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Nonadiabatic tunneling in circularly polarized laser fields. II. Derivation of formulas
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We provide detailed analysis of strong field ionization of degenerate valence p orbitals by circularly polarized
fields. Our analytical approach is conceptually equivalent to the Perelomov, Popov, and Terent’ev (PPT) theory
and is virtually exact for short-range potentials. After benchmarking our results against the PPT theory for s
orbitals, we obtain the results for p orbitals. We also show that, as long as the dipole approximation is valid,
both the PPT method and our results are gauge invariant, in contrast with widely used strong field approximation
(SFA). Our main result, which has already been briefly outlined in [I. Barth and O. Smirnova, Phys. Rev. A 84,
063415 (2011)], is that strong field ionization preferentially removes electrons counter-rotating to the circularly
polarized laser field. The result is illustrated using the example of Kr atom. Strong, up to one order of magnitude,
sensitivity of strong field ionization to the sense of electron rotation in the initial state is one of the key signatures

of nonadiabatic regime of strong field ionization.

DOLI: 10.1103/PhysRevA.87.013433

I. INTRODUCTION

The analysis of ionization in strong low-frequency laser
fields is often based on adiabatic approximation. In this
approximation, ionization is treated as tunneling through a
static (or quasistatic) barrier created by the binding potential
and the voltage drop due to the electric field of the laser
pulse. This picture implies that the electron does not see the
oscillations of the low-frequency laser field during ionization,
i.e., tunneling happens “faster” than the oscillation of linear or
the rotation of circular field. Formally, this picture corresponds
to the limit y <« 1, where y = \/ZT,, /& is the Keldysh
parameter [1], I, is the ionization potential, @ is the laser
frequency, and £ is the strength of the laser field.

However, for typical experimental conditions, both for
linear and for circularly polarized fields [2-7], the Keldysh
parameter is often in the nonadiabatic tunneling regime [8,9],
i.e., y ~ 1. Therefore, the adiabatic-based interpretation of
these experiments is questionable. In particular, we have
shown in Ref. [10] that for strong field ionization in circularly
polarized laser fields, the sense of electron rotation becomes
significant already for y < 1, i.e., even when using longer-
wavelength laser radiation than the standard 800 nm, e.g.,
1300 nm as in Ref. [5]. As a consequence of nonadiabatic
effects, the counter-rotating electron can have up to one order
of magnitude larger ionization rate than co-rotating, depending
on the laser field parameters. Our theoretical prediction has
now been confirmed by the experiment [11].

The goal of this paper is to expose our calculations and
discuss the approximations we have used in deriving simple
formulas for ionization rates presented in Ref. [10]. We follow
the theory developed by Perelomov, Popov, and Terent’ev
(PPT) [12,13] for short-range potentials and apply it to p
orbitals. Including effects of the long-range Coulomb potential
in standard way [14,15] does not change our conclusions for
the ratio of ionization rates from p, and p_ orbitals. Including
non-adiabatic Coulomb effects [16] will be considered sepa-
rately [17]. The Stark shift of the initial state is not included
in our analysis, but it can be calculated separately [7,18] and
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used to correct the field-free ionization potential used in the
present calculation.

The key advantage of the PPT approach is its gauge
invariance, which is discussed below in the paper. The violation
[19-21] of gauge invariance in strong field approximation
(SFA) leads to both technical and conceptual problems [22]. In
particular, for the ionization of p orbitals by strong circularly
polarized fields, the SFA yields inconsistent results in both
gauges [23,24], which contradict experimental measurements
of either ionization yields [11] or electron spectra (see, e.g.,
Refs. [2-4,6,7]). Note that in linearly polarized fields the
length gauge SFA and the PPT theory yield equivalent results
for short-range potentials [25]. The results of length gauge
SFA and the PPT are different if long-range effects are taken
into account, with length gauge SFA leading to incorrect
prefactor of ionization rate [1]. The deficiencies of velocity
gauge SFA are well documented [19-21] and are significant
even for short-range potentials, e.g., velocity gauge SFA
predicts identical total ionization rates from p. and p_ orbitals
[23].

Our analysis reveals that optimal quantum trajectory, which
minimizes electron action under the barrier, corresponds to
initial nonzero lateral velocity in direction opposite to the
rotation of the laser field. The weight of this trajectory is
determined by the direction of electron current in the initial
orbital and is higher for p_ orbitals in case of right circular
polarization of the laser field.

Finally, we show that nonadiabatic dynamics of strong
field ionization leads to nontrivial rotational dynamics of the
hole left in the ion. This dynamics leads to the generation of
electronic ring currents in ions [26,27], and the coherence of
this dynamics can be probed with attosecond time resolution
using attosecond transient absorbtion technique demonstrated
recently in Ref. [28].

This paper is organized as follows: In Sec. II, we derive
analytical formulas for the ionization rates based on the PPT
theory. We first benchmark our results for s orbitals against
the PPT results [12]. We then derive the results for py and
p+ orbitals. In Sec. III, we apply these formulas to the strong
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field ionization of the Kr atom. Section IV concludes this
work.

II. THEORY

A. Ionization model in circularly polarized laser fields

The PPT formulas for the atomic ionization rates were
derived for the strong field ionization in linearly, circu-
larly, and elliptically polarized laser fields [12,13]. However,
for circular and elliptical polarizations, there are formulas
only for s orbitals. In this section, we derive the analytical
formula for the ionizaton rates in circularly polarized laser
fields also for p,, orbitals with azimuthal quantum numbers
m = 0,%1. The right (+) or left (—) circularly polarized laser
field is defined as

E.(t) = &[cos(wt) e, & sin(wt) e, ], (1)
which is connected with the vector potential,
A (1) = —Ap[sin(wt) e, F cos(wt) ey ], 2)

by the relation E4(r) = —dAL(t)/dt, where £ is the electric
field amplitude, Ay = £/w is the velocity amplitude of the
electron oscillations in the laser field, and w is the laser
frequency.

We assume that the electron ionization from the valence
p shell is described by the time-dependent Schrodinger
equation (TDSE) in single active electron model within dipole
approximation,

9 V2
v Yi(r,r) = [—7 + V(@) +r- Ei([)] Yu(rr),  (3)

where V(r) is the effective potential and the atomic units are
used throughout in this work. The exact solution of this TDSE
is the integral equation for the time-dependent wave function
Y4 (r,t) starting at time £y [12],

alr) = / At Go(r, ¥ ) Yra (€ 1)

—if dt,-/dr’Gi(r,t,r’,t,-)V(r’)t//i(r’,ti), “)

where
0t —1;)

Gty )= —=
+(r,,r.1) Qn)

/ dk eivi(t)rfivi(z,v)-r’e*% ﬁ: vi(r)de

®)

is the Green’s function of the electron for motion in a circularly
polarized field,

ve(t) = K+ Ax(r) (6)

is the instantaneous electron velocity, and k is the final
momentum observed at the detector. Moreover, we divide
k =k; +k, into two components k; =k, e, + ke, and
k, = k, e;, which are parallel (k; || A+(#)) and perpendicular
(k. L AL(?)) to the laser field, respectively.

The first term of Eq. (4) does not contribute to the ionzation
rate, because it describes the smearing out of the initial state
[12]. As in PPT theory, the main approximation of this theory
is the neglect of the distortion of the initial wave function
Y+ (r',1;) by Stark effect prior to ionization at time ¢;, i.e.,
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we replace the exact wave function ¥, (r',f;) on the right
side of Eq. (4) by the wave function of the bound orbital
for the free atom ¢;,,, (r')e'’»i with quantum numbers [, m, and
ionization potential /,. Using the field-free TDSE, the term
V()L (r',¢) is replaced by

V()" = (Vi =20 )gun(De . (T)

As already described in Ref. [12] in detail, the difference
between two wave functions 1. (r’,#;) and ¢y, (r')e' i is small
for short-range potentials, i.e., the potential V(r) falls more
rapidly than the effective Coulomb potential ~1/r. However,
the Coulomb corrections can be introduced using standard
recipes [14,15] involving the time integration of the Coulomb
potential along the optimal trajectory. In this work, we use the
short-range potential and will include Coulomb corrections in
our future work.

Furthermore, we assume that the laser field is turned
on at ty - —oo adiabatically. Then, using the momentum
representation of the wave function,

Gin(K) = f dre gy, (r), (8)

(27)32

and the abbreviation,

Gin (Ve (1)) = L[V (®)? + 211G (v (D)), )

we get the approximative electron wave function from Eq. (4),

t

i . . i 2
Yi(r,t) = 2 )3/2/ dt; ¢!l /dke’vi(”'re 2 J Ve dr
) —00

X P (VL (). (10)

For circularly polarized fields, it is advantageous to use
cylindrical coordinates (p,¢,z) instead of Cartesian ones
(x,y,z) in coordinate space related by x = pcos¢ and
y = psin¢. Similarly, we introduce cylindrical coordinates
(ky,0,k;) in momentum space with relations k, = k, cos 6 and
ky =k,sin6, thus k> = ki + k3 = ki and k* =k} + k2 =
ki + k7. With Egs. (2) and (6), two exponents in Eq. (10)
are expressed as

ive(t) -r=ifr(ky,0,0,t)p +ik.z, (11)
and
—% /,it vi(r)dt = —% (K + A7) (t — 1;)
—ik-[§.(0) - & ()], (12)
where
Sfalk,,0,¢,t) = k,cos(0 — @) — Agsin(wt F ¢), (13)
and

£.(1) =EL(t)/o’. (14)

B. Derivation of the formula for the time-averaged
ionization rate

We follow the derivation of the formula for the ionization
rate in Refs. [12,13] based on the PPT approach and repeat
it here for clarification and only for the case of circular
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polarization (¢ = 1). The time-averaged ionization rate
w4 (€, w) is equal to the time-averaged radial flux at the infinity
p — o0, ie.,

wi(€,w) = lim Ji(p,1). (15)

p—>00
The radial flux J.(p,t) is evaluated as the integral of the radial
component of the flux density j,+(r,?) over a cylinder of radius

o with its axis along the propagation z axis of the circularly
polarized laser field, i.e.,

oo 2
J:t(/)»t) = p/ dZ/ d¢ jp:t(lo’¢?z’t)7 (16)
—00 0

where j,.(r,?) is defined as

(I/fi(l‘t) Yirn) — I/fi(l‘t) I/fi(l‘t))
a7

jp:t(r9t)

Inserting Egs. (10)—(12) into Eq. (17), we get

1 .
)= —— [ dk, [ dky etk C—Ew)
Jpx(r,1) 2(2n)3/ 1/ ) e
X (fe(k1p,01,0,1) + fr(ksp,02,0,1))

t
i 2 2 .
x/ dty; e2®TAT2I=0) f (g

—00

t
i 2 2
x/ dty; e 2 ANF—LD B (Ky 1), (18)

—00

where the function,

Fi(K,1) = @ (ve(t))e 4+ (19)

contains terms with complicated, but periodic time depen-
dence. Expanding F4 (k,?) into the Fourier series,

Fikit)= Y F(kw)e ", (20)

n=—00

0

=2mi (k3,

— ki, — 2kap Ag sin(w! F 62) + 2k, Ag sin(wt F 6;))
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with the Fourier coefficients,

1 T .
Frath.o) = / d(o) Fakne™,  21)

g

and carrying out time integrations in Eq. (18), according to
(aeR,5>0),

t :l:
/ dr’ eFiat=1) — Jim —— (22)
o §—0a+is’

yields the final formula for the radial component of the flux
density (§ > 0),

1 .
i - im — i(ko—ky)-(r—§.(1)
Jox(r,t) = lim 20n) /dkl/dkz e
X (fi(klp,91,¢,l) + fr(kap,02,0,1))

A2 -1
X Z ,i(klsw)|: —i-?—i-l —nm—i—z&]

nj=—00

AZ -
X ZFnZ:I:(stw)[ +7+1 —nga)—uS]

ny=—0o0
X e—i(nz—nl)u)f' (23)

This expression is then inserted into the formula for the radial
flux Ji(p,t), Eq. (16). With

i(ky — ki) - r = ip((kae — kix) cos ¢ + (kay — k1)) sin@)
+ ik, — k12)z, (24)

the z integration is easily carried out, i.e.,
o .
[ azetror —omstes, ~ k)
—00
x eip((kzx—ku)cos¢+(kz,-—k|y)Sin¢). (25)

But the evaluation of the ¢ integration is challenging.
Using Eq. (13), the Euler’s formula, and the substitution
|k2|| — k1||| sin ¢/ = (k2x — le)COS¢ + (kzy — kly) sin ¢), the
¢ integral is evaluated as (see Appendix A)

2
/ d eip((kzx*klx)Cos¢+(k2y*k1,\‘)Sin¢)(fi(klp,91,(f),t)—I— Sfilkop,602,0,1))

Ji(olky — Ky

(26)
ko — k|

where J,(x) is the Bessel function of the first kind; cf. Ref. [13]. Then, we carry out the simple integration over k;, and get the

result for the radial flux,

Ji(plky — k
Ji(p.t) = lim — / dk; / dkoy e k80 (12 12 o)y Agsin(or F 0) + 2Kk, Ag sin(or F 6)) 2 ‘|(lf| 2”k |'”|)
2 — Byl
xf dk, Z Fr (ki k),0) [k, + K2 + A 421, — 2mo + i8]
- np=—00
> 1
X Z Foi (ko k2),0) [k3) + k2 + Af + 21, — 2npw — i8] e/, 27)

ny=—00

To obtain the limit of the radial flux at the infinity p — oo, we apply the relation for the arbitrary function g(k) (see Appendix B),

111’1’1 /dkH g(k‘)

P 1(,0 ||)

ﬂfdkn g(k||)5(kH), (28)
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cf. Ref. [13], carry out the integration of the radial flux over k;,, and use Eqgs. (1) and (14), and the substitutions k4 = ky, &+ k.

Then, the intermediate result is

o0

o0

Ak [} %) S o )
lim Ji(p,t) = limi / dk_ 8(k_Hk_e~ "0~ cosen / dk, / dk, § j § e e / dky ho(ky)
p—>00 §—0 —00 —00 - —00 —00

nj=—00 ny=—00

-1 -1
L 22,2 2 _ . 1 2, 12, 12 2 _ .
X 4(k+ ko) +ky +k; + Ag+21, —2nmow+ié 4(k++k_) +ky+k;+ Ay +21, —2mo —id|

where the analytical function A(k.) is defined as

ky —k_
hatky) = (kg — 240 Sin(wl))Ffli((JFT,ky,kz),w)

ks +k_
x F,,zi( <%,ky,kz) ,a)). (30)

It is now shown in Egs. (29) and (30), that the ionization
rate depends on the sense (&£) of circular polarization only
in the function Fi(k,?) [Eq. (19)]. By further deep analysis,
the k integrand in Eq. (29) has four poles whose locations
on the complex plane and corresponding residues depend
particularly on n; and n;. For k- =0 and 0 # n| # ny # 0,
all four residues are finite, thus the k_ integral in Eq. (29)
would be zero due to the appearance of the factor k_ in
the integrand. Therefore, the condition for the number of
photons n = n; = ny must be satisfied. Furthermore, for
2nw < k% + kz2 + Aé + 21, there are only two residues that
could contribute to the ionization rate, but in the limit k_ = 0
these residues are opposite. Therefore, we consider only the
case 2nw > ki + k2 + A} + 21, where only two residues
contribute to the ionization rate. By the way, we denote the
quantity ny as the minimal number of photons required for
ionization in circularly polarized laser fields, i.e.,

_ A

1 2U, +1

2w w w

) €Y

where U, = A3/4 is the pondermotive potential. Comparing
to the case for linearly polarized laser fields, the mean kinetic
energy of the electron in a circularly polarized laser field
A% /2 =2U, is twice as much. Applying the residue method
for the k. integral and evaluating the k_ integral, we get the
expression for the radial flux at the infinity (see Appendix C),

lim J.(p,1)
p—>00

o 00 0
:7‘[2[ dkyf dk.

n>nyg %
hi(z [k2 — k% — kf) — hi(—Z k2 — k% — kf)
X k2 — k2 — k2 ’
n y z
(32)
where
k2
?” = (n —nop)w. (33)

(29)

Using Eq. (30) fork_ = 0andn = n; = ny, i.e.,

k
Fni( (%kﬁc) ,a))

time averaging over a laser cycle, and using the relations
for the § function 8(a®> — x?) = [8(a — x) + 8(a + x)]/(2|a|)
and S(ax) = §(x)/|a|, we obtain the final formula for the
ionization rate from Eq. (15) as a sum over multiphoton
channels,

2
hs(ky) = (ki — 2A¢ sin(wt))

)

(34)

we(€,0) = Y wy(E ), (35)

nz=ngp

and
kK> k2
2 2
which coincide exactly with Egs. (13) and (14) of Ref. [13] for
circular polarization, respectively. In Eq. (36), we recognize
that there is the conservation law, namely k = k,,, that means
that the electron kinetic energy is equal the photon energy
minus the mean electron energy in a circularly polarized laser
field and the ionization energy [cf. Egs. (31) and (33)], i.e.,

k2

k2
E:?":na)—ZUp—I,,. (37)

Wy (€,w) =27 / dk s ( ) |Fox (k,0)[*, (36)

C. Gauge invariance

The length gauge was used in the derivation as in the
original PPT approach. However, we note that the result
for ionization rate is independent of the gauge. Rewriting
Egs. (3)-(5) using the velocity gauge yields substitution of
the original wave function . (r,?) in the length gauge by
Yo (r,1)e”A+OT in Eq. (10). Thus, in the right-hand side of
Eq. (10) the term e'¥+()T is then replaced by e+ Te—/A=(0T —
€'*T and the function in Eq. (13) is therefore time independent,
ie., fi(k,,0,¢) =k, cos(@ — ¢). Following the derivation in
the previous section, Egs. (26) and (30) do not have any
time-dependent terms anymore, yielding the time-independent
radial flux in Eq. (32). Therefore, time averaging over a laser
cycle is unnecessary in the velocity gauge, yielding the same
result for the ionization rate as in Egs. (35) and (36).

D. Derivation of the formula for the probability
of the n-photon process

The function |F,+(k,)|* in Eq. (36) describes the prob-
ability of the n-photon process in circularly polarized fields,
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which is derived in this work not only for s but also for all
atomic orbitals, thus beyond the derivations in Refs. [12,13].
With Egs. (19) and (21), we start with the general formula for
the probability of the n-photon process at k = k,,,

/o 2
/ dt g (V(1))e" &0 ,
—/w k=k,
(38)

2

Iﬂﬂkw@h=zﬁ

where the action S+ (k,?) at k = k,, is

Se(,D)k=k, = K- (EL(1) = EL(0)|k=k, +nowt.  (39)

It is also obtained by the well-known expression for the action,

l t
Sy(k,t) = 5/ ve(r) dt + Iyt (40)
0

the conservation law (37), and the relation,

1 [ k2
5[ vi(r)rdr = <E + 2Up) t+k-(6L) —£.00),
0
(41)

cf. Eq. (12). Using the saddle point method applied for
@ K I, and w < U,, we obtain the simple expression for
the probability of the n-photon process,

2 2

w 2
472

iS+(k,1;)
m L
Gim(VL(1:))e STk.0)

|Fur (k)i =

Kk
(42)

It means that the integral in Eq. (38) is accumulated mostly
in the small region around the so-called (complex) ionization
time #; which is uniquely linked to k and determined by the
saddle point equation,

0 va(t)?
— Si(k,1) = — +1
ot k=k, t=t; 2 k=k, !
0
= Tk-£.0) fnw=0. (43)
ot [ —
With
Ay k,% - kZ2
k-&§. ()=, = T cos(wt F 0), (44)

the saddle point equation [Eq. (43)] is rewritten as
sin(wt; F 0) = xu(k2), (45)

where

nw
Xn(ky) =

nw
=
AO« / krzl — kzz AOkn

Using Eqgs. (31) and (33), the variable yx, is reexpressed as

nw n2(1+y?)
Xn = 3 = , A7
2A0(n — }’lo) 41’!0(1’1 — I’l())
where y = ,/21,/Ag > 0 is the Keldysh parameter [1] dis-

criminating between adiabatic tunneling (y < 1), nonadi-
abatic tunneling (y ~ 1) [9], and multiphoton ionization

= xulk, =0) =: x,. (46)
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(y > 1). Equation (47) is further rewritten as

1+ y2
n — s 48
X 1 (48)
where
2]10
{=——-1le(-1,1], (49)
n

corresponding to the range n > ng. In this range, y, is always
larger than 1, thus y,(k;) > 1, cf. Eq. (46). Therefore, the
ionization time #; in Eq. (45) must be complex, i.e.,t; = Ret; +
i Im¢;, and we get two equations for Re#; and Im¢;,

sin(wRet; F 0) cosh(wIm?;) = x,(k,), (50)
cos(wRet; F0)sinh(wIm¢t;) = 0. oy

The corresponding solutions for Im#; # 0 are
wRet; =%j:6+2nN, (52)
wImt; = arcosh y,(k;), (53)

where N € Z is chosen such that w Re#; lies in the interval
of a laser cycle, that is between —m and 7; cf. Eq. (38). The
complex time #; can be interpreted as the time of entering
into the barrier, while its imaginary Im¢#; and real Rey
parts are the tunneling time and the time of exiting the
barrier, respectively [14]. With Eqgs. (44), (46), (52), (53), and
sinhx = v/cosh®x — 1, the corresponding action Si(k,#;) at
k =k, [Eq. (39)]is

S.(k. 1) (”ie+2 N COSQ)
+ sk = =n\—= T -
K=k 2 Xn(k2)

+in (arcosh xnlk) — [1— Xn(;kz)z> .

(54)

Only its imaginary part,

1
Im S(Kk,%)|;—;, = n | arcosh x,(k;) — |1 — —— ],
= ( \ mwy)

(55)

does not depend on the sense (£) of circular polarization, thus
we can omit the index =+ of the imaginary part of the action.
It means that the imaginary actions are equal for right and
left circular polarizations. Using Egs. (39) and (44)—(46), the
absolute value of the second derivative of the action S/ (k,#;)

in Eq. (42) atk = k,,,
et 1 (56)
k=ky.,1=t; Xn (kz)2 '

is also independent of the sense (+) of circular polarization.
Then, the expression for the probability of the n-photon

2

0
— S(k,t
o2 (k,0)
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process (42) is rewritten as

| P (K,0) 5y,
A
" 2nny1 — 1/ xn(k.)?

e—2n(arcoshx,,(kz)— 1—1/xn(kz)?)

(57)

Thus, the dependence of the ionization rate on the sense of
circular polarization is only due to the prefactor,

B (V) = HIValt)? + 211G (Va2 . (58)

cf. Eq. (9). Using Egs. (6), (52), and (53), the initial electron
velocity,

V() liok, = Vet (@i)lk=t, €x + Vy£(li)lk=x, €y + k; €,
(59

with x and y components,
Ux:l:(ti)|k=k,, = kp cosf — AO(Xn(kz) cos 6
Fiv xu(k;)? — 1 sin6), (60)
Uy (1) k=, = kp sin® — Ag(xn(k;) sin®

i/ y(k)? — 1 cosh), 61)

specifies the required momentum of the initial wave function,
e., Pm(ve(t;)). The amount of this momentum depends
on the orbital, in particular, it is different for p, and p_
orbitals. Because of the saddle point equation [Eq. (43)], i.e.,
Vi(t;)2|k=kn + 21, =0, the initial wave function @, (v+(t;))
must have the pole at v (t;)*|x—x, = —21, = —«” that yields
nonzero prefactor |¢1m(vi(t,~))|,%=kn; cf. Eq. (58). For short-
range potentials, it corresponds to the wave function in
coordinate representation asymptotically far from the core
[12],i.e.,

), (62)

@i (r) = Cic™?

rs

with the constant C,;, depending on x = /21, and [ as well
as details of the potential near the core. Using spherical
harmonics,

204131 —m)!

2T ET peos6,)e™ . (63
In (g my L1 (coste 63)

Ylm(er"pr) =

Fourier transformation (8), and

—ive(t) - T = —ivL(t)r(sin Oy (t;) sin 6, cos(py+(t;) — ¢r)
+ cos0,4(t;) cosb,), (64)

in spherical coordinates, we evaluate two integrals over ¢, and
0, with the help of the Bessel function and Ref. [29] to yield
the intermediate result (see Appendix D),

Gim(V£(1;)) = C Yim Ops (1), o (1)) 712

_k
v+(%)
« / dr 7 e T p(uator).  (65)
0

Expanding the Bessel function in the Taylor series and using
the Gamma function I'(z), the integration over r is easily
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carried out. The resulting series is then compacted as the
Gaussian hypergeometric series (see Appendix D),
Pim (V4 (1))
_ Ca (vs@)
V23 \ 2k
r'(+2)
F(l +3/ 2)

1
) Yim Bps (1), Poa (1)) €712,
l I 3 3 va(f)?
2 F) l,= 4+ =1+ =;— .
( thatits
(66)

2
The hypergeometric series does not converge at the saddle
point vi(t;)? |, = —k?, thus this series has the pole as
expected above. Multiplying Eq. (66) by vi(t;)? + k2 yields
the series (see Appendix D),

(&) + KD P (Ve (1))

[ i
= Ckl Z_K <Ui(ti)) Ylm(ev:l:(ti)vqsv:t(ti)) e—iln/Z’
T K

f r'i+2) (1 11 vi(ti)2>
——— S F(z+=.= - ,
2 T+ 3/2) 2 2’2 K2
(67)

3
L+ =
+2

which is convergent at the saddle point, i.e.,

Jr T +2) F(ll 1 3

NT T sl 21 ) =1 (68
Ty Rl G A R S ) (68)

Thus, the prefactor (58) is simplified as

Cul? /21
|Gim (V)i = 'l'z—np Yo Bus (1), o () ey,
(69)

cf. Ref. [12]. With Eqgs. (57) and (63), we finally obtain the
general result for the probability of the n-photon process for
all atomic orbitals,

|Catl> /21, 2L+ 1) (I — |m])!
1673n/1 — 1/ x,(k,)? (L + Im])!

[m] lkz imey ()2
X P vt i ks
! (lep) . k

—2n(arcosh x, (k.)—

|Fue(K.o)li_, =

1—1/)(»1(1<z_)2)7 (70)

where 08 O, (1) ik, = V:/v£(t;)lk=t, = Fik:/\/2I, was
used. The square of the associated Legendre polynomials in
Eq. (70) are equal to 1 for s orbitals, kf /(21,) for pg orbitals,
(kz2 +21,)/(21,) for p, orbitals, and so on. The ionization
rates for orbitals with m =0 (e.g., s and py orbitals) are
independent of the sense of circular polarization. For m # 0
(e.g., p+ orbitals), they depend on the polarization sense, solely
due to the factor e ¢+|2_,  For m # 0, this factor is not
equal to unity, because the so-called tunneling momentum
angle ¢, (#;), which is related by

X e

X ti
cos gy (1) = 22 (71)
Up:l:(ti)
15
sin s () = 22U (72)
Upi(ti)
is complex. With v, (t;)?limt, = —(k2 +21,), y =

Vv2I,/Ay, Egs. (31), (46), (60), and (61), the factor
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|eim¢”i(")|,%=kn for m = £1 is (see Appendix E)
mpus) 2

k=kj,

le
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|cos ¢+ (1) + i sgn(m) sin ppa (1), (73)

Lp[2xa (k> (1 F sgn(m)y/1 = 1/ xu(k)?) = (1 + 1/2)f1/710]2

2y 2 Xu (k2 (k2 + 21,)

Now, we can see that the ionization rates for a given
circular polarization are different for orbitals with opposite
quantum numbers m = +1 (e.g., p+ orbitals). Because of the
term Fsgn(m) in Eq. (74), the ionization rate for the p.
(or p_) orbital and right circular polarization is the same
as the ionization rate for the p_ (or p;) orbital and left
circular polarization, supporting the fundamental symmetry
in electrodynamics.

E. Accurate formulas for the time-averaged ionization
rates for s and p orbitals
Since the function |F,1i(k,w)|£:kn [Eq. (70)] depends only
on kzz, the two integrations over k, and 6 in the formula for the
time-averaged ionization rate [Eqs. (35) and (36)] are easily
carried out and the result is simplified to

v =872 / dk. |Fys (k)Py . (75)

n=ng

e, )_3|CK1| \/72 /

1672

x [2)n(k.)*(1 F sgn(m)

for py orbitals.

F. Approximate formulas for the time-averaged ionization rates
for s and p orbitals

In Egs. (76)—(78), the exponential function has the maxi-
mum at k, = 0, confirming our expectation that the electron
leaves mostly in the polarization plane of the laser field,
i.e., x/y plane, and that the electron ionization along the
propagation axis (z axis) is suppressed. Therefore, we use
the Taylor series of the exponent at k, & 0 up to second order,
ie.,

— V1 =1/ xu(k;)?
1 k\?
%arcoshx,,—\/l—1/x,%+§\/1—1/x,%<k—z) . (79)

The k,-dependent prefactors in Egs. (76)—(78) are then
replaced by the nonvanishing lowest-order terms of the
corresponding Taylor series at k, & 0, i.e.,

1 1
JT= 1y 1=

arcosh x, (k)

(80)

(74)

With Egs. (70) and (74), the accurate formulas for the time-
averaged ionization rates are

Ceol? /21, &
W (E.w) = 1S V2 "'hv ry !

nz=ng
k,
n e
X / dk,
0

o0

3|C, 2
wp“(é',a))— |C1| Z_

P nzny
kn k2 o—2n(arcosh Xn(k:)*m)
x / dk, = (77)
0 1 - I/Xn(kz)z

1=1/xn(k)?)

V1= 1/xu(k,)? ’

—2n(arcosh x, (k;)—

(76)

for s orbitals,

for pg orbitals, and

e~ 2narcosh Xy (k) =/ 1=1/xu(k:)*)

Xn(kz)2\/ 11— l/Xn(kz)2

1 — 1/ x2(k)?) — (1 + y*)n/nol%, (78)

for s orbitals,
% L
VI= 1/ T=1/x2
for pg orbitals, and
[2xn(k:)*(1 F sgn(m)y/1 — 1/ xu(k)?) — (1 4+ y*)n/ngl*
Xn(kz)Z\/ 1 - 1/Xn(kz)2
(L F senmyT=1/x2) = (L+ yHn/n]”
X2/ = 1/x2 ’

(82)

81)

for p. orbitals. For p, orbitals, the k,-dependent prefactor in
Eq. (81) has no zeroth-order term due to the existence of the
factor k2 That means that the ionization rate for pq orbitals
in the polarlzatlon plane is zero because of the destructive
interference coming from two phase-opposite lobes. It also
concludes that the approximation k, & 0 for p, orbitals may
not be very appropriate, i.e., the electron from the p, orbital
will leave with nonzero final momentum component k, # 0,
i.e., parallel to the z axis, due to its orbital shape. With the
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Taylor approximations (79)—(82), we evaluate the remaining
integrals in Egs. (76)—(78) over k, as

kn
/ dkz e*af(%)z _ ﬁkn erf (a,,) , (83)
0 261,,
and

k 2

" Z rf n K
/ dk, kz2 BT — k2 M _¢ , (84)

0 4a’ 2a?
where a, = /n (1 —1/x2)"/*. For v <« I, the minimal num-

ber of photons ny [Eq. (31)] must be very large. It follows
that n > ny > 1, hence x, > 1 [cf. Egs. (48) and (49)] and
a, > 1. In the limit @, — oo, the error function erf(a,)
and the exponential function e~ tend to unity and zero,
respectively. For w < I,,, we use Egs. (76)—(84) and Egs. (31)
and (46), Ag = \/21,/y, i.e., ky = nwy /(xa\/21,) and & =
1,(1 + ¥?)/(noy?), to obtain the approximate formulas for the
time-averaged ionization rates,

|CKO|21p(1+7/2) o e—2n(arcosh)(,l—‘/1—1/)(3)

w(€,w) = )
Amnoy S e (- 1/32)"
(85)
for s orbitals,
3|Cet IP1,(1 + y?)?
wP(€,w) = 3

327 njy?
00 —2n(arcosh y, —/1—1/x2)

W 3 Ve . (86)

n=ng X;% (1 - I/Xr%)5/4

for pg orbitals, and

(€ w)
3|C/<1|21p(1 + yz) 00 Xn e—Zn(arcoshxn—.ll_l/XnZ)
- 3 3/4
8/ noy = m-1/x2)

X [m F (2no/n — Dsgn(m)]’, (87)

for py orbitals. These expressions Eqgs. (85)—(87) depend on
Xxn and n. If we use Eqgs. (48) and (49) as well as arcosh y, =
artanh,/1 — 1/x2, then we obtain alternative expressions for
the ionization rates depending on ¢, i.e.,

Y(((/‘ ) |CK0|ZIP <1_|_ ! )l/zi(l—i—{) 1 ;
wi(l,w) = ——5 — V1=
427 n)? v =
£ ty?

(88)

for s orbitals, where it coincides exactly with Egs. (68) and
(69) of Ref. [12],

mEwy = ALy (1+1 Y Vo
we,w 52 2 - -
16327 1n)? v =
5 < 1+y2 )5/“ 5 ranh 27 - 525
£+’
(89)

PHYSICAL REVIEW A 87, 013433 (2013)

for pg orbitals, and

wl* (€,0)
31Ca 21, < 1)3/2 = ( 4y 2
= 1+— Z F ¢ sgn(m)
W o
8 /2 / 2 = 1+ 2
5 1 < 1+ )/2 )3/4 4"0( tanh /C:VV (]2++VV )
T\
(90)
for p. orbitals. Since |/(¢2 + ¥2)/(1 + y2)| > [¢|, we rec-

ognize in Eq. (90) that the n-photon ionization rate is maximal
for Fsgn(m) =1 if ¢ > 0 and for xsgn(m) =1 if ¢ <O.
Therefore, for { > 0 (low photon and kinetic energies) and,
e.g., for right circular polarization, the rate for p_ orbitals
is larger than the one for py orbitals. For ¢ < 0 (high photon
and kinetic energies), however, the rate for p, orbitals is larger
than the one for p_ orbitals. For ¢ = 0, corresponding to the
photon energy nw = 2ngw = 4U, + 21, and electron kinetic
energy k2/2 = (n — no)w = now = 2U,, + I,,, the ionization
rates for both p. orbitals are identical. By the way, we would
like to stress that the ionization rate for pg orbitals [Eq. (89)]
is very small compared to the rates for s and p. orbitals, due
to the ionization suppression in the polarization plane.

G. Simple formulas for the time-averaged ionization
rates for s and p orbitals

To obtain the simple analytical expressions for the ion-
ization rates, the summation over n-photon processes in
Egs. (88)—(90) can be replaced with integration over ¢, i.e.,

1 dé-
—_— . 91
”°/,1 1+¢7 e

For w <« I,, i.e., nyg> 1, the saddle point method for
integration over ¢ is then applied, where the exponent in
Eqgs. (88)—(90),

4 2+ 2 2+ 2
Sy = = | artanh, | r 3 i BT
14+¢ 14y I+y
has a unique maximum at ¢ = ¢o(y). This maximum is
determined by the saddle point equation,

Z/dn:

n=ng

ol
— S =0, 93
o @, )/){ . 93)

that yields the transcendental equation for ¢o(y),
2 2 1 2 2
artanh S+ )/2 = S+ J/2 ) (94)
I+y 1=V 1+y

or equivalently
nmax
artanh, /1 —1/x2 = ,/1 —1/x2 . (95)

where xn.. = \/(1 +12)/(1 = £2) [cf. Eq. (48)] and npey =
2n¢/(1 + o) is the number of photons for which the n-photon
ionization rate is maximal, corresponding to the electron

Il'l
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kinetic energy k,zlmax/Z = (Nmax — no)w = U, + 1,)(1 —
Z0)/(1 + &p). Since the solution of Eq. (94) is in the positive
range {o(y) € [0,1], the maximum of the (7,,x-photon) ioniza-
tion rate for right (left) circular polarization is dominated by the
electron ionization from the p_ (p4) orbital. In the adiabatic
limit (y <« 1), the solution is approximated as gy(y) =~
¥2/3 (see Ref. [12] and Appendix F), corresponding to the
electron kinetic energy k. /2~ (2U, + 1,)(1 —2y?/3) ~
2U, + 1,/3, whereas in the nonadiabatic limit (y > 1),
it yields ¢o(y) ~ 1 —1/Iny; see Ref. [12]. The exponent
[Eq. (92)] at the saddle point ¢(y) is

2&
S(Zo,y) = —3—5‘) g), (96)

where & = (21,,)3/2 and

340
=——— JA+y)(/r*+1), 7
§) y2(1_¢g)\/( Y@ /v ). O

and it does not depend on orbitals. We also need the second
derivative of the exponent S”(¢y,y), i.e.,

2

a—5( )

gt gviHy?) g4y
(142031 — 002 (g +v2) V| 14+v2°

(98)

=%

to apply the saddle point method according to

1 2
d Sy — SGw [ (99
fas r@ser = pesen | g o9

Therefore, with these equations and Egs. (88)—(90), we obtain
the compact expressions for the time-averaged ionization
rates,

g
w'(€,0) = |Ceol* Iy — h"(y)e_% 5,

100
2%, (100)
for s orbitals,
2, € = 20
w’(&€,w) = [Ce1|" Iy =5 h™(y)e 5 &7 (101)
28
for pg orbitals, and
P+ 2 £ P —20 6(y)
Wy (gsw)=|CK1| Ip_h:t ()/)e ’%gys (102)
2&
for p. orbitals, where
‘ A+yH(1-¢3)
' (y)=(1- Co)\/ , (103)
(@5/v2+ 1) (255 /v +¢5 +1)
3& 1+y2
hPo =) — (1 — _ 104
) =10 5 € ;*o),/goz/y2+1 (104)

2
31+y%)

2(1-¢3)

[63/v>+1
R (y) = R (y) gol/: 7T % sgn(m)

(105)

For s orbitals, Egs. (97) and (103) coincide exactly with
Egs. (73) and (74) of Ref. [12]. In the adiabatic limit y <
1, ie., ¢o(y < 1)~ y2/3(1 —28y2/45) (see Ref. [12] and
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Appendix F), the exponent and prefactors in the Taylor series
up to second order in y are

gy <« )~ 1-y?/15, (106)
Ry <1)~1, (107)
3& y?
hPo D~ —|(14+—]), 108
(y <1 250<+9> (108)
3 y2

P+ ~

WE(y <D~ 5 Fy sgnim) + = (109)

Therefore, the ratio of the ionization rates for p. orbitals,

p- 2

M ~ 14+ 4_3/ + SL

wi (€,w) 3 9
is always larger than 1 for right circular polarization and
smaller than 1 for left circular polarization. That means for,
e.g., right circular polarization, the ionization from p_ orbitals
is more preferred than the ionization from p, orbitals. In
the adiabatic case y =0, i.e., the tunneling is much faster
than the rotation of the laser field, the ionization rates for
p+ orbitals are equal as expected. In the nonadiabatic limit
y > 1,1.e., {(y) = 1 —1/Iny, the exponent and prefactors
are approximated as

(y <1, (@110

3Iny
gy>DhH~= , (111)
2y
y
h* | a— 112
(r > 1 ny)2 (112)
3¢ y?
Wy > )~ —
v >D=~ e (Iny)"
(113)

P+ _E 4 _L ’
hi(y > 1)—4—(111)/)1/2 LF (1 ny sgn(m) | .

Thus, the ratio of the ionization rates for p. orbitals is
wh (&,w)
wi (€,w)

i.e., for right circular polarization, the ionization rate for p_
orbitals is much larger than the one for p, orbitals.

~ (2Iny)*? (y>1), (114)

III. RESULTS AND DISCUSSION

For application, we use the Kr atom in the ground state
with ionization potential I, = 0.5 a.u. An infrared circularly
polarized strong laser field with typical experimental param-
eters of the laser frequency w = 0.057a.u. (800 nm) and
the laser amplitude £ = 0.06a.u. (I =2.5 x 10" W/cm?)
ionizes an electron from the 4p valence orbital of the Kr
atom. In this experimental example, the Keldysh parameter
is y =w/5ﬁ=o.95, thus a 4p electron tunnels the
ionization barrier nonadiabatically with respect to the rotation
of the electric field. Although this is indeed nonadiabatic
tunneling, many previous theoretical works are based on
adiabatic approximation that cannot predict the difference
of the ionization rates for p; and p_ orbitals in circularly
polarized laser fields. With our analytical formulas derived in
Sec. II, which are beyond the original work [12,13], we present
the results in Figs. 1-3 and show that the ionization rates for p.
and p_ valence orbitals are indeed very different, supporting
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FIG. 1. (Color online) Time-averaged ionization rates w, (€,w)
for s (orange), po (green), p; (blue), p_ (red) orbitals, and right
circular polarization versus laser frequency w for I, = 0.5a.u. and
laser amplitude £ = 0.06 a.u. The solid, dashed, and dotted curves
correspond to the accurate [Egs. (76)—(78)], approximate [Egs. (88)—
(90)], and simple [Egs. (100)—(102)] results, respectively. Note that
|Cei|> = 1 are used.

our physical interpretation in the previous work [10]. We also
show the results for the ionization rates for p, orbitals in
Figs. 1-3. Although the results for the ionization rates for s
orbitals have nothing to do with the ionization of the Kr atom,
we would like to include these results in Figs. 1-3 as well, but
these results cannot be compared with the ones for p orbitals
due to the generally different factors C,; for s and p orbitals
depending on the model system. However, in all calculations,
we have used C,; = 1 for simplicity.

lonization rate, log scale (a.u.)

-16 .
0.2 0.3

0.4 05 1.0 2.0
Laser intensity (1014 W/cmz)

10

FIG. 2. (Color online) Time-averaged ionization rates w, (€,w)
for s (orange), po (green), p; (blue), p_ (red) orbitals, and right
circular polarization versus laser intensity I = c2e2€2 for I =
0.5 a.u. and laser frequency w = 0.057 a.u. (800 nm) in logarithmic
scale. The solid curves corresponds to the accurate results [Egs. (76)—
(78)]. Because of the logarithmic scale, the accurate [Eqs. (76)—(78)],
approximate [Egs. (88)—(90)], and simple [Egs. (100)—(102)] results
coincide within graphical resolution. Note that |Cei|? = 1 are used.
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FIG. 3. (Color online) Time-averaged n-photon ionization rates
w,+(€,w) [Eq. (36)] or equivalently photoelectron energy distribution
at the detector for s (orange), po (green), p. (blue), p_ (red), and
total p (brown) orbitals and right circular polarization versus final
electronic kinetic energy k2/2 [Eq. (37)] for I, = 0.5 a.u., laser am-
plitude £ = 0.06 a.u., and laser frequency @ = 0.057 a.u. (800 nm).
The solid and dashed curves correspond to the accurate [Eqs. (76)—
(78)] and approximate [Eqgs. (88)—(90)] results, respectively. The
spectra for total p orbitals are calculated according to w?, (€,w) =
wi (€, @) + whi(€,0) + wh(E,0). Note that |C,;|> = 1 are used.
The approximate results of the ionization rates for p, and p_
orbitals are equal at the final kinetic energy 2U, + I, ~ 1.05 a.u; see
text for discussion. In the adiabatic limit y < 1, all photoelectron
distributions are peaked at 2U, &~ 0.55 a.u. and are the same for p,
and p_ orbitals.

In Fig. 1, the results for ionization rates depending on
the laser frequency up to w = 0.12 a.u. for laser amplitude
€ =0.06 a.u. are shown. The orange, green, blue, and red
curves correspond to the rates for s, pg, p+, and p_ orbitals,
and the associated solid, dashed, and dotted curves correspond
to the accurate [Eqgs. (76)—(78)], approximate [Eqgs. (88)—(90)],
and simple [Egs. (100)—(102)] results, respectively. For s
orbitals, the approximate and simple results coincide with
each other very well within graphical resolution. The accurate
results for s orbitals are a little separated from approximate
and simple results, mainly due to the integral approximations
(83) and (84) for w < I,,. For py orbitals, the ionization rates
are very small compared to the ones for p_ orbitals, supporting
our thoughts in Sec. IIE, i.e., the destructive interference
coming from two phase-opposite lobes of the p oribtal causes
ionization suppression in the polarization plane perpendicular
to the orbital nodal axis. Again by more precise inspection, the
approximate and simple results are similar while the accurate
results are a little separated from the approximate and simple
results, again mainly due to approximations (83) and (84) for
@ < I,. While the ionization rates for s and pg orbitals do not
depend on the sense of circular polarization, the rates for p
and p_ orbitals do. For right circular polarization, the rates for
p— orbitals are larger than the ones for p orbitals by the ratio
up to 6 for large frequencies. For left circular polarization,
the physical behavior is reversed according to the fundamental
symmetry in electrodynamics, i.e., the ionization rates for p1
orbitals and left circular polarization are equal to the ones for
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D+ orbitals and right circular polarization. In the adiabatic limit
y = w = 0, the rates for both p orbitals are exactly equal as
already predicted in many previous theoretical works based
on adiabatic approximation. For p. orbitals there are some
(but not large) deviations between accurate, approximate, and
simple results in particular for large frequencies or equivalently
for large y, but in the adiabatic (y <« 1) and nonadiabatic
(y ~ 1) tunneling regimes, these three results for p, and for
p— converge well. The small differences for large frequencies
are not only due to the saddle point method (which is only
applicable for low frequencies) but also due to the integral
approximations (83) and (84) for w < I,.

Figure 2 shows the monotonically increased ionization rates
for s and p orbitals versus laser intensity / = ¢?s3€? in the
range from 2 x 10" W/cm? to 2 x 10'* W/cm? (correspond-
ing to the laser amplitude £ in the range from 0.0169 to
0.0534 a.u.) for laser frequency w = 0.057 a.u. (800 nm) in
logarithmic scale. In this figure, the accurate, approximate, and
simple results coincide within graphical resolution. As already
explained above, the rates for p( orbitals are small compared
to the rates for p, orbitals. For right circular polarization, the
rates for p_ orbitals are larger than the ones for p, orbitals.
The corresponding ratio is large (small) for low (high) laser
intensities or equivalently for large (small) y.

Figure 3 shows the photoelectron spectra for s and p
orbitals, right circular polarization, laser amplitude & =
0.06 a.u., and laser frequency w = 0.057 a.u. (800 nm). The
curves are calculated using time-averaged n-photon ionization
rates w,+(£,w) [Eq. (36)] versus final electronic kinetic
energy at the detector k2/2 [Eq. (37)]. Since there are no
sums in simple results [Eqgs. (100)—-(102)], only the corre-
sponding accurate (solid) and approximate (dahsed) spectra
[cf. Egs. (88)—(90) and Eqgs. (100)—(102)] are presented in this
figure, as well as the spectra for total p orbitals according
to wh (E,w) = wh(E,w) +wl(€,0) + wl, (E,v). In fact,
the spectra are different for electrons coming from different
orbitals. For right circular polarization, the ionization from p_
orbitals is dominant, but there is a unique kinetic energy for
which the n-photon ionization rates for p, and p_ orbitals are
equal. This is the final kinetic energy 2U, + I, ~ 1.05 a.u.
for the approximate results. For the accurate results, the
intersection of the spectra for p; and p_ orbitals lies at
the energy a little more than 2U, + I,,. Below (above) this
unique electronic final kinetic energy, the ionization rates
for p_ orbitals are larger (smaller) than the ones for p.
orbitals. Therefore, the final kinetic energy indicates the
strength and the direction of the ring current [26,27] generated
in the ion, measured in correlation with the electron. Low
energy electrons correlate to the ions with positive ring
currents, while higher energy electrons correlate to the ions
with negative ring currents. Furthermore, the locations of the
maxima for s, pg, and total p orbitals are similar, whereas
the ones for p_ orbitals are shifted to lower energy and
the ones for p. orbitals are shifted to higher energy. The
reason is that the counterclockwise (“positive,” right) sense
of circular polarization drives the electron from p_ and p,
orbitals with clockwise (“negative”) and counterclockwise
(“positive”) azimuthal velocities, yielding smaller and larger
kinetic energies, respectively. In the adiabatic limit y < 1,
all photoelectron spectra have its maxima at 2U, ~ 0.55 a.u.
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and in this case the spectra for p, and p_ orbitals are
identical.

IV. CONCLUSIONS

We have validated the approximations used in our previous
publication to derive simple formulas for ionization from
different substates of the p orbitals. We extended the PPT
theory to strong field nonadiabatic ioniziation for valence p
orbitals and we derived the corresponding ionization rates in
full analytical form. Due to the existence of the complex-
valued tunneling angle in the prefactor of the ionization rate,
the rates are different for degenerate p, and p_ orbitals and
depend on the sense of rotation of the circularly polarized
laser fields. Strong field ionization preferentially removes a
counter-rotating electron. As expected ionization rates for
degenerate p, and p_ orbitals are significantly larger than
the rates for pg orbitals due its orbital symmetry. We have
also demonstrated that ionization rates and electron spectra
obtained in this approach are gauge invariant, unlike the results
of the strong field approximation.

An important extension of this work is the consideration
of the electron spin [30] to describe electronic ring currents
in the ion, which couple electronic spin and orbital degree of
freedom. Other possible extensions of this work include the
theory of the nonadiabatic ionization for p orbitals in circularly
or elliptically polarized laser fields and static magnetic fields
(see also works for s orbitals [31,32]).
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APPENDIX A

Here, we evaluate the ¢ integral in Eq. (26):

2
I = / dg eirGatareosd o) SO £ (k1 0y 1)
0

+ fi(kop,02,9,1)). (A1)

Using the expression for the function f4(k,,0,¢,t) [Eq. (13)]
and the Euler’s formula, the prefactor of the integrand in
Eq. (A1) is rewritten as

frkip,61,0,1) + fi(kap,02,0,1)
= 1(k1,€"" + kype'® £ 2i Age™')e~1?
+ 3(kipe ™ + kope % F 2i AgeF)el?,  (A2)

hence

1 ‘ . .
I = E(klpe’e‘ + kope'” £ 2i Age™")
2w
N / dp 1% o —h1s)cos g4k, k1) sin)
0
1 —i6 —i6, . Fiot
+§(k1pe + kope™"? F 2i Age™™)

2
» / dep &/ ipa—ti)eos vl —ki)sing) (A3
0
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We use the substitution |k — k| sing’ = (koy —
kix)cos ¢ + (koy — kiy)sing, which is satisfied by the

relations (sing = /1 — cos? ¢),
cos = (kax — kiy) sing’ + (kay — ki) cos ¢’ (A4)
ko) — Ky ’
sin¢ _ (k2y - kly) Sin(p, - (k2x - klx) COS ¢/ (AS)
ko) — Ky
With Euler’s formula, we obtain
eii(ﬁ _ :Fi(ka - klx) + (k2y - kly) eii(p’ (A6)
Lelill ST
kapeti® — ket iy
= Fi v, (AT)
ko) — Ky
and d¢ = d¢’. The integral I; is then reexpressed as
I = i(kl e + kppe®” ZiAoeiiwt)kzpe ke
27 g ko — Ky |
2
« / i d(ﬁ/ e*itlﬁ’eiplkzn*klul sin ¢’
0
i » > ) o k2pe® — ket
— —(kipe ™ 4 kype % F2i Age TN L P
2 2 ’ ko) — Ky |
2
y / g g’ 6 eioller Kyl s’ (A8)
0

With the definition of the Bessel function of the first kind,

1 2 ) o
Jn(x) — E/ d¢) e—tn¢etxs1n¢
0

—1)" 2 ) o
— ( ) / d¢ e111¢ezx sm¢>’
2 0

(A9)

the integral is evaluated as

I = wil(kipe” + kope'™ £ 2i Age™ Y(kype ™ — kype™'®)
+ (kipe™ " + kope ™" F 2i AgeT " ) (kape'® — kype'™)]
Ji(plkyy — k
o 1(plky ub (A10)
[koy — Kyl
which is further simplified to
Iy =27i(k3, — ki, — 2kop Ag sin(ot F 6)
Ji(plkoy — k
+2ky, A sin(wt F 91))M, (A11)

ko — Ky

cf. Eq. (26).

APPENDIX B
In this Appendix we prove the relation Eq. (28):

Iy 1(,0 )

111’11 /dk” g(k|)
ki

Zﬂ/dku g(kH)S(k”), (Bl)
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with the arbitrary function g(k;) and k| = k, as

lim /dk“ o) 2Tk 1(,0k||)
\
2
= lim d@/ dk, g(k,cosf e, +k,sinf e,)
=2 Jo 0
x pJi(pky) (B2)
) 2. 00 X x .
= lim dé?/ dxg(— cosfe, + — sm@ey)Jl(x)
p—>00 Jo 0 14 P
(B3)
2 o0
=/ d@/ dx g(0)J(x) (B4)
0 0
= 271g(0)/ dx Ji(x) (BS)
0
=27g(0) (B6)
=2r /dkH g(k”)(S(k”) (B7)

APPENDIX C

In this section we will evaluate k; and k_ integrals in
Eq. (29). First with Eq. (31), we rearrange the denominator
of the k. integrand in Eq. (29) as

(1 — k)2 + K2+ K2+ AF+ 21, — 2nj0 + i8]
x [$ky + k- + K2+ k2 + A} + 21, — 20 — i8]

= (el(ky —k_)* — 4K\ + 4i8][(ky + k_)* — 4K, — 4i6],
(CI)
where K|, = 2(n; 2 — no)o — k§ — kf. It has four zeros k =
kl:l:ka:t’ i.e.,
ki =2/ K, —id+k_, (C2)
koy = X2/ Ky +i6 — k_. (C3)

Using Taylor series lims_.g+/K £i8 = lims_g (\/E +
is/ (24/K)), the zeros are rewritten as

ié
ki = 2K +k_F , (C4)
v K1
)
kps = 42Ky —k_ + \/’7 (C5)
2
Thus, the k, integrand in Eq. (29) is
- 1
halhy) = |:Z(k+ — k) +k} + k2 + Af
-1
+21,,—2n1a)+i5] (Co6)

—1
><|: (ky + kY +k; +k 4+ Aj+21, —2n2a)—18:| ha(ky)

_ 16h.(ky)
e — ko — kit — bk — k)

(€7
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The corresponding integral is then evaluated using the residue
method as

PHYSICAL REVIEW A 87, 013433 (2013)

where the residues are calculated as

Res hi(k) = k1+i§k(/w — kh(ky), (C9)
/ N dkshi(ky)=2mi Y ©(mk)Reshi(k), (C8) tn particular,
- k=ki+,kox |
Res hs(ky) = (25’1’%(@%) (zf 2VKy + 2k — \/_ \/i‘s_>_l
<2\/7+2\/K>2+2k_ \/8_ \/18_>1 (C10)
Reshi(ki_) = — (2jl’j(k1 i <2f +2VK, —2k_ — JZ_I + \/’—2_)1
x<2\/171— —%—%>_l, (C11)
Res iy (koy) = —(25}%;1‘:*?_2) <2f 2Ky + 2k_ — f_ J"S_)_l
<2f+ 2Ky — 2k_ — \/6_ \/’8_)_1 , (C12)
Reshi(ky ) = (28\/};(_%{‘:‘)_8) (2\/?1+ 2Ky + 2k_ — «/12_1 + J%)l
<2f 2Ky — 2k — \/5_ \/15_>1 . (C13)

For § =0, k- =0, and 0 #n; #ny #0, ie., 0# K| #
K> # 0, all four residues (C10)—(C13) are finite. Therefore,
the k_ integral in Eq. (29) would be zero due to the existence
of the factor k_ in the integrand. Thus, the condition n =
n; = ny,i.e., K = K| = K,, must be satisfied and the residues
(C10)—(C13) are simplified to

Res /i (ki) = 2hy (ki)
7T VK - VK + ko) (k- — &)
(C14)
~ 2hy (ki)
Reshy(ki_) = . —,
T VK - VK —ok-+ )
(C15)
- 2h (ko)
R h k = )
Sl =TGR T VR -k - &)
(C16)
3 2hy(kas)
Resy(ky ) = — .
el (VK + ) VK + ko) (ke + )
(C17)

For K < 0, only two poles k| and k,. have positive imaginary
parts, therefore only two corresponding residues contribute to
the k; integral (C8), but in the limit § = 0 and k_ = 0, the
integrand of the k_ integral in Eq. (29) or the sum of these
two residues times k_ is exactly zero. Therefore, we consider
only the remaining case K > 0, where only two poles k;_ and
k> have positive imaginary parts. Multiplying Eq. (C8) by k_,
applying lim;_, o, and using residues (C15) and (C16) yields

)
lim k_ / dky ha(ks)
§—0 —00

ha(—2VK +k_) —heVEK — k)
VKQVK —k_) '

Inserting this result of the k. integral in Eq. (29) and carrying
the simple integration over k_ yields the desired result (n =

ny =ny = ng for K > 0):
S 0 00
Iim Ji(p,t) = dk dk
oo =x 3 [ k[ o
— ha(=2VK)

K
—kg:k,%—ki—kg; cf.

=2mi

(C18)

n=ng

y hi(2VK) (€19

where
Eq. (32).

K =2(n —no)a)—k§
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APPENDIX D

Here, we derive the wave function in momentum repre-
sentation @, (v4(#;)). Using Fourier transformation (8), wave
function in coordinate representation ¢y, (r) (62), spherical
harmonics Y;,,(6,,¢,) (63), and the equation for —iv.(t;) - r
(64), we obtain

Pim (V£(8:))

Cave [2+10—m) /00 Y
= drre
Qm)3 2\ 4x (A +m)! )

T
x / d@r sin gr e*lvi(t,')rCOSOUi(t,')COSQV le(COS 9}*)
0

2w
X / d¢r eimzpr e*iui(t,-)r sin 0,4 (#;) sin 6, cos(py+ (i) —¢r) . (Dl)
0

Using the substitution ¢’ = ¢, — ¢+ (t;) — /2, we get
cos(¢y+(t;) — ¢,) = —sin¢’ and d¢p, = d¢’. With the help of
the Bessel function of the first kind (A9), we evaluate the ¢’
integral as

@i (ve(t))

[k [2l+1(1—-m)! , N
=C — imy+(t;) ,—imm/2
Nox\ 4 G+m)” ¢

00 b4
% / dr re—xr / d@r sin er e—ivi(t,-)r cos 0,4 (t;) cos 6,
0 0

x P/"(cos 0,)J,, (v (t;)r sin 0,1 (t;) sin 6,). (D2)

Using Egs. (19) and (23) of Ref. [29], the 6, integral is
evaluated as

b
/ d9r sin Qr e—lvi(t,-)r cos 0,4 (t;) cos 6, le(COS er)
0
X J(vi(t;)r sin B, . (t;) sin 6,)

2 .
= [ ——— 7 M2 P (o8 B0 (1)) 11 2 (0 ()T,
va(t)r

(D3)

hence

PV (1) = Cat | —— V(B (). $s(1)) €72
vL(t;)

x/ dr Jre™ Jippus@)r),  (D4)
0

cf. Eq. (65). With the Taylor expression of the Bessel function
of the first kind,

o] _1\8 a+28
Ja<x>=ZL(x) . (DS)

S PIT@+p+D\2
we have
Oim(ve(t)) = Cyy K Yim Ops (1), o (1)) e iln/2
v(2)

0 (_1)ﬂ U:t(ti) 2B+1+1/2
X%ﬂ!F(ﬂHH/Z)( 2 )

o0
x/ dr p?PHF e, (D6)
0
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Using the definition of the Gamma function (z > 0),

[e ]
I'(z) = / dx x* e, (D7)
0
the r integration is easily carried out,
o0 reg+1+2)
2B+1+1 —kr
/ dr PP e — e (D8)
0
hence
~ CK v (ti) ! —ilmw
i (va(11)) = —= ( = ) Yim O (1), o (1)) €7/
23\ 2k
(o]
1 TQB+1+2 0)*\*
(YL rep I+ (_vi(z) > o)
ﬁ:O,B!F(/B—I—l—i-3/2) 4
Using the duplication formula for the Gamma function,
r'z+1/2)
I'2z) = —ZI—ZZﬁ ) (D10)
forz =B +1/2+ 1 yields
@lm(vzl:(ti))
2 (o) ~
=Cuy/— ( = ) Yim B (1), o (1)) e/
K3 K
y > 1 TB+1/24+ DB +1/2+3/2)
= B! rg+1+4+3/2)
1) B
x (—vi(z) ) . (D11)
K

Using the Gaussian hypergeometric series,
T eTB+ar@B+b
I'@)r'o) = r'B+c) B’
(D12)

2Fi(a,b;c;2) =

and Eq. (D10) for z = [/2 4 1, we obtain

G (v (1))
CK i ! —i
= \/2—13<v§:)> Yim O (), o (1)) e/
P

T +2) I 1 33 )
N1 A A F y 17_ _;l _;_ b
Xr(1+3/2)2‘(2+ PR A T )

(D13)
cf. Eq. (66). Using Euler’s hypergeometric transformation,
2Fi(a,bie;2) = (1= 2“2 Fi(e —a,c = bic;z), (D14)

the wave function is then rewritten as

) N C, IZ_K v+(1) :
(p[m(Vi(tt))_ Uj:(ti)2+K2 b ( K )

)efiln/Zﬁ ri+2
2T +3/2)

[ 11 3 t)?
X 2 Fy <— + 30+ E;_vi’c(z) )1 (D15)

2 2

X Yy (0p+ (), 00+ (8)
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cf. Eq. (67). With the Gaussian theorem for the hypergeometric
series,

I'c)I'(c —a —b)

Fi(a,b;c; 1) = , D16

2F1(a,b;c; 1) Fc—aTc—b (D16)

and Eq. (D10) for z =1/2 4 1, the series in Eq. (D15) is

convergent for v (f; 2 = —«?,ie.,

11 1 3 241 (1 +3/2)

F -, = _’l —,1 =, D17

21(22+2 *3 ) JT T(+2) (P17

cf. Eq. (68), therefore the wave function in momentum
representation (D15) has the pole at v.(f;)> = —«2.
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APPENDIX E
Using Egs. (71), (72), and vpi(ti)2|k:k“ = —(kf +21,), the

factor |+ |2_, form = %1 is rewritten as

|, = |cos gy (t;) + i sgn(m) sin gL (1) ;.
(E1)

o)+ sgn(m)vy+ (1)
N k2 +2I, ’

With Egs. (60) and (61), k, = \/k?> — kz?, and |e?? =1, it
becomes

(E2)

imboy(t)2
|e v Ui |k—k

=Kn

Using Eq. (46), we obtain

[Aoxa (k)1 F sgn(m)y/T — 1/ 5, (k) — /2 — 2]’

E3
212l 3

imey+(ti))2 —
e =y, =

[A2, (k. 2(1 F sgn(m)y/T — 1/ x,(k2)%) — now]’
A2k 2 (k2 +21,) ‘

(E4)

Using y? = 21,/A} and Eq. 31), i.e., now = A3/2 + I, = I,/y* + I, = I,(1 + y?)/y?, we obtain the result for m = +1:

im%i(h)h% .
=Kn

_ L[2’(F sgnlm)y/T—1/xu(k?) — (1 + y2n/n]’

le

cf. Eq. (74).

APPENDIX F

To obtain the simple analytic solution £y(y) of Eq. (94),

2 2 1 2 2
artanh oty _ Gty , (F1)
1+y2 1=\ 1+92

in the adiabatic limit y <« 1, we use the power series,

oo
oy) =Y ay', (F2)
i=0
yielding
)
artanh\/ (Z?io CiVl) +7? _ 1
1+V2 1—2,92005)/’
~ 2
X ciyl) + 2
X\/(Zl_o V) 14 —0. (F3)
1+ y2

In the Taylor series of Eq. (F3) at y = 0, each coefficient of
powers ¥ must be zero. For zeroth order, we get

co
artanh ¢y — ] =0, (F4)
— ¢

292 xu(k,)? (k2 + 21,,)

, (E5)

with the solution ¢y = 0. The coefficient for the first order is
then automatically zero. For the second order, we get

allta) _, (FS)
1+ cf
thus ¢; = 0. For other orders, we get

1

=0 (F6)
¢ =0, (F7)
2+ =0, (F8)

thus ¢; = 1/3, ¢3 =0, and ¢4 = —28/135. The solution of
Eq. (94) is therefore

236 5212
= J/4 _ e )/6

=" (1-2,,
So(r) =3 VT 567 18225

45

12570692 ")
63149625 7 ’
and for small y «'1
LY
So(y) ~ 3 (F10)
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