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Using highly correlated Hylleraas-type wave functions'sfand !P symmetry, we show how the
harmonic generation spectrum ofS He (including short wavelength members previously attributed
to He") arise from a radial-angular “descreening” mechanism. This provides the first indication that
harmonic generation spectrum can arise from strong dynamical electron correlations rather than purely
as a “one-electron phenomenon.”  [S0031-9007(97)02676-8]

PACS numbers: 42.65.Ky

Interest in tunable short-wavelength sources has stimweloser together, rather than pushed apart, toward thezlow-
lated numerous experimental and theoretical investigationsnd of the helium isoelectronic sequence. We have previ-
of harmonic generation spectra (HGS) of noble gases iously described the critical role of such radial and angular
intense laser fields [1]. Using an ultra-high-power KrFcorrelations in enhancing the lifetime of helium autoion-
laser (5 eV photons), Sarukust al.[2] found the rela- izing states [7]. The simple physical picture underlying
tive intensities of 9th to 23rd-order harmonics of heliumsuch coupling effects can be sketched as follows: In atoms,
from a single-shot experiment with peak intensity2ok  the dominant correlating motions in thg¢Z perturbation
107 W /cm?. From the dependence of calculated neutrakexpansion are of radial (“in-out”) and angular type. The
atom and ion responses on field intensity [see Fig. (5) idormer cause the electrons to separate into inner and outer
Ref. [3]], one can judge that belo&2 X 10> W/cm?  orbits, while the latter keep the electrons on opposite sides
the field is below saturation intensity, whereas fields ex-of the nucleus. The effect of the third-order coupling of
ceedingl0'® W /cn? are aboveit. Tha.5 X 10'® W/cn?  radial and angular correlations is then to bring the elec-
can be regarded as the field intensity where the transitiottons back closer together, since the outer most electron
from neutral He to Hé occurs. Although at this intensity will now “see” the other electron tending to leehindthe
100% of helium is ionized after the end of the laser pulsenucleus, thus “descreening” the nuclear charge. This con-
(~120 cycles), only 50% of helium atoms are ionized whenfers some Hé-like character on the inner part of the wave
the laser pulse reaches 0.905 of its maximal value (afteflunction, permitting the outer electron to move closer to the
~55 cycles). Indeed, the best fit to the experimental HGShucleus and to reduce the radial separation that was estab-
was obtained for intensities neas X 105 W /cn?. lished in lower order. Although initially drawn for field-

Previous theoretical fits to the experimental spectrunfree resonances, this picture of dynamical correlations also
have involved two distinct models. Fits up to the 13thhas obvious relevance for helium in intense laser fields.
harmonic order were achieved for neutral helium atom$f course, we do not employ perturbative approxima-
described by a one-electron “frozen orbital” model Hamil-tions in our actual calculations, but we emphasize that
tonian or by Hartree-Fock (HF) or density functional meth-the variational treatment must have sufficient flexibility to
ods [3-5]. In such approximations, dynamical electroniccorrectly incorporate the physical correlation effects that
correlations are ignored entirely (frozen orbital, HF) orappear in low perturbative order. For this purpose, the
treated in the framework of the homogeneous electron gadylleraas-type wave functions (with explicit incorporation
(in which, e.g., the strong “radial” or “angular” correlations of interelectron distance;) are unmatched accuracy and
of inhomogeneous atomic systems have no direct countetility.
part). The fit to higher harmonics, on the other hand, was The fact that only odd-order harmonics were observed
achieved with a H& model [4,5]. These combined fitting in the HGS experiments, even when the atoms were ex-
procedures have led to common interpretation of HGS aposed to short laser pulses, is an indication that the dy-
a “one-electron phenomenon” [4,5]. namics of the helium electrons in strong fields is controlled

The present work employs highly accurate Hylleraasby asingleresonance Floquet state. Indeed, previous nu-
type wave functions with much greater variational flexibil- merical calculations [8] have shown remarkable agreement
ity to correctly describe the dynamical radial and angulabetween HGS calculated from direct solutions of the time-
correlation effects in ground and excited resonance statefependent Schrédinger equation with nonperiodic Hamil-
of helium atoms. Many years ago, it was shown by Moi-tonians and the corresponding result from Fourier analysis
seyev and Katriel [6] that coupling of radial and angularof the time- dependent dipole moment fosiagle reso-
correlations can actually lead to the electrons being drawnance Floquet quasienergy statgrovided the duration
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of the laser pulse is larger than 15-50 oscillations of the For the time-dependent problem with external figdgl/
electric field (see Fig. 7 in Ref. [8]). We therefore studyw) (p; + p») sinwt), the Hamiltonian becomeH (r) =
the dynamics of helium in an ac field from the FloquetE¢ — (ey/w)d sin(w?), whereE¢ is the diagonalized ma-
starting point, using the momentum gauge. trix of the time-independent, field-free system when all
As a basis set we used the ground and lowest excitebound, all resonances, and the rotating continua with
IS and!P states of field-free helium, the lowes§ and  imaginary parts which are smaller than 0.1 eV were used
P autoionizing resonances, and a discrete representaties a basis set. All togethet2 'S and'P symmetry cor-
of the continuum which was rotated into the lower half ofrelated eigenstates were kept for the time propagation.
the complex energy plane by the complex-coordinate rod is the matrix representation of the dipole momentum
tation technique [9]. The bound states, autoionizing resoeperator p; + p, (in the same basis of the field-free
nances (“double excited” states), and rotating continua arelylleraas functions a&?). The corresponding Floquet
all numerical eigenfunctions of the complex-scaled Hamil-operator is represented by the matfi (1) = 1(—i%o/
tonian [10]. The advantage of using the complex scalvr) + H(z). The (z,t') method [14,15] then enables us
ing method lies in the dramatic reduction in the numbero describe the time evolution operator as a single ex-
of states needed to calculate the converged resonance Flmnential operatorU(z,t') = exd —itH (t')/h], where
quet state. Upon complex scaling, the autoionization resahe physical time evolution operator is a cut in the’
nances (which are present also in the field-free spectrunplane,U(z,#' = t). The(z, ') technique can increase the
and associated Floguet quasienergy resonances are repspeed of calculations dramatically, even by several or-
sented bysquare-integrablevave functions of pronounced ders of magnitude [16]. By diagonalizing the complex
bound-state character (nodal structure related to quantunon-Hermitian matrixU(z, '), we obtain the quasienergy
number, etc.). One may say that the use of complex scaFloquet statesVor and the corresponding eigenvalues,
ing “collects” information about the decay process fromA = exp(—iEqeT /), whereT = 27 /w is the periodic-
an infinite number of continuum states and “concentratesity of the field (in our caselw = 5 eV). The free com-
it into a single square-integrable function. The price weplex scaling parameter [9] was optimized to obtain stable
pay is that the complex-scaled Hamiltonian is not Hermi-HG spectra and not stationary values of the lifetimes of the
tian and the associated scalar product should be replacedsonance Floquet states in order to minimize the size of
by the more generatproduct [11]. the basis set. Therefore the ionization rates that we calcu-
The bound and resonance states are localized in the ptated are not precise.
tential interaction region, whereas the rotating continuum In Fig. 1 we show the squared overlfp 'S|QE)|? of
states are delocalized functions having nearly zero amplihe longest-lived resonance Floquet state (“QE”) with the
tude in this region. Therefore, only the bound (groundcomplex-scaled field-fre¢ 'S ground state as a function
and excited), resonance, atalv-lying rotating contin-  of field intensity I, (proportional toeo/w?). One can
uum states (i.e., those close to the threshold energiesge that a sharp change in the contribution of the He
will make large contributions in the basis-set expansion of
the resonance Floquet wave function. These basis states 1.0
were obtained by diagonalizing a complex-scaled ma-
trix of higher order for the field-free electrostatic Hamil-
tonian. The Hylleraas-type “primitives” underlying this
calculation are of the fornil + P)r!lry'ri(cose,)* x 0.8
exp(—Bir1 — Bara) where Py, permutes electron levels |
and the other symbols have their usual meaning [12].
This basis is in principle complete f@any choice of the
nonlinear parameterg;, B, for both S states(A = 1),
provided sufficiently high integer powers of, r,, and
ri2 are included. We included all (138:95 fb§ sym-
metry states and 43 for the? ones) possible terms for
which! + m + k is less than or equal to 8, and we chose
B1 = B> = 1.0for Sstatesan@, = 0.9, B8, = 1.7 forP
states, sufficient to reproduce the known eigenvalues [13]
of the ground and first 5—10 excited bound states (with zero
width) to at leasti0 > a.u. accuracy for both symmetries. 02 b0
Note that2-8 corresponds approximately to the screening 00 5.0 10.0 15.0 20.0
of one electron by the other, so that thdype Hylleraas I
functions are chosen witl;,,., for nearly a bare He- 0
line charge. The leading autoionizing resonand@s)®,”  FiG. 1. Squared overlaflQE|'S)? of the longest-lived Flo-
“2s2p,” ..., were obtained with comparably high accuracyquet state “QE” with the complex-scaled heliumsS ground
for both position and lifetime. state as a function of field intensify = 335.111&}.
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ground state to the resonance Floquet occurs hgar  is far from being a plateau. (After the submission of this
3.5 X 10 W/cn?. The abrupt change in Floguet reso- paper Prestoet al. [20] published new experimental data
nance composition is due to an avoided crossing phenomevith HG spectra up to the 35th harmonic, which enable one
non. Figure 2 shows how the complex eigenvaluef to see the deviation from a plateau-like behavior, even on
the long-lived “1 'S resonance” (open circles, with width a logarithmic scale.) There is, however, a clear enhance-
=(.002 a.u.= 0.054 eV) moves clockwise as field inten- ment of the high harmonics in the harmonic generation, as
sity increases, whereas the P resonance” (closed cir- expected. Whereas weaker fields give unstable HGS with
cles) which is dominated by the lowest excitBdstates, exponentially diminishing intensities for higher harmon-
moves counterclockwise. At a very specific field inten-ics, one sees that nea2 X 10> W /cn? (closed circles)
sity, these two resonance Floquet states move very closehighly stableplateau-like behavior (i.e., enhancement of
to one another in complex energy space (“crossing” on théhe probability to observe high harmonics) begins to set
real axis). At this point a strongly mixed configuration in. Closer study shows that the HGS is most stable with
state is obtained, having sharply redudels character. respect to small variations in the maximum field amplitude
The situation is more complicated than depicted in Fig. 2for 3.46 X 10> W/cn?, in very satisfying agreement with
since other higher resonance Floquet states (associatédld intensities inferred from previous “best” theoretical
with higher excited P states) also become involved in the fits to experimental data [3]. However, whereas previous
overlapping of multiple avoided crossings in this region. neutral helium treatments [3—5] (based on frozen orbital,
The association of enhanced high harmonics in thédF, or density functional approximations) could fit experi-
HGS with field-dependent avoided crossings has beemental data only up te = 13, our results exhibit excellent
previously recognized [8]. Moreover, it was shown thatagreement with experiment for the full range of observed
plateau-type HGS is obtained when a nonlinear continuharmonics up t = 23, as shown in Fig. 4.
ously driven system exhibits chaotic classical dynamics All HGS were obtained by repropagating thé S”
[17]. Marcus long ago pointed out that overlapping mul-resonance Floquet state [i.e., the eigenfunctigp: (1) =
tiple avoided crossings provide a diagnostic fingerprint of (¢, ') Wqg(t = 0)|,—,] of the time evolution operator
classical chaotic dynamics [18]. Our results in Figs. 10(z, ') having at least 50% contribution from the field-
and 2 therefore suggest that, for a field intensity neafree Hel 'S ground state. Theth order membetnu,)
3.5 X 1015 W/cn?, the overlapping of several resonanceof the HGS is obtained from theth Fourier component
Floquet states should lead to enhanced high harmonics ¢r,) of the time-dependent dipole expectation value
even to the appearance of a “plateau’-like feature in higiWog(7) | p1 + p2lWPor(?))., where (...). denotes the
HGS. Indeed, that is what we have found. c-product [11]. Note that there is a simple relation
Figure 3 depicts the field-dependent changes in the cabetween the time derivative of the dipole moment in the
culated HGS (on a logarithmic intensity plot) near thelength gauged, and the time-dependent dipole moment in
onset of the plateau-like behavior. When the results arghe momentum gaugd, = (¥|p; + p» — (s0/ @) SinX
presented on an “absolute” scale (see, e.g., Potvliege angl;|¥),, so that the dipole acceleration is given by
Shakeshaft in Ref. [19]), one immediately can see that i /91 (W|p, + po|¥). — socoSwt = D, iwnm, €Xp X
(iwnt) — go/2(e'®! — e~i@h),
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FIG. 2. Field-dependent, trajectories of complex eigenval- Qw

ues of the time evolution operato\ = exp(—iEqe27/w), FIG. 3. Field-dependent HGS for thsingle longest-lived
where Egq are the complex resonance eigenvalues of the*1'S-like”) resonance Floquet state, showing the onset of
complex-scaled Floquet operator associated with 1heS transition to stable plateau-like HGS nea2 X 105 W/cn?.

ground state (open circles) and an excit®state (filled cir- (I, = 3.2 X 10"(i/4)*;i = 1,...,8). The HG were scaled to
cles), showing the near degeneracy (box) associated with onsetake the() = 9w of the 4th spectra to coalesce with the
of plateau-like HGS. experimental results.
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trum is due to asingle species (neutral helium), and that
the higher harmonics are a result of strong two-electron
correlations, rather than a “one-electron phenomenon.”

In conclusion, we find that (a) HGS in He can be
treated as asingle Floquet mode phenomenon, (b) an
explicit connection can be drawn between stable HGS
to small variations in the field intensity and overlapping
avoided crossings of resonance quasienergy states, medi-
ated by a critical field intensity of3.5 X 10" W /cn?,
and (c) strong radial-angular coupling gives rise to
-6 : : ; ! : ! “correlation-induced descreening” in neutral helium that

9 13 17 21 accounts for the increased Hdike character leading to
Q/® the shortest-wavelength HGS emissions.

FIG. 4. Experimental HGS (filled circles, Ref.[2]) com-
pared with present theoretical work for field intensiyl6 X
10" W /cn? (open circles).
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