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Why hyper-Raman lines are absent in high-order harmonic generation
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The absence of hyper-Raman lines in the observed spectrum emitted by an atom in the presence of a strong
laser field is explained by evaluating the spectrum emitted by a unidimensional atom. It is found that the lines
are emitted during a short time interval by the atom and that they therefore are small when compared with
harmonical lines that are instead emitted during the laser pulse.
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The atoms of a low-pressure gas driven by an intens®y considering a one-electron atom, a common way to ob-
laser pulse of frequenay, diffuse electromagnetic radiation tain the spectrum is to use the Larmor formula:
[1,2]. The experimentally observed spectrum is formed from
a wide plateau of odd harmonics @f that can be as large as dS(w) _482 )
300w, , followed by a rapid cutoff of the emission. The scat- dw _@kﬂ‘”” ' @
tered radiation seems to inherit from the pump field some of

the properties of coherend@-5 which makes the effect with dS(w) the energy emitted by the atom during the whole
interesting for the practical possibility to obtain radiation in Jaser shot in the frequency range @ndag(w) the Fourier

the ultraviolet(UV) or extreme ultravioletXUV) band; fur-  transform of the quantum averaged electron acceleraign
thermore, computer simulations and theoretical calculationthat can be calculated by means of the Ehrenfest theorem.
have shown that a superposition of harmonic fields with suit+or later use, we write the Fourier transform as
able phase permits the construction of pulses with a duration

of very few optical cycleq6,7]. This effect, called high- o exp(—iwt)
order harmonic generation, is a fascinating problem in mod- aF(“’):f Oca(t)fw(t)dt; fu(t)= 2
ern atomic physics. From the theoretical point of view, it is

interesting because it represents a good field to devise neyqqf_(t) can be called the analyzing kernel of the Fourier
nonperturbative approximations to the laser atom interactiogansform.

theory that can be easily tested with the experiments. In fact, The Fourier expansion is a rather sensitive technique and
the intensity of the field used in order to have a relevanimight require accurate and realistic models: however, few
observable emission must be larger thart®1@/cn?, far  considerations can help in the choice of the approach to be
beyond the intensity of ¥ W/cn? pointed as the extreme used in the calculation. The observed and calculated charac-
limit in the use of traditional perturbation theof§].

An unsettled question in the description of harmonic gen- 4
eration consists of the fact that many theories predict, to- 3 —|
gether with the harmonic lines, the presence of other fre-
guencies called hyper-Raman lines, which are never
observed during actual experiments of harmonic generation
[9]. Their position is given byopr= w; — w; * 2ke|_with the 0 —
k integer; in the presence of a cw laser field the, are the 5 1
quasienergies of the dressed atom. Several explanations havF , |
been proposed for the failure to detect these lines. For ex- |
ample, it has been argued that they are emitted preferentially |
in a direction orthogonal to the incident laser field and easily 4
escape detection; or that their intensity decreases by increas 5 _|
ing the laser field, or that slow variations of the laser inten- |
sity keeps these lines low, or that slow atomic ionization l
abate their presence. For sure, as theory and simulations -7 —
state, in the presence of a pulsed pump, their position is not 1
fixed since it depends upon the value of the laser fi@)dlQ].

The strong acceleration of the electrons driven by the g1, 1. Fourier power spectrum emitted by a one-dimensional
electric field is the physical mechanism causing the emissiornyom with the short range potentidi(x). The relevant parameters

entering the calculations are; =1.4xX 10" Wicn?, o, =wy9
corresponding ta.,. =1096 nm. The vertical line indicates the cut-
*Email address: fiordili@fisica.unipa.it off frequency as predicted by the recollision model.
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FIG. 2. Gabor power spectrum
emitted by a one-dimensional
atom with the short-range poten-
tial U(x) at different instants of
time t; shown in the inset.
The relevant parameters entering
the calculations are: | =1.4
X 10 Wicn?, w = w9 corre-
sponding toA;  =1096 nm. The
vertical line indicates the cutoff
frequency as predicted by the
recollision model. The Fourier
spectrum is given in Fig. 1.
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teristics of the spectrum are quite independent from the spe- In what follows, we will use the following expression for
cific gas or model used, and consequently, independent froitd (x):

the specific details of the bare Hamiltonian. The ensuing

seminal idea is that in the presence of strong fields, the elec-

tron dynamics is determined more by the laser field than by _ Uog

- - - i U(x)=— , 3)
the exact details of the electron atom interaction energy. Be X
ing assured by the previous considerations, two-level atoms COSH;O

or one-dimensional atoms have been extensively used as
models, with succedd.1,17. Since the one-dimensional ap-
proach reproduces with accuracy all the features of the exdescribing a short-range potential; the time-independent
periments and still retains simplicity, we will use it in this Schralinger equatiorH(x)u,(x)=E,u,(x) allows a finite
paper. number of discrete states and a continuum set of eigenstates
If we call Ho(x) = — (%£2/2m) (9% 9x?) + U(x) the Hamil-  and eigenvalues that can be written in closed f¢r8]. In
tonian of the one-dimensional atom in the absence of lasethe following, we will make the choic&J,=31, and xo
the full Hamiltonian of the problem in the length gauge is: =2a, with 1,=me*/(24?) the ionization energy of the hy-
H(x,t) =Hg(x) +ex&f(t)sinw t with & the peak external drogen. With such parameters the Hamiltontdg(x) sup-
electric field,f(t) a function that describes the pulse enve-ports two bound states with definite and opposite parity and
lope, andU(x) the electron nucleus interaction energy. of energyEq=—I andE;=—%14.
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U(x), being a short-range potential, allows us to focus the
numerical effort in a limited region of the space where pho-
ton emission essentially occutd(x) is by far academically
important since it can be fruitfully used in problems of nega-
tive ions.

We have numerically integrated the time-dependent
Schralinger equation with a laser-pulse profifét) that
switches on and off for six laser optical cyclé3C) with a
sir? envelope and that is constant during 20 OC. The value
of the flat laser intensity has been taken as 1.4
X 10" W/cn?. The photon energy igw, =fw;o/9 with
hwig=E;—Ey and corresponds to a wavelength ®f
=1096 nm. The cutoff predicted by the well-known recol-
lision model[14] is Awy~Iy+3U,, and will always be
shown in the following reported spectra.

In Fig. 1 we show the Fourier power spectrum of the
acceleration of the electron. The spectrum presents a full w/wy
comb of odd lines and reproduces well the standard behavior
of the experimental spectra, with a plateau and a clear cutoff FIG- 3. Fourier power spectrum emitted by a one-dimensional
at the position predicted by the recollision model. No im- atom.W|th the soft core potentiah(x). Thf relevant parameters
pressive evidence of hyper-Raman lines is present in thgntering the calculations ard; =1.0x 104 wient, o, =w;9/9
plot. corresponding ta. = 1_040 nm. The vert_lc_al line indicates the cut-

A point of discussion when performing the Fourier analy- off frequency as predicted by the recollision model.
sis is that a specific transform coefficieap( ) is obtained _ . _
from the full tirFr)we-dependent wave funcﬁﬁl V\)/ithout referring By msertmgl the Gabpr transform into the Larr_nor for-
to the difference from one temporal location to another in thénUIa’ we obt_am a fu_nctlon qh‘o _and N tha_t we define as
data stream, so that it contains the information of a specifig)ec”um emitted at timty. This interpretation is supported
frequency but none about when it has been emitted. In othdly the property that
words, short-living transient phenomena and emission of
high-frequency fields, often bound to last for a very short
time interval, are liable to be drowned out by other long-
lasting processes, leaving, if any, only a tiny feature in the
Fourier spectrum that can easily be overlooked or hidden. Iimeaning that, apart from an irrelevant normalization factor,
order to remediate to this particular flaw intrinsic to the Fou-the sum over all the emission times gives the Fourier spec-
rier transform, several different approaches have been prarum. As said, the Gabor spectrum gives information on the
posed[15,10,16,17. In what follows, we shall use a Gabor frequencies emitted in the time intentgk- o with an uncer-
transform of the electron acceleration to obtain informationtainty 5w = 1/(20); from the Fourier point of view, the infi-
on the temporal evolution of the spectrum emitted by thenite width of the temporal window yields a perfect accuracy
one-dimensional atom. in the determination of the frequency.

We recall that the Gabor transform is the most used short- |n Fig. 2, we show the Gabor spectra taken at different
time Fourier transform, occasionallgnd wrongly confused  instants of timet, with 20=4; OC hyper-Raman lines ap-
with a wavelet transform; it consists of substituting the Fou-pear only at the beginning of the pulse flat part, reach the

lag(w)[*

J:Ae(to;w)dtf V2ma?Ar(w), (6)

rier analyzing kernef ,(t) with the new one

1/t—to\% .
gto,w(t):eXF{_E(T) ]e et 4

with constanto. We define Gabor spectrum of a sigrg(t)
as the function

Acttoio)= | Ag, u(a ©)

maximum around the center of the puldg=16 OC) and
disappear quickly. We argue that their short life makes their
detection difficult during an actual experiment.

This behavior is independent of the atomic model used. In
fact, we obtained similar results by using the well-known
soft-core potential

zé
g "

W(X)=—

as apparent, the Gabor transform yields the Fourier transforiyith z=1 and Xo=1 a.u. In this case the difference be-

of a selected clip of width @ around the central timg from

the full data stream. The correspondenceamggtoyw(t)

tween the ground-state energy and the first excited-state en-
ergy is w1p=0.39 a.u. sow =wy9 corresponds to\,

=27t ,(t) shows that the Fourier transform can be seen as=1040 nm. We considered the same pulse envelope as in
a particular Gabor transform with infinite temporal window the previous case and the intensity of the laser is 1.0

(no time localization possibility

X 10" Wicn?. Figure 3 shows that the Fourier spectrum
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FIG. 4. Gabor power spectrum
emitted by a one-dimensional
atom with the soft core potential
W(x) at different instants of time
to shown in the inset. The relevant
parameters entering the calcula-
tions are:1, =1.0x 10" W/cn?,
oL = w19 corresponding to,
=1040 nm. The vertical line in-
dicates the cutoff frequency as
predicted by the recollision
model. The Fourier spectrum is
given in Fig. 3.

011
9 |
4 —|
6 —

2

|aG(t0;w)|

-10 —

-14 —
-16

O— 1
9 |

6 —
8
-10 —
12
214 —
-16

|a'c(to§w)|

\

!

\

\

\

\

\

\

\

|

|

9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69
wiwy

[

does not contain hyper-Raman lines. But, in Fig. 4, we see In conclusion, we studied the problem of hyper-Raman
that the atom emits hyper-Raman lines in the central part olines emission in high-order harmonic generation. We used a
the pulse. one-dimensional atom with a short-range potential and with

Perhaps it is worth noting that the Gabor spectra have a soft-core potential. Whereas the Fourier spectra of the ac-
background much lower than that of the corresponding Foueeleration do not show hyper-Raman lines, the Gabor spectra
rier spectrum. This allows us to see that the extension of thandicate that actually they are emitted by the atom. In par-
cutoff region is wider than that showed by the Fourier specticular, we showed that hyper-Raman lines are emitted only
trum. From this point of view, the Gabor transform can bein the central part of the pulse and this could make their
considered a very useful spectroscopic tool. experimental detection very difficult.

[1] X. F. Li, A. L’'Huillier, M. Ferray, L. A. Lomprg and G. [3] M. Bellini, C. Linga, A. Tozzi, M. B. Gaarde, T. W. Hasch,

Mainfray, Phys. Rev. /39, 5751(1989. A. L’Huillier, and C.-G. Wahlstion, Phys. Rev. Lett81, 297
[2] M. Protopapas, C. H. Keitel, and P. L. Knight, Rep. Prog. (1998.
Phys.60, 389(1997). [4] M. B. Gaarde, F. Salin, E. Constant, Ph. Balcou, K. J. Schafer,

013802-4



WHY HYPER-RAMAN LINES ARE ABSENT IN HIGH-. .. PHYSICAL REVIEW A 64 013802

K. C. Kulander, and A. L’Huillier, Phys. Rev. A9, 1367 [12] Q. Su and J. H. Eberly, Phys. Rev.44, 5997(199J).

(1999. [13] L. D. Landau, and E. M. Lifiés, Quantum Mechanics, Nonrel-

[5] X. M. Tong and Shih-I. Chu, Phys. Rev.&4, 021 802(2000. ativistic Theory(Pergamon Press, New York, 1965

[6] P. B. Corkum, NaturéLondon 384, 118(1996. [14] P. B. Corkum, Phys. Rev. Letf1, 1994(1993.

[7] V. T. Platonenko and V. V. Strelkov, J. Opt. Soc. Am1B 1 [15] J. H. Eberly and K. Wdkiewicz, J. Opt. Soc. Am67, 1252
(1998. (1977.

[8] L. Pan, K. T. Taylor, and C. W. Clark, J. Opt. Soc. Am.7B [16] C. Figueira de Morisson Faria, M. Bp and W. Sandner,
509 (1990. Phys. Rev. A58, 2990(1998.

[9] T. Millack and A. Maquet, J. Mod. Op#0, 2161(1993. [17] M. B. Gaarde, Ph. Antoine A. L'Huillier, K. J. Schafer, and K.

[10] S. De Luca and E. Fiordilino, J. Phys. B, 3277(1996.

. C. Kulander, Phys. Rev. A7, 4553(1998.
[11] E. Fiordilino, Phys. Rev. A9, 876(1999.

013802-5



