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Resonantly Enhanced Above-Threshold Ionization of Helium
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The role of multiphoton resonances in the above-threshold ionization of helium at intensities above
10'4 W/cm~ is investigated by both theory and experiment from 280 to 297 nm. Strong enhancement is
observed in above-threshold ionization electron spectra and is attributed to five- and six-photon reso-
nances to the 1s2p and 1s3d, respectively. Numerical solution of the time-dependent Schrodinger equa-
tion predicts asymmetric resonance profiles with positions and ionization rates which are in good agree-
ment with experiment.

PACS numbers: 32.80.Rm, 42.50.Hz

In this paper, we present the systematic theoretical
and experimental study of resonant enhancement in
strong field, above-threshold ionization (ATI) of helium.
The study is the first to examine the ATI electron spec-
trum as a function of both laser intensity and frequency
with subpicosecond, tunable ultraviolet laser radiation at
intensities above 10' W/cm .

The recent success of theories which connect only the
ground atomic state to an outgoing dressed electron
state' in predicting ionization rates and (ATI) elec-
tron spectra suggest that resonances to intermediate
atomic states, if they occur during the laser pulse, do not
significantly affect the ionization rate. Conversely, ob-
servations by Freeman et al. and others of fine struc-
ture in electron spectra produced by the ATI of xenon at
616 nm using subpicosecond pulses suggest that inter-
mediate resonances remain important even at intensities
greater than 10' W/cm . Such resonances may play an
important role in the production of high-order harmonic
radiation in strong fields.

By examining the ATI electron spectrum obtained
with "short" laser pulses as a function of both frequency
and intensity, the identity of any such intermediate reso-
nance can be determined as well as the ac Stark shift of
the state. Helium is of particular interest for several
reasons. First, its simple structure permits detailed cal-
culations. Second, it provides two strong intermediate
resonances, Is +5hco Is2p and Is +6hco Is3d,
which are well separated from other states and bound by
at least 1.5 eV. This removes much of the ambiguity as-
sociated with examining resonances to states near the
continuum.

Photoelectrons resulting from above-threshold ioniza-
tion are born with a kinetic energy, '

where K is the minimum number of photons which must
be absorbed to ionize the atom in the absence of the
field, and S is the number of additional (ATI) photons

absorbed. The ionization threshold, p&p, is intensity
dependent to account for the quiver energy of the newly
freed electron in the field. This quiver or "ponderomo-
tive" energy is given by U~-ezra /4mc =9.33X10

eV, where I is the laser intensity in W/cm and A, is
the wavelength of the laser light in microns. The
difference in the dynamic Stark shifts of the atomic and
ionic ground states is not included in Eq. (1) since it is
negligible relative to the quiver energy of the electron.

If the duration of the laser pulse is shorter than the
time required for the electron to leave the laser focus,
then the conversion of potential to kinetic energy is in-
complete and results in an intensity-dependent deficit in
the kinetic energy. In the limit that the pulse is infinitely
short, the electron energy detected is equal to the energy
with which the electron is born [Eq. (I)], and hence
records the intensity present at the moment of ioniza
tion. The short-pulse regime is approached with subpi-
cosecond lasers. ' "

The electron spectrometer used in these experiments
collects all electrons emitted within the 2tr solid angle in
the direction of the microchannel-plate detector. ' The
energy of a given photoelectron is determined by its time
of flight down a 50-cm drift tube. The spectrometer was
calibrated utilizing the photoelectron spectrum resulting
from the above-threshold ionization of xenon and helium
at 532 nm with long (70-psec) pulses.

The laser system used is described in detail else-
where. ' Amplified, Fourier-transform limited pulses
with widths between 0.7 and 1 psec are obtained over the
range 560 to 595 nm. These pulses were frequency dou-
bled in a 5-mm-thick potassium dihydrogen phosphate
(KDP) crystal providing tunable radiation from 280 to
297 nm with pulses typically 0.6 to 0.8 psec in duration.

The ultraviolet pulses were focused into low-density
helium gas with a 45-mm focal length fused silica lens
(f 5) to a slightly astigmatic spot of approximately 10
pm diam. The experiments were conducted in a range of
helium pressure between 4x 10 and 4& 10 Torr.
The pressure was decreased as the laser intensity was in-
creased in order to avoid space-charge distortion of the
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FIG. 1. Electron spectrum resulting from the above-
threshold ionization of helium at 291 nm and a peak intensity
of 4&10'4 W/cm2.

spectrum. ' A typical time-of-flight spectrum at a peak
laser intensity of 4X10' W/cm and 291 nm is shown in

Fig. l. Electrons corresponding to the absorption of
seven (s-l), eight (s-2), and nine (s=3) photons can
be observed at this intensity. At higher intensities, elec-
trons corresponding to the absorption of ten photons
could be observed. Electrons corresponding to threshold
ionization (s 0) could be produced only from regions of
intensity less than 1.2X10' W/cm [Eq. (1)I and are
not observed at this wavelength. Electrons correspond-
ing to s 1 clearly come in two distinct energy groups in-

dicating electrons produced at different intensities.
Figure 2 contains data taken at 281.5 nm in the region

from 2 to 9 eV for several values of peak laser intensity.
The averaged spectra shown in Figs. 2(a)-2(e) are ac-
quired by sorting the spectra of several hundred laser
shots into narrow bins of differing electron yield. Since
the yield is a strong function of laser intensity, this
method results in sets of spectra averaged over a narrow
intensity interval. ' The 2-9-eV region covers the s=2
peak near 7.5 eV and the s-1 peak between 2.5 and 4
eV. These peaks are clearly shifted from the field-free
positions of 6.24 and 10.6 eV which would have been ob-
tained with "long" laser pulses. At the lower intensities,
the electron spectrum exhibits single peaks correspond-
ing to the absorption of seven (s-1) and eight (s=2)
photons. As the laser intensity increases, some of the
s-1,2 electrons are observed with decreasing energy.
At a peak intensity of 4x10' W/cm, a clear second
peak appears which is apparently part of the s 1 peak.
Sitnilar substructure in the s-2 peak is observed by ac-
quiring the s 2 electrons under higher-energy resolution
(not shown). As the intensity is raised further, the yield
of electrons to this secondary peak increases but its posi-
tion does not shift towards lower energy as does the pri-
mary part of the s 1 peak.

The secondary peak apparently arises from a region of
laser intensity appropriate to shift a state into resonance
with an integral number of 4.4-eV photons (281.5 nm).
The ionization probability in this region is enhanced rel-
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FIG. 2. Electron-energy distribution obtained at 281.5 nm

(s 1 and s 2 peaks only) at various laser intensities (units of
10' W/cm ): (a) Io 3.1, (b) 3.6, (c) 3.8, (d) 4.3, and (e)
4.4. Data below 3.5 eV in (a) are not statistically significant.
The change in the vertical scale is given by the factor at the
right-hand side of each figure.

ative to the nonresonant probability by the intermediate
resonance. Since the intensity at which the electron is
produced determines its energy [Eq. (1)],those electrons
produced from resonant enhancement will always appear
at the same energy regardless of the value of the peak
laser intensity.

Examination of the positions of the field-free singlet
states in helium' suggests that the enhancement ob-
served in the s 1 peak is due to a six-photon resonance
to the ls3d state. At 281.5 nm, this state would have to
be shifted towards higher energy by 3.3 eV to be reso-
nant. This was con6rmed by acquiring electron spectra
at several wavelengths in the range 280 to 297 nm.
Longer wavelength light requires less of a shift and re-
sults in the appearence of the resonance at lower laser in-
tensity (Figs. 3 and 4). Hence, the position of the reso-
nance as a function of intensity can be traced by tuning
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FIG. 3. Ionization rates for helium as a function of laser
wavelength obtained from the numerical solution of the time-
dependent Schrodinger equation at 2 x 10', 3 x 10', and
5x10'" W/cm .
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the laser frequency. At the shortest wavelengths, a
second resonance corresponding to five-photon excitation
of the ls2p was observed.

To provide further insight to the experimental data,
we developed a nonperturbative theoretical description of
helium subjected to these strong fields. We solve the
atom-field Schrodinger equation by direct numerical in-

tegration for an adiabatic pulse. The laser pulse rises
linearly over several optical cycles and is then held con-
stant at the prescribed intensity. During the constant-
intensity interval, the atom is found to decay exponen-
tially thereby giving an ionization rate for the particular
intensity and wavelength. The model of the helium atom
used here' allows only one of the two electrons to in-
teract with the field. The second electron is held frozen
in its ground (Hartree-Fock) orbital.

We performed a series of calculations at selected
values of the laser intensity as a function of wavelength
between 240 and 320 nm. The calculated ionization
rates are shown in Fig. 3. On each curve, two strong
features are evident, the strongest is a result of five-

photon resonance with a state arising from the 1s2p and
the other a result of six-photon excitation of a state aris-
ing from the ls3d. Projection of these wave functions
onto the field-free states shows that these states are no
longer pure ls2p (ls3d) but are strongly mixed by the
field. Both states shift towards higher energy with in-
creasing laser intensity and exhibit a width which is
dominated by the short lifetime of these excited states at
intensities above 10' W/cm . The absolute positions of
the resonances must be corrected for the difference be-
tween the experimentally determined field-free positions
of the ls2p (21.21 eV) and ls3d (23.07 eV) and those
calculated by our Hartree-Fock model, 20.76 and 22.74
eV, respectively. Note that the calculated resonance
profiles are asymmetric indicating interference between
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FIG. 4. Energy of states arising from the 1s2p and 1s3d
field-free singlet states of helium as a function of laser intensi-
ty. The dashed curve originating at zero energy for the 1s
emphasizes the shift of the ground state to lower energy with
increasing intensity.

the resonant and nonresonant ionization paths. This is a
feature which to our knowledge has not been previously
observed in nonperturbative calculations of multiphoton
ionization in strong fields.

The calculated and experimental energy of the ls2p
and ls3d states is shown as a function of laser intensity
in Fig. 4. The energy of the state is determined by the
laser frequency at which five (ls2p) or six (ls3d) pho-
tons result in resonant enhancement. The experimental
intensity at which the resonance occurs is determined
from the electron spectra as discussed previously. The
solid curve represents the results of our numerical solu-
tion to the Schrodinger equation. For comparison, we
have also carried out a lowest-order perturbation-theory
calculation (corrected to account for the changing laser
wavelength) for the energy of both the ground and excit-
ed states (dashed curve). Both the numerical and
perturbation-theory calculations of the resonance posi-
tions reproduce the experimental data within a few per-
cent over the range of intensity investigated.

Ionization rates obtained from the electron yield to
each ATI peak were generally found to be slightly higher
than our time-dependent Hartree-Fock (TDHF) calcu-
lated rates but lower than those from our modified ver-
sion i of the Keldysh-Reiss-Faisal (KRF) theory.
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Specifically, at an intensity of 3x10'" W/cm and wave-
length of 294 nm, we calculate an ionization rate of
1.5&&10' sec ' for six-photon resonant (ls3d), seven-
photon (s -1) ionization, while experiment yields a
value of (3+ 1)x10' sec '. For "nonresonant" seven-
photon ionization at this intensity and wavelength, we
calculate rates of (3+ 1)x10" sec ' (TDHF) and
2.5&10' sec ' (KRF), but measure a rate of (1.5
~0.8) x10'2 sec '. The apparent uncertainty in the
numerical (TDHF) calculations for the nonresonant ion-
ization is a result of soine definite, but comparatively
weak, structure between the two main resonances (Fig.
3). We attribute this weak structure to six-photon reso-
nances through the Rydberg states, a feature which may
become more pronounced at lower intensities. It is im-
portant to note that the primary part of the s 1 peak in
the electron yield discussed earlier (Fig. 2) may in fact
be the result of resonances to these Rydberg states.

Our calculations also predict significant enhancement
of harmonic radiation near both observed resonances. '

Also, the highest predicted harmonic frequency corre-
sponds to the highest experimentally observed ATI peak
as proposed by Eberly, Su, and Javanainen. '9

In conclusion, we have demonstrated that intermediate
multiphoton resonances can play a signi6cant role in
above-threshold ionization even at intensities exceeding
10' W/cm . The effect of the resonance is manifest in
the ATI photoelectron energy spectrum obtained with
short pulses as first suggested by Freeman. By measur-
ing the electron spectra as a function of both laser inten-
sity and frequency, the intensity-dependent position of
the intermediate states can be determined as well as ion-
ization rates through these states. A numerical solution
of the time-dependent Schrodinger equation for a single-
electron atomic model provides ionization rates and reso-
nance positions which are in good agreement with exper-
iment. The calculations show that at these intensities,
the intermediate states no longer exhibit their pure,
field-free character but are instead severely mixed and
may exhibit an asymmetric profile. Surprisingly, we find
that the resonance positions in these strong fields are

also well described by perturbation theory.
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