A denotes an atomic
target. Detected are the photoelectrons with momentum p emitted
along the cone surface with the opening angle 6. The PMD on the
surface of the lower cone is a reflection of the PMD on the upper
cone with respect to point A.

When ionizing EP pulses differ in intensity and CEP, the
regular two-arm spiral and ring-shaped patterns can also be
observed in the PMD for two detection planes tilted with
respect to the polarization plane of a first (or second) pulse
at the angles whose values depend on the pulse ellipticities
and the relative electric field amplitude (Sec. III B). This PT
prediction is confirmed numerically for the case of He atoms,
where our numerical results for the triple-differential prob-
ability (TDP) are obtained by solving the full-dimensional
TDSE. Note that below we have considered the ionization by
orthogonal EP+EP pulses. However, it can be shown that our
results remain qualitatively valid when the pulses cross at an
arbitrary nonzero angle.

Although we have limited our consideration to the case
of the first-order PT (i.e., single-photon) ionization process,
the results of our treatment can be generalized to the case
of multiphoton ionization. In the multiphoton regime, regular
interference patterns in PMDs can be observed for the same
detection geometries (see Figs. 1 and 2) as in the single-
photon ionization with the only difference being the position
and the number of spiral arms of the interference fringes.

This paper is organized as follows. In Sec. II, we present
the PT parametrization of the ionization amplitude and discuss
the differences between the ionization by monochromatic and
short (i.e., broadband) pulses. In Sec. III, we analyze the
probability of one-photon ionization of an atom by a pair of
time-delayed orthogonal pulses. The ionization by orthogonal
LP and CP pulses is considered in Sec. IIl A. The ionization
by two orthogonal EP pulses is considered in Sec. III B. In
Sec. IV, we discuss the possibility of experimental observa-
tions of the electron interference patterns for the proposed
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FIG. 2. (a) Geometry for the observation of two-arm spiral
fringes for atomic photoionization by two short elliptically polarized
pulses propagating in perpendicular directions. The wave vectors k;
and k; define the directions of the laser beams. The unit vectors &,
€, are directed along the major and minor axes of the polarization
ellipse of the first pulse propagating along the x axis. Similarly,
the unit vectors ¢€,, €, define the polarization ellipse of the second
pulse. Arrows on the polarization ellipses correspond to positive
ellipticities, 1y, 7, > 0. (b) Top view of the geometry on panel (a),
including the detection plane. The z axis is directed toward the reader,
the detection (zx') plane is tilted at the angle v with respect to the
(zx) plane, — /2 < ¢ < /2. p’s show possible directions of the
photoelectron momentum vector.

detection schemes. In Sec. V, we present a brief summary of
the derived results. In Appendix A, we present the PT expres-
sions for the dynamical parameters of the ionization amplitude
for the H atom. Details of the procedure of the numerical
solution of TDSE corresponding to the ionization of the He
atom by a pair of orthogonal few-cycle pulses is described in
Appendix B. Atomic units (a.u.) are used throughout the text
unless otherwise specified.

II. IONIZATION AMPLITUDE BY TWO SHORT PULSES
WITHIN THE FIRST-ORDER PT

In the nonrelativistic limit and within the dipole approxi-
mation, the Hamiltonian of a quantum system (an atom or a
molecule) subjected to an external electromagnetic field can
be written as

H(t) = Hy — (D-F()), (D
where Hj is the Hamiltonian of an isolated system, D is the

operator of the total dipole momentum, and F is the electric
field strength.

For a monochromatic (i.e., sufficiently long) laser pulse,
the electric field strength is given by

F(t) = F Re (ee™™"), 2

where w is the pulse frequency, F' is the electric field ampli-
tude, and e is the electric field complex polarization vector
normalized by (e*-e)=1. Below we use the following
parametrization for the polarization vector:

e=(&+ind)/V1+n, 3)

where 7 is the pulse ellipticity, € and & = [k x &] are the major
and minor axes of the polarization ellipse. Here, n > 0 (n <
0) is for right (left) rotation of the electric field. Note that n =
+1 for a right-hand circularly polarized (RCP) pulse, while
n = —1 for a left-hand circularly polarized (LCP) pulse, and
n = 0 for a LP pulse polarized along the € axis. The circular
and linear polarization degrees of laser pulses are denoted as
& and ¢, respectively, and they are defined by

2 =7
T R e

From these definitions, one can deduce the following auxiliary
identities,

§ “4)

R S .

BT B R

For a system subjected to a pair of long laser pulses, the
electric field strength can be written in the form

1t
A

&)

F(t) = Re (e;Fle ™" + ey Fre ). (6)

We suppose that the pulse intensity is not very large, so the
first-order PT is applicable. Then, if w; # w», the energies of
the ionized electrons will be either E;, + w; or E, 4+ w, (E} is
the energy of an initial bound state) and their interference will
be impossible. If w = w; = w, and pulses are phase locked,
then Eq. (6) can be rewritten as

F(1) = FiRe (8e™""), (N

E€=(e; +fe)/\/1+ /2 +2fRe(e]-e), [f=

where
E/F.

Comparing Eqs. (7) and (2), we conclude that the PMD
in the ionization by two single-color long pulses is the same
as PMD in the ionization by a single pulse with an effective
polarization vector & More generally, we conclude that the
angular structure of PMD remains the same no matter whether
the system was ionized by copropagating or crossing single-
color pulses.

The state of affairs changes drastically when the system is
ionized by few-cycle pulses. Below we consider the situation
when the system is ionized by two crossing ultrashort (i.e.,
broadband) pulses with polarization vectors e; and e;. In this
case, the electric field can be described by the formula

F(t) = Fi(t)Re [eje " +9)]
+F(t — 1) Re [ee TR, ®)

where Fj(t) is the smooth envelope function, ¢; is the CEP
of the jth pulse (j = 1, 2), and t is the time delay between
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pulses. For pulses having a cos?

can be written in the form

envelope, the functions F(t)

Fi(t) = [0(t + T;/2) = 6(t — T;/2)IF; cos’(wt/T}),  (9)

where 0(t) is the Heaviside step function: (¢ < 0) = 0 and
0(t > 0) = 1, T, is the jth pulse duration, 7; = 27N, /w, with
N; being the number of optical cycles corresponding to the
carrier frequency w.

In the first-order PT, the transition amplitude of the single-
electron ionization is defined by [36]

oo
A=i[ (pID-F@)li)e 5" ar, (10)
—00
where |p) is the final continuum state of the electron having
momentum p and |7) is the initial bound state of an atom.
Substituting Eq. (8) into Eq. (10), the integrals over time
can be evaluated in a closed form. Among the ensuing terms,
those containing complex conjugated vectors, e*, are small
and are neglected in the below consideration [37]. Introducing
the notation

7;/2 )
Jj =Fj.1/T/2Fj(z)el<EEbw>fdt, j=12 11

the amplitude Eq. (10) can be written in the form
F .
A= SO pD e, (12)

where the effective polarization vector e; is defined by
e =Jie+ fhe e TE—EFid1 R (13)

where ¢, = ¢ — ¢, is the relative CEP and f = F,/F; is the
relative field amplitude.

Assuming the initial atomic state as well as the residual ion
state to be S states, one can show that the matrix element of
the dipole operator is proportional to the unit vector p = p/p,

(fIDi) = Do(p)P, (14)

where Dy(p) is independent of the pulses polarization and the
time delay 7. As a result, the expression for the ionization
amplitude becomes

A=APIi(D-e)+ fh(p-e)e®], 5)

where p = p/p is the unit vector along the photoelectron
momentum P, the dynamical amplitude parameter is defined
by

F; .
mwzgm@wmﬂ (16)

and & is the Ramsey interference phase,
Q= (E + Ept + ¢, 7)

where the photoelectron energy is E = p?/2, the target bind-
ing energy E; = —FE, (E, > 0), and 7 is the time delay
between the two pulses. Explicit expressions for the dynami-
cal amplitude parameter Ay = Ay(p) for the ionization of the
ground state of the H atom are presented in Appendix A.

III. AMPLITUDE AND TDP OF THE IONIZATION BY
CROSSING SHORT PULSES

The expression for TDP of the ionization by a pair of arbi-
trarily polarized pulses can be obtained by taking the square
modulus of the PT amplitude (15):

dw . .
s%:mwmmﬁﬁw%mwﬁ

+2f112Re (P - €1)(P - e2) exp(i®)]}.  (18)

This parametrization of TDP is perfectly general and is valid
for arbitrarily oriented pulses and electron escape directions.
Moreover, one can show that Eq. (18) remains valid for a
nonzero value of the angular momentum (L; # 0) of an ini-
tial atomic state upon the addition of some isotropic (i.e.,
independent of the orientation of p) term o (e, - €;). Indeed,
the above PT treatment [see Eqgs. (10)—(13)] demonstrates
that the parametrization of the photoionization amplitude for
short pulses can be obtained from that for a single monochro-
matic pulse by applying the replacement e — e,. Thus, the
parametrization of the TDP for an arbitrary initial bound state
can be easily derived from the parametrization of the conven-
tional photoionization cross section (see, e.g., Ref. [38]) by
applying the above replacement. This procedure leads to the
same parametrization (18) combined with the aforementioned
isotropic term if L; # 0. It means that the PT results formu-
lated below are applicable to the ionization of any randomly
oriented atomic or molecular target. However, in the case of
the ionization of states with L; > 0, the interference minima
of TDPs will no longer be zeros due to the presence of an
additional isotropic term.

The ionization by copropagating, time-delayed, CP pulses
was analyzed in Refs. [10,11] where it was shown that PMDs
registered in the polarization plane exhibit regular interference
patterns being double-arm Fermat’s spirals (for counter-
rotating fields) or Newton’s rings (for corotating fields).

Geometrically regular interference patterns do not occur in
the ionization by copropagating pulses when both pulses are
EP or when one pulse is polarized linearly and the second
one is polarized circularly. On the contrary, as we shall see
below, geometrically regular interference patterns do occur in
the PMD for the ionization by a pair of crossing pulses, when
both pulses are EP or for LP plus CP pulses. In the latter case,
the single-arm Fermat’s spirals can be observed in the PMD
when pulses are propagating in perpendicular directions.

A careful analysis of parametrizations (15) and (18) leads
to the conclusion that, for LP pulses, no new effects occur and
PMDs for crossing and copropagating pulses have the same
properties. Thus, below we limit our consideration to the two
following cases: (i) one pulse is LP and the second one is
polarized circularly and (ii) both crossing pulses are polarized
elliptically.

A. Ionization by crossing linearly and circularly polarized short
pulses

Here, we study the PMD in the ionization by a pair of or-
thogonal pulses delayed in time by t, with one pulse being LP,
n1 = 0, and the other one being RCP or LCP, 1, = & = £1.
In this case, the regular interference patterns emerge in the
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PMD when the LP pulse is polarized along the propagation
direction of the CP pulse, i.e., e; = €] || ﬁz, see Fig. 1.

Analyzing the PT amplitude, Eq. (15), we shall deduce the
pulse parameters and the detection geometry when the node
lines of the ionization amplitude have the form of single-arm
Fermat’s spirals in the plane defined by the polar coordinates
(p, @) of the momentum p.

We assume the pulse envelopes to be identical, J; = J,. For
the sake of brevity, below we include the pulse envelope factor
in the dynamic amplitude, Ay = A¢J;. By using the coordi-
nate frame defined in Fig. 1, the photoionization amplitude
(15) for the described pulse scheme takes the form

A = Aolp: + 8(px + i py) exp(i®)], 19)

where g = f/v/2 = F/(v/2F)), with F; and F, being the
electric field strengths of the LP and CP pulses, respectively.
The connection of the Cartesian components (P, py, p;) of
the unit vector p = p/p with its spherical angles, 9, ¢, is given
by

Px = sinf cos ¢
py =sinfsing (20)
P, = cosf.

Inserting these identities into Eq. (19), we arrive at the follow-
ing expression for the photoionization amplitude:

A = Ap{cos 0 + gsin 0 exp[i(§p + D)]}. (21)

Here, zeros of the expression in curly braces define the kine-
matical node lines of the ionization amplitude since they are
independent of the atomic structure, while the zeros of the
dynamical amplitude factor Ay define the dynamical nodes.
One can show [39] that the dynamical nodes are absent in
the ionization of the H atom in the dipole approximation (see
Appendix A).

For 0 < 6 < /2, the kinematical node lines of the pho-
toionization amplitude are defined by the equations

cotfy = g = Fr/(v2F), (22)

¢Ynod +EP =7 +27n, n=0,1,2,.... (23)

Likewise, the kinematical node lines for m/2 < 6 < 7 are
defined by the equations

cotty = —g, (24)

Gnod +EP = £27n, n=0,1,2,.... (25)

For 0 < 6 < 7/2, the interference maxima of | A| are de-
fined by the condition (25) and tan6,, = g; while for 7 /2 <
0 < m, interference maxima of | A| are defined by Eq. (23)
and tan 6,, = —g. In both of those cases, one has that

[Do(p)
max |A| = [Aoly1+ g = OT\/m (26)

Note that nodes of the amplitude A, as well as its interfer-
ence maxima, are spirals in the three-dimensional momentum
space. Those node lines are located on conical surfaces de-
fined by the equations cot 6y = +g, while maxima lines are
located on conical surfaces defined by the equations tan 6,, =
+g.

Taking the square modulus of the photoionization ampli-
tude (21), the TDP of the ionization by LP-CP orthogonal
pulses evaluates to

W = | Ao|? sin® #{(g — cot 0)?
+4gcot 6 cos?[(P + £¢)/2]}. (27)

From this equation and Eq. (26), it follows that the interfer-
ence maxima of TDP are

Do(p)?
4

As seen, photoelectron interference maxima are determined
by a sum of pulse intensities rather than the squared sum of
pulse amplitudes as in the case of the conventional interfer-
ence of light waves.

If the photoelectron is detected in the polarization plane of
the CP pulse (that plane is defined by 6 = 7 /2), then the TDP
(27) reduces to |g.Ap|?, which is a smooth function of p and is
t-independent. Thus, this situation is physically equivalent to
the ionization by a single CP pulse. This PT prediction is also
confirmed numerically by TDSE calculations for the He atom
(not shown).

Let us analyze in more detail the PMD when the vector
of the photoelectron momentum is directed along the surface
of either of the two cones in Fig. 1. In this detection geom-
etry, the polar angle 6 is fixed and the TDP depends on the
absolute value p of the momentum vector p and its azimuthal
angle ¢,1i.e., W = W(p, ¢). From Eq. (21), it follows that the
amplitude .4 changes its sign under the replacement (9, ¢) —
(mr — 0, m 4 ¢). It means that PMDs corresponding to the up-
per and lower cones in Fig. 1 are mirror images of each other.
[More precisely, in this case one has W(p) = W(—p).] From
Egs. (17) and (27), it is seen that TDP is also invariant under
the replacement (¢, ¢12) — (@ + @o, P12 — @), where ¢y is
an arbitrary angle. Thus, by varying the relative CEP, ¢;,, one
can rotate the PMD around the polarization direction of the
LP pulse.

The TDP (27) comprises two terms, one of which, contain-
ing A(f,0) = [g— cot#]?, is independent of ¢ and provides
a constant background signal in the PMD registered on cone
surfaces defined by the condition & = const. The second term
in the TDP (27), containing I'(f, 8) = 4gcot 0, is similar to
that for the case of the single-photon ionization of an S-state
atom by a pair of time-delayed copropagating oppositely CP
pulses [10]. The maxima and minima of this term have the
form of three-dimensional Fermat spirals. Thus, for A > |T'|,
the visibility of spiral patterns in the PMD can be obscured
by a strong constant background signal. On the contrary, for
A < |I'|, the second term in Eq. (27) dominates and spiral
patterns will be clearly visible in the PMD. To analyze the
0 dependence of both A(f,0) and I'(f, 6), in Fig. 4(a) we
have presented the plots of A and I" parameters for f = 2 and
different 6. The angles 6, for which I'(f, 8) is much greater
than A(f, 6)—favoring thus the spiral pattern occurrence —
are clearly visible in Fig. 4(b), which is just a close-up of
Fig. 4(a). For a fixed value of 6 # 7 /2 the visibility of spiral
patterns driven by the second term in the TDP (27) can be
controlled by tuning (increasing) the relative field amplitude
parameter f = F,/F;. This can be achieved experimentally by

Winax = (F2 + F})2). (28)
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FIG. 3. TDP of the ionization of the H atom by a pair of orthogo-
nal linear/left-circularly polarized (LP-LCP) pulses corresponding to
the detection geometry defined in Fig. 1 for two different time delays
in (a) and (b). The intensity of each pulse is 10'* W/cm?. Pulses have
identical envelopes, zero relative CEP, ¢, = 0, and their duration is
1.551 fs, which is six optical cycles of the carrier frequency equal
to 16 eV. The magnitudes of the TDP (in units of 1072 a.u.) are
indicated by the color scales in each panel.

decreasing the electric field strength F; of the LP pulse, noting
that LP pulses are much easier to control experimentally than
CP pulses.

To illustrate the above consideration, in Fig. 3 we present
the PMDs for the ionization of the ground state of the H atom
by LP+LCP perpendicularly propagating pulses calculated
using first-order PT (see Appendix A) for two values of the
pulse delay, t = 7/2 in Fig. 3(a) and T =T in Fig. 3(b),
where T = 1.551 fs is the pulse duration. Both pulses have
equal intensities, so the TDP has node lines for the opening
angle 8 = 6y = 55° [cf. Eq. (23)]. Also, the pulses have iden-
tical envelopes and zero relative CEP. As seen, the spiral is
wound more densely for larger time delay. Note that for the
ionization by LP4-RCP pulses the spiral in the PMD changes
its direction (not shown).

The predictions of the first-order PT agree well with the
TDSE results for the He atom which are shown in Figs. 4(c)—
4(f) for LP and CP pulses delayed in time by 7 =T = 344
as (where T is the total pulse duration of each cos’ pulse)
and having the relative amplitude f = 2. The corresponding
opening angle in Figs. 4(c), 4(d) and 4(f) is 6y ~ 35°, while in
Fig. 4(e) Oy = m — 0y ~ 145°. The relative CEP ¢;, between
LP and CP pulses is fixed to zero in Figs. 4(c)—4(e), while
¢12 = 7 in Fig. 4(f).

One sees that Fig. 4(c) for a right-handed (¢ = +1) CP
pulse exhibits a counterclockwise single-arm spiral pattern,
while Fig. 4(d) for a left-handed (§ = —1) CP pulse exhibits
a clockwise single-arm spiral pattern. Moreover, one sees
that Fig. 4(e) for the lower cone with the opening angle
0y = m — Oy ~ 145° is a mirror of Fig. 4(c) for the upper
cone with the opening angle 6y ~ 35°. It is also seen that the
PMD in Fig. 4(f) for 6y ~ 35° and ¢ = 7 coincides with
that shown in Fig. 4(e) for 0y = m — 0y ~ 145° and ¢, = 0,
in full agreement with the above PT predictions.

Reducing the magnitude of the relative field amplitude
parameter f from 2 to 0.01, the same geometric patterns have
been found (not shown) when detecting the photoelectron
along the surface of a cone with an opening angle 6, for
0.1 < f < 2. Also, we observe that the magnitude of the TDP
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o 40 o
D =2
< <
720 &0 0
) g
3 0 °
o o
B0 &5
40F (a) g=2”2
L L L L ), 10 L L L
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Opening cone angle 6(deg) Opening cone angle 6(deg)
[ I |l | | Ll I Il |
He-atom p 2 He-atom | o 2
- Y~ L = o
1 I 4)12:0 60_35 1 ¢12=0 0 =35

g=2 )
1

|
20

—

p,(a.u.)

He-atom I 0
2 6

e —
p,(a.u.) p,(a.u.)

FIG. 4. Top row: Variation of the first term [g — cot #]? and sec-
ond term 4gcotf in the TDP (27) with the opening cone angle 6
for a fixed value of g = f/+/2 = +/2, where f = F>/F, is the ratio
of the electric field strengths of the circularly polarized and linearly
polarized pulses. Panel (b) is a close-up of panel (a), where the arrow
therein indicates the value of the opening cone angle 6, ~ 35° at
which the first term of the TDP (27) vanishes, i.e., cot 8y = g. Middle
row: TDSE results for the PMD, W [calculated using Eq. (B3)],
recorded along the surface of a cone whose axis is defined by the
propagation direction of the circularly polarized beam at the opening
angle 6y ~ 35°. The counterclockwise or clockwise one-arm regular
Fermat spiral pattern seen in (c) or (d) is produced by two orthogonal
linear/right-circularly polarized (LP-RCP) pulses or by two orthogo-
nal linear/left-circularly polarized (LP-LCP) pulses delayed in time
by v = T. Here, each sine-squared pulse has a carrier frequency
@ = 36 eV, intensity I = 10'* W/cm?, total duration 7 = 344 as
corresponding to three cycles. The relative CEP of the two pulses
is ¢ = ¢ — ¢ = 0. Bottom row: Panel (e) is the same result as in
panel (c) but for the opening cone angle § = — 6, ~ 145°. Panel
(f) is the same result as in panel (c) but for the relative CEP ¢, = 7.
In (c)—(f), the magnitudes of the TDP (in units of 1073 a.u.) are
indicated by the color scales.

decreases with f, which is also consistent with the PT result
(28).

Note that the occurrence of single-arm spiral patterns in
PMDs resulting from the ionization of atoms by two time-
delayed short pulses was also predicted in Ref. [11]. However,
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the single-arm spiral patterns discussed above and those con-
sidered in Ref. [11] have completely different origins, namely,
in Ref. [11] the process of photoionization by time-delayed
two-color copropagating CP attosecond pulses has been in-
vestigated. There, the occurrence of single-arm spiral patterns
was predicted in the PMD registered in the polarization plane,
which is in contrast to the present case where the interference
effects are absent in the PMD registered in the polarization
plane of the CP pulse. Here, we predict single-arm spiral pat-
terns to be seen in the PMD when the electron is emitted along
the surface of two detection cones whose axis is defined by
the polarization direction of the LP pulse, which propagates
perpendicularly to the CP pulse. Moreover, spiral interference
fringes described in the present paper emerge in the one-
photon process while the effect considered in Ref. [11] was
caused by the interference of one- and two-photon ionization
pathways.

B. Ionization by two crossing elliptically polarized short pulses

Below we analyze the ionization geometry shown in
Fig. 2(a), when an atom is ionized by two EP pulses delayed
in time and coming from perpendicular directions. We choose
the x axis of the laboratory frame to be defined by the prop-
agation direction of the first pulse, ﬁl || €., and the y axis to
coincide with the propagation direction of the second pulse,
k; | €,. Thus, the z axis is perpendicular to the propagation
plane of the two pulses.

The complex polarization vectors of the two pulses are
connected to the Cartesian basis vectors of laboratory frame
as follows:

e = (& +ime&)/\/1+n3, (29)

e = (& +imé&)/\/1 + . (30)

Assuming that both pulses have identical envelopes, J; =
J», and using Eqgs. (29) and (30), we can write the PT ampli-
tude (15) as

77le Py 772171 lpx ND

J1+n? ,/1+n2

Denoting the spherical angles of the unit vector p in the
laboratory frame as 6, ¥, the Cartesian coordinates of P are
expressed by

€29

Px = sinf cos
py =sinfsinyr (32)
P, = cos6.

For further consideration, it is convenient to define the range
of the angles to be, 0 < 0 < 27 and —n /2 < ¢ < /2. In-
serting Eq. (32) into Eq. (31), we obtain
nycosd —isinf sin Y
J1+n?
nycosf —isinfcosy 4

J1+n3

A =iAy

(33)

Let us analyze the situation when the photoelectron is detected
in a plane tilted at some angle y» with respect to the xz plane
in Fig. 2(b). Below we shall demonstrate how one can observe
geometrically regular patterns in the PMD by tuning either the
tilt angle ¢ or the relative field amplitude f. Such regular
patterns are two-arm Fermat’s spirals and Newton’s rings,
which are the same as in the ionization by copropagating CP
pulses [10].

A careful inspection of Eq. (33) suggests that regular struc-
tures in the PMD occur when the following conditions are
met:

sinyy = plm| = péin,
cosy =

where §j = signn; = %1 is the helicity of the jth pulse (j =
1, 2), and the parameter © = =1 determines the tilt angle of
the detection plane in Fig. 2, so ¢ = arcsin|n;| and ¢ =
—arcsin || for © = 1 and u = —1, respectively. Equations
(34) demand that

. (34)
[m2| = &,

n o+ =1, (35)

which, according to Eq. (5), can be written in terms of the
linear polarization degrees as 3¢;¢, + €, + €, = 1.

Assuming the conditions given by Eqgs. (34) are met, af-
ter some simple transformations, Eq. (33) for the ionization
amplitude becomes

iT)lee_iﬂé'e

J1+n

where the real-valued parameter p is given by

,0— 1+771 éz 1_77?:51}
1+n m\2-n

Thus, the TDP, W, (p) = W, of the photoionization by
two orthogonal EP pulses whose ellipticities satisfy the con-
ditions (35) can be written as [cf. Egs. (5), (36)]

(- 1)|Ao| {14 p2f?

- &)1} (38)

This equation is the key result of this section. It contains all the
information about the positions of the geometrically regular
interference patterns in the PMD as well as the magnitude of
the corresponding TDP.

From Eq. (38), it is seen that the TDP has zeros only for
of = =x1 (ie., for pF, = £F;). Since p is determined by
the pulse’s polarization [cf. Eq. (37)], one concludes that for
pulses with the ellipticities satisfying the condition n% + n% =
1, one can always choose the relative field amplitude f =
F,/F; so the TDP will be zero when the phase of the cosine
function in Eq. (38) is either m + 27n (for p > 0) or 2z n (for
p < 0),wheren = 0, &1, +2, .. .. In the detection zx’ plane in
Fig. 2, these conditions define either two-arm Fermat’s spirals
or Newton’s rings, depending on the value of the parameter
(ué; — &). Accordingly, the tilt angle of the detection plane
can take two values, ¥ = p arcsin ||, u = %1.

A= {1+ Iofet'[<l>-&-(#§|—§z)9]}7 (36)

(37

Wy(p) = |A* =

+2pf cos[® + (b,
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It is important to note that for a given value of the relative
pulse intensity, f, the TDP has node lines only for some spe-
cific values of pulse ellipticities, 1, 1,. As above, these node
lines are either circles or two-arm spirals. Indeed, for a fixed
f we have p = £1/f and by solving the second equation in
the chain (37) with respect to 1; we obtain

R VA
171=i< ) ; (39)

p*—1

Jorr = -1\"
=+ , (40)

p*—1

where p # 1. For pulses with the same intensity, f = 1 and
p = 1. Accordingly, Egs. (37) demand modules of the el-
lipticities to be equal: |n;| = 2] = 1 /\/5, which means that
m.m = =£1/v2.

For the sake of clarity, below we consider separately the
cases when (i) both pulses have the same helicities, %‘Al = éz,
and (ii) the two pulses have opposite helicities, §; = —&. We
illustrate the PT analysis by presenting PMDs obtained by
the direct numerical solution of the TDSE for the He atom
calculated for (i) with f = 1 and (ii) with f = 0.5. For case
(i), we also present the PMD for the H atom obtained by
evaluating the first-order PT transition amplitude for f = 1.

1. Ionization by two elliptically polarized pulses with the same
helicity

Below we consider the case when ellipticities of both
pulses [cf. Egs. (39), (40)] have the same sign:
& =& @1

According to Eq. (37), in this case p > 0 and it is more
convenient to rewrite Eq. (38) as follows:

1 — 2
WEP(0) = (1 — €)lAof? {%

+2pf cos}[®/2 + &1 (1 — 1)6/2] } (42)

The interference minima of the TDP W&,Jr) are defined by

O +E (U= Dpn =7 270, n=0,1,2,.... (43)

The magnitude of the TDP in these minima is

)
W = (1= ey LDy e

min 2

(F, — pF)?

=(-40) IDo(p)I*. (44)

The interference maxima of the TDP in Eq. (42) are defined
by

D+ E(—1bpax =270, n=0,1,2,..., (45

while the magnitude of the TDP in these maxima is

2

max

|Aol®

(Fi + pF)*
8

=1-4£) IDo(p)I*. (46)

From Eq. (44), it is seen that the interference minima of
TDP become nodes when p = 1/f = F; /F,, where p is given
by Eq. (37). Let us consider this case in more detail. For p =
1/f, the TDP in Eq. (42) reduces to

WEP(1/f) = 2(1 = £1)|Ao|* cos’[®/2 + & (n — 1)0/2].
(47)
For a positive detection angle, ¥ = ¥y > 0, we have u =1
and Eq. (47) becomes

W) =21 — 6)JAP cos® (B/2).  (48)

The corresponding PMD exhibits node lines and maxima lines
in the form of Newton’s rings. Indeed, node lines of the TDP
are defined by the equation

®=n+27n, n=0,1,2,..., (49)

while the interference maxima of the TDP in Eq. (48) corre-
spond to the phase

®=+27n, n=0,1,2,.... (50)

Both Egs. (49) and (50) are equivalent to the condition p =
const, which defines Newton’s rings in the PMD. The magni-
tude of the interference maxima of the TDP (48) is

W /F) =201 — £)IAo (51)

For ¥ = —yp < 0, we have u = —1 and the TDP (47)
reduces to

W (1/£) = 2(1 — )| Ao|* cos> (9/2 — £6).  (52)

Obviously, the node lines of Wﬁ?ﬂ correspond to the phase of
the cosine satisfying the equations

& —280pq =7 270, n=0,1,2,..., (53)

while the interference maxima of the TDP are defined by
dD_zélemax:iz”n, n=0,1,2,.... 54)

Both above Egs. (53) and (54) define Fermat spiral in the
detection plane (p,, p,-) with the polar coordinates (p, 6). The
solution of Egs. (54) with respect to 6 reads,

Omax(P) = EIL(P* /2 + Ep)T/2 + ¢p12/2 £ m]. (55)

As seen, for n and n + 1, the values of 6 differ in 7r, which
means that the spiral has two arms. The direction of the spiral
is determined by the sign of él , namely, for él =1 (él =-1)
the spiral rotates counterclockwise (clockwise). The interfer-
ence maxima of the TDP for iy < 0 are the same as for ¢y > 0,
see Eq. (51). Comparing Eqgs. (53) and (54), we conclude that
the spirals representing node and maxima lines are mutually
rotated by 7 /2.

When both pulses have the same intensity, we have f = 1
and p =1 [as él = 52, cf. Eq. (37)], which means that n; =
1, = £1/+/2. Consequently, the linear polarization degrees
are £ = £, =1/3 ~0.33 and the circular polarization de-
grees are £ = &, = :I:(2/3)«/§ ~ £0.94 [cf. Egs. (4)]. From
Egs. (34), we obtain that the tilt angle can take two values,
Y = £ /4, i.e., the detection planes are mutually orthogonal.
We have used these pulse parameters to calculate PMDs for
the ionization of the He atom by a pair of orthogonal EP
pulses each having a sine-squared envelope profile, intensity
of I =101 W/cmz, the total duration of T =~ 344 as, and
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FIG. 5. The TDSE results for PMDs Wf)(,o) [calculated using
Eq. (B3) for the He atom] in the detection plane (p,, p,). Shown
in (a) is the TDP W, 7)(1) and in (b) is the TDP W (1) of the
photoionization produced by two time-delayed, orthogonal EP pulses
with the same ellipticity n; =1, = 1/ +/2. Shown in (c) is the TDP
W;j(—l) of the photoionization produced by two orthogonal EP
pulses with opposite ellipticity: ; = —1, = 1/+/2. In (a)-(c), F; =
F, (i.e., f = 1). Panel (d) shows the TDP W,(Jg(—2), corresponding
to pulse ellipticities n; = siny = 0.38 and n, = —cos ¢ =~ —0.92,
and the relative field amplitude f =~ 0.5. The magnitudes of the TDP
(in units of 1073 a.u.) are indicated by the color scales in each panel.

the zero relative CEP, ¢, = 0. The time delay between the
two pulses is T = 7. The PMDs resulting from the numerical
solution of TDSE for the He atom are shown in Figs. 5(a) and
5(b). Newton’s rings are seen in the PMD in Fig. 5(a), which
corresponds to Y = 7 /4, while a counterclockwise two-arm
spiral is visible in Fig. 5(b), which corresponds to Y = —m /4.
The observed features of PMDs are in full agreement with the
above PT predictions.

2. Ionization by two elliptically polarized pulses having opposite
helicities
Let us now consider the case when the two pulses have
opposite helicities, & = —&,, which means that p < 0 [cf.

Eq. (37)]. For p < 0, it is convenient to present the expression
(38) for the TDP in the following form:

(1= lplf)?

Wy (p) = (1 —zl)|Ao|2{ 5

+2|plf sin’[®/2 + & (u + 1)9/21}. (56)
As seen, the spiral interference fringes in the PMD occur

when p = 1. Remarkably, in this case the TDP W&/_) in
Eq. (56) can be transformed into the TDP Wg'/f) in Eq. (42) by

making replacements § — /2 — 6 and u — —pu. (The latter
replacement implies that the tilt angle i changes its sign,
Y — —.) In other words, the spiral PMD in the detection
plane with the tilt angle v, corresponding to the co-rotating
pulses, él = ég, transforms into the PMD in the detection
plane with the tilt angle —vr, corresponding to the counter-
rotating pulses, & = —&,, by means of an overall rotation by
the angle 7 /2 with subsequent reflection with respect to the
axis py.

For £, = —&, the TDP has node lines when p = —-1/f <
0. In this case the expression (56) for the TDP simplifies to

W (=1/£) = 2(1 = €)|Ag| sin®[®/2 + & (u + 1)0/2].
(57)
For ¢ = ¥y > 0, according to Eqgs. (34), we have u = 1,
and Eq. (57) for the TDP evaluates to

W (=1/f) =2(1 = £)|Agl sin®(®/2 + £6).  (58)
Node lines of the TDP (58) are defined by
® +210p0a = £27n, n=0,1,2,...,  (59)
while the interference maxima of the TDP are defined by
@ +280px =7 £27n, n=0,1,2,.... (60)

The magnitude of the interference maxima is the same as in
Eq. (51).

For the tilt angle Y = —m /4, from Egs. (34) it follows that
u = —1 and Eq. (56) for the TDP reduces to

W) (—1/F) = 21— £)|AgPsin® (@/2). (61)

This equation means that Newton’s rings emerge in the PMD.
Comparing Eq. (61) with Eq. (48), one sees that positions of
rings corresponding to nodes and maxima in those equations

are reversed. Maxima in the TDP Wf;g) are minima in the TDP

W://)o and vice versa.
It is seen that the TDP W, Eq. (58), differs from the
TDP W(_f//)o, Eq. (52), by a phase of 7 /2 in the interference

factor (i.e., the cos>-factor) and the sign at §. This is in accor-
dance with the above remark [see the text below Eq. (56)].
Therefore, the PMD for pulses having opposite helicities,
£ = —&, which corresponds to a detection plane with a tilt
angle v, can be obtained from the PMD for pulses having
equal helicities, which corresponds to a detection plane with
a tilt angle —yy by means of an overall rotation by 7 /2 in the
plane (py, p.) and a reflection with respect to the axis p,.

In Fig. 5(c), we present numerical results for the ioniza-
tion of the He atom by a pair of counter-rotating EP pulses
having the same intensity, f = 1, and opposite ellipticities,
N1 = —n2 = 1/+/2. The PMD is shown for the tilt angle ¥ =
7 /4. By comparing Figs. 5(c) and 5(b), one can observe the
aforementioned symmetry property of the PMD. In Fig. 6, the
PMDs for the ionization of the H atom are shown, obtained
by calculating the first-order PT dipole matrix element (see
Appendix A) for two values of the pulse delay t. Comparing
Figs. 6(a) and 6(b) in which the time delay 7 has doubled,
one sees that the two-arm spiral in Fig. 6(a) becomes wound
more densely, see Fig. 6(b). It is remarkable that Figs. 6(b)
and 5(c) are quite similar despite the fact that they correspond
to different atoms as well as pulse parameters (however, the
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FIG. 6. TDP W;yj(— 1) of the ionization of the H atom by a pair
of orthogonal EP pulses corresponding to the detection geometry
in Fig. 2. Pulses are elliptically polarized with opposite elliptici-
ties, 71 = —1, = 1/+/2. The intensity of each pulse is 10'* W/cm?
(f = 1). Pulses have identical envelopes, their duration is 1.551 fs,
which is six optical cycles of the carrier frequency equal to 16 eV.
Panel (a) is for a time delay T = T'/2, while panel (b) is fort =T.
The magnitudes of the TDP (in units of 102 a.u.) are indicated by
the color scales in each panel.

time delay in both cases is equal to the pulse duration). This
observation elucidates the universal nature of the electron
interference effects in the short-pulse ionization of atoms.

Let us also consider the ionization of the He atom by a
pair of counter-rotating EP pulses with unequal intensities
(f # 1), so the regular spiral interference patterns occur in
the PMD for the detection plane tilted at an angle ¢ = 7 /8
with respect to the polarization plane of the second pulse.
For a given tilt angle ¢ = 7 /8, the pulse ellipticities can be
obtained from Eqgs. (34), which give n; = sin(;r/8) ~ 0.38
and n; = —cos(w/8) &~ —0.92. The corresponding circular
polarization degrees of the two pulses are £ & 0.66 and &, ~
0.99, while the linear polarization degrees are £; = 0.75 and
£, = 0.08. As discussed above, the ionization amplitude and
TDPs have node lines only for the relative field amplitude
f = =x1/p where the parameter p is given by Egs. (37).
For the tilt angle of the detection plane ¢ = 7 /8, we obtain
p ~ 1.9, which means that electric field amplitude of the first
pulse is roughly twice that of the second pulse, i.e., f ~ 0.5.
The corresponding PMD obtained by solving the TDSE for
the He atom is displayed in Fig. 5(d). As seen, the observed
features of the ab initio calculated PMDs agree well with the
PT predictions.

IV. ON THE POSSIBILITIES OF THE EXPERIMENTAL
OBSERVATION OF THE INTERFERENCE PATTERNS

For copropagating pulses, every atom in a reaction zone of
an atomic cloud feels the same time delay between subsequent
pulses. Therefore, ionization events registered by a photoelec-
tron detector correspond to the same ionization process. This
is generally not so when atoms are irradiated by crossing
pulses. In this case, the time delay between pulses coming
from different directions depends on the position of an atom
in the reaction zone.

To clarify this issue, let us consider the situation when
both pulses have plane wavefronts. Letr; = (x;, y;, z;) be the
coordinates of a jth atom. The electric field at the point r; is

N Ay

\\\\\ ‘( x/
.\\\ ) /s w _ 7.‘./4
k Ul ¢ o
Ty - \ >
° // q ~‘z ° T
A . \\y):-—ﬁ/4
. A ~
|- ko a

FIG. 7. Time delay for randomly placed atoms subjected to a
pair of mutually perpendicular plane electromagnetic waves with
wave vectors k; and k,. Atoms are depicted as solid circles, thick
solid lines denote wavefronts. Regular interference patterns occur
in PMDs corresponding to detection planes depicted by dashed and
dot-dashed lines. For every atom located in the (zx") plane (the z axis
is directed towards the reader) defined by the tilt angle ¥ = 7 /4 (i.e.,
the dashed line), the time delay is the same as for an atom located in a
point A. For atoms located out of (zx") plane, the time delay between
pulses depends on coordinates x, y of respective atoms.

(cf. Fig. 7)
F(l’j, t) = Re{F(t — xj/c)e—iwt+ik1xj

+F2(f _ yj/C)e_iwt-szyj}.

At this stage, we adjust the clock by replacing t — ¢ +
kixj/w =1t +x;/c. As aresult, the electric field becomes

(62)

F(rj,t) = Re{F(t)e ™ + Fa(t — t;)e ' T1491}, (63)

where 1; = (y; — x;)/c and A¢; = kpy; — k1x; is the phase
shift between pulses caused by the difference between the
paths traveled by those pulses, see Fig. 7. Since both
pulses have the same carrier frequency, we have k; = k, =
27 /A, where A = 2w c/w is the carrier wavelength. Therefore,
A¢; =2m(y; — x;)/A, and for the jth atom there occurs an
additional time delay 27 (y; — x;)/(Aw) = (y; — xj)/c =1
between pulses.

Note that for copropagating pulses, propagating along the
x axis, one has to replace y; — x;, which means that 7; =0
in this case, i.e., the time delay for all atoms in the reaction
zone is the same.

Since photoelectron detectors have finite resolution, one
has to integrate the TDP over the position of atoms located
in the reaction zone. Let [ be the size of the reaction zone,
then the time delay variation for atoms located at opposite
edges of the reaction zone, A7, has to be much smaller than
the time delay between the pulses, At « 7. This leads to
the condition / <« t/c. For 7 ~ 10 fs, we have [ <1 pum.
This condition is achievable in current experiments [12]. For
smaller pulse delays, the integration of TDP over time delays,
corresponding to different atoms in the reaction zone, will
spoil up interference effects since atoms in a gas phase are
placed randomly.

However, if the detection plane is defined by a tilt angle
Y = 7 /4 (see Fig. 7), then for atoms in that plane A¢; =0
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because x; = y; there. This makes interference effects observ-
able for such a detection scheme. Moreover, this feature of
PMD can be used for measuring angles between the pulse
beams, namely, by observing regular interference fringes in
PMD for a specific value of the tilt angle 1 between the
detection plane and the polarization plane of the first pulse,
one can conclude that the angle between the propagation
directions of the two pulses is equal to 2.

Of course, wavefronts of real pulses are not ideal planes.
Apart from that, the electric field strength varies in the cross
section of the pulse beam. These circumstances make exper-
imental observations of interference patterns a challenging
problem. At the same time, the expected sensitivity of the
interference patterns to various pulse parameters could make
the experimental study of such interference phenomena useful
for the purpose of the ultrashort pulse metrology.

V. SUMMARY AND CONCLUSIONS

We have analyzed the momentum distributions of elec-
trons emerging in the ionization of atomic targets by a pair
of perpendicularly propagating, polarized, few-cycle electro-
magnetic pulses. We have shown that when both pulses strike
an atom asynchronously (i.e., with a time delay), the PMD
may exhibit geometrically regular interference patterns in the
form of Newton’s rings or Fermat’s spirals, depending on the
polarization state of each of the two pulses and the detection
geometry. Although these interference patterns are similar
to those emerging in the ionization of atoms and molecules
by a pair of copropagating short CP pulses [10,11,22], we
have found that the conditions for regular patterns to occur
in PMDs are significantly different for collinear and crossing
pulses. For example, no regular patterns could be observed in
PMDs in the ionization by collinear LP and CP (or EP) pulses
[10]. Further, no regular ring-shaped and spiral patterns could
be observed simultaneously in the PMD for collinear pulses.
Indeed, in the ionization by collinear CP pulses, the PMDs
exhibit either ring-shaped patterns (for corotating CP pulses)
or spiral patterns (for counter-rotating CP pulses) [10,11,22].
In the ionization by a pair of crossing EP pulses, both ring-
shaped and spiral patterns can be observed in the same PMD
(for certain electron emission planes), no matter whether the
pulses had equal or opposite helicities (see Sec. III B).

We emphasize that the features of PMDs discussed above
are not inherent to the ionization of either H or He atoms, and
these atoms were considered merely as illustrative examples.
Note also that our PT treatment of the ionization amplitude
as well as the ionization probability was not specific to any
particular target. Therefore, the predicted photoelectron inter-
ference effects could be observed in PMDs corresponding to
photoionization of any randomly oriented target being that an
atom, ion, or a molecule; the only limitations are the validity
of the dipole approximation and not too large pulse intensities.
The latter condition depends not only on peak pulse intensities
but also on their carrier frequency [40]. For example, the
ionization of Na atoms by femtosecond optical pulses with
the intensity ~10'> W/cm? occurs in the multiphoton regime
[14], while the same intensity of XUV pulses in the ioniza-
tion of inner shells means the applicability of the first-order
PT [33]. The numerical simulations presented in Ref. [29]

demonstrate that the interference patterns in PMDs wash out
for the ionization of the Na atom by a pair of infrared pulses
with intensities > 10> W/cm?.

In the present paper, we have analyzed the ionization pro-
cess within the first-order PT. Similarly to the case of the
ionization by a pair of copropagating pulses [11], taking into
account higher-order PT effects one can predict the emergence
of multistart (three and more) spiral patterns in PMDs of
the ionization by a pair of noncollinear pulses. Moreover,
these modified spiral patterns would occur in PMDs for the
same detection geometries as in the case of the first-order PT
ionization process. A detailed analysis of the higher-order PT
effects in the ionization by short crossing pulses will be the
subject of a separate publication.
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APPENDIX A: THE DYNAMICAL PARAMETER OF THE
FIRST-ORDER PT IONIZATION AMPLITUDE FOR A
HYDROGEN ATOM

For hydrogen, the matrix element of the electric dipole
momentum vector between the initial 1S state and the final
continuum state is proportional to the unit vector p = p/p,

(f1dli) = (pld[10) = Do(p) P, (AD)

where |10) is the initial 1S state of the H atom. An explicit
expression for the parameter Dy(p) can be derived by expand-
ing the final state |p) over the set of radial states |pl) having
well-defined values of the orbital angular momentum quantum
number /. For an initial § state, only the final P state |pl)
(I = 1) contributes into Dy due to the dipole selection rules.
As a result, the parameter Dy(p) can be expressed in terms of
the radial matrix element,

e® (pl|r|10)
VAT 2p

where §; is the Coulomb scattering phase, §; = argI'(1 —
i/p) and the final state is normalized on the energy scale,

(pl|p'1) = 8(E — E'), E = p*/2. The radial matrix element
in Eq. (A2) can be evaluated in closed form, which is

Do(p) = —

; (A2)

2467(2/1;) arctan p
(1 + p2)y2J/1 = e—27/p

Noting the above, the first-order PT amplitude of the pho-
toionization of the ground 1§ state of an H atom by a single
short pulse can be written in the form

(pl|r(10) = (A3)

. F oo
Ais = AgJ(E) (P - e), Ao=5e< 2=9Dy(p),  (Ad)
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where
4 67(2/17) arctan p

p(1L+ P22 /m (1= e2ir),

For a pulse envelope having cos® shape and duration T =
27 N/w, where N is the number of optical cycles of the carrier
frequency w, J(E) has the form

sin(T'e€/2) _ sin(mNe/w)
e(l —T2€2/472) ~ (1 — N2€2/w?)’
€e=EFE+E,— o,

Do(p) = —e™ (AS)

J(E)=

(A6)

where E = p?/2 and E, = 1/2 is the ionization potential of
the H atom.

APPENDIX B: PROCEDURE OF THE NUMERICAL
SOLUTION OF THE TDSE FOR A HELIUM ATOM

Our numerical results for helium atoms are based on the
ab initio solution of the two-electron TDSE in six dimen-
sions for the atom exposed to two time-delayed, orthogonally
propagating EP attosecond pulses. Details of our numeri-
cal procedures for time-delayed copropagating pulses can be
found elsewhere [10,11,18,41]. Here, we extend our numeri-
cal methods to treat two orthogonal EP attosecond pulses. To
solve the TDSE within the length gauge and the electric dipole
approximation, we adopt the time-dependent close-coupling
expansion [42,43] of the two-electron wave packet W(ry, rp, t)
onto the orthonormal basis of bipolar spherical harmonics
VL@, B2),

dD(rlerst) A A
Ve, =33 Y — ==V f), (B
I 172

M 1L,

where L is the total angular momentum of the two-electron
system, M is its azimuthal quantum number, and /;, /, are
the individual electron angular momenta. To discretize ry
and r, in the expansion coefficient ®(ry, r»,t) of the wave
packet W(ry, 1, 1), we employ the fine-gridding scheme of the
finite-element discrete variable representation (FEDVR) [44].
We use a two-dimensional grid ranging to 120 bohr radius,
spanned by 60 finite elements (FEs) with an equal size of 2
bohr. An eight-point Gauss-Lobatto basis is used within each
FE, which yields a total of 421 DVR functions spanning the
120 bohr radius.

To propagate ®(r;, 1, t) in time in the presence of crossed
EP pulses, we combine the real-space-product algorithm (a
split-operator method) [45] together with Wigner rotation
transformations at each time step from the atomic fixed frame
in the laboratory coordinate system to the rotating frame de-
fined by the external pulse polarization vector [46,47]. This
procedure is quite accurate as long as the time step is suf-
ficiently small, which we ensure in all our numerical TDSE
calculations. The latter frame is rotated with respect to the
laboratory frame by the Euler angles («, B, y) by using the
Wigner rotation operator D(«, 8, ), whose matrix elements

are

(LMD, B, y)ILM) = &M *dyy, \ (—)e™ 8, (B2)
which is diagonal in L but not in M. Thus the Wigner d-
rotation function di,, ,,(B) is block diagonal within the L
representation. The Euler angle y defines a rotation around
the atomic frame z axis, 8 defines a rotation about the rotating
frame y axis, and « defines a rotation about the rotating frame
z axis. Owing to the atomic spherical symmetry, the trivial
rotation y can be set to zero. While an atom interacting with
a LP field represents an axially symmetric problem, an atom
interacting with an EP field does not. In the general case
where [H, L;] # 0, laser-atom couplings often introduce a
mixing of different M’s across L’s, which tends to increase
the complexity of the problem. This is the so-called M -mixing
problem [46,47], which can be solved by computing, storing
and applying very effectively from a numerical point of view
the Wigner d-rotation function d’, u(B)in Eq. (B2).

For ionization of the He atom fnteracting with a LP pulse
polarized along the z axis (see, e.g., the first pulse in Fig. 1),
one has [H,L;] =0 or « = 8 = 0, so the magnetic quantum
number M is conserved. Parity is also a good quantum num-
ber. With the helium atom being initially in its 'S¢ ground
state (where M = 0) and interacting with LP photons, M is
unchanged during the time propagation of the wave packet,
thus reducing the numerical complexity of the problem.

In contrast, for EP pulses (see, e.g., the second pulse in
Fig. 1 or the two pulses in Fig. 2), one has [H, L,] # 0, so M is
not conserved. For the case of the second pulse in Fig. 1 where
the circular polarization plane coincides with the xy plane, one
has 8 = 7 /2 and tan () = F,(¢)/F(¢), with F,(t) and F,(z)
being the x and y components of the electric field. For the
case where the first EP pulse in Fig. 2 propagates along the
x axis, one has tan B(t) = F,(¢t)/F.(t) and o = 7 /2. For the
case where the second EP pulse in Fig. 2 propagates along the
y axis, one has tan 8(t) = F,(t)/F,(¢) and o« = 0.

At the end of the two pulses, ie., at t =Ty, we cal-
culate the TDP for single ionization of He to He™(ls)
from the two-electron wave packet W(ry, rp,t) by project-
in% it onto correlated field-free Jacobi matrix wave functions
@l;i’(rl, ;) [48]. For the energy range 0.1 < E < 30 eV of
the photoelectron considered here, we note that projecting
onto uncorrelated field-free wave functions (a symmetrized
product of Coulomb function and bound state) leads to the
same TDP results, as discussed in Ref. [48]. The TDP, W, for
single electron ionization to the continuum with momentum

p = (p, 0, ¢)is thus

W = (O] (1, 1) W(ry, 1, Tp)) %, (B3)

where we include four total angular momenta (L = 0 — 3),
their azimuthal quantum numbers |M| < L, all combinations
of individual electron orbital angular momenta /,,/, =0 — 5,
and their azimuthal quantum numbers |m;| < [; and |m;| <
b.
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