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The low-energy end of the spectrum of photoelectrons detached from hydrogenic ions exposed to an intense
low-frequency few-cycle pulse is calculated within the strong-field approximd®&é#). The effect on the
detached photoelectron of the Coulomb field of the nucleus is taken into account quasiclassically. The results
are compared with those of aii initio solution of the time-dependent Schrédinger equation, for the case of an
He" ion irradiated by a 400-nm pulse of<10™ W cmi™? peak intensity. Many of the features of thb initio
spectra can be understood within the SFA.
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Most of the electrons ejected from atoms by strong, low-the basis of either 4 or 2 optical cycles. The corresponding
frequency, linearly polarized laser pulses have a relativelylectric-field component of the pulse Et)=-dA(t). We
low energy, somewhat below twice the ponderomotive enalso consider that the pulse lasts from a tithe® a timet;
ergy. It is well established that the ejection of electrons ofsuch thatA(t) and F(t) are both negligible fot<t; andt
higher energy, belonging to the plateau part of the above=t,;. We aim at calculating the amplitude for the electron to
threshold ionization(ATI) spectra, can in many respects be pe at a timeT =t in a field-free continuum stateb,(T)) of
described within the strong-field approximati¢8FA) and  asymptotic momentunp if for t<t; it is in the field-free
be explained by the simple semiclassical model with whichhound statéd(t)). This amplitude can be written in terms of

the SFA is associatefdl,2]. The question thus arises as to he dipole operator and of the time-evolution operator for the
how well can the ejection of slow electrons be understoodyiom in the field, agl]

within this approximation. Of central importance in this

problem is the role of the long-range Coulomb interaction [

between the outgoing photoelectron and the residual core. It Apo =~ 'f dt(q’p(T)|U(T't)Hdip(t)|q’0(t)>' 1)
has been known for a long time that the accuracy with which f

this interaction can be taken into account within the SFA isThe matrix elementd,(T)|U(T,t)Hgip(t)|Po(t)) is the pro-
sufficient for obtaining correct total probabilities of ioniza- jection of Hip(1)| @(1)) on the state vector which, at tinTe
tion [3-6]. The SFA has also been shown to be reliable forequces to |®,(T)). Assuming the normalization
low-order above-threshold detachment from negative i0”3<'<1>p(T)|CI>p/(T)>=6(p—p’), the density of probability that an

fpr which there is no long-range Coulom_b inter_action in theelectron is detached by the pulse with a final kinetic energy
final state[7,8]. However, there are also indications that theE:pZ/Z in the direction of the vectgp is P(E, )= p|Ayl2
1 P .

low-energy photoelectrons ejected from atoms or positive In Keldysh’s formulation of the SFA, the interaction of

ions in strong fields might be so much affected by the . . . . L
electron-core interaction that SFA-type theories would be unEhe electron with the field is described within the length

. ; S .Ig';auge,<r|CI>p(T)> is taken to be a plane wave of momentum
able to explain their angular and energy distributions, even i . . .
the adiabatic regimé9]. In this Rapid Communication, we p, and the interaction of the unbound electron with the re-

oo . idual core is neglected between timieand T. Accordingly,
show that a good description of their spectra can nonethele% ; .
be achieved within this approximation for a wide range of p(T)|U(T’t)|r> is taken to be the complex conjugate of the

angles of ejection, if the binding energy of the initial state is Volkov wave function

sufficiently large and the intensity sufficiently high. Our ap- 1 i (T

proach is based on Keldysh’s length gauge formulation of the W (r,t) = —wexp{iw(p,t) o+ —f dt’wz(p,t’)} ,

SFA. We neglect backscattering but make allowance for the (2m) 2J

effect of the Coulomb interaction on the continuum electron 2

through a simple quasiclassical approximati@f]. The cor-

responding expression of the ionization amplitude is derivedvherez(p,t)=p+A(t) is the kinematical momentum of the

in the following paragraphs. Atomic units are used through-electron. Within this approach, the interaction of the electron

out the paper, except where specified otherwise. with the core is taken into account only in the initial wave
We assume the dipole approximation and describe the ldunction, ®(r,t)=(r|®y(t)). As noted by Krainov and

ser pulse by a vector potential of the forrA(t) Shokri[5], the effect of this interaction during tunneling can

=(Fo/ w)ea(t)sin(wt+¢), with € the polarization vectore  also be taken into account, approximately, by multiplying

the carrier’s angular frequency, the carrier-envelope phase, W,(r,t) by the factor I(r)=[4l p/(For)]z’\“z'p, with Z the

anda(t) a function varying between 0 and 1 and defining thecharge of the residual ion arlg the binding energy of the

envelope of the pulse. The latter is taken to be Afsinction initial state. Adopting this correction yields the “tunneling

in the numerical calculation, with a total widfmeasured at corrected” ionization amplitude
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10° T T T T T T b
z Paiar= 1 - exp{— f dt r[|F(t>|]}, (8)
0 t
3 . . . o . o
4 10 wherel'[F] is the rate of ionization by a static electric field
B 107 of strength F. The Keldysh adiabaticity parametey
kS w(21,)Y?/Fq ranges from 0.48 at 2 10'* W cm2 intensity
10°® M ! down to 0.21 at X 10'® W cm™2. Given that it is small, one

2 4 _ 61 7? 10 can expectPg, to be a good approximation of the exact
Intensity (10~ W cm ) detachment probability. As seen from the figure, at the inten-
sities considered, the SFA probability without the correction

FIG. 1. The total detachment probability for an*Hen irradi- . : S
ated by a 4-cycle 800-nm pulse of zero carrier-envelope phase, factor is somewhat smaller they,, (Depletion, which is

calculated within the SFA withlong-dashed curyeor without n%tl ta"tef‘ ;nto _?Ccougt n ;Lirogs\t/{/mat?z%.iiﬁs not netg_jll-
(short-dashed curyethe factorl(r), vs the peak intensity of the gible at intensities above cm®.) The correction

pulse. Also shown is the prediction of E@®) (solid curve. factor _brings the SFA probabillity mu_ch closer Rz
As is well known, at high intensity the complex saddle

t timestg that contribute most to the ionization amplitu@®
(TC) — _; * ] have a small imaginary part and differ little from the real
Apo If dtf r \pr(r,t)l(r)[r FOIPr,Y. (3 detachment times, of the semiclassical model, which are
the times at whichm(p,t)-€=0. Neglecting terms of order
In this work, we concentrate on the case of a hydrogenidts—ty)* in S(p,ty yields[12]
ion initially in the ground state, for which®(r,t)

=B exp(~«r)/ V4w expll ), with x=(21,)%2 and B=2432, A = =i a(p,, tyexp[iS(p,ty)], ©)
Integration over time using the saddle-point method gives d
[11] wherep, is the component op normal to the direction of

polarization and

B (2«
A = —( )2 \ o ——expliS(p,td].  (4) B (zK ) om [ 18 }
T8 S( 't _=
In this equation, (10

with ¢=(21,+p?)*2 Equation(9) can also be written as

.
Sp,t)=- %f dt' 7%(p,t') + 1t (5)
t Al = E (Dp(DU(T,t)[¥po(te)), (1

and the(complex timestg are the saddle points @&p,t),

i.e., the times at whichs(p,1)/2+1,=0. with (P, (T) |U(T,td)|r> approximated bylfp(r ,ty) and

Had we omitted the factoi(r) in Eq. (3), the ionization (r[Wo(te)) = —i(2m¥2a(p, ty) €' — 1 g(ty). (12)
amplitude would have reduced to a short-pulse form of the
familiar Keldysh amplitude, namely Equations(9) and (11) are equivalent if the vectonsy(ty),

which are otherwise arbitrary, fulfill the condition
) [ . 7(p,ty) -r4(ty) =0. By analogy with the semiclassical model,
Ao =~ 'f dtJ dr Wo(r,olr -F()]Po(r,t).  (6)  we take, for each detachment tirfg the vector 4(ty) to be
f the position vector of the outer turning point of the potential
barrier, 4,F(tg)/|F(ty)|% The state vectorsl (ty)) can thus
lp wewed as representing the nascent photoelectron at the
possible detachment times.
In order to take into account the interaction of the un-
bound electron with the core, we replace, in EGl) ,
5 - exp[iS(p,ty)]. (7)  (P,(DIU(T,1|r) by the complex conjugate of a quasiclassi-
V8 S'p.ty cal Coulomb-corrected Volkov wave recently discussed by

Gordienko and Meyer-ter-Vehn [13], C,(r,t
The effect of the correction factafr) is illustrated by Fig. 1, —w_(r Hexdio(r )], Herg [13] (I )

in which the total detachment probability, Py

=[dE dpP(E,p), calculated using Eq4), is compared to T )
that calculated using Ed7). Results are presented for an o(r,= J dt
He* ion irradiated by a 4-cycle 800-nm pulse. Also shown in ‘
Fig. 1 is the probability obtained under the assumption thaAs shown by Gordienko and Meyer-ter-Vehn, this wave
detachment proceeds at any time as if the electric field wafinction can be expected to be accurate |if(p,t)|
static. Within that model, >|Va(r,1)|, i.e., if the electron’s velocity resulting from its

This integral is also amenable to saddle-point integration
although the integrand is singular at the saddle times for ou
initial wave function[8]. The result is

) _ kB

-1

+ fﬂ dt"a=(p,t") (13
t
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FIG. 3. The same as Fig(19, but for a laser pulse encompass-
ing only 2 optical cycles.

the angle of ejectior® and of the carrier-envelope phage
(The angle# is measured with respect to the polarization
vectore.) The SFA results are compared with the momentum
distribution of the photoelectron at the end of the pulse cal-
culatedab initio by solving the time-dependent Schrodinger
equation numerically15]. Correspondingly, we s€k=t; in
the SFA calculations.
In the cases considered in Fig. 2, the SFA results are, on
20 the whole, in quantitative agreement with thb initio re-
Energy (eV) sults, although the position and the shape of the peaks differ
at very low energy. Note that these peaks are not ATl peaks
FIG. 2. The density of probabilit’(E, ), in atomic units, that  in the usual sense, which would be found for longer laser
an electron is ejected from an Hion irradiated by a 4-cycle laser pulses. When correctly predicted by the SFA, they can be
pulse of 400-nm wavelength andx<110'* W cm? intensity. Thin  ascribed to quantum inferferences between photoelectrons
solid curves:ab initio spectra. Dotted curves: predictions of the \yith a same final kinetic energy but different trajectofigs
t_unneling corrected_SFA. Thick solid curves: predictions of the ConThey are not regularly spaced and their position varies with
tinuum and tunneling corrected SFA®): 6=10° $=0; (b): # e Gngle of ejection. In the CTC-SFA, the Coulomb force
=10°, ¢=ml2; (0): 6=170°, p=/2. acting on the continuum electron merely changes the phase
relationship of the different trajectories. The change can be
acceleration by the laser field is much Iarger than its addiconsiderame' as some of the trajector(eerresponding to
tional VelOCity reSUlting from its interaction with the core. the “indirect wave packets" of Reltg]) remain in the vicin-
The replacement results in a “continuum and tunneling cority of the nucleus for much longer than others. It affects the

rected”(CTC) ionization amplitude 14], spectrum mainly by shifting and deforming the peaks. The
, net effect, in Fig. 2, is to bring the CTC-SFA results close to

AT ==i2 a(p, tyelSPla+Spidl], (14)  theab initio results above 10 eY16]. In the case of Fig. 3,
td the position of the peaks is accurately predicted by the SFA

calculations over the entire energy range considered, particu-
larly when the Coulomb correction in the continuum is in-
cluded, but their relative magnitude is not as well reproduced
%s in Fig. 2.
For ejection between 10° and 170° from the direction of

olarization, the level of agreement between the CTC-SFA
fesults and theb initio results is comparable to that shown
y Figs. 2 and 3, if not better. The agreement deteriorates
elow 10° and above 170°. This is not surprising, since elec-
rons ejected close to the polarization direction may pass
close to the Coulomb singularity.

with 8S(p,ty) =—o(r4(ty),tg). Thus8S(p,ty) is the contribu-
tion of the Coulomb potential to the classical action calcu-
lated over the trajectory of an electron accelerated only b
the laser field and which, at tintg, is at positionr 4(ty) and
has a momentumr(p,ty). Clearly, Egs.(13) and (14) lose
their meaning if the electron approaches the Coulomb sing
larity too closely.

lllustrative energy spectra are presented in Figs. 2 and
for the case of an Heion irradiated by a few-cycle pulse
with a carrier wavelength of 400 nm and a peak intensity oft
1Xx 10 W cm™. The corresponding value of the Keldysh
parametery is 0.42 and the ponderomotive energy is 149 eV. The authors thank B. Piraux for useful discussions and
The figures give the density of probabili§(E,p) as ob-  providing the programs used for obtaining thk initio re-
tained using either Eq9) or Eq.(14) , for different values of  sults, and EPSRC for their financial support.
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