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We present a theoretical model for describing the interaction of an electron, weakly bound in a
short-range potential, with an intense, few-cycle laser pulse. General definitions for the differential
probability of above threshold ionization and for the yield of high-order harmonic generation (HHG)
are presented. For HHG we then derive detailed analytic expressions for the spectral density of
generated radiation in terms of the key laser parameters, including the number, N, of optical cycles
in the pulse and the carrier-envelope phase (CEP). In particular, in the tunneling approximation,
we provide detailed derivations of the closed-form formulas presented briefly by M.V. Frolov et al.
[Phys. Rev. A 83, 021405(R) (2011)], which were used to describe key features of HHG by both H
and Xe atom targets in an intense, few-cycle laser pulse. We then provide a complete analysis of
the dependence of the HHG spectrum on both N and the CEP ¢ of an N-cycle laser pulse. Most
importantly, we show analytically that the structure of the HHG spectrum stems from interference
between electron wave packets originating from electron ionization from neighboring half-cycles near
the peak of the intensity envelope of the few-cycle laser pulse. Such interference is shown to be very
sensitive to the CEP. The usual HHG spectrum for a monochromatic driving laser field (comprising
harmonic peaks at odd multiples of the carrier frequency and spaced by twice the carrier frequency)
is shown analytically to occur only in the limit of very large N, and begins to form, as N increases,

in the energy region beyond the HHG plateau cutoff.

PACS numbers: 42.65.Ky, 32.80.Rm
I. INTRODUCTION

The high-order harmonic generation (HHG) process is
now the major means for producing ultrashort pulses in
the rapidly-developing field of attosecond physics (cf. re-
cent reviews [1-5]) as well as for producing coherent radi-
ation in the soft x-ray regime [6]. At present it is possible
experimentally to obtain HHG spectra using short (few
cycle) laser pulses [2, 7-9]. The short-pulse HHG spectra
are highly sensitive to the temporal behavior of the elec-
tric field of the laser pulse, i.e., to the shape of the pulse
envelope, f(t), and the carrier-envelope phase (CEP), ¢.
For laser parameters in the tunneling regime, the three-
step scenario [10, 11] remains applicable for understand-
ing some basic features of HHG by atoms in a short laser
pulse. However, there are at least two important differ-
ences from the monochromatic field case. First, the HHG
emission becomes quasi-continuous, so that instead of an-
alyzing HHG rates it is more appropriate to analyze the
spectral density of radiation, p(Eq), where Fq = A is
the harmonic photon energy. Second, the shape of p(FEq)
as a function of Egq for a rapidly-varying laser pulse enve-
lope becomes sensitive to the CEP, requiring an analysis
of subcycle dynamics for a proper description.

From 1998 up to the present, the key differences be-
tween short-pulse and monochromatic field HHG spectra
have been delineated in numerous theoretical and exper-
imental investigations [12-23]. The most significant dif-
ferences were found in the shape and the plateau-cutoff
behavior of HHG spectra for “sine” (¢ = 7/2) and “co-
sine” (¢ = 0) pulses. Nearly all of the theoretical analy-
ses of few-cycle pulse HHG spectra are based on numeri-
cal solutions of the time-dependent Schrodinger equation
(TDSE) [12, 14, 15, 19, 20] or on the use of the Lewen-
stein et al. model [24] and its modifications. Recently,
however, a closed-form formula for the spectral density
of radiation, p(Eq), was presented [22], thus providing
an analytic description of the short-pulse HHG spectrum
similar to that for a monochromatic field [25].

A key feature of the closed-form analytic formula pre-
sented in Ref. [22] is that it confirms the validity for
the case of a few-cycle pulse of the phenomenological
parametrization [26-28] of the HHG yield in terms of the
photorecombination cross section (PRCS) o) (which de-
scribes the final step of the three-step scenario) and the
“electron wave packet” (EWP) (which describes the ion-
ization of an atomic electron and its propagation in the
laser field). This parametrization is attractive since (i)



it is valid for harmonics with energies in the region of
the HHG plateau cutoff, which are precisely the ones
used to produce attosecond pulses, and (ii) it involves
a field-free atomic parameter o(") that describes atomic
structure effects on HHG spectra [25-32]. Furthermore,
the explicit form of the EWP is now known not only for
monochromatic [25] and two-color [31] fields, but also for
the case of a few-cycle laser pulse [22]. Consequently, the
closed-form formula for the short-pulse case in Ref. [22]
makes possible the analytic exploration of many-electron
atomic features in the HHG spectrum and their modifi-
cation by CEP effects. As shown in Ref. [22], all that is
required is the PRCS (") for the target atom and the so-
lutions of some classical equations for a given short laser
pulse. Results of the analytic formula for the HHG yield
in the few-cycle laser pulse case agree well with numeri-
cal TDSE results. Also, the dependence on the number
of cycles, N, in the laser pulse was shown in Ref. [22] to
reduce, for large N, to the analytic formula for the HHG
rate in the monochromatic field case [25].

The purpose of this paper is to present the theory upon
which the analytic predictions in Ref. [22] (for HHG by
H and Xe atom targets driven by a few-cycle laser pulse)
are based. By way of background, we note that our fo-
cus over much of the past decade has been on develop-
ing exact (and, when possible, closed-form analytic) re-
sults for a one-electron model atomic system subjected to
an intense laser field. The physical insights provided by
the closed-form analytic results obtained for our model
system have enabled us to generalize those results to
real, many-electron atomic systems and to predict many-
electron effects in strong-field processes for such real sys-
tems. Thus, for example, we predicted that a giant-
dipole resonance would be seen in the HHG spectrum
of Xe [25]. (This prediction was subsequently confirmed
by experiment [33].) Also, we were able to interpret [32]
experimentally-observed resonances in particular high-
order harmonics in singly-ionized plasmas of Crt and
Mn™ [34, 35] as due to potential barrier effects that lead
to a strong 3p — 3d electric dipole transition, which dom-
inates the many-electron photoionization cross sections
of the outer subshells of those ions (as well as the corre-
sponding PRCSs to those subshells).

The theory we have developed for our model atomic
system is the time-dependent effective range (TDER)
theory [36, 37]. This theory combines effective range
theory (for describing a weakly bound electron in a
short-range potential of arbitrary shape) with the Flo-
quet or quasi-stationary, quasi-energy state (QQES) ap-
proach [for describing the electron’s interaction with a
monochromatic (or, more generally, periodic) laser field].
The TDER theory applies immediately to the case of in-
tense laser detachment of negative ions (see, e.g., its ap-
plication to laser detachment of the F~ negative ion [38],
which demonstrated excellent agreement with experi-
mental results [39]). For the HHG process, we developed
a new theory applicable in general to any system interact-
ing with a monochromatic laser field for which a Floquet

or QQES approach is employed [40]. We then applied
this new formulation for HHG specifically to our TDER
model [41]. Based on this latter application of our new
HHG formulation within TDER theory, we were able to
obtain closed-form analytic formulas for HHG rates for
our model system [42]. As noted above, the physical in-
terpretation of our quantum-mechanically-derived, fac-
torized analytic formula confirmed the well-known semi-
classical three-step scenario for HHG [10, 11] and justified
(for our model system) the phenomenological factoriza-
tion of the HHG rate in terms of a PRCS and a EWP
function [26-28]. Most importantly, the clear physical
interpretation of each of the three factors in our factor-
ized formula allowed immediate generalization for appli-
cations to HHG spectra of real atoms [25].

In this paper we present an analytic description of
HHG by a short laser pulse based on two new theoretical
developments. First, in Sec. II we generalize the QQES
approach, which is one of the most powerful theoretical
methods for accurately describing atomic processes in a
strong monochromatic laser field, to describe the most
fundamental strong field processes [i.e., above-threshold
ionization (ATI) and HHG] in an intense, few-cycle laser
pulse. Second, in Sec. III we employ this generalized
QQES approach to extend our TDER theory for analytic
description of HHG by a monochromatic field to the case
of HHG by a periodic (non-monochromatic) pulse train
field. In Sec. IV we derive the quasi-classical limit of
the TDER results for the HHG amplitude in the case
of a periodic (non-monochromatic) pulse train field and,
as a limiting case, obtain closed-form analytic expres-
sions for the HHG yield for the case of a single short
pulse. In Sec. V we generalize our closed-form formulas
to the case of real atoms. In Sec. VI we present numerical
results of our analytic formulas, including comparisons
with numerical TDSE results, illustrations of sub-cycle
and inter-cycle interferences in short-pulse HHG spectra,
and illustrations of the dependence of HHG spectra on
the CEP and number of cycles in the laser pulse. In
Sec.VII we summarize our results and present some con-
clusions. Finally, in Appendices A and B we present some
of the lengthier analytic derivations of our TDER theory
of HHG driven by few-cycle laser pulses.

II. GENERALIZATION OF THE QQES
APPROACH TO THE CASE OF A SHORT
LASER PULSE

A. Description of a Periodic Laser Pulse Train
We use the length gauge to describe the dipole interac-
tion of an active atomic electron with a short laser pulse:
Ve, t) = —d - F(t),

d=er,

where F(t) is the electric vector of the pulse. Differ-
ent ways are used to describe a short pulse, using ei-
ther the electric vector of the pulse or its vector poten-
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FIG. 1. Sketch of the pulse train.

tial A(t) [43]. In this paper, we consider only linearly-
polarized pulses, so that

A(t) = ezA(t)v (1)
10A(t)
F(t) =e.F(t) = € (2)
Moreover, we do not specify the explicit form of A(t)
in our theoretical derivations, assuming only (i) that the
envelope of A(t) is different from zero in the interval (0, 7)
(where 7 is the pulse duration) and (ii) that the shape of
A(t) is such that neither A(t) nor F(¢) has any DC-field
component. [Explicit expressions for the fields A(t) and
F(t) used in our numerical examples are given in Sec. VL]
To describe HHG and ATI in a short laser pulse of
duration 7, we consider first the interaction of an atomic
electron with an infinite train of short pulses separated in
time by a period T (cf. Fig. 1). Each pulse of this train
is the same as for an actual short laser pulse of duration
7 described by Eqs. (1) and (2), while 7 > 7. The dipole
interaction of such a pulse train (PT) with an atomic
electron is given by

Vi(r,t) = i Vr,t+nT) = —d-F (), (3)

where
Fq-(t):—%aATTt(t): > F(t+nT),
AL (t) =e A (t) = i A(t+nT). (4)

Owing to the periodicity of V;(r,t) (with period T),
we can employ the QQES (or complex quasienergy) ap-
proach (cf., e.g., Ref. [44]) for an ab initio treatment of
nonlinear interactions of the PT with an atomic system.
From the QQES expressions for the HHG and ATT ampli-
tudes and rates for the PT, the results for a single short
pulse follow by taking the limit 7 — oo for fixed 7. Since
the QQES approach has mainly been used previously for
monochromatic or two-color fields F(t), in the next sub-
section we present the QQES results for ATT and HHG
amplitudes and rates for the general case of a periodic
field F(¢), i.e., F(t) = F.(t), as in Eq. (3).

B. Basic QQES results for a periodic field

In the QQES approach, after adiabatic turn on of the
interaction (3), the wave function of a bound electron
with energy Ey evolves to the wave function,

Ve(r,t) = e PO (r,1),  e(t) = De(t+T),  (5)

with the complex quasienergy € = Ree — (ih/2)T", where
T is the total ionization rate of the initial bound state due
to the field F.(t), while Ree — Ey as F,(t) — 0. Since
we are describing the ionization of a bound state, the
periodic in time QQES wave function ®.(r, t) satisfies the
following complex boundary condition in open n-photon
ionization channels for r — oo:
eiknR—iant

i)e(r,t) ~ Z An(pn)iv (6)

n>ngo R

kn = \/2m(e + nhw, — up)/h, (7)

T2 T/2
w = / A2(t)dt = e / A2(t)dt,(8)

P omeT T - 2me2T ’
—T/2 —-T/2
_ _ . _ e /t "o

R=R(r,t)=r — A, (thdt', (9)

where w; = 27/T, and ng = [(up — Re€)/(Aw,)], where
[z] denotes the integer part of z. A, (py,) is the amplitude
for ATT with absorption of n photons of energy hw, and
photoelectron momentum p,, = p,#, where ¢ = r/r and

Dn = \/2m(Re € + nhw, — up). (10)

The differential n-photon ATI rate, dI'(pn)/dQp, =
I'(pn), is given by

T(a) = 1= [VEndu(pn) (1)

Note that Egs. (6)—(11) reduce in the case of a monochro-
matic field to the QQES results obtained in Refs. [45, 46].
Thus, as in the case of a monochromatic field, the ATI
amplitude for the PT field F . (t) requires for its definition
only the asymptotic form of the QQES wave function.
An atom interacting with a non-monochromatic PT
field F,(t) emits harmonics with frequencies @ = Nw,,
where NN is an integer that may be both odd and
even. Similarly to the QQES result for a monochromatic
field [40], the harmonic generation amplitude, Aq, can
be expressed in terms of the complex quasienergy e of
an atom in two fields, the strong field F,(¢) and a weak
(infinitesimal) harmonic field F(t) = e, F cos(Qt + ¢p,):
Aq = —48—5 ,
Frlr,—o
(From the definition (12) for the HHG amplitude, the
HHG rate for a harmonic with frequency € is [40]:

Q3|AQ|2
Ra = 8mhed

2

Fj, = Fe'®r. (12)

(13)



Note that, as shown in Ref. [40], the harmonic amplitude
Agq in Eq. (12) equals the Fourier-component D, of the
dual dipole moment [47, 48], D(t) = e, D(t), where

T/2 )
Dq =
T/ T/2

C. General definitions of ATI and HHG
probabilities for the case of a short pulse

’LQt dt (14)

In the case of a short laser pulse, both the photoelec-
tron and the generated radiation spectra are continuous.
Thus the concept of a rate cannot be used to describe
ATI and HHG spectra. Instead some continuous func-
tions of electron energy E, and frequency {2 (or photon
energy Fq = hQ)) should be introduced in this case.

We start with ATI, in which case the doubly differen-
tial probability to detect the photoelectron in the energy

interval (E,, E, + dE,) and in the solid angle d€p,,
d*p
= — 15
P(p) dEdep ? ( )

is the proper quantity for describing ATT by a single short
pulse. To find an expression for P(p), we consider first
the total ionization probability I'yo¢ for a period T of the
PT field F.(t):

Dot =T Y /

n>ngo

denF pn) (16)

where we have approximated € by Ey in Eq. (7), so that
no = [(up — Bo)/(hwr)], pn = v/2m(Bo + nhior — ),
and k,, = p,/h. In the limit w, — 0, the sum over n in
Eq. (16) can be replaced by an integral over the electron’s
momentum p [or energy E, = p®/(2m)], substituting

- \/Qm(nth + By —up) — 1, (17)
n; — —— [ pdp= MLT /dE,,. (18)
The result is:
Dyot = / / P)AE,d,, (19)
where
I(p)= LA AR =Adpw)] . (20)

Thus the desired short pulse probability P(p) is given by
2mp | JAD)P

P(p) = — (21)

mh w-—0 w2

To describe harmonic generation by an atom in a short
laser pulse, we use the spectral density of radiation,

p(Eq). Consider first the total energy radiated during
a period T of the PT F,(t):

it =T »_ hORq. (22)
N

As for the case of ATI, in the limit 7 — oo, the sum in
Eq. (22) can be replaced by the integral:

27
Eiot = hmOw_/dEQQRQ = /dEQP(EQ)a

where the spectral density p(Eq) is

p(Fo) = 270 Tim 22 (23)

wr—0 w2

We emphasize that the limit in Eq. (23) is taken at fixed
Q. Generalization of the concept of a dual dipole moment

to the case of a short laser pulse is obtained by substi-
tuting Eq. (13) for Rq into Eq. (23) (using Aq = Dq):

ot -

Eqo) = ——|D(Q)|2. 24
p(Ba) = - [D(O) (24)
The Fourier-transform, D(2), of the dual dipole moment
for a single short pulse is defined by the formal limit:

D(Q) = Jim Dq/wy, (25)

where Dq [cf. Eq. (14)] is the Fourier-component of the
dual dipole moment for a periodic field.

The formal definitions in Egs. (21) and (23) for P(p)
and p(Eq) in terms of ATI and HHG rates for a peri-
odic field are quite general and are valid for any atomic
system. However, in practice appropriate expressions for
An(pn) and Dgq are necessary in order that the limits
in Egs. (21) and (25) can be calculated. Such expres-
sions are most easily obtained only for model systems,
such as the one used in the TDER theory [36, 37] to an-
alyze strong field processes in a monochromatic field. In
Sec. IIT we describe briefly basic results of this model for
the case of a periodic field, which will then be used to
specify the spectral density (23) for a short pulse in the
framework of TDER theory. (The TDER results for ATI
by a short laser pulse will be published elsewhere.)

IIT. TDER RESULTS FOR THE COMPLEX
QUASIENERGY IN A PERIODIC FIELD

Within TDER theory [36, 37] calculations of the com-
plex quasienergy ¢ in Eq. (12) simplify so that most can
be carried out analytically. This theory treats the elec-
tron in a short-range potential U(r) (of radius r.) that
supports only a single bound state 1, (r) with energy
Eo = (hr)?/(2m), angular momentum [, and the follow-
ing asymptotic behavior at large distances:

wmlm(r)|nr>>l = C/il K”‘_le_ﬁr lm(f‘)u (26)



where C; is a (dimensionless) asymptotic coefficient. In
the TDER model the interaction of the active electron
with the potential U(r) is described by the l-wave scat-
tering phase shift 6;(k) (kK = \/2m£E/h?). This phase is
parameterized within effective range theory [49] in terms
of the scattering length (a;) and the effective range (r;),
which are the parameters of the problem.

The solution of the QQES problem within the TDER
model simplifies significantly owing to the boundary con-
dition for the QQES wave function ®.(r,t) in this model
at small distances, r < r. (cf. Refs. [36, 37] for details):

. n 1
oo @in~ |

2041 mr
j—— T - e
[(2L+ D)2k

B0 )| a0

!
< )—=—g(t 27
() glt) (21)
where ¢ is the complex quasienergy in the combined field
F(t), which is required for calculation of the HHG am-
plitude according to Eq. (12):

Ft) = e, F(t) = F,(t) + F(t). (28)

In Eq. (27), g(t) is a periodic function with period T,
and the parametrization of the coefficient B;(g) is very
similar to that for the scattering phase §;(k) [49]:

(20 — D)N(20 + DBy (e) = k2T cot 6 (k)

k =+/2me/h2.

Within the TDER theory, the four-dimensional (in r
and t) TDSE for € and ®.(r, t) reduces to a homogeneous
one-dimensional integro-differential equation (a key ad-
vantage), representing an eigenvalue problem for £ and
g(t). For a bound s-state, this equation is (cf. the similar
results for a monochromatic field in [36, 37]):

g(t) — 2T;z| (Asg(t) + zhdil—it)>

1 1
== 4 rk?
al+2rl ;

N X
= 2/17: ; dr [G(t, t—1)g(t —T1)e"T—
GOt — T)g(t)] . (29)

Here Ae = ¢ — By, GOt —7) = GO(r = 0,t;7 =
0,t — 7) is the ordinary retarded Green function for a
free electron, and G(t,t — 1) = G(r = 0,t;x' = 0,t — 7)
is that for an electron in the field F(t). Equation (29)
and the equivalent infinite system of homogeneous linear
equations for € and the Fourier-coefficients of the func-
tion g(t) are convenient for numerical analyses. How-
ever, for analytical analyses it is more convenient to rep-
resent Eq. (29) in terms of the quasienergy representa-
tions, G (t,t —7) and G.(t,t — 7), of the Green func-
tions GO (t,t — 7) and G(t,t — 7). [An explicit form of
G:(r,t;x’,t") for a monochromatic field can be found in
Ref. [50].] Using the relation between G(r,t;r’,t') and

G-(r,t;x’,t") [50] (cf. also Appendix B in Ref. [41]), the
integral term in Eq. (29) can be represented as:

/Oo (G(t,t = m)g(t = Tyt -

T/2 5
dt’ 30
T/T/2 ) ( )
- g0, 1)

where
. t 2 f2(41
m ) e A*(t") "
= -5 —= —_— = dt
omiz P ( h /t/ { 2mc? up]

Ge(t,t') = G(t,1)
e—ian(t—t/) (ei/;n”z(ti/)‘ _ 1)

Go(t,t —7)g(t)| dr

2 R | ey
| | 1 //
R(t, t') = me /. A(t )dt (32)
A(t) = Ar (1) — i Sin(Q1 + ép), (33)
T/2
Up = 2m027/7/2 (34)
hjj — ey + € — fip, (35)

and A(t) = e,A(t) is the vector-potential of the field
F(t). The result is the following alternative form of the
basic TDER equation (29) for a periodic field:

ol0) - ot (Beg(t) +in™00)

2|Ey dt
orh2 [T/%
= t,t)g(t")dt' . 36
i | 91t (36)

IV. QUASICLASSICAL RESULTS FOR THE
HHG AMPLITUDE AND SPECTRAL DENSITY
p(Eq) IN TDER. THEORY

We consider harmonic generation by a short pulse
whose vector potential, A(t), and electric field, F(¢),
are slowly varying on the atomic time scale of order
To = h/|Eo|. For a short pulse with carrier frequency
w, this is equivalent to

hw < | Ep). (37)

Moreover, we assume that

Fo = /8m|Eo*/(le[h),  (38)

where max{F(t)} is the maximum value of F(t) in the
interval (0,7). When the conditions (37) and (38) are
fulfilled, the TDER result for p(Eq) can be obtained in
analytic form in the quasiclassical approximation. In or-
der to carry out the limiting procedure in Eq. (25), we
obtain first the quasiclassical result for the HHG ampli-
tude Dgq for small, but finite w;, e.g., w, <K w.

max{F(t)} < Fo,



A. Analytic results for a periodic field

Since for a slowly-varying short pulse the function g(t)
in Eq. (36) also varies slowly with ¢, we can set g(t) =
const and then average Eq. (36) in ¢ over the period T.
(This procedure is similar to the adiabatic approximation
used for the case of a monochromatic field [51] and its
accuracy for describing HHG for this case is discussed in

Ref. [41]). Thus, Eq. (36) reduces to a transcendental
equation for the complex quasienergy :
KRTo
— ——(e— Ey) =Z(e, F 39
2|E0|(E 0) (57 h)v ( )
where
2 h2 T/2
I(e, Fy) = —— / / Ndtdt'.  (40)
mrT T/2

[Note that Eq. (39) at Fj, = 0 gives the transcendental
equation for the quasienergy € in the PT field F.,(¢).]
Approximating € = € + Ae (where Ae x Fj) and ex-
panding the right side of Eq. (39) to first order in both
F, and Ae, we obtain an expression for the linear (in

F},) correction Ae to the complex quasienergy e in the
PT field F,(t) induced by a weak harmonic field F(t):

P 11, (€,0)
" kro/(2|Eo]) + Z. (€, 0)’

Ae = — (41)

where 7!, = 0Z/0z. In the quasiclassical approximation,
the quasienergy € in Eq. (41) can be approximated by Ey.
Moreover, the denominator in Eq. (41) is connected to
the normalization factor for the QQES wave function [36,
37] and may be approximated by its unperturbed value:

kro/ (2| Bol) + (e, 0) = —(| Eo| Ci) ",

where the asymptotic coefficient Cyp is defined by
Eq. (26). Thus the result (41) for Ae reduces to:

Ae = F,C2y I, (Eo,0)|Eql. (42)

As shown in Appendix A, the derivative 7}, can be

parameterized in terms of Fourier-components Diq of
the dual dipole moment [cf. Eq. (14)]:
AC2|Eo|Ty, (Eo,0) = Dae'® + D_ge™ "%, (43)

where the HHG amplitude Dg, can be expressed as:

7222 2 A ()

n>ng v o==%1

27m| | 1

dcru _
ﬁ@)

T/2 —iS(t,t7pn)/ QL P (.
« / e (T( 7pn2) dt, (45)
—-T/2 R(t,tg) |:[Pa(2t§20n)]2 — E,

where

P(tp) =+ 09 A, (16)

Dp = \/2m(nhw7. + Eo — up),

S@mm_j(B%%E—EOM, (47)

lef

R(t,t)) = Am (48)

me Jy,
The labeled times t7 [= t7(p,)] in Eq. (45) are roots of
the saddle point equation,

Pcr(tg;pn) = _ih’iv (49)

having positive imaginary part, Im¢7.

As in the monochromatic field case [52], Eqgs. (44),
(45) for the HHG amplitude of a PT field F,(t) have
a clear physical interpretation. They express the HHG
amplitude as a coherent sum of partial amplitudes corre-
sponding to the generation of harmonics by an electron
created in the continuum by n-photon ATI. For a given
n, these amplitudes are determined by the saddle points
t2 of the classical action S(t,t1;p,) [cf. Eq. (49)], which
may be interpreted as complex “ionization times.” Fi-
nally, 0 = +1 distinguishes electrons escaping in opposite
directions along the polarization vector e,. The number
of saddle points t7 contributing to the sum over v in
Eq. (44) depends on the shape of the vector potential
A(t). For a monochromatic field of frequency w;, only
two saddle points (with ¢ = +£1) contribute, in which
case our results (44), (45) coincide with those of Ref. [52]
as well as with those obtained within the quasiclassical
approximation for the TDER model [41].

B. Analytic results for a short pulse

To apply the quantum results (44), (45) for the HHG
amplitude Dq, obtained for the case of a finite w., to the
case of a single short pulse (i.e., in the limit w, — 0),
we use the definition of the Fourier-transform D(f2) in
Eq. (25). Replacing the sum over n in Eq. (44) by an
integral over the electron’s momentum p according to
Egs. (17) and (18), the right side of Eq. (44) becomes
proportional to 1/7 [= w,/(27)]. The limit w, — 0 in
Eq. (25) is thus finite, giving the result

D(Q) = % / h D(t)e M dt, (50)
where N
B =i\ 3o 2 /dedU p1)
o=%+1
4 (p,1) |Eo|CZo ‘Zs“g’p’/”LP (tp)p (51)

2
cF)R(t, 1) [l — |



Approximate evaluations of the integrals in Egs. (50)
and (51) (derived in Appendix B) lead to further simpli-
fications of the HHG amplitude D(Q2) for a single short
pulse. For a short pulse with given carrier frequency, w,
and carrier-envelope phase (CEP), ¢, we parametrize the
vector potential A(t) in Eq. (1) as follows:

A(t) = f(t) sin(wt + ¢), (52)

where the pulse envelope, f(t), has its maximum at ¢ = 0.

The results in Appendix B, derived for a vector po-
tential A(t) of arbitrary form, show that when A(¢) has
the form in Eq. (52), then the generation amplitude has
the form presented in Ref. [22], i.e., a coherent sum of
partial amplitudes A; describing the generation of radia-
tion with frequency 2 by electrons ionized at each (jth)
optical half-cycle of the pulse described by (52):

D) = VD S 1y, (53)

Aj = X'(rj)Xq(g)XU(E)v (54)
t(j)

ﬁgﬁj = Eﬂts‘j) - / : |:5§}ax(tz('j)7t) - E0:| dt’ (55)

(
t

where Eq = hQ), E = Eq —|Ey|, and the index j enumer-

ates the ionization (tz(-j )) and recombination (tgj )) times

for the jth half-cycle [where t¥ lies in the (j + 1)th
half-cycle]. These times satisfy equations for the ex-
treme closed classical trajectory (starting and ending

at times tl(j ) and t&j )) along which an electron having
zero initial velocity gains the maximum classical energy,
£ 1)

e

! / At =0,  (56)

0y _
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Each dimensionless partial amplitude A; in Eq. (54)
has three factors, in accord with the three-step scenario
for HHG: ionization of the active electron in an atom
by laser-induced tunneling, propagation along a closed
trajectory driven by the laser field, and, finally, recombi-
nation to the initial bound state of the parent atom ac-
companied by emission of a harmonic photon A2 [10, 11].

The tunneling factor (x,) in Eq. (54) has the form:

W) = 4605 (B rjeR) s o V2B g
T (kao)?* | Fo le|F,

where Fj = ﬁ'(tl(])) [cf. Eq. (B17)], Fo = (kag)?Fat,
Fu = lel/ad, ap = h*/(me?) is the Bohr radius, and
7; is an effective value of the Keldysh parameter v [53]
for the jth half-cycle. We emphasize that the true physi-

cal meaning of the factor xgj ) is that it is the detachment

amplitude for low-energy [E = p?/(2m) — 0] electrons
ejected by a laser pulse along its polarization axis. In
the tunneling regime, the dominant term in an expan-
sion of the short-pulse detachment amplitude, A(p, F'),
in the Keldysh parameter has a form similar to that for a
monochromatic field with amplitude F' [54] (cf. Ref. [55]):

CroVk F
Alp = 0, F) = ;—fh/ﬁe RIGE. (59)

Comparing Egs. (58) and (59), ng) can be presented in
terms of the detachment amplitude:
XY =81 A(p =0, )/ (5*a3). (60)
The factor XS;j ) in Eq. (54) describes propagation of an
electron (tunnel-ionized in the jth half-cycle) in the laser-
dressed continuum. It involves an Airy function Ai(¢;):

. Ai(¢;
NP

S\ P 61
CJ (warAt;)3/2 oy

where At; = £ — tgj),

(4) (4) (4 (7)
I(ty F(ty F(ty
2Ly Ft)  F(t")
(4)
E - Emax
G=—"5- (63)
C;/SEat
N (4
B, = ehat?09) - gy e
F(t;")

62

A _ N2
Enat 1) = 5 (AG) - A0) . (65)
and wyy = 2.6 x 1017 s71, E, = 27.21 eV, I, = 3.51 x
10*¢ W /cm?.

The last factor, x(E), in Eq. (54) describes the re-
combination step of the three-step scenario:

q
o’E :Cﬁ 7 o . 1100
xo(E) ‘@ +1)

where ¢ = \/E/|Ey| = p/(hK).
Substituting the amplitude (53) into Eq. (24), the spec-
tral density p(Eq) acquires the factorized form [26-28]:

mc

(66)

p(Eq) = w(E,F)o") (E). (67)

Here o(")(E) is the TDER result for the differential
PRCS of an electron with momentum p (p = v2mkE)
parallel to the polarization direction e, of the harmonic
(recombination) photon of energy Eq (cf. Ref. [42]):

(> +1)?° ,

oc"(E) = a3X<27(E)T%= a=e?/(he). (68)

The term w(E, F) in Eq. (67) is the EWP, which can be
presented as follows:

w(E, F) = sjk/wwr cos(p; — ox),  (69)

gk



where s, = (—=1)7 ks1gn(x7(ﬂ)x§u)). As for the case of

a monochromatic field [25], the partial EWP w; for the
jth half-cycle can be presented as a product of tunneling
(Z;) and propagation (W;) factors:

0
wj; = % 2I WJ, (70)
4320 (Fy)
) (J) 5__ 1St
I] 167T( ) (K/ao) Wlivat 9 (71)
D p AP
wy= Loy 2 A8 g
mag M (03 At 3C

where T (Fj) is the decay rate for a weakly-bound s-
state electron in a static electric field F [56]:

Ly 7) [ Eol
2 = e—2F/(3F) 201
As Egs. (70) — (72) show, the magnitude of the j-th

EWP w; is governed by the DC ionization rate Tg (Fj),
where F} is close to the maximum value of the field F(t)
during the jth half-cycle. Since the magnitude of 'y (F})

decreases exponentially with decreasing I:"j, only a few
optical half-cycles near the peak intensity of a short pulse
contribute significantly to the sum in Eq. (69). For each
half-cycle, the propagation factor W; describes plateau
structures in the spectrum of harmonics generated by
electrons created during this half-cycle. In particular,

the position of the jth plateau cutoff, Eéfl)t, is given by
an equation similar to that for a monochromatic field [42]:

EY) = 1Eo| + £t 40y
F(t 5 )

| Bo| — 1.019¢,"* By, (74)

V. GENERALIZATION TO THE ATOMIC CASE

The TDER results for p(Q2) presented in Sec. IV are
valid for a weakly-bound electron in an s-state. How-
ever, we have confirmed that the derivations described in
Appendix B can be generalized for the case of a weakly-
bound state with nonzero angular momentum [ in a way
similar to that used to obtain our TDER HHG results for
a bound p-state in a monochromatic field [41]. As in the
latter case, since the centrifugal barrier suppresses the
return of a continuum electron with { > 0 to the atomic
core, the harmonic yield for substates with nonzero an-
gular momentum projection m (in which case [ > |m]) is
suppressed by a factor (|Eg|At;/h)2™ ~ (|Eg|/hw)?I™
compared to the case m = 0. Nevertheless, our analysis
(not presented) shows that the spectral density p(f2) for
m = 0 has the factorized form (67) with the same partial
propagation factors (72) as for { = 0. Thus W; is essen-
tially independent of the spatial symmetry of the bound
state, while both Z; and o(E) are sensitive to {. More-
over, we note that the TDER PRCS (68) coincides with

that in the Born approximation since, as a consequence
of dipole selection rules, it is determined by the p-wave
scattering phase, which is zero in the TDER model for
a single bound s-state. However, our recent analysis in
Ref. [57] for the TDER model with two (s and p) bound
states shows that, indeed, the TDER HHG results involve
the ezact (non-Born) result for the PRCS o(FE).

The analytic results (67) — (72) describing HHG by a
short laser pulse thus involve only two constituents, Z;
and o(F), that depend on the atomic model employed.
Since both of these constituents have a transparent phys-
ical meaning, it is reasonable to expect that the general-
ization of the TDER results for p(Q2) to the case of neu-
tral atoms (as well as their positive and negative ions)
requires only the replacement of Z; and o(E) by their

corresponding atomic counterparts. The result (71) for
Z; should thus be replaced by:
4527 (F
1= il (75)

(2l 4+ V) mkvay’

2v—1
~ E 2F, _ -
Dse(Fy) = | h0|( 1)Cy ( Ft> e 2Fu/ B

J

where Ty (F) is the tunneling rate for a bound atomic
electron [in the state ¢, (r) with energy Ey, angular
momentum [, and projection m = 0] in a static electric
field eFj [56], and Cy; is determined by the asymptotic
form of ¥, (r) [cf. Eq. (26)]:

Cavrr—t(sr)’e

where v = Z/(kag) and Z is the charge of the atomic
core. Also, the TDER PRCS (68) should be replaced by
the corresponding cross section o(") (E) for the specific
atom considered. For the ground state H atom, o) (FE)
is known analytically [58],

wnlm (r)|nr>>l - 7mﬂyvlm (f‘), (76)

—4q™ 1 arctan(q)

M(E) — 3_ ¢ 2 _ Pd
o (E) = 3271« 20T PRI 62’7/‘1)%7 1=
(77)

while for other atoms experimental or theoretical data
for o) (E) should be used.

We present the resulting generalized expression for the
spectral density p(Eq) in a way that separates terms with
j =k and j # k in the sum in Eq. (69):

p(Eq) = w(E)o" (E), (78)
where the EWP w(FE) is given by:
w(E) = wdir + Wing. (79)

The “direct” term, wgjy, includes only terms with j =k
and is given by the sum of half-cycle EWPs w,(E):

Wair = Z w;(E), (80)

7

w;(E) = 202

;Wj, (81)



where Z; and W; are given by Eqs. (75) and (72). The

1nterference term, wjyg, originates from the interference
between the half—cycle amplitudes A; and Ay, (j # k) and
thus involves their phase difference:

Wing = Y s\ w; (B)wi(E) cos(e; —or),  (82)

i#k

where the phase ¢; is given by Eq. (55).

VI. NUMERICAL RESULTS
A. Comparison with TDSE results

In order to check the accuracy of our analytical re-
sults, we present comparisons with results of direct nu-
merical solutions of the three-dimensional (3D) TDSE.
The TDSE was solved by two different methods, both of
which used the dipole length gauge:
(i) In spherical coordinates using a spherical harmonic
expansion of the wave function (cf. Refs. [59, 60]);
(ii) In cylindrical coordinates using a split-step method
with a fast Fourier transform with respect to z and
a discrete Fourier-Bessel transform with respect to p
(cf. Refs. [31, 61, 62]).

In the first method, f(t) in Eq. (52) has a sin?-shape:

f(t) = (83)

el [ sin®(IZ), telo,7]
w 0, otherwise ’
where F' is the peak value of the electric field F(t),
7 = 27N/w, and N is the number of optical cycles
in the laser pulse. In Fig. 2 we present numerical re-
sults for a peak intensity I = cF?/(87) = 1014 W /cm?
and a wavelength A = 3.1 um (hw = 0.4eV). For these
parameters, the convergence of the numerical results is
achieved by solving the TDSE within the sphere defined
by 0 < r < 5000ag, with a uniform radial grid step
Ar = 0.042 ag, a uniform temporal step At = 0.022 ¢,
(tat = h/Eq. =~ 2.42 x 107'7s), and including orbital
angular momenta L up to Lyax = 500.

In the second method, a Gaussian-like parametrization
of the laser pulse is used:

0)=220 " gy~ 1740,

At) = ezZ—Zf(t) cos(wt + @),

~ m2 \
Por (e gm)

f(t) =exp [—21n(2)i—22] ;

g

(84)

where 7, = 27 N/w, and N is the number of optical cy-
cles in the full width at half maximum (FWHM). (Note
that the FWHM for a sin®-shaped pulse is about three
times smaller than for a Gaussian pulse with the same

N.) Numerical results are presented for A = 1.6 um
(hw = 0.775eV) and I = 2 x 10'* W/cm?. Calculations
for this case (cf. Fig. 3) were performed within the cylin-
der bounded by —zmax < 2 < Zmax, 0 < p < Pmax, With
Zmax = 614.ag, pmax = 59ag. To avoid reflection from
the boundary of the cylinder, the imaginary potential
method [63] was used to absorb the wave function at the
boundary. A uniform grid was used for both the integra-
tions over time (with grid step size At = 0.025¢,) and
over z (with Az = 0.3 ap), whereas the grid nodes in p
were placed nonuniformly: the grid was more dense near
p =0, and the total number of nodes, NV, was 420.

As shown in Figs. 2 and 3, the results of the analytic
formula in Eq. (78) are in excellent agreement with the
numerical TDSE results, reproducing even the most mi-
nor details of the HHG spectra at the high-energy end
of the plateaus. Small deviations of the analytic results
from the TDSE results shown in Fig. 3 at the lower energy
end of the HHG spectrum originate from the depletion
(~ 20%) of the ground state in an intense field, whereas
this depletion is negligible (< 2%) for the longer wave-
length results shown in Fig. 2. It is well established by
many theoretical and experimental groups that the shape
of p(Eq) depends crucially on the CEP [12-16, 18-21]
(see also reviews [2, 7-9]); i.e., for ¢ = 0 [cf. Figs. 2(a)-
(c) and 3(a)], two-plateau structures in HHG spectra are
observed, while for ¢ = 7/2 there is sometimes only a
single plateau in each HHG spectrum [cf. Figs. 3(d)-(f)].
We note that the shapes of the high-energy plateaus in
Figs. 2 and 3 are sensitive to the partial (jth half-cycle)
Keldysh parameters 7; [cf. Eq. (58) and Table I]. In
particular, for the low-frequency case: (i) two-plateau
structures are observed even for the sine-like (¢ = 7/2)
pulse [cf. Figs. 2(e)-(f)]; and (ii) additional bump-like
structures can appear beyond the second plateau cutoff
[cf. Figs. 2(d)-(e)]. Such crucial dependence of the shapes
of HHG spectra on the laser parameters (e.g., CEP, wave-
length, and pulse envelope) can be clearly explained in
the framework of the present analytic theory, as we show
in the following three sub-sections.

B. Sub-cycle and inter-cycle interferences in
short-pulse HHG spectra

To understand the interference features of the short-
pulse HHG spectra, it is necessary to examine the role of

TABLE I. Numerical values of Z; (75), Eéfl)t (74), and 7; (58)
for three half-cycles in Figs. 2(b) and 2(e). |Eo| = 13.605¢€V.

=0 o=m7/2
i L B (V) % i L B (eV)
2 5.76(-9) 2288 050 2 6.35(-7) 272.8  0.38
3 5.40(-6) 2848 032 3 1.25(-5) 260.2  0.30
4 1.18(-5) 207.5 0.30 4 4.47(-6) 143.6 0.33
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FIG. 2. (Color Onmline) HHG spectra of the H-atom for
a sin’-shaped pulse [cf. Eq. (83)] with peak intensity I =
10" W/cm? and A = 3.1 um. Grey area: Spherical coordinate
TDSE results (see text); Solid (blue) lines: analytic results
using Eq. (78). Results are given for three values of N, the
number of cycles per pulse, and two values of the CEP q5,

as shown in each panel. Arrows mark the positions of chlt
[cf. Eq. (74)] given in Table I for three half cycles j.

the various contributions to the spectra. The contribu-
tion of a partial wave packet w; to the total HHG am-
plitude is governed by both the ionization [cf. Eq. (75)]
and the propagation [cf. Eq. (72)] factors. However, the
ionization factor determines only the magnitude of w;
and does not depend on the harmonic energy Fq. Its
value depends only on the ionization potential |Ep| and
the electric field F; at the moment of ionization [in fact,
this field is close to the maximum value of F(t) during
the jth half-cycle]. In the contrast, the propagation fac-
tor depends essentially on Eq: this factor oscillates for

Eq < EY)

¢ and decreases exponentially in the region be-
yond the cutoff, Eq > Ec(u)t, where the cutoff energy for
the jth half-cycle is given by Eq. (74). If for a given laser
pulse there are only a few half-cycles with large values

of EYY but for which EUY is considerably larger than

cut » cut
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FIG. 3. (Color Online) The same as in Fig. 2, but for a
Gaussian pulse [cf. Eq. (84] with T = 2 x 10" W/cm? and
A = 1.6 um. Grey area: Cylindrical coordinate TDSE results
(see text).

EY?) while Fj, < Fj,, and EY2) > EUY but F}, < Fy,,
and so on, then a multi-plateau structure is formed in
the high-energy part of the HHG spectrum owing to the

absence of overlapping partial HHG amplitudes, A;.
Table I we present the three largest values of E(J) to-

cut

gether with the ionization factors Z; and the effective
Keldysh parameters 7; for the laser parameters applica-
ble to the results in Figs. 2(b) and 2(e). For the cosine-
pulse (¢ = 0) results in Fig. 2(b), the partial amplitude
for 7 = 2 is suppressed relative to the partial amplitudes
with j = 3 and j = 4 owing to the smallness of the ioniza-
tion factor Z, while for the sine-pulse (¢ = m/2) results
in Fig. 2(e) the contributions from all three half-cycles
(with j = 2, 3, 4) are clearly visible.

The difference in HHG spectra for cosine-like (¢ = 0)
and sine-like (¢ = 7/2) pulses is clearly seen in Figs. 2
and 3: for ¢ = 0, high energy plateaus exhibit large
scale oscillations [cf. Figs. 2(a), 3(a)], while for ¢ = /2
these oscillations are modulated by fine-scale oscillations



(b)

0
E..c /up
N
N ()] w
‘ z
_ Il

<
L

0 1 8 9 10
10°} (©
_'—10'4' \‘\
105 / k
|
3p | N (d
=1 <
S 25¢f
2l \
15
1 2 3 45 6 7 8 9 101112 13 14
J
FIG. 4.  (Color Online) Dependence of ionization factors

T, (75) and cutoff energies 7, (74) on the half-cycle number

j for laser parameters as in Fig. 3. Panels (a,b): ¢ = 0; panels
(c,d): ¢ = m/2. Red lines with circles: N = 1; Black lines
with squares: N = 2; Blue lines with triangles: N = 3.

[cf. Figs. 2(f) and 3(d)]. The origin of the large-scale os-
cillations is the same as for a monochromatic field [25],
i.e., these oscillations originate from the interference of
long and short electron trajectories for a given jth half-
cycle and are described by the Airy function in Eq. (72).
The fine-scale modulations originate from interference
between different amplitudes 4;; they are described by
the term wiy in Eq. (82) [22]. This term simplifies when
the interference of only two neighboring amplitudes in
Wint 18 significant:

Wing = 284, j, v Wi Wiy COS(‘P]& - <Pj2)' (85)

Equations (85) and (55) allow one to estimate the dis-
tance, AFq, between two adjacent fine-scale peaks as
the distance over which the phase difference in Eq. (85)
changes by 2m:

2mh

AEqg = —,
At

(86)

where Atgj ) is the difference between recombination
times for two [(j 4+ 1)th and jth] neighboring half-cycles:
At = It _ @) (Since t*) ~ w1, AEq is of or-
der hw.) For a single-cycle (N = 1) cosine-like pulse,
the fine-scale interference pattern appears in the region
of the first plateau [cf. Fig. 3(a)] since it originates from
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FIG. 5. (Color Online) Spectral density p(Eq,¢) for the H
atom and the same Gaussian pulse parameters (I, A, N) as
for Fig. 3(c). Panels (a) and (b): Planar maps of p(Eq, ¢)
(normalized relative to its maximum value) in the (Eq, ¢)
plane, with numerical TDSE results in (a) and analytic results
of Eq. (78) in (b); dashed lines indicate the HHG “stripes”
discussed in the text. Panel (c): absolute analytic results for
p(Eq, ¢) vs. relative energy Eq/E. (where E, = fuw) plotted
along the two solid vertical lines in (b), marking two fixed
CEPs: ¢ = 1.51 (dot-dashed line) and ¢ = 1.92 (solid line).

the interference of amplitudes A; with j =2 and j =3

[as is clear from Figs. 4(a),(b)]. For Eq > EYTY
the interference term wjy is negligible since the partial
EWP w;—3 decreases exponentially with increasing Fq
and thus fine-scale oscillations disappear. The fine-scale
interferences are pronounced for the sine-like pulse for
N =1 [cf. Fig. 3(d)] because there are two neighbor-
ing half-cycles with close values of both ngl)t and 7;, as
shown in Figs. 4(c),(d) (i.e., for N = 1, half-cycles with
j =2 and 3 contribute to wiy). With increasing N, the
results for both cosine and sine-like pulses exhibit fine-

scale modulation patterns in the cutoff region.

C. Dependence of quasi-harmonic structures in
short-pulse HHG spectra on the CEP

The most prominent feature visible in Figs. 3(c) — 3(f)
is the formation of quasi-harmonic patterns in the depen-
dence of p(Eq) on Eq in the cutoff region and beyond.
In previous studies [12, 13, 16, 18, 21] (see also Ref. [64])
these structures have been attributed to the real (but
shifted) HHG peaks. However, our analytic results show
that these structures have no relation whatsoever to the
usual 2fw-spaced HHG peaks typical of a monochromatic
driving laser field. Rather, these structures originate
from the interference of two neighboring half-cycle HHG
amplitudes, A;. In Fig. 5 we show the variation of such



quasi-harmonic patterns in the cutoff and beyond-cutoff
region as a function of the CEP, ¢, for a Gaussian pulse
with N = 3. Comparison of the planar maps of the spec-
tral density p(Fq, ¢) in Figs. 5(a) and (b) shows that pre-
dictions of our analytic formula, Eq. (78), are in perfect
agreement with numerical TDSE results over the entire
range of CEPs, ¢. Remarkably, as shown in Fig. 5(c),
the positions of the “quasi-harmonics” can be tuned to
either even or odd integers of the carrier frequency w by
varying the CEP [13, 15]. Moreover, in the plane (Eq, ¢),
intercycle interference causes the appearance of parallel
stripes in the planar maps of spectral density p(Eq, ¢) in
the high-energy part of the HHG spectra [cf. the dashed
lines in Figs. 5(a) and (b)] [65]. Along the direction of
these stripes, the value of p(Eq, ¢) varies slowly, while in
the perpendicular direction its value oscillates. In order
to understand this peculiar interference feature, we ana-
lyzed the dependence of various classical quantities (such
as the ionization and recombination times, the classical
action of an electron in a laser pulse, etc.) on the CEP us-
ing the numerical solutions of the classical equations (56)
and (57). This analysis shows that for any pulse shape
both ionization and recombination times depend linearly
on the CEP ¢ [wtgjr) (¢) ~ wtg‘fg (¢0) + ¢o — ¢, where ¢y is
any phase from 0 to ¢|, in agreement with the same de-
pendence of ionization and recombination times for the
case of a monochromatic field [cf. Eq. (88) below].

Although the phases ¢; in Eq. (55) are nonlinear func-
tions of ¢, nevertheless, their difference, ¢; — ¢; [which
enters Eq. (85)], can be well approximated by a linear
function of ¢ for energies near the cutoff, so that the
interference term (85) can be approximated with high
accuracy by:

Wing R 2,/W;, Wy, cos(aFEq + B + ), (87)

where «, 8 and v are constants independent of Fq and
¢. Considering p(Eq, ¢) along the line aFEq + 8¢ + v =
2nm for a fixed integer n, we maximize the interference
term and, as a result, the spectral density has maximal
values along these lines. In the contrast, moving in the
direction perpendicular to the stripes, the argument of
the cosine in Eq. (87) changes continuously, so that the
interference term w;y; varies between its maximum and
minimum values, leading to corresponding maxima and
minima (i.e., quasi-harmonic patterns) in p(Eq, ¢).

D. Evolution of HHG spectra with increasing pulse
duration

With increasing pulse duration, the number of half-
cycles that contribute to the interference term wipn (82)
for a given harmonic energy, Fq, increases gradually and
leads to some unexpected interference patterns. For in-
stance, for a Gaussian pulse with NV = 10 the interference
of many half-cycle amplitudes A; leads to the appearance
of an hw-spaced HHG spectrum (cf. Fig. 6 for ¢ = 0.25).
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FIG. 6. (Color Online) Spectral density distribution p(Eq, ¢)
vs. Eq/E., (E, = hw) in the plateau cutoff region for a
Gaussian pulse with peak intensity I = 2x 104 W/cm2, carrier
wavelength A = 1.6 um, N optical cycles (FWHM), and CEP
¢. Green (light grey) curve: N = 10, ¢ = 0.25; orange (dark
grey) curve: N = 10, ¢ = 0.11; black curve: N = 50 (no
dependence on ¢).

As discussed above, the energy positions of such quasi-
harmonics may be tuned by varying ¢: for example, in
Fig. 6 the green (light grey) curves with ¢ = 0.25 have
peaks at integer values of Eq/E,, while the orange (dark
grey) curves with ¢ = 0.11 have peaks at half-integer val-
ues. The customary HHG peaks (i.e., 2hw-spaced peaks
located at odd integer values of fiw, independent of ¢)
begin to form in the beyond-cutoff region for large N, as
shown by the black curve for N = 50 in Fig. 6.

The case of a monochromatic laser field (whose entire
HHG spectrum is comprised of a sequence of 2hw-spaced,
CEP-independent peaks located at odd integer values of
hw) is obtained by taking the limit 7 — oo (or N — c0)
in our analytic results. In this limit, the vector potential
A(t) can be approximated by that of a monochromatic
field and Egs. (56) and (57) have the solution:

wti? =7 — ¢+ j,
wtW) = 7. — ¢ + jm, (88)
where 7, &~ —2.83 and 7, ~ 1.26. Since each half cy-

cle is the same [except for the sign of A(t) and F(t)],

j k j k .
X = P =D, and ¢ — o1 = 7(j — k) B/ (hw)
[cf. Eq. (55)]. Substituting these results in Egs. (53), (54)
and (24), we obtain:

p(Eq) = TW(E)U(” (E)D(n, ), (89)

where W (FE) is the EWP for a monochromatic field [25],
n is the number of half-cycles (n = 2N), and

" jmjgz sin 3na ?
Do(iemiEl = (Em ) (90)

=1 Sin 5T

D(n,Q) =

2

where



For N — oo, D(n, ) becomes a sum of §-functions [66]:
2w?
D(n, Q) — =Tn Y 8[Q—(2k+1w], (91)
n>1 i %

where Ty is the pulse duration: T = 27N/w. For a
long pulse, it is useful to introduce the power of emitted
radiation, W;et, i.e., the ratio of total energy radiated
during the pulse, &;o, to pulse duration:

Wtot = lim gtot/TN- (92)
N—o00

Substituting Eq. (91) into Eq. (89) and integrating the
latter over FEq, we obtain the total power, Wiy, as:

Wiot = »_ Wakt1, Wakpr = (2k + DhwRagyr, (93)
k

where the partial power of the (2k + 1)th harmonic
(Whag11) is expressed in terms of the HHG rate Rog1
for the (2k + 1)th harmonic [25, 42].

The above analysis shows that our analytical results for
short pulses uniformly approach those for a monochro-
matic laser field in the limit that the pulse duration be-
comes infinitely long. We emphasize that it is the inter-
ference term, wjyy, that is responsible for the formation of
2hw-spaced HHG peaks (located at odd-integer multiples
of the carrier frequency) as the number of optical cycles,
N, in the pulse becomes large. For a given pulse shape,
the monochromatic field limit is reached when: (i) The
magnitudes of the half-cycle amplitudes, A;, are close
in value to each other; and (ii) The phase differences
between the half-cycle amplitudes are essentially inde-
pendent of the peak intensity. These two conditions can
only be satisfied simultaneously for quasi-monochromatic
pulses. However, the critical number of optical cycles,
Ne;, at which a stable shape (i.e., independent of the
CEP, ¢) of the HHG spectrum begins to form in the cut-
off energy region, depends crucially on both the shape of
the laser pulse and its peak intensity, I. For instance,
for a trapezoidal pulse, N, ~ 3 and the shape of the
HHG spectrum is only slightly sensitive to the intensity,
1. For this reason, a trapezoidal pulse shape is the most
appropriate one for analyzing the monochromatic field
limit. In contrast, for Gaussian pulses, N, depends sig-
nificantly on the intensity: e.g., Ny ~ 40 for I = 4 x 1014
W/ecm?, ~ 15 for I = 2 x 10 W/cm? (cf. Fig. 7), and
~ 10 for I =10* W/cm?.

Finally, we remark that our analytical description pro-
vides a remarkably clear illustration of how the regu-
lar (2hw-spaced) feature of HHG spectra begins to form
(with increasing number N of optical cycles) from the
often complicated spectral structure of short-pulse HHG
radiation. Since for small N the inter-cycle interferences
are highly sensitive to the CEP, as shown in Fig. 6, the
evolution of these interferences with increasing N can
best be seen by considering spectra that are averaged
over the CEP. In Fig. 7 we present such CEP-averaged
spectral densities p(Fgq) for the same Gaussian pulse as
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FIG. 7. (Color Online) CEP-averaged spectral density dis-
tribution p(Eq) (not normalized, for better visualization) in
the plateau cutoff region and beyond for different numbers N
of optical cycles (FWHM) in the same Gaussian pulse as in
Fig. 6. The numbers N of cycles for the four filled areas [from
bottom (red) to top (orange)] are: N = 10, 15, 20, and 40.

in Fig. 6 for four values of N, from 10 to 40. Such aver-
aging smooths out the fine scale-oscillations for N = 10
(seen in Fig. 6 for two values of the CEP). Such aver-
aging, however, is less significant for N = 15 or 20, and
beginning from N = 40, the results do not depend on ¢.
As shown in Fig. 7, a stable harmonic structure gradu-
ally appears with increasing N beginning for energies Eq
well beyond the plateau-cutoff energy, with the first sig-
nature of this structure appearing for N = 10 as horizon-
tal steps centered close to the positions of odd harmonics,
Eq = (2k+1)hw. For larger N, the regular structure be-
comes more distinct and extends toward the plateau cut-
off position (corresponding to the 213th harmonic) with
gradually increasing peak heights and narrowing peak
widths centered at the odd-harmonic energies. Such evo-
lution of the short-pulse HHG spectrum is not surpris-
ing. Indeed, with increasing N, the half-cycle ionization
factors Z; (which do not depend on the harmonic en-
ergy Fq and which determine the absolute values of both
the partial EWPs w; and the amplitudes A;) become in-
dependent of the half-cycle number j. However, condi-
tion (ii) (cf. prior paragraph) for the phase difference,
Aj, = ¢j — ¢i, between half-cycle amplitudes A; and Ay
is fulfilled for energies Eq primarily beyond the plateau-
cutoff. This is because in this region the first (linear in
Eq) term in Eq. (55) for ¢; exceeds the second (intensity
and CEP-dependent) term, allowing the realization of the
condition Ay = (¥ —t")Eq /h ~ 7 (j—k) Eq/(hw) that
is necessary for “constructive” interference of half-cycle
HHG amplitudes at odd integers of the ratio Eq/(hw)
[cf. Eq. (90)]. The results in Fig. 7, which employ a Gaus-
sian approximation for the pulse envelope, are useful for
understanding qualitatively the evolution of short-pulse
HHG spectra with increasing N. However, as N increases
this approximation becomes inappropriate because a flat-
top envelope is more relevant for long pulses. In this case,
the regular HHG spectrum is formed for a much smaller
N than for a Gaussian pulse. Indeed, our analysis for a



trapezoidal pulse shape finds that the formation of a 2/w-
spaced HHG spectrum over a wide interval of harmonic
energy Eq occurs already for NV = 5.

VII. SUMMARY AND CONCLUSIONS

In this work we have derived quantum-mechanically
closed-form analytical formulas for the spectral density
p(Eq, ¢) of coherent radiation emitted by an atomic sys-
tem subjected to an intense, short laser pulse with CEP
¢. Our main results consist, first, in generalizing our
TDER theory [36, 37] (for describing a weakly bound
electron in a short-range potential subjected to an in-
tense, monochromatic laser field) to the case of an in-
tense, few-cycle laser pulse. The key idea is to treat the
case of an infinitely long pulse train of short laser pulses
and then to take the limit that the time between pulses
becomes infinite. We then derive closed-form analytic ex-
pressions for the spectral density p(Eq,¢) of generated
radiation by a few-cycle laser pulse that include the de-
pendence on the number of cycles N in the pulse and on
the CEP ¢ of the pulse. The resulting formulas factor-
ize into factors corresponding to the three steps of the
well-known three-step scenario [10, 11]. These formulas
also confirm the phenomenological parametrization [26—
28] of the HHG yield in terms of the PRCS (") (which
describes the final step of the three-step scenario) and
the EWP (which describes the ionization of an atomic
electron and its propagation in the laser field). Most
importantly, we provide a closed-form expression for the
EWP factor for the case of a few-cycle laser pulse. More-
over, we generalize the analytic formulas derived for our
TDER model system to treat HHG by real atoms in a
few-cycle laser pulse.

Our analytic formulas show that the spectral density
p(Eq, ¢) is highly sensitive to both the CEP, ¢, and the
number of optical cycles, N, in the pulse. The fine-scale
oscillation pattern of the HHG plateau near the high en-
ergy cutoff is shown to originate from interference be-
tween EWPs ionized from a few neighboring half-cycles
in the vicinity of the peak of the laser pulse intensity
envelope. Moreover, the CEP, ¢, can be used to tune
the energy locations of peaks in the plateau spectrum of
p(Eq,¢). Only in the limit that N — oo does the inter-
ference pattern become the one expected for a monochro-
matic laser field: harmonics separated in energy by 2hw
and located at odd integer values of the carrier frequency,
w. The closed form analytic formula derived for our
TDER model system was easily generalized to describe
HHG by real atoms owing to the transparent physical
meaning of each of the three factors of which it is com-
prised. This formula is thus applicable for describing
HHG by atoms in a few-cycle laser pulse provided only
that the intensity and carrier frequency of the pulse lie
in the tunneling regime.

We conclude by emphasizing the valuable insight into
strong field processes provided by closed-form analytic
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formulas. Although such formulas can be derived only
for model systems and/or within limited ranges of the
laser parameters, they allow one to obtain a detailed un-
derstanding of the underlying physics applicable to real
systems. We note, finally, that ours is not the only the-
ory capable of providing closed-form analytic formulas
for strong field processes. Recently, O.I. Tolstikhin, T.
Morishita, and S. Watanabe presented a general adia-
batic theory of ATT and applied this theory to the case of
a one-dimensional zero-range-potential model [67]. This
work obtained a factorized analytic formula describing
ATT for that model that is consistent with the suggested
factorization proposed in Ref. [26] and is applicable in
the limit that the driving laser period is long compared
to electronic time scales in atoms. Various details of the
simple model system treated in Ref. [67] differ from those
of our three-dimensional TDER model system that was
applied in Ref. [55] for analytic description of ATI in a
monochromatic laser field. However, the advantage of
such analytical approaches is that (in addition to the
physical insight they provide) the closed form formulas
provide experimentalists with the means both to plan ex-
periments and to probe any differences between results
of different theoretical models.
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Appendix A: Derivation of Egs. (43) and (44)

To evaluate 7, (Eo,0) in Eq. (42), we express the inte-
gral (40) in an alternatlve form. Using the definition (31)
for G.(t,t') and proceeding as in Ref. [68], the integrand
of Eq. (40) can be written as a sum of two terms,

etkn R _

( _cos kn|R(t, )] —1
Rt

[R(t, )]

sin[k, R(t, )]
R(t, )
(A1)
where the first term on the right is an even function of
kn, while the second term is odd. Expanding the even
term in a series in ky, [cf. Eq. (35)] and substituting this
expansion into the integral (40), the contribution of the
kn-even term becomes:

T/2

.- [[y 3y C el O

T2 n v=1

gu(t,t)) = |R(t, )2~ 1exp{_g/tf { 2 A2(7)

/ 2mc?

—inw, (t—t")

dtdt’,

o)



where g, (t,t') ~ [t—t'|** "1 at t — t'. Using the definition
of k, in Eq. (35), the integral Z. becomes:

s // HSC% : gy

v=1 s= 07—/2
x (ih)*6) (t —t'

Vg (t, t))dtdt’, (A2)

where C, is a binomial coefficient and 6(*)(t — t') is the
s-fold derivative of the §-function in the space of periodic
functions:

§O =) =Y (—inw,)temmer (=), (A3)

n

Using Eq. (A3), the integrations in Eq. (A2) can be per-
formed straightforwardly and show that Z, = 0.
The integral (40) thus simplifies upon substituting,

eiknl R _ 1

[R(t, )]

eiknR(4t) _

2R (¢, 1) ’

e—ifcnR(t,t’)

(A4)

and representing the integral Z(e, F},) as a summation
over simpler integrals Z,,:

1 oo
I(e, Fp,) = T n;m T, (A5)
T2 e~ S, (1) /R _ —iS(t,t")/h ,
I, = / / REE) dtdt’, (A6)
-T/2
where SF(t,1') is the classical action:
t + (417\12
)
SEtt) = P COF | A7
sy = [P o an)
PED) =t DAW), pa=hh. (A9

To extract explicitly the linear in Fj result in the ex-
pansion of Z(g, Fp,) in the limit F, — 0, we transform first
the expression (A6) for Z,, (presenting it as Z,, = Z,, —Z})
as follows:

T/2 ,—iSE(t,t')/h
T+ = / / S —— Y v -
T2 R@Et)

—iSE (Lt >/h( Sy ﬁ)
//T/Q e a—g; +ﬂ G didi —

~T/2 R(t,t’)( 05, +63§%)

T/2 d[e—zsi(tt )/h]dt/
tha //
~T/2 R(t,t') ( OS5 | pOSy )

T/2 dtd —iSE ) /h
—Hhﬁ// ) ,
T2 R(t, ) "+ﬁat/)

where « and (3 are free parameters. [Note that the deriva-
tives, ST /0t or S /0t', of the function S (¢,t') de-
pend only on the single variable, ¢ or t, respectively.]

(A9)
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Next, we integrate by parts in Eq. (A9), keeping only
terms of the lowest order in 1/R, to obtain
o iSE(tt) /R 82823 didt’

T/2
TF ~ iha? // 5
_ 8Sn
T/2 R(t t/) ( _|_B O )

T/2  o—iSE(tit )/ﬁa Sn dtdt'
+ih3? // -
’Vl asn
T/2Rtt' %5 +5W)

Finally, we use the saddle point method to estimate
the integral over ' in the first term in Eq. (A10) and
that over ¢ in the second term. The derivative dS;F /ot
(0S8 /0t) in the denominator of the first (second) inte-
gral in Eq. (A10) becomes zero since it determines the
corresponding saddle point equation. Thus the free pa-
rameters o and 3 do not enter the final result for Z,:

T/2 — (t,t,))/ /="
T ~ th 2mh / (?n (t )dt
") J-T2 R[S (1)2
2mih 772 e~ iSn (L)) /h5+//(t)
S t+ “772 Rt EDSH (1))

T/2 _—iS, (t, "t )/ hg—=" (4

—mz / < Sy (1) gy
iSy " (t) -T2 Rt ) [Sh (#))2
T/2 —iSHE ) /hg+! (¢

—th / Su_(t )dt’,
8+ t** T2 R ST (t)]?

(A10)

(A11)
where
L+ [Pr @)
SE'(1) = FAPEW F() (A13)
The saddle point equations for ¢+ are:
+ (1412
2m

where ¢ is approximated by Ey, and ¢} are the roots of
Eq. (A14) for which the imaginary parts of S (t£) are
positive.

Consider first the imaginary part of Z for real ¢ < 0
[to which only open n-photon ATI channels contribute,
as follows from (A6)]. Its expression in terms of Z,, is:

-1
5 2572 > I, (A15)

n>ng

7 =ilmZ(e, Fp) =

where ng = [(4p — €)/(Aw)] (where [z] is the integer
part of x) and @, is defined by Eq. (34). Assuming
hQ > |Ey|, we can neglect in Eq. (Al1) for Z,, any de-
pendence of P, Si, Sil R, and the saddle points t-
on Fj in the lnmt Fh — 0, other than that stemmmg
from the terms F(¢) and f(t') in the derivatives S (t)



and SE"(t') [cf. Eq. (A13)] in the numerators of the in-
tegrals in Eq. (A11). Thus the linear in Fj, term in the
expansion of Z,, in F}, follows only from the linear de-
pendence of F(t) on F}, [cf. Eq. (28)] in Eq. (A13) for
these derivatives. Hence, the derivative (in F},) of Z is
obtained as:

Iy, = g—é _— g e D _g, (A16)
where
i = zh|e Z Z
n>no v
\/W/Tﬂ e~ 1Sy (t.t, )/h:l:iQtP;(t) ”
(ty) J=T1/2 R(t,t; [ 7;(;)]2 _Eor
2mih e—zSTf(t,tj)/hiiQtP;—(t) "
Sf{”(tff) ~T/2 R(t, ) [prg—(niw _Eor

e~ 1S, () t)/hiiﬂtp—(t)

/ T/2
ZS /T/2 R t_ |:[Pn (t)] E0:| 2
T/2 =it )/h:l:iQtPJr t
/ ® 4.
zS+ t** T/2 Rt t [[P ()] Eo}

(A17)

and definitions of S (¢,t'), PE(t), and R(t,t') are given
by Eqgs. (A7) (with e = Ey), (A8), and (32) with Fj, =0,
while ¢ are given by Eq. (A14) with P:;f — PF. More-
over, since Eq. (A17) involves only integrals over the pe-
riod T, the vector potential A,(t) can be replaced by
A(t) in these integrals [cf. Eq. (4)].

Since Z determines only the imaginary part of Z
[cf. Eq. (A15)], to find an explicit form for T}, (Fo,0)
in Eq. (42), it is necessary to express Eq. (A16) for f}?h
as a difference of two terms similar to that of Z — Z*
in Eq. (A15). For this purpose, we separate the saddle
points ¢} in the integrals for ®q in Eq. (A17) into two
groups:

(i) Saddle points from the first group satisfy the equation:

P+ A(t],) = —ihk, (A18)

where we label those as ti > and

(ii) Saddle points from the second group (labeled as tj_tl )
satisfy the equation:

pn £ AT =y,) = +ihk. (A19)
The solutions of (A18) and (A19) are related as follows:
tit,v = [titl,v]*' (A20)

To separate the contributions of these two groups of sad-
dle points to g in Eq. (A17), we re-write &g as

o =0l + ol Y, (A21)
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where @g ) corresponds to the 7 = +1 saddle point group:

) ihle]

R D ) Dl L

o=t1ln>ng v ;L?)V|8|F(t?)l/)/£

/7’/2 e—iu}’,usfi(tt}’,u)/h-%iﬂtpg(t)

T2 R(t17) {[P;;(t)]? _ Eor
R

2m

where p7, = £1 is the sign of the imaginary part of the
saddle point ¢ . [Eq. (A22) follows from Eq. (A17), tak-
ing into account Eqgs. (A13), (A18), (A19), and (A20).]
Though saddle points with both positive and negative
parts contribute to Eq. (A22), the contributions of those
with Im¢7 , < 0 are negligible for Q > |Ep|. Indeed, the
saddle po1nts of the integrand in Eq. (A22) satisfy:

e < [Py ()2

2V 2m

dt

, (A22)

— EO) = hQd. (A23)
For pf, = —1 and Q > |E|, the saddle points are
complex, so that the corresponding integrals are small,
whereas for (47, = 1 the saddle points are real and the in-
tegrals are not small. Thus we substitute 47, = +1 and
neglect contributions of saddle points with Im 7, <.
(From the symmetry relation (A20) and the explicit

form (A22) for @g), it follows that

o) = —pC D", (A24)
This symmetry relation allows us to write i};h’ as:
5 I/ _ I/ *
= Tl 5 B (A25)
where
Tp, =2 (@ e +0lei) . (A26)

Finally, from Egs. (A25), (A26), and (A15), we obtain:

AC} | Eo|T, (Eo,0) = Dae' + D_qe ", (A27)
where the HHG amplitude, Do = 80g0|E0|<I>8), is given

by Egs. (44) — (48).

Appendix B: Analytic estimates of the HHG
amplitude for a short laser pulse

To simplify the result (51) for the HHG amplitude in
the low-frequency limit (hw < |Ep|), we estimate the
integral over p by the saddle point method. The saddle
point p = p and the second derivative of the classical
action S(t,t7;p) in Eq. (47) at p = p are given by:

t
5 le] Jio A(T)dr
= =D B1
p=o0q, q ¢ =i (B1)
%S =ty imat"( ) _t=tg
op2| m “m op T m
p=p p=p



so that the saddle-point result for D(t) is

D(t) =lel™ > do(t), (B2)
o=+1
e—iS‘(t,tZ)/h D
=Y )= LG )
R ETeY
where
5 h
fa,u(t) = CHO|E0|O'\/’L'I£|€|O'F(tg)(t _ tg)(i’
P) :'%' [A(t) - #/t A(T)dfl ,
t lel ’
S(t,t,) = /ta w — Ey| dr, (B4)

and the equation for the saddle points tg [= tJ(¢)] follows
from Eq. (49) upon substituting there p,, — p:

1 t
t—1tg )y

le] A(t%) —

v

A(T)dT‘| = —iohk. (B5)

To estimate the integral over ¢ in Eq. (50) for D(R),
we use the techniques suggested in Ref. [69] for evaluat-
ing integrals involving functions with two close (nearly
equal) saddle points, as used recently in Refs.[31, 42]
(cf. also Ref. [70]). Briefly, for the integral in Eq.(50), one
expands S(t,t7) in (B3) in powers of ¢ (up to the cubic
term) about the point #, at which the second derivative
of S is zero, and then evaluates the integral in terms of
Airy functions, Ai(z).

Double differentiation of S(,t7) in Eq. (B4) yields the
equation for

F(tg)P(t)
t2)(t —tg) —ichk

~F(t)=0,  (B6)

le| F'(

7. To evaluate D(Q), we substitute (B2)
and (B3) in (50) and, taking into account the equation for

the saddle points of the function exp{—i[S(t,t7)/h—Qt]},

where t = .

P(t) =V2mE, E=hQ+ Ej, (B7)

remove the pre-exponent from the integrand in the in-
tegral over ¢ upon substituting there P(t) — v2mE,

(t—1t9) — (£, —19). Then, after approximating S in (B3)
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by the cubic polynomial in ¢, we obtain for D(Q):

Z £ V/ oIS (D) /it gy

f —zsa/h-HQt
§ o,v€

-1 \/2omE
T (E-Ey)?

Neka_l V2mE
T 1 (E—-Ey)?

“ / G E—E0.) (80 /B (t-T5)° [ (30°) g

S /h+iQt]

B Jope™
= 2ot Eo Z 7

Ai(&ow),

(B8)

where we have introduced the notations: S7 = 5’(1% t7),

vy v

.fa',l/ = fcr_’y(fz), and
E— ga,u
56,1/ - T, (BQ)
62 e ft"
go’,V - 2m02 A(tu) tV _ tla/, ) (B].O)
el?P(T)) . FE)? B
cv = R - any g A v 1—
N { @ Fg) 0-27
7 At))—Aty) o
+F<tu> {%v + F(tu)} @) -
F(tg)(#) —tg)L? v
iohk
L=1+ (B12)
le| F(t2)(E, —t7)

Further simplification of the complicated general re-
sult (B8) that allows for a better physical interpretation
follows by using an approximate solution of the basic
Egs. (B5) and (B6) for the times t7 and f,. Both tJ
and 7, are complex owing to the terms ~ fix, which have
a quantum origin (cf. Ref. [42]). As for the case of a
monochromatic field [42], for an intense, low-frequency
pulse field F(t) with vector potential (52), the quantum
term iohk in (B5) and (B6) can be treated iteratively. In
our case, this means that the “effective Keldysh parame-
ter”, ¥ = hw/(le|Fx~1) [where F is a characteristic value
of the field F(¢)], is small: 4 < 1. In the tunnel limit
(¥ — 0), (B5) and (B6) reduce to the classical equations,

)
A(t;y)) o A(r)dr =0, (B13)
6 =1
Wy _ A
1AL”) - At )+F(t£”>):0, (B14)

c tg‘u) . tgu)

for closed classical trajectories of an electron in the field
F(t), along which an electron with zero velocity at the
initial (ionization) time #; = £\ gains the maximum ki-
netic energy from the field F(¢) at the final (recombina-

tion) time ¢, = ti”). We consider only classically-allowed



closed trajectories, for which ¢; and ¢, are real and the re-
turn time is smaller than the optical period of the pulse,

e., (t, —t;) < 2m/w. For a short pulse (52) involving N
optical cycles of frequency w, the index v enumerates the

ionization (tl(-u)) and recombination (t&”’) times for the

vth half-cycle [where ) lies in the (v + 1)th half-cycle].
The solution of Egs. (B5) and (B6), taking account of
the quantum terms ~ hx perturbatively, has the form:

. hk
&t —i——=— + 0ty

t (B15)
le|F(t:)
17 ~t, + 6t,, (B16)
where
F(t;) = oF(t;) > 0 (B17)

B2 k2 F(t;) F(t,)
t = 1 At (B1
= sarmeEat |1 T Fa) N T T B
k2o
O = S () ZAL (B19)
B (Y
- T j: (B20)
1— fd 4 At
At =t, —t;. (B21)

With the use of expansions (B15) and (B16), all param-
eters in the expression (B8) for D() can be presented in
terms of the classical times ¢; and ¢,.. Numerically, the
quantum corrections in Eq. (B11) for ¢, , are found to
be negligible, so that we can make the approximations

<O’ v~ _E3t<uu
_ I F(t,) | F(t,)
G==50 [1- AN F(tT)At . (B22)

where I(t.) = cF(t.)?/(87), I = 3.51 x 106 W/cm?,
and E,¢ = 27.21 eV. In the expansion for the energy &, .,
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[cf. Eq. (B10)], we take into account the first quantum
correction (which is of order h?k? ~ |Epl), to obtain

F(tr)
o ~ Emax =& tivtT - E ) B2
&, gmax( ) F(tz) | 0| ( 3)
where
€5l ltint) = = [A(t) — (1) (B24)
max\"%’ 2m02 T .

Taking into account the results (B22) and (B23), we ob-
tain for the argument &, of the Airy function in (B8):

E— Ernax

50,1/ ~ 5 = .
1}/3Eat

(B25)

The expansion of the classical action S7 in (BS) involves
an imaginary term stemming from ImtJ [cf. Eq. (B15)]:

tr
S’g ~ SO = / [grcr}ax(tivt) - Eo] dt
ti
2 hH|EQ|
+ & (i t) At — i (B26)
3 el F(t:)

Since the last term in (B26) involves hx|Ey| ~ (Ar)3, it
would seem that the term involving At should also be
expanded up to terms of order (hx)3. However, we find
that these latter corrections give such a small contribu-
tion that they may be neglected.

Substituting Eqgs. (B8), (B22), (B25), and (B26) into
Eq. (50), we obtain the HHG amplitude in the form (53),
in which we use the summation index j (instead of v)

for enumerating the solutions (tl(-j),tgj)) of the classical
equations (B13) and (B14).
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