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Loss of harmonic generation in intense laser fields
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Harmonic generation and above-threshold ionization are both consequences of the nonlinear response
of atoms to intense laser fields. In this paper, we examine what happens to the single-atom harmonic
spectrum at high intensities, when multiphoton absorption ceases to be the dominant process of ioniza-
tion. At these intensities, ionization can occur by the electron wave packet passing directly over the
resultant barrier of the atomic potential and the incident electric field. In consequence of this, the har-
monics produced are of a lower strength and can be swamped by the production of a large background
to the harmonic spectrum. This background is caused by the ionized electron rescattering from the nu-

cleus in the presence of the laser field.

PACS number(s): 32.80.Rm, 42.65.Ky

I. INTRODUCTION

It has long been recognized that correlations should ex-
ist between the photoelectron and harmonic spectra that
are observable when an atom is exposed to an intense
electric field [1]. For example, one would expect the
highest-order harmonic generated in a particular pulse to
be related to the number of photons that the ionizing
electron absorbs when it forms the higher-order above-
threshold ionization (ATI) peaks.

The mechanism by which ATI and harmonic spectra
are formed is generally well understood at intensities
around 10" W/cm? or lower [2] (in spite of the fact that
any theoretical analysis cannot rely on perturbation
theory). It is the aim of this paper to examine the behav-
ior of an ionizing atom when it is exposed to fields of even
higher intensity, where direct multiphoton excitation and
ionization ceases to be the dominant ionization process.
At these high intensities, the atom ionizes as the electron
passes over the resultant potential barrier of the atomic
nucleus and the incident electric field.

We use a numerical method of obtaining the solutions
of a one-dimensional Schrodinger equation with a model
potential representing the atomic nucleus, and use it to
study the response of an atom to pulses of various intensi-
ties. The numerical method is outlined in Sec. II. In Sec.
II1 we present our results and examine the differences be-
tween harmonic and photoelectron spectra produced at
different intensities, and hence by the alternative mecha-
nisms of direct multiphoton absorption and over-the-
barrier ionization. In addition to examining these spec-
tra, we also plot both the ionization probabilities and
electron accelerations as a function of time. Comparing
these plots for different intensities, we are able to draw
conclusions about the physical processes that are occur-
ring in the pulse. We also briefly compare our results
with those produced by calculations using classical
atoms. In Sec. IV we discuss the relationship between
our calculated single-atom spectra and the multiatom
spectra that could be obtained experimentally.

II. THE NUMERICAL CALCULATION

Because perturbation theory is not valid in the intensi-
ty regime that we are concerned with here, we have em-
ployed a numerical method to carry out the calculation.
Many numerical models have been used previously to ex-
amine multiphoton effects, the models being of widely
different complexity [3—-5]. We choose to employ a one-
dimensional fully-time-dependent method, with the cal-
culation being carried out in the Kramers-Henneberger
[6] frame, which has the advantage of being fast to com-
pute for a very wide range of parameters. Details of the
calculation have been presented elsewhere [5]. However,
we present below a brief summary of the technique for a
single-atom model in which the atomic potential is
modeled by the frequently used screened potential [4,5,7]
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which has a Coulomb tail and hence supports a Rydberg
series of bound states. We use a time-dependent electric
field given by
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where T is the pulse length and &, is the peak electric
field. This smooth pulse avoids any “‘turn-on” transients.
The harmonic spectrum |D(w)|? is calculated by taking
the Fourier transform of the time-dependent acceleration
of the electron calculated at each time step in our calcula-
tion [8], such that
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where d () is calculated using Ehrenfest’s theorem as
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Here ¢(x,t) is the solution of the one-dimensional
length-gauge Schrodinger equation

0 . __13%
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+6E()xd(x,t) . (2.5)

We use the length gauge here for ease of calculation and
we refer the reader to Ref. [8] for further calculational
details. It should be emphasized that this only gives the
single-atom response: we will return to this point below.

III. MECHANISMS OF IONIZATION

At lower intensities, the dominant method of ioniza-
tion is multiphoton excitation to real or virtual bound
levels and thence out into the continuum. For long
pulses, the photoelectron spectrum consists of well-
defined ATI peaks separated by the photon energy. For
short pulses, these ATI peaks split up into several sub-
peaks, many of which can be accounted for in terms of
multiphoton resonances between ac Stark-shifted bound
states [9,10].

Similarly, when the harmonic spectra produced by
these pulses are examined, they consist of peaks, predom-
inantly located at odd multiples of the photon energy,
again modified by the occurrence of bound-state reso-
nances [11]. If such resonances do occur, then the partic-
ular harmonic that corresponds to the order of the multi-
photon resonance can be dramatically enhanced. Howev-
er, such enhancement can only affect a single harmonic.
To increase the magnitude of all the harmonics, one can
instead increase the incident laser intensity.

Recent experiments have shown that high-intensity
lasers are capable of producing both high-order and rela-
tively high-strength harmonics [12]. However, we ex-
plain below that there exists a limit to the increase that
one can achieve in the single-atom harmonic intensity
simply by increasing the driving-field intensity.

Keldysh pointed out in 1965 that ionization by a pro-
cess other than straightforward multiphoton absorption
was possible [13]. To examine the effect of intensity on
the harmonic spectrum, we roughly divide the ionization
process into two regimes. In the first regime, applicable
at low intensities, ionization occurs by the electron pass-
ing through a series of virtual levels in the atom (real lev-
els if a resonance exists) and out into the continuum,
where it can continue to absorb photons and form the
higher ATI peaks. Harmonics are generated by transi-
tions between these bound levels, or from the continuum
to these bound levels [14].

In the second regime, applicable at higher intensities,
ionization occurs by the electron passing over the resul-
tant potential of the atomic nucleus and the incident elec-
tric field (see Fig. 1). This can only occur when the elec-
tric field is greater than some critical field so that the
maximum of the resultant potential lies at a lower energy
than the binding energy of the atom.

Of course, the division of ionization into these two re-
gimes is arbitrary. The pictures represent two extreme
views of the ionization process and, for intermediate in-
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FIG. 1. Schematic diagram of over-the-barrier ionization.
The combined effect of the incident electric field (dashed line)
and the nuclear potential results in a potential barrier (solid
line) that has a peak value on one side that is less than the bind-
ing energy of the atom (dotted line). Hence the electron can
pass over the barrier and away from the atom.

tensities, one can view the ionization process as having
some contribution from the electron tunneling through
the barrier presented by the resultant potential [15], or al-
ternatively ionization can occur when the electron is ex-
cited to higher levels and then passes directly over the
barrier. However, considering over-the-barrier (OTB)
ionization and multiphoton absorption ionization as two
distinct processes can explain the relatively abrupt
changes in the photoelectron and harmonic spectra that
occur as the intensity increases.

This picture of over-the-barrier ionization has been
used previously with success by Augst et al. [16]. By us-
ing a simple classical time-independent picture of OTB
ionization, they have shown that there is good agreement
between the intensities at which OTB ionization is pre-
dicted and the experimentally measured intensities.

We follow the method of Augst et al. [16] by formulat-
ing a simple time-independent classical theory to predict
the intensity at which OTB ionization becomes possible.
The resultant potential due to our model atom and in-
cident electric field is given by
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where the sinusoidal variation of the incident electric
field has been neglected. Then the maximum point of the
potential is at x,,, where

av, X, 6=0
dx (1+x2)372 Y

V. (x)= 6x , (3.1)

(3.2)

Therefore we can see that OTB ionization can occur ap-
proximately when

(3.3)

For our model potential, IEg | =0.669 78, where E, is the
ground-state energy and hence the critical field is 0.1195
a.u. (5.01X 10" W/cm?). (This is the critical field for
our model potential: for atomic hydrogen, the critical
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field is 0.0625 a.u.) Using this value of the critical field,
we can compare the results of calculations both above
and below this critical intensity to see whether the
changeover to OTB ionization has a significant effect on
the harmonic spectrum.

Figures 2 and 3 show various plots for two intensities:
the lower intensity, 2.0X 10 W/cm?, is below the criti-
cal intensity and the other, 3.2X 1015 W/cm?, is above.
All the plots are for an incident pulse of wavelength 300
nm and pulse length of 50 fs.

Figures 2(a) and 3(a) show the effect that increasing the
peak intensity has on the harmonic spectrum: clearly
there is less harmonic generation at the higher intensity,
with the harmonic strength being reduced by an order of
magnitude. Examining the photoelectron spectra for
these two intensities [Figs. 2(b) and 3(b)], one can see that
the ATI peaks cease to be distinguishable at the higher
intensity, showing a close correlation between the photo-
electron and harmonic spectra.

This decrease in the harmonic strength can be ex-
plained in terms of the ionization mechanism. When an
atom ionizes by multiphoton absorption, the ionizing
electron passes through a series of virtual bound levels of
the atoms (some of these levels may be real if any multi-
photon resonances occur). This process is quasiperiodic
and relatively slow because the matrix element of the
multiphoton transition is small. Also the electron remains
close to the nucleus and so it can absorb further photons,
or alternatively emit harmonics. In addition, when the
electron is promoted into the continuum, it is still close to
the nucleus and hence capable of emitting high-order har-
monics.

In contrast, ionization by the OTB mechanism is a
very rapid process once the critical electric field is
reached: the electron wave function passes over the bar-
rier in a fraction of a laser cycle. Once over the potential
barrier, the electron accelerates down the potential and
away from the nucleus. It is the rapidity and aperiodic
nature of this process that prevents harmonic generation.
The wave packet quickly moves away from the core and
there is very little time for harmonics to be generated.

The response of the electron to the incident electric
field during the remaining part of the pulse becomes that
of a free electron and the electron scatters from the nu-
cleus. Such scattering events modify the harmonic spec-
trum by increasing the background. This is significant
because this background can be large enough to wash out
any harmonics produced on the rising edge of the pulse
before the critical field is reached. The level of this back-
ground increases dramatically with increasing peak inten-
sity. In increasing the peak intensity from 5X10'"
W/cm? to 5X 10" W/cm?, the background increases by
orders of magnitude. It is this scattering background
that destroys any regular structure in the photoelectron
spectrum.

Further evidence for this fast OTB ionization mecha-
nism being responsible for the lack of harmonics is found
in plots of the acceleration. Figure 2(c) is a plot of the ac-
celeration of an electron as a function of time in a pulse
with a subcritical electric field, with the (¢|&(¢)¢))
term in Eq. (2.4) not included, so as to illustrate more
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FIG. 2. (a) Plot of the harmonic spectrum: log,, of accelera-
tion |D(w)|? against photon energy in units of the incident pho-
ton energy. (b) Photoelectron spectrum: continuum population
P(E) as a function of energy E in atomic units. (c) Acceleration
as a function of time, with the electric-field term removed. (d)
Ionization probability as a function of time. All plots are for a
50 fs pulse of wavelength 300 nm and at an intensity of
2.0X 10" W/cm?.
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clearly how the harmonics of the field are produced. One
can see that the electron is being accelerated and hence
emitting radiation throughout the pulse, reaching a max-
imum acceleration at the maximum of the pulse.
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FIG. 3. Asin Fig. 2, but for an intensity of 3.2 X 10'> W/cm?.

By contrast, examining the acceleration of the electron
in the high-intensity pulse [Fig. 3(c)], one can see that the
acceleration ceases abruptly once the critical field is
reached. Once past this critical field, the electron is free
and it moves away from the atom. Hence the only ac-
celeration after ionization is due to the electric field at the
fundamental frequency and so no harmonics are pro-
duced. One can appreciate that it is when the electron is
close to the nucleus that harmonics are produced, so that
once the critical field is reached, there is little probability
of harmonic generation.

One can also examine the ionization probability as a
function of time [Figs. 2(d) and 3(d)]. The ionization
probability is calculated by taking the sum of the over-
laps of the evolved wave function with the field-free
bound states of the atoms and subtracting this from uni-
ty. At the lower intensity, one can see a steadily increas-
ing ionization probability with a maximum ionization
rate at the center of the pulse when the electric field is a
maximum. On the other hand, the ionization probability
plot of the high-intensity case shows a very rapid increase
in ionization once the critical field is reached. The ion-
ization probability leaps up to unity at a time which is
comparable to that predicted by our simple theory
(t =449 a.u.).

It is interesting to compare our observations with those
obtained by considering classical atoms. Chu and Yin
[17] have used the technique developed by Leopold and
Percival [18] to examine classical atoms exposed to elec-
tric fields greater than the critical field at optical frequen-
cies. Amongst other mechanisms, they identify a direct
ionization mechanism that can be considered to be the
classical analogue of over-the-barrier ionization. Once
initiated, such ionization proceeds within a fraction of a
cycle, as is noticed in our quantum-mechanical calcula-
tion. Bandarage, Maquet, and Cooper [19] have also
identified this direct ionization process. However, these
classical results are calculated from the atomic dipole
moment, the use of which can introduce a spuriously
large background into the harmonic spectrum (Reference
[8] discusses this further).

IV. MULTIATOM SPECTRA

In this section we will be discussing the important
question as to what relationship our single-atom calcula-
tion has to experimentally observable harmonic spectra.
The first point to emphasize is that we have, of course,
not calculated the full two-time dipole-dipole correlation
function. In common with the calculations of many oth-
ers, in a sense we have only calculated the coherent radia-
tion part of the single-atom spectrum. This is related to
the coherent spectrum that could be observed in the for-
ward direction of a multiatom harmonic-generation ex-
periment, as has been discussed by various workers [20].
Eberly and Rzazewski have shown, for example, that the
coherent single-atom spectrum plays a dominant part in
determining the form of the observed multiatom spec-
trum in most cases [21].

However, the single-atom spectrum is modified by
propagation effects as the emitted radiation passes
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through the medium driven by the intense field. Various
propagation codes have been developed [22] that allow
for the investigation of these propagation effects, but
these codes assume that the single-atom spectrum con-
sists of a series of very narrow harmonic peaks. Of
course this is far from the case at high-field strengths, as
can be seen from Fig. 3(a). In this case, the harmonic
peaks are broad and the contrast between the peak
heights and the background is significantly reduced.
Therefore, it is not straightforward to predict how propa-
gation effects will alter the single-atom high-field har-
monic spectrum.

With this in mind we confine ourselves to the con-
clusion that the individual harmonic strengths are not in-
creased by increasing the incident intensity beyond some
limiting value. They are, in fact, decreased in height and
broadened by the decrease in the time available for har-
monic generation and also by the scattering of the ionized
electron. This conclusion will hold even if the back-
ground is modified by the effects discussed above.

V. CONCLUSION

We have shown that the mechanism of ionization plays
a vital role in the generation of a harmonic spectrum. In
particular, the change to over-the-barrier ionization at
some critical value of incident electric field means that

there exists an upper limit to the intensity that one can
use to obtain a strong discrete harmonic spectrum.

If the peak pulse intensity never reaches this critical in-
tensity then harmonic generation can be considerable and
there is a low background to the peaks. On the other
hand, if the peak pulse intensity is above this critical
value, then once that critical intensity is reached, com-
plete ionization takes place rapidly. Harmonics can be
produced on the rising edge of the pulse, but this produc-
tion ceases at the critical intensity and for the remaining
part of the pulse, the ionized electrons undergo brems-
strahlung scattering events which build up the back-
ground of the discrete harmonic spectrum and the peak-
background contrast can be drastically reduced. So in-
creasing the intensity of the incident pulse does not
necessarily increase the harmonic-production rate, and
indeed can even decrease the contrast between the har-
monic peaks and the background, or wash out the peaks
altogether.
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