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Analytical approach to Coulomb focusing in strong-field ionization. 1. Nondipole effects
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The role of the Coulomb potential of the atomic core for the creation of caustics in the photoelectron momentum
distribution for tunneling ionization in a linearly polarized strong laser field, commonly termed Coulomb focusing,
is investigated within classical theory beyond the dipole approximation. Coulomb focusing is addressed by
analytical calculation of Coulomb momentum transfer to the tunneled electron due to rescatterings, while applying
perturbation theory and classifying the recollisions either as fast or as slow. With the help of the derived analytical
treatment, we analyze the origin of the counterintuitive energy-dependent bend of the Coulomb focusing cusp
in the photoelectron momentum distribution in a linearly polarized laser field in the nondipole regime, and its
scaling with the field parameters. The high-order recollisions are shown to be responsible for a decrease of the

bend of the cusp at very low energies in this regime.
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I. INTRODUCTION

Since the seminal works of Perelomov, Popov, and Ter-
ent’ev (PPT) [1-6], it has been known that the ionization rate
of the atom in a strong laser field can be significantly disturbed
by the Coulomb field of the atomic core. Later it was realized
that the Coulomb field of the atomic core imprints specific
signatures on the momentum distribution of photoelectrons [7],
which arise during electron excursion in the laser field after
the release (tunneling) from the bound state. The Coulomb
field effect on the electron dynamics is conspicuous, first of
all near the tunnel exit [8], and further during rescatterings
[9]. While the first effect exists at any polarization of the
laser field, the rescattering is mostly efficient in the case of
linear polarization, although even in a laser field of elliptical
polarization, rescattering and consequent Coulomb effects can
take place [10-18].

Hard rescatterings with a small impact parameter induce
well-known processes of above-threshold ionization [19],
high-order-harmonic generation [20,21], and nonsequential
double ionization [22]. In contrast to that, due to multiple
forward scattering of ionized electrons by the atomic core at
large impact parameters during oscillation in the laser field,
the electrons with large transverse momentum at the ionization
tunnel exit finally appear with low transverse momentum. Ac-
cordingly, the large initial transverse momentum space at the
tunnel exit is squeezed into the asymptotic small one, i.e., the
Coulomb field focuses electrons in the momentum space along
the laser polarization direction, which is termed Coulomb
focusing [7,23,24]. In early experiments, the traces of Coulomb
focusing was observed as cusps and humps in the photoelectron
momentum distribution [25-28]. Recently, due to advance-
ments of the midinfrared laser technique [29], the interest
in Coulomb focusing has been significantly increased with
observation of rich structures in the photoelectron momentum
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distribution near the ionization threshold in long-wavelength
laser fields, the so-called low-energy structures (LES) [30-32],
very-low-energy structures [33,34], and zero-energy structures
[35-40]. The origin of LES has been traced to multiple forward
scattering by the Coulomb field, which induces transverse and
longitudinal bunching of the electron momentum space [41—
49]. LES are well resolved in midinfrared laser fields, when
the Keldysh parameter is small, the interaction is essentially in
the tunneling regime, and classical features of the three-step
model [9] are evident.

For nonperturbative quantum descriptions of Coulomb
field effects, different modifications of the strong-field ap-
proximation (SFA) [50-52] have been developed [53-60].
The Coulomb-corrected SFA of [53,54], which employs the
quasiclassical electron wave function in the continuum in laser
and Coulomb fields, has been successfully applied for the ex-
planation of LES [43]. A similar but more systematic R-matrix
theory [55-57] has also been extended to treat recollisions
[61,62]. It appears that the perturbative SFA is also able to
account for LES [63-67] when appropriate trajectories with
soft recollisions [46] are included. However, this description is
only qualitative because for a correct quantitative description,
the effect of multiple recollisions should be taken into account.

In midinfrared laser fields, the electron dynamics after tun-
neling is mainly classical because the characteristic energies of
the process, namely, the ionization and ponderomotive poten-
tials, greatly exceed the photon energy in this regime. There-
fore, the classical trajectory Monte Carlo (CTMC) method
[68-70] has been successful in explaining LES features; see,
e.g., [32,42,47,71,72]. Although both Coulomb-corrected SFA
and CTMC successfully predict the existence of LES, they
deliver only a little insight into the underlying physics as they
both employ classical trajectories via numerical calculations
which hide the physical picture of the transformation of the
electron’s initial momentum space at the tunnel exit into the
asymptotic one at the detector.

Coulomb focusing arises due to the long-range Coulomb
interaction between the tunnelled electron and its parent ion.
This interaction is conspicuous at rescattering points when the
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tunneled electron revisits the atomic core during its excursion
driven by the laser field. Usually the momentum transfer
during high-order rescattering events is decreasing with its
order. However, the decrease is not monotonous and the
accurate description requires accounting also for high-order
rescatterings [45,71]. The understanding of Coulomb focusing
requires quantitative information on the Coulomb momentum
transfer (CMT) at effective recollisions. For instance, the
essential point in the LES explanation was establishing the
fact of the nonuniform dependence of CMT at recollisions
with respect to the ionization phase (laser field phase at the
ionization moment) and the reason for that.

Moreover, recent experiments [18,73] have shown that
Coulomb focusing is significantly modified in the nondipole
regime. The breakdown of the dipole approximation was first
observed in the case of linear polarization of the laser field
[73] as a counterintuitive shift of the photoelectron momentum
distribution peak opposite to the laser propagation direction,
which was attributed to the interaction of the tunneled electron
with the Coulomb field of the parent ion. Further numerical
calculations of the time-dependent Schrodinger equation have
shown that the photoelectron momentum distribution shift with
respect to the dipole approximation case is not uniform, but
momentum dependent [74]. The same conclusion has been
drawn from the classical [75] and Coulomb-corrected SFA
[76] calculations. However, the intuitive explanation of the
nondipole features of photoelectron momentum distribution
is still missing.

In this paper, we develop a classical analytical theory for the
description of Coulomb focusing with respect to the underlying
momentum transfer due to the Coulomb interaction. We derive
analytical formulas for the CMT to the recolliding electron
at multiple recollisions, while classifying the recollisions as
either fast or slow recollision. We include nondipole effects,
accounting for the laser magnetic-field-induced drift of the
ionized electron along the laser propagation direction during
the excursion in the laser field. The Coulomb field of the
atomic core is treated as a perturbation to the laser-driven
trajectory near the recollision point. The scaling of the CMT
at the recollision (rec-CMT) with respect to the rescattering
parameters (momentum and impact parameter) is derived.
We also address the CMT taking place at the initial part
of the trajectory, where the electron starts at the tunnel exit
and recedes from the atom. Our inquiry leads to high-order
corrections to the known formula for the initial CMT (in-
CMT), which are necessary for keeping the overall precision of
our model. In our approach, CMT is a perturbation with respect
to the instantaneous electron momentum at the rescattering
(at the tunnel exit); however, it may have a nonperturbative
contribution with respect to the electron final momentum.
We employ our framework for investigation of the counter-
intuitive energy-dependent bend of the cusp in the photo-
electron momentum distribution, revealing a fine interplay of
the nondipole and Coulomb field effects. We find a direct
relationship of multiple recollisions and the fine structure of the
cusp.

The structure of the paper is the following. In Sec. II,
the model of Coulomb focusing is introduced. The transverse
and longitudinal rec-CMT are calculated in all generality in
Sec. III. In Sec. IV, we derive the revised formula for in-CMT.

The nondipole effects in Coulomb focusing are investigated in
Sec. V. The conclusion is given in Sec. VI.

II. THE MODEL

We consider the tunneling ionization regime of an atom in
a strong laser field when the Keldysh parameter is small [50],
ie.,y =./1,/2U, < 1, with the ionization potential /, and
the ponderomotive potential U, = E3 /4w?. Atomic units are
used throughout, unless mentioned otherwise. The laser field
is linearly polarized,

E(u) = Epecosu,
(1)
B(u) = n x E(u),

where u = w(t — z/c) is the laser phase, B(u) is the laser
magnetic field, £y and » are the amplitude and the angular
frequency of the laser field, respectively, c is the speed of light,
and e = (1,0,0) and n = (0,0,1) are the unit vectors along
the laser polarization and propagation directions, respectively.
We assume that the electron has tunneled out from the atomic
bound state, which is described by the PPT ionization rate.
The latter provides the probability for the initial transverse
momentum distribution [4],

p2
w(p1) o exp (—A—;> 2)
1

where A = Eé/ 2 /21 ,,)1/4. The initial longitudinal momen-

tum with respect to the laser field direction at the ionization
moment #; is assumed to be vanishing, and the initial coordinate
is at the tunnel exit.

We consider the nondipole regime of interaction and will
keep for the solution of the equations of motion the leading
terms with respect to 1/c, which describe the laser magnetic-
field-induced drift of the electron in the laser propagation
direction. The physical condition of the applied 1/c expansion
is the smallness of the laser-induced drift distance during the
laser period d ~ A£2/2 [77] with respect to the recollision
impact parameter p ~ 2wp, /w: d K p, where & = Ey/(cw)
is the invariant laser field parameter, A is the laser wavelength,
pL = pi + pz2 is the electron transverse momentum, p; ~
2A | =2k/Ey/E,, k = /21, is the atomic momentum, /,
is the ionization potential, and E, = x> is the atomic field.
Note that the introduced small parameter € = d/p, in fact, is
directly related to the Lorentz deflection parameter [78,79],

) KcE3
16w

The magnetically induced drift changes the impact parame-
ter of recollisions and, in this way, modifies Coulomb focusing.
However, we stress that during the brief recollision time §¢, the
effect of the magnetically induced drift is negligible because
the change of the impact parameter due the drift during the
recollision time, which can be estimated as §p ~ (A£2)(w1),
is much smaller than the impact parameter itself. In fact, we
estimate the recollision time as 8¢ ~ p /vy, with the electron
longitudinal velocity at the recollision v ~ Eo/w, and the ratio
dp/p ~ ey~ Eo/E,. We consider the tunneling regime when
the Keldysh parameter is small y <« 1 and the field is small
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to hinder the over-the-barrier ionization, i.e., Ey/E, < 1.
The latter means that dp/p, i.e., the change of the impact
parameter due the drift during the recollision time, has an
additional smallness in addition to the small parameter € and,
consequently, can be neglected in our discussion.

Our aim is to find an analytical expression for CMT. We
assume that the Coulomb field effect is not negligible only
near recollision points and near the tunnel exit, where it is
treated as a perturbation with respect to the laser field. The latter
assumptions are valid, first, if the Coulomb force is smaller with
respect to the laser field at the recollision point and at the tunnel
exit, Z/r?,Z/x? < Eo, with the charge of the atomic core Z,
and the recollision and tunnel exit coordinates r, ~ A /w and
x. ~ 1,/ Ey, respectively, and, second, if the quiver amplitude
of the electron in the laser field greatly exceeds the recollision
and the tunnel exit coordinates Eo/w? > r, ,x,. The first pair
of these conditions reads

Z 2

—y L 1, “4)
K

ZE 4 5)
k E, ’

and the second pair gives

2 <1 (6)
Y E, )

y? < L. (7

These conditions are well fulfilled in the tunneling regime.
The tunneled electron dynamics in the continuum after
tunneling is governed by Newton equations,
dp v Zr
—=—-E——-xB—-—, 8
dt c r3 ®
where v is the electron velocity. The Coulomb field of the
atomic core will be treated by perturbation theory during the
recollision and we expand the momentum and coordinate as

P=po+pi+--,
r=ro+7r;+---. ©))
The unperturbed trajectory ro(u) is determined by the laser
field,
d . -E
ﬂ:_E(l _2 VO)—nVO : (10)
dt c c

and momentum transfer due to the Coulomb field at the
recollision is described by the trajectory in the first order of
perturbation,

@ - _ﬂ, (11)
dt ra
with rg = |rg|. Taking into account that du /dt = w(t — v, /c),
and the integral of motion in a plane laser field Ag = go(u) —
cpo;(u) = const, with the electron energy &y, Eq. (10) is
integrated, providing the laser-driven momentum evolution,

POx(M) = Pxr + [Ax(u) - Ax(ur)]a
pOy(u) = Dyr> (12)
pOz(u) = pDu + pzd(“»ur)’

with the laser vector potential A,(u) = —(Eo/w)sinu. The
initial conditions are defined at the recollision point with
the recollision phase u, and the recollision momentum p, =
(PxrsPyr»Pzr), aiming at application of the solution near the
recollision point. Here, the drift momentum induced by the
laser magnetic field is

Xr l
Dza(u,u,) = p_[Ax(u) —Ac(u)]+ —[Ac(u) — Ax(ur)]za
c 2c
(13)

where the integral of motion is approximated, Ao & ¢?, to keep
theleading termin the 1/c expansion. The unperturbed electron
trajectory near the recollision point is

E
xo(u) = w—o[cos u—cosu, +(u —u,)sinu,|

2
+ 2T — )+ x,
w
Py
yo(u) = > (u—u)+yr, (14)

20(u) = %(n — )+ za() + 7,

with the recollision coordinate r, = (x,,y,,z,), and the laser
magnetically induced drift coordinate

u
za(u) = / pea( u,)du'. (15)
7

Once the zero-order equations are solved, the momentum
transfer due to the Coulomb field at the recollision can be
derived as the first-order correction,

Z (P,

pr=—- u
@ Ju,—s ”S(M/)

; (16)

where ro(u) = [xo(u), yo(u),zo(u)]. The value of the parameter
6 is coupled to the properties of the recollision and will be
discussed in the next section.

In the discussion above, the Coulomb field effect is ac-
counted for only near recollision points and near the tunnel
exit, where it is treated as a perturbation with respect to the
laser field. Still Eq. (16) for CMT includes nonperturbative
Coulomb effects via dependence on the recollision parameters,
i.e., the electron momentum p, and coordinate r, at the
recollision point. In fact, the multiple recollisions preceding
the currently discussed one can have a significant contribution
to the considered p, and r,, although the Coulomb field is
perturbation at every single one of them.

III. MOMENTUM TRANSFER DURING RECOLLISIONS
A. Classification of recollisions

For estimation of rec-CMT, we first classify recolliding
trajectories. There are two characteristic recolliding trajecto-
ries: (1) when the electron longitudinal velocity is vanishing
at the recollision point, x, = 0 and p,, =0, and (2) when
the electron has the highest velocity at the recollision point,
x =0, |p] #0, and E(u,) =0. We will call the above-
mentioned two types of recollisions a slow recollision and
a fast recollision, respectively; see Fig. 1. The first type of
recollision corresponds to the peak of the momentum transfer
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FIG. 1. Green (dot-dashed line) and blue (dashed line) trajectories
correspond to slow recollision with k = 1 and k = 2 (yellow circles),
respectively. Yellow trajectory corresponds to fast recollision with
| = 2 (blue square).

in dependence on the initial ionization phase, and the second
type corresponds to the plateau of the momentum transfer, as
discussed in [45]. Let us remark that the slow recollision is
also known in the literature as “soft recollision” [46].

The momentum transfer to the recolliding electron due to
the Coulomb field of the atomic core at the kth recollision event
is given by Eq. (16). As the main contribution to the integrals
comes near the recollision points, we expand the trajectory
near the recollision phase where rec-CMT takes place. We
approximate the trajectory of the electron of Eq. (14) at the
recollision point (x,,y,,z,) With the recollision momentum
(Pxr»Pyr,Pzr) near the recollision phase u, as an expansion
ino =u — u,, up to the 0% order,

Pxr E(u,) 2
—0c— ——0
2w?

o, a7)

xo(u) ~ x, +

)

Dy
yo(u) = y, + —
w

E(u
20) & 7, + P — P22 (zr)a2
w 2cw

because z4(u,) = 0 and z,(u,) = p.a(u,) = 0.

B. Slow recollisions

In the case of slow recollision p,, = 0, consequently, the
trajectory in the leading order is

E(,) ,
o,
2w?
In the latter, we have neglected p,o/w terms with respect
to the recollision coordinate p ~ p, /w because the effective
value of o, derived from the condition Eqo?/w?> ~ p ~ p. /o,
is 0 ~+/piw/Ey~ Yy~ Eo/E, <1, and the transversal
motion near the recollision point can be neglected for slow
recollision. In general, the rescattering parameter x, neither
has to vanish at rescattering recollision nor has to be small.
This assumption leads to generalization of the slow recollision
for a larger class of recollisions with vanishing velocity.
From Eq. (16), we calculate rec-CMT for slow recollision
along the trajectory approximated by Egs. (18) while extending
the integration limits to infinity (§ — o00). The latter is well

XO(M) N Xr— yO(u) ~ Yr, ZO(“) ~ Zr. (18)

justified since large values of o correspond to large deviation
of the phase from the recollision point giving negligible
contribution to the integration. The expression for rec-CMT at
general slow recollisions with arbitrary x, is given in Appendix
A. In the case of common slow recollision x, — 0, we have
the following simple formula for rec-CMT:

sign [E(u,)] 2°/*P,

Ju)y~Z7Z , 19

plx,‘( ) 3 |E(I,{r)| rﬁ/z ( )
2Py,

Piy,s(Uy) =~ —ZTjw, (20)
u)\r;
232Dz,

Pros(uy) & —Z———"s, 1)

VIE@)|r;

where r, = \/x? 4+ y2 + 22, P1 = 37 P_| ,(0)/8 ~ 1.27, and
P, =3m P:31/2(O)/8 ~ (0.927,and P/*(n) is the Legendre func-
tion of the first kind.

C. Fast recollisions

In the case of generalized fast recollision, we assume
x, = 0 and relax the condition on acceleration to E(u,) ~ 0.In
estimating rec-CMT, the electron trajectory near the recollision
point in the leading order can be then approximated with

Pxr
xo(u) ~ pald

p
yO(u) ~ yr + =
w

o, 22)

20(u) ~ 2, + P20,
w

With this approximation for the trajectory and tending the time
integration limits to oo (see Appendix B), we derive the
following rec-CMT for fast recollision:

2ij_r

plx,f ~ ) (23)
'r Pxr Pr
27y,

I i (24)
rr pr
27z,

Preg N =t (25)
’ rr pr

where p,, = Vp}, + pZ. and p, =~ p;, + p;, + P2,

Thus, we have derived analytical rec-CMT formulas for the
common slow recollision (x, = 0) given by Egs. (19)—(21).
In the general case of slow recollisions at nonvanishing x,, the
rec-CMT is determined by Eqs. (A1)—(A3) in Appendix A. For
fast recollision, we have derived rec-CMT in Egs. (23)—(25).
When the recollision picture fails, the formulas of CMT are
modified and given in Appendix B. The formulas for rec-CMT
are expressed via parameters (coordinate and momentum) of
the recollision and are valid even in the case when the global
electron trajectory is significantly disturbed by the Coulomb
field with respect to the laser-driven one. The nondipole effects
in these formulas are accounted for in the parameters z,
and p,,.
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D. Simpleman estimations

The leading scaling of rec-CMT in Egs. (19)—(21) and
(23)—(25) can be explained from the following intuitive con-
sideration. The transverse rec-CMT can be estimated as the
transversal force F|, ~ 1/r? acting during the recollision as

piL~ Fi,t, (26)

where 7, is the duration of the recollision. We define the half of
the recollision duration as a time when the electron longitudinal
distance from the core reaches the value of the recollision
distance, i.e., x(17,/2) = r,. In the case of slow recollision,
x(t) ~ —E(u,)t*/2 and

Trs ~ 242 /| E(u,)], (27)
while for fast recollision, xp(¢) ~ p,,t and
Trf ~ 22,/ Pxr- (28)

Thus, from Egs. (26)—(28), we find estimations for the trans-
verse rec-CMT,

2327
PiLs ™~ — 55— (29)
r VTEG)]
2Z
PiL s~ — . (30)
rrpxr

The longitudinal rec-CMT at slow recollision is easily esti-
mated from the longitudinal force Fy, ~ —x,(t)/z] via

T /2 27 [T/2 ZE(u,)t?,
Pills N/ Fyrdt ~ —r—3/ X (Ddt = ————,
_ » Jo

e 233r}
which yields
227
Plls ~ ———=7- 3D
" 3 VER

For estimation of the longitudinal rec-CMT at the fast recolli-
sion, one has to take into account that there is a compensation
of rec-CMT stemming from trajectories before and after the
recollision which can be incorporated by a reestablishment of
the time dependence of z,(t) = z, + py,T in Fj, and in the
limit of Dxr > DPirs

Dilf ™~ —Z/‘W/z[ PxrT — Pxr® i|d1:
I 0 (@ +pirt)  (z—pu7)?

~ prer_rT,:?f

22,4
Once substituted from Eq. (28), we obtain the final formula
ZZer
pufr ™~ 5 (32)
Zr pxr

Thus, by the applied simple estimations, the leading scaling
of rec-CMT from Eqgs. (23)—(25) is reproduced in the limit of
Plr < Dxr-

In this section, we have derived formulas for estimation of
rec-CMT for specific recollision events, i.e., slow recollision
and fast recollision. The rec-CMT for both of the recollisions
can be represented in a unified form,

Zr,
R —— (33)
r

r

with an appropriate effective time of recollision t, that is dif-
ferent for slow recollision and fast recollision. We will employ
this form for rec-CMT later in our analysis of nondipole effects.
Before we approach the investigation of the nondipole effects,
we need an estimate for in-CMT that is as accurate as the one
we have for rec-CMT, which is derived in the next section.

IV. INITIAL COULOMB MOMENTUM TRANSFER

For the analytical estimation of in-CMT, we have to calcu-
late the Coulomb momentum transfer to the electron, which
takes place immediately after the leaving the tunnel exit, by
using Eq. (16). The electron is at the tunnel exit x; at ionization
phase u; with a transversal momentum p,; and is further
accelerated by the laser field E (; ) in the longitudinal direction.
We assume that the transversal motion is much smaller than
the longitudinal one and expand the denominator of Eq. (16):

[2) + y2 ) + 2@ P? @Bl 2 x2(u)
(34)

1 1 [1_§y2(u)+z2(u)}

Taking into accountthaty = py;o/wandz = (p;; + P 4)o/w,
the second term in the bracket can be estimated as

Y +2w o plo’ 2p1iP0’
x2(u) (xi — 2%"202)2602 (xi — 2%0202)2602

(35)

The first term in Eq. (35) is dominant over the second one by
a factor of € and, consequently, the second term is neglected.
The order of magnitude of the firsttermis ~Ey/ E, < 1, which
justifies the expansion above. We estimated the effective region
of o = u — u; from the relation Ego?/w?® ~ x;.

The first-order approximation for in-CMT uses the unper-
turbed trajectory, which yields in-CMT formulas as derived
in [80]; see Appendix C1. Additionally, we calculate the
second-order in-CMT with the first-order correction to the
trajectory; see Appendix C 2. Combining the first- and second-
order momentum corrections and expanding over the small
parameter 1/(|E(u,-)|xi2) ~ Ey/E,, wearrive, in the quasistatic
regime, with x; = —1I,/E(u;), at the following expressions for
the corrected in-CMT:

ZrEw)|  2Z|E@)  3p3, Ej
in — o l o\ &z ’
P2y, (2Ip)3/2|: + E, 21[7 8Ip + Eg
(36)
R
p2J_,m - (2][))2

[1 8ZIEw)| _ pl,

E2
_— ol=2)]. 37
il feo(B)] @

For the analysis of the precision of the approximate for-
mulas for CMT derived in Secs. III and IV, see Supplemental
Material [81].
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FIG. 2. Momentum space of the initial electron distribution at
the tunnel exit, which contributes to the final momentum bin at
pr = 0.588 and p, = —0.0157 a.u., corresponding to the first slow
recollision. Note that the center of the ring is shifted to the negative-p,
direction.

V. NONDIPOLE EFFECTS

In this section, we demonstrate how the analytical formulas
derived in the previous sections can be employed to gain insight
into the process of Coulomb focusing in the nondipole regime.
In particular, we provide an explanation for the observed
counterintuitive and energy-dependent shift of the Coulomb
focusing cusp in photoelectron momentum distribution [73].
This shift manifests a breakdown of the dipole approximation
because in the dipole approximation, the cusp resides at
the center of the photoelectron momentum distribution (i.e.,
pL=0.

Our aim is to investigate the origin of the shift and to
explain its nontrivial shape in the nondipole regime. The
central cusp is shifted along the laser propagation direction
by a value varying with respect to the asymptotic longitudinal
momentum, which can be seen in our CTMC simulation of
photoelectron momentum distribution presented in Fig. 3.

For large longitudinal momenta, the shift is positive, which
is expected, because of the positive drift momentum of the
electron in the laser field along the propagation direction.
Meanwhile, for lower longitudinal momenta, the shift becomes
negative, but tends again to zero at very low longitudinal
momenta. Such complex momentum dependence is intriguing
and demands further investigation.

It is known that the electrons ending on the central cusp
originate on a circle in the initial transverse momentum phase
space at the ionization tunnel exit [18]. Moreover, the center
of this circle gets shifted against the propagation direction in
the nondipole regime as a compensation for the magnetically
induced momentum drift, as shown in Fig. 2. The radius of this
ring in the initial momentum space is an indicator of Coulomb
focusing because it is equal to the total transverse rec-CMT for
the cusp electrons. Using the formulas for rec-CMT given by
Eq. (33), we will estimate the final transversal momenta of the
cusp electrons at different final longitudinal momenta. Our aim
is to deduce the reason for the behavior of the cusp momentum

shift along the laser propagation direction from the analytical
formula of the shift.

Let us follow an electron which originates at the tunnel
exit with p; ~ 0 and p,; #0, and ends up at the cusp
asymptotically (the laser wave propagates along the z axis and
is polarized along the x axis). The advantage of this choice is
that in the y direction, the dynamics is similar to the dipole
case and the final y component of the electron momentum is
vanishing,

Pyf = Pyi + P2y.in + Py = 0, (38)

where py;, p2y.in, and py, are the y components of the electron
initial momentum, in-CMT, and total rec-CMT, respectively.
Moreover, from our analytical formulas, one can find a rela-
tionship between the y and z components of rec-CMT. The
electron dynamics along the z axis is modified by the laser
magnetic field. The final z component of the photoelectron
momentum, according to Eq. (13), is

A%(u;) _ PxiAuy)
2¢ c

where pi, is the rec-CMT for the discussed electron ionized
at the laser phase u;, and the laser wave propagates along the
z axis and is polarized along the x axis. Assuming that the
electron undergoes N rescatterings, Eq. (38) reads

P X pi1z+ (39)

N
Dyi + DP2y.in + Z Pﬁ) ~ 0, (40)

n=1

where pﬁ';) is the rec-CMT at the nth recollision.

Further, we exploit the possibility to estimate the individual
rec-CMT as a product of the acting force during the recollision
and the time of the recollision t,,, as shown in Sec. III, Eq. (33),

p(n) ~ Zyn
1y ~ T3
y r3

7. 41

Later we can apply the derived analytical formulas (19)-(21)
and (23)—(25) to estimate recollision time t, precisely.

The change to the final momentum p;, due to the Coulomb
interaction is estimated as the sum of rec-CMTs, yielding

N N
Z
Piz = E pY;) =-Z E r_zrn- (42)
n=1 n=1 "

As the recollision time 7, and the recollision distance r, are
the same in Eqgs. (40)—(42), we may use the former to simplify
the expression for p;,. For the latter, we need to estimate the
recollision coordinates y, and z,. We define them stepwise
from recollision to recollision as

y1 = (Pyi + p2y.in)(t1 — to),

V1
2 = (pyi + pay,in)ta — fo) — Zr—37n(l2 — 1),
i

(43)
N1 y
YN = (Pyi + P2yin)In — 1) — Z Z r—3fn(fN — 1n),

n=1 "
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where 1, is the ionization time, and t,, is the nth recollision time
forn > 1. The upper formulas can be used to express Eq. (40)
as follows:

Pyi + P2y,in = ZZ (P;z + P2y, m)(tn - )

nl
n—1

f}:”}:”nm— ), (44)
k=1

nl”

where the first term corresponds to first-order corrections to the
zero-order trajectory and the second iterative term to the next-
order corrections. When neglecting higher-order correction
terms than the second order proportional to ~(z,/ r,f)z, we
arrive after rearrangement at

ZZ Tn

The rescattering coordinate along the laser propagation direc-
tion z, depends on the magnetically induced drift momentum
of the electron (p,; = 0 is chosen),

to)~1+z2Z 3(t,, 1)t — o). (45)

k<n ” Tk

—(1
71 = Pid)(ﬁ — 1o),

—2 <1
2= P(Zd)(lz —1p) — Zr—3Tn(l2 —11),
i

N—1

2y = Py (ty — to) — ZZ

n=1

=STly — 1),  (46)

n

where we used the magnetic drift from Eq. (13) (adjusted for
the initial momentum p,; along the polarization direction) to
define the averaged drift momentum as

f {”“ [AL(1) — A(to)]

+ i[Ax(t) - Ax(tO)]z}dt~ 47)
2c

1
=) _
D.g =
zd ty — lo

Although in the tunneling regime p,; = 0, we incorporate the
in-CMT of Eq. (C10) into py; and set py; = paj,in(Ui, Pyi)-
When we substitute Eq. (46) into Eq. (42), we obtain

_ —(n) n
- _ZZ Pza 3 to)
N

+22y % Z % St = ), (48)

nl"kl

where the first term again corresponds to the first-order
correction to the unperturbed trajectory and the second term
corresponds to higher-order corrections. When neglecting the
higher-order contributions ~(Zz,/r> )2 and employing the
relationship of Eq. (45), we can write

—(1) —(1) —(n) 7,(ty — 1)
Pz X =Py +ZZ DT 49)

n=2 n

The first term here describes rec-CMT at the first recollision

and the other terms arise only due to the multiple recollisions.
In the case of a single recollision, the lengthy derivation

above becomes very transparent,

<1 )

21
=zl =y = 0 (50
Diz o 1 " Dly —y D4 (50

showing that in this case, the z component of rec-CMT equals
the averaged (between the ionization and the rescattering time)
drift momentum in the laser propagation direction.

One can give another intuitive perspective to Eq. (50) of
the single recollision case while discussing the nondipole
dynamics of the electron in the cusp, which has an initial
momentum only along the laser propagation direction p; =
(0,0, pi;), and comparing it with the dipole case. The electron
dynamics in the nondipole and in the dipole case will be similar
if the recollision impact parameters are the same, z, = z?,
where the parameters of the dipole case are indicated with the
upper index (. The rescattering coordinate in the nondipole
case is z, = (p;; + P,4)(t1 — 1tp), while in the dipole case,
it is simply z© = p,l)(tl — ty). Thus, the electron dynamics
will be similar in both cases if p; = pu. — D.q» 1.€., when
the electron has an additional initial momentum opposite to
the laser magnetically induced drift. The similar dynamics
means, in particular, the same rec-CMT: p;, & pg?. Because
in the nondipole case the cusp is at vanishing momentum, i.e.,
p;?) + pﬁg) ~ 0, we arrive at the relation p;;, = —p;; — P4,
corresponding to Eq. (50) with p_; = 0. The comparison links
the averaged drift momentum before the first rescattering
directly to the asymptotic momentum of the cusp electrons,
which can now be estimated via Eq. (39) as

2 2
A o A
2c 2c

where an intriguing interplay of the rec-CMT and of the
magnetic drift contributions given by their opposite signs is
revealed.

In the general case of multiple recollisions, we derive the
asymptotic momentum using Eq. (49) as

Dif = Pz + Ppiz +

 A%uy) _ PiA) )
pi 2¢ c pzd
7 _(1) _(n) Ta(tn — o) 5
+ Z P — zd 3 ’ ( )

n

where we sum over N recollisions. The first three terms in this
equation can be combined, yielding

T, —
pep N Ty + 2 Z (Pl — ot % (53)
n

where

0 _ L ey AW AW
W=y = + 2
1 Uy Ju, c c

with ug = u; and asymptotic longitudinal momentum p,; =
—A(u;) + pxi. Note that the latter equation coincides with
Eq. (51) in the case of the single rescattering as p.; = —p_; +

A2u;)/(20) = T

}du, (54)
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FIG. 3. The manifestation of the breakdown of the dipole approx-
imation in photoelectron momentum distribution: CTMC simulation
for hydrogen in intense laser pulse of linear polarization E, = 0.0407,
o = 0.012 and the laser pulse duration 15.7/w. The peak of the
cusp was estimated via the first term in Eq. (53), p.; = —Tild) (black
solid line), further via the full Eq. (53) (red dashed line), and finally
calculated as a sum of in-CMT and rec-CMT at each recollision via
the analytical formulas of Sec. III (green dotted line).

Equation (53) is the main result of this section, which
predicts the momentum shift of the Coulomb focusing cusp
in the nondipole regime. In the case of a single recollision,
which is the case at rather large final p, (pxr 2 0.52 a.u. in
Fig. 3), the momentum shift is determined by the first term

Pzf =
. = . .
laser magnetic field Tid) during the electron excursion in the

laser field. This term is determined only by the laser parameters
as well as by the ionization and recollision phases, ug and uy,

1 . .
—Ti d), i.e., by the average drift momentum due to the

respectively, via 721)2 see also [75]. As we show in Fig. 3, our

analytical formula p.; = —721) represented by the solid line
gives remarkable agreement with the cusp bend obtained by the
fully numerical CTMC simulation for large and intermediate
values of longitudinal momenta. It explains the positive shift of
the cusp at large p,, as well as the counterintuitive negative
shift at lower p,, due to dominating rec-CMT at the single
recollision.

In the case of more than one rescattering, the second term in
Eq. (53) quantifies the role of multiple recollisions. Although
the second term is more complicated for exact calculations,
it contains a very simple qualitative message: the multiple
recollisions are the reason to decrease the negative shift of
the cusp and to move it towards the vanishing momenta at
very low p,¢. The increasing number of recollisions at smaller

0.025
002 [ + t;=4.087 +
- +
z 0.015 F + ]
=% 001 | *
T
0.005 F p
0 L L L L
1 2 3 4

FIG. 4. The average magnetically induced drift momentum ﬁ(z’;)
obtained until the nth rescattering for the ionization time #; = 4.087,
corresponding to the multiple rescattering case at p, ~ 0.3.

Dxs leads to smaller negative shift of the cusp. This message
stems from the fact that the second term is positive because of
a relation ﬁi’;) > ﬁgj, atk < [; see Fig. 4.

Besides the mentioned qualitative message, Eq. (53) can
also provide a way for a quantitative estimate of the nondipole
momentum shift of the Coulomb focusing cusp. We compare
the results derived from Eq. (53) with fully numerical CTMC
simulations in Fig. 3. While the first-term contribution de-
scribes very well the peak of the cusp for large longitudinal
momenta (p, 2 0.52) when only a single rescattering exists
(the horizontal fringes in the photoelectron momentum dis-
tribution correspond to the slow recollision condition; when
one crosses the horizontal line towards lower longitudinal
momenta, the number of rescatterings increases by one), a
relatively large discrepancy appears at lower momenta, when
the negative shift of the cusp begins to decrease, tending to
zero at very low energies. The evaluation of the full Eq. (53)
is shown in Fig. 3 by the dashed line. For the evaluation of the
sum, the recollision coordinate and momentum are required for
the specific trajectories ending up at the cusp. The latter are
found approximately using the zero-order trajectory corrected
by in-CMT. The initial momentum of the trajectories p,; is
found using the condition of Eq. (38), along with the analytical
formulas for rec-CMT. The calculation via Eq. (53) shows the
tendency to decrease the nondipole shift of the cusp at low
energies. Thus, the simplified formula of Eq. (53) catches the
main features of the cusp shift and proves the corresponding
qualitative message.

In intuitive terms, when there is more than one rescattering,
the nondipole dynamics is no longer similar to the dipole
case. In fact, by a single parameter of the initial transverse
momentum, one cannot fix the impact parameters of multiple
scattering events to be the same as in the dipole case.

Whereas the positive offset of the bend can be attributed to
the magnetic drift p,; = A%(u;)/2c, the negative offset can
be seen as a result of a counterbalance between the CMT
p1. and magnetically induced drift p.4(u,u;). Due to the
magnetically induced drift, the electron moves in the positive
z-coordinate direction and gains a negative CMT in the z
direction at the rescattering; the larger the drift (which is the
case for the smaller longitudinal momentum), the larger the
rec-CMT becomes in the z direction. Such picture holds for
relatively large longitudinal momenta with a single recollision.
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FIG. 5. The evolution of the compensated momentum of the
electron p(¢) + A(z), which indicates the history of the CMT. The
example shows the trajectory which ends up at the photoelectron mo-
mentum distribution cusp, tunneled at #; = —1.25 with p,; = 0.116
and p; = 0. (a) The p, momentum component changes significantly
at the end of the laser pulse (r &~ 2200). (b) Negative rec-CMT of the
p. at the end of the laser pulse where we isolated the contribution of
the Coulomb interaction and plotted it by a yellow dashed line.

Nevertheless, the simulations have shown that the offset of the
cusp at lower longitudinal momenta bends again towards the
laser propagation direction, which is related to the increasing
number of recollisions. The effective drift in this case is
decreasing as ﬁ(;; < ﬁg}, which consequently decreases the
total CMT in the z direction.

There is a second reason for the photoelectron momentum
distribution cusp to shift towards vanishing momentum at very
low energies. The low-energy electrons are still rather close
to the parent ion when the interaction with the laser pulse
is over. At this point and later on, the focusing property of
the Coulomb field manifests and pulls these electrons towards
the ion, decreasing further the transverse momentum; see an
examplein Fig. 5. As we can see in Fig. 5(a), the p, momentum
component changes significantly even at the end of the laser
pulse, where the recollision picture no longer holds, and the
condition given in Eq. (40) is not applicable. Figure 5(b) shows
nontrivial negative CMT for the p, at the tail of the laser pulse,
which is not incorporated in our simplified discussion in this
section. We estimated the position of the cusp by the asymp-
totic Kepler formula using the position from the numerical
trajectory at the end of the laser pulse and the momenta from
Eq. (53). The result is that only the low-energetic trajecto-
ries near the origin are slightly influenced, yielding a better
agreement with the simulation in this region than shown in
Fig. 3.

Finally, let us note that the dotted line in Fig. 3 shows
the final momentum of the cusp electron, which is calculated

using our analytical formulas for rec-CMT at individual rescat-
terings, with recollision parameters derived from the fully
numerical trajectory. It serves as a proof of accuracy of the
derived analytical formulas for rec-CMT.

VI. CONCLUSION

We have developed an analytical model for a quantitative
description of Coulomb focusing effects in laser-induced
strong-field ionization. Under the assumption that the Coulomb
field effect is a perturbation for the near recollision laser-
driven trajectory, we have derived analytical formulas for the
CMT at recollisions which depend on the local recollision
coordinate and momentum. For an effective treatment of CMT,
we classify the recollisions into two types: slow and fast
recollisions. The nondipole effects are shown to be negligible
during the brief time of the recollision; however, they are indi-
rectly incorporated in the theory via the recollision coordinate
and momentum. Within the same model, we have derived
essential higher-order corrections to the known expressions
for the initial CMT at the tunnel exit [80] (the precision
of the derived formulas is examined in the Supplemental
Material [81]).

The applied perturbative treatment of the Coulomb field
effect is well suited for the description of Coulomb focusing,
which is due to multiple forward scattering of ionized electrons
by the atomic core at large impact parameters during excursion
in the laser field. In contrast, the hard rescatterings with a
small impact parameter, which are not perturbative, induce
well-known processes of above-threshold ionization.

The derived analytical formulas for the CMT, employed
along with numerical simulations, can help one to gain insight
into the detailed features of the Coulomb focusing effect in
different laser field setups, e.g., in two-color or elliptically
polarized laser fields. In particular, they allow estimation of
the role of each particular rescattering event, which is hidden
in the fully numerical CTMC simulation, but essentially helps
to develop an intuitive picture for Coulomb focusing. The
way in which the high-order rescatterings influence Coulomb
focusing will be investigated in more detail in the second paper
of this series.

Finally, we have employed the derived analytical formu-
las for CMT to gain insight into the nontrivial features of
the photoelectron momentum distribution in the nondipole
regime. We have obtained a simple analytical formula (53)
describing the nondipole shift of the photoelectron momentum
distribution cusp in the laser propagation direction. The peak
of the cusp in the photoelectron momentum distribution in the
nondipole regime is positive at large longitudinal momenta,
but becomes negative at intermediate values, and moves again
towards the laser propagation direction for even lower rates.
We have explained this counterintuitive behavior of the peak
of the cusp by relating it to the laser magnetically induced
average drift. The increase of the negative shift of the cusp
at decreasing longitudinal momentum is explained by the
increase of the laser magnetically induced average drift until
the single recollision. The decrease of the negative shift of the
cusp at very low longitudinal momenta is shown to arise due
to multiple rescatterings.
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APPENDIX A: CMT AT SLOW RECOLLISIONS

From Eq. (16), we calculate rec-CMT for slow recollision
along the trajectory approximated by Eqgs. (18) while extending
the integration limits to infinity (§ — 00). The results yield

—nZ 3x,
Plxs = P Slgn [E(ur)]_
EIE@)IO7 +22)r N "
— sign [E(u,)] P~ 1{—Sign[E(ur)]&}>, (Al)
2 }"r
3nZ r _ . Xr
Plys = — Y PN —sign[E@~ |,
JPIE@(O? +22)rp rr
(A2)
3nZz, _ . X,
Plos = — P —sign [E(u,)]= ¢,
\/23|E(u,)| (2+22)r2 r
(A3)

wherer, = \/x? 4+ y? + z2 and P}*(1) is the Legendre function
of the first kind which emerges during the integration, using
the tabular integral [82]

/'Oo x*ldx
o (1+4+2xcost+ x2)

v—1/2
2 1 1/2—v
= Sl r'fv+ 3 B(w,2v — w)P,~,_ ]/2(005 1),

(A4)

where I (x) stands for the Gamma function, B(x, y) for the Beta
function, P}!*(x) for the Legendre function of the first kind, and
—r <t <m0 < Re(n) < Re(2v).

For illustration, we show the behavior of the Legendre
functions in Fig. 6. Both functions diverge for n — —1,
which is, however, out of the region of our interest since
the condition x, < ./y? +z2 is fulfilled at the recollision
and leads to the restriction on the argument of the Legendre
function |s1gn[E(u,)] | § 5 The other possible case of

X > yr + zr along w1th E(u,)x, > 0does not belong to the
soft-recollision case. It corresponds to the hard-recollision case
with a large rec-CMT, which is beyond the present treatment.

J

' 47 1
I. 1 P:1/2(77)
i 34 P - -
\ 2+
R a
-1 -0.5 0 0.5 1
n

FIG. 6. The Legendre functions within the valid range given by
Egs. (A1)—(A3). Distinct values are P. 3/2(0) ~ (0.787 and P_ 1/2(0)
1.08. Both functions diverge at n — —1, which is out of the region of
our interest since physically relevant cases correspond to || < 1/4/2.

The Legendre function of the first kind can be expressed for

real x € [—1,1] as
1 1+x :
r'a—-—w\1—=x

X 2 Fy <—v,v +1;1—

Pl(x) =

1—x AS
"= ) (AS)

via the hypergeometric function ,Fj(a,b;c;z) [82], which
gives
PO =2F(3-3

2;1) =0.786894,  (A6)

P7H0) = 2Fi(5,3:2; 5) = 107871, (A7)

APPENDIX B: CMT AT FAST RECOLLISIONS

In the case of a fast recollision, the first-order correction
to the momentum is given by Eq. (16), using the approximate
expression for the trajectory of Egs. (22). Once we substitute
for the lower and upper limit of integration u, — § — u, +
oy and u, + 8 — u, + o, respectively, we can evaluate the
integrals for each component and arrive at

o2
DPix,f X Z Pxr[Qr Pyr + 20 p2r)o + wrr] , (BI)
[p)zcrrrz + (VrPor — eryr)Z]\/p%ro.z + (pyro + wyr)* + (pr0 + wz,)? oy
2 ”
—yplg— — 2Py o
Py~ Z — Yr Pxr . (yrpzzr _ zr Py )@z, + pzzr ) > s (B2)
[pxrrr + OrPzr — 2 Pyr) ]\/pxra + (pyro + wyr)* + (pr0 + 0zr) ai
2 ”
~ —2r P30 = OrPar = 2 Pyr)(@Yr + PyrO)
Plz,f ~ 7 5 , 5 5 P 2 (B3)
[P272 + e — 2Py PV P02 + (o + 03,2 + (poro + w2,)

While in the dipole limit relation y, p,» = z, py, holds due to symmetry, in the nondipole case y, p,
U, 2
f Pza(u,u;)du] ~ y, c&~. The terms proportional to (y, p,, —

Uyr—u;

o1

— Zr Pyr X yr [Pzd(”r,ui) -
Zr py,)2 in the denominators in Egs. (B1)—-(B3) are & 2 times

smailer with respect to the leading term (in estimation we use p,, ~ c£€) and can therefore be neglected with respect to the
expansion parameter € of Eq. (3), which can be rewritten as € ~ (§/y)s/E,/Ey. Using p,,0/w ~ y,, one can show negligible
contributions of the magnetic drift terms with respect to the leading one in the numerators of Eqs. (B2) and (B3) by a factor of &.
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Thus, after neglecting the discussed terms, we have

plx,f ~Z

Piyf~Z

Pz, f ~Z

with o and o, being the lower and upper limits of integra-
Y, p gr + p zzr'

In the rescattering picture, the limits o and o, can be set to
+00, yielding, for fast recollision, Egs. (23)—(25).

For high-order fast recollision, the recollision picture may
break down, which means that the CMT (although being
rather small) is not decreasing sharply when the electron
leaves the recollision point. In this case, Egs. (23)-(25) do
not provide a good approximation. Our analysis shows that
better approximation is achieved with o = —Mod(u,,7) and
0y = — Mod(u,,m), which correspond to the integration
between the surrounding turning points of the trajectory. For
fast recollision [i.e., with vanishing laser field E(u,) ~ 0] and
beyond the recollision picture, we can set 0] = —op, = —7m/2
in Egs. (B4)-(B6), yielding, for fast recollision in the leading
term,

tion, respectively, and p,, =

2r ZpJ_r

Pix.fb &~ )
I Dartry/ PE7? + 4@?r?

2 Zy,

Py, fb =~ — )
’ 2 /272 2.2
riy/ pims + 4wty

2nZz,
Plz.fo =~ — .
! r2y/ prn? + 4w?r?

Let us estimate conditions when the recollision picture is
violated. This is the case once the transversal distance at fast
recollision is comparable or greater than the amplitude of the
quiver motion. There is also a restriction on the longitudinal
momentum p,,, which can be derived assuming Egs. (20) and
(21),and (24) and (25), to yield comparable results to rec-CMT.
These conditions read

B7)

(B8)

(B9)

E(u,

oz B, (B10)
E ) r

per\/—l (uz)lr. (B11)

APPENDIX C: CALCULATION OF IN-CMT
1. First order in-CMT

The first-order approximation for in-CMT uses the unper-
turbed trajectory,

E(u;) 2

x0(0) 3 = — =00,

(ChH

P10+ ” (B4)
_px’r’\/p)zcraz + (per' + wyr)z + (pyo + CUZr)2 o ’
03
—oy,
, (B5)
_rrz\/p)zrro-z + (PyrU + wyr)z + (pzo + wzr)z o,
o
—0z,
; (B6)
|2V P + (pyo + 0y, P + (o + 0z, |
[
20(0) ~ Mo, (2)
w

with the coordinate zo(o') along the initial transverse momen-
tum, and the momentum corrections in this order are

Z (" sign[xo(u)]
pmm=——f—§7l—w, (C3)
w Jy, xy(u)
Z (" zo(w)
pr =2 [ B0 (&
® Ju, |x3)
The integrals are evaluated for x; < 0 as
w Zo Zy(u;)arctan [o/y (u;)]
u)= .
P 201+ 02/y2(up)] 2w
PLi 1
= — 1%, C5
P Mwmin+ﬂw%m2 } ©)

with y(u;) = \/21,0/|E(u;)|, which at 0 — oo yields in-
CMT formulas as derived in [80], reading

Zn Zmw E(u;)
Pijl,in = = 3 (Co)
231x; 3| E (u;)] 21,)
Zpy 2Zp,|E(u;)|
in = — = — C7
N VTN @1, €D

2. Second-order corrected in-CMT

For calculation of the second-order in-CMT, we need
the first-order correction to the trajectory, which is found
integrating Egs. (C5),

Zoy(u;) o Zo?
= t N — C8
1(0) inz > arctan |:y(ui):| 2w2xi2 (C8)
Zpiio
- , Cc9
ZI(U) 6a)3|x3| ( )

where we keep only the leading terms in the expansion over
the small o. The correction to in-CMT is calculated using the
first-order correction to the x coordinate of the trajectory, but
neglecting the correction to the z coordinate, as it is small,
determined by the small initial transverse momentum.
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The second-order corrected in-CMT can be expressed via the exit coordinate x;,

nZsign [E@)I[, | 4Z —3p?,|x| |
Patn = = [1 Pty o) |, (C10)
23| E(u;)x} | 8IE(u:)|x; xtE?
Zpui 47 —3p2 . |xi] ( 1 )]
e ! l 0 : Cll
P 2|E(u,~)|x?[ 6| E(u;)|x? xIE? (C11)

Let us note that it is easy to identify the term ~Z in the expansions in Eqgs. (C10) and (C11) as the second-order momentum
correction, whereas the term ~p? ., is the correction in the first order due to the transversal motion.
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