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Prediction of a New Sequence of Peaks in Above-Threshold Detachment Spectrum
in an Intense Laser Field
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%'e predict the presence of a new, equally spaced sequence of peaks in the above-threshold detach-

ment (ATD) spectra in a very intense laser of a fixed frequency. Using a general theoretical argument,

originally made by Wigner in the context of nuclear reaction theory, we identify the new comblike peak

sequence as due to Wigner cusps at the thresholds of stimulated multiphoton bremsstrahlung channels in

the intermediate continuum states. Our prediction is supported by solving the Schrodinger equation of a

3D model of H in an intense infrared laser (hto 0.35 eV). A way of experimentally distinguishing

the new sequence from the usual ATD peaks is pointed out.

PACS numbers: 33.80.Rv

When neutral atoms are made to interact with intense
laser radiation, electrons appear in the continuum with a
characteristic distribution in energy [1,2]. These energy
distributions are marked by a sequence of peaks separat-
ed by the photon energy and are due to the absorption of
many more photons than is necessary to overcome the
threshold energy for ionization. Such distributions are
now known as the above-threshold ionization (ATI) spec-
tra. Similar spectra for negative ions are also expected to
occur due to the analogous process of above-threshold de-
tachment (ATD). The first multiphoton detachment ex-
periment was performed by Hall, Robinson, and Bran-
scomb [3] more than two decades ago. Theoretical stud-
ies of photodetachment in strong fields began during the
same period in connection with the early efforts to investi-

gate multiphoton processes by nonperturbative models
[4-7]. Considerable theoretical work has been undertak-
en recently examining the ATD process in 1D and 3D
systems [8-19]. Moreover, there is now a strong revival
of interest in experiments [20-22] for photodetachment
in strong fields. Both the ATI and the ATD spectra are
"universal" in character in the sense that the overall
structure does not depend on the target atom or ion
chosen. An important problem in this regard lies in un-

derstanding the differences between the two types of spec-
tra. One of the fundamental differences between atoms
and the negative ions arises from the short-range nature
of the potential which loosely bounds the optical electron
in a negative ion as opposed to the long-range Coulomb
potential experienced by the ionized electron of a neutral
atom. It is now well known that the presence of the
Coulomb potential introduces a complex substructure to
the ATI peaks, discovered and interpreted first by Free-
man et al. [23]. This is understood to be determined by
the dynamic Stark shift of the Rydberg levels of the tar-
get atom into intermediate resonances in the presence of
the field. In comparison, the one-electron ATD spectrum
is expected to have a much simpler structure with single
peaks separated by the photon energy. This is due to the
presence only of a single bound state of the optical elec-
tron in a negative ion which precludes the occurrence of

intermediate resonances. The purpose of this Letter is to
report on a new universal sequence of equally spaced
peaks in the ATD spectrum, in addition to the usual ATD
peak sequence, which can arise despite the lack of inter-
mediate resonances in negative ion systems.

In a classic paper on the general scattering theory,
Wigner [24] investigated the relation between the thresh-
old behavior of reaction cross sections as a function of en-

ergy and the asymptotic behavior of the interaction po-
tential. It has been known since then that the photoion-
ization process governed by the long-range Coulomb po-
tential starts off abruptly with a finite nonzero cross sec-
tion at the ionization threshold [25]. In contrast, the usu-

al photodetachment process, governed by short-range po-
tentials, starts off with a vanishingly small cross section
at the detachment threshold e 0, with e'+ ' energy
dependence for the Ith partial wave contribution. In fact,
Bryant and collaborators [21,22] have recently provided
data evidencing the square-root dependence on the excess
energy of the detached electrons in their ingenious multi-
photon detachment experiments with relativistic H
beams in a CO2 laser, which permitted Doppler tuning of
the laser frequency over a wide range. Here we show
that a new structure in ATD spectrum will arise with a
fixed-frequency laser at high intensities.

Wigner [24] and especially Baz [26] have investigated
the important consequence of the unitarity constraint on
the probability amplitude in a given channe1 at the open-
ing of a new channel. It is known from these investiga-
tions that the reaction cross section of a given process can
exhibit a singular behavior as the energy passes through
the threshold of a new channel. This behavior is charac-
terized by a discontinuous derivative of the probability
density at the threshold. Furthermore, the singularity
can take one of the four different shapes shown in Fig. 1.
The actual shape taken in a given situation depends on
the details of the strengths of the couplings involved.
Such a threshold structure with a derivative discontinuity
has been called a 8'igner cusp. In fact, due to the Flo-
quet periodicity for a given frequency of the laser, we ex-
pect a whole sequence of cusps (Wigner's comb), separat-
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F16. 2. The ATD spectra of H for four diAerent intensities
at ru 0.35 eV. From the top: I-l.7x10" W/cm~, spectrum
is "regular"; I 2.6x IO" W/cm, exhibits "peak switching";
1=4.3x lO" W/cm, exhibits "peak suppression", I 6.0& l0"
W/cm2, exhibits "peak disappearance. "

FIG. 1. The four types of signer cusps.

ed exactly by the photon energy to appear in the spec-
trum.

A very general argument for the existence of %igner's

comb structure in the ATD spectrum is the recognition of
a sequence of thresholds for physical channels, which be-

come available for the ATD electrons. For a fixed fre-

quency of the laser field such a sequence is provided by
the stimulated multiphoton bremsstrahlung channels
which open to ATD electrons in the intermediate continu-
um states in the presence of the field. For electrons
which are ejected with kinetic energy e between hro
~ e & 26m the one-photon stimulated bremsstrahlung

channel becomes open at the threshold value a=hew.
Similarly for electrons ejected with 2Aco~ e(3hao, the
two-photon stimulated bremsstrahlung channel also be-
comes open. In general, for ATD electrons ejected within
hru( e( (n+1)Itru, all the n-photon stimulated brems-
strahlung channels will be open. Hence, while monitoring
the ATD spectrum with a fixed-frequency laser we expect
from the Wigner-Baz reaction theory the appearence of a
comb structure (Wigner's comb) in the spectrum.

To avoid any ambiguity it should be clearly noted that

the stimulated bremsstrahlung channels available to the
ATD electron in the intermediate continuum states can-
not be directly measured in the ATD spectrum, but only
their "signature" in the form of threshold cusps are ex-
pected to be seen here, in accordance with the general
multichannel Signer-Baz reaction theory. For the relat-
ed theory of stimulated bremsstrahlung per se and its in-

verse we direct the reader to Refs. [27] and [28] and the
related works cited therein.

In order to test our prediction, based on the general ar-
guments made above, we have carried out a series of nu-

merical calculations for ATD spectra for a 3D-model
negative ion [29], which is subjected to intense laser fields

at a given frequency. The nonperturbative variational
method used to calculate the ATD spectra has been de-
scribed in detail by us recently [30] and will not be re-

peated here. We note only that for the present numerical
experiments the short-range model potential is chosen
with the H negative ion in mind and is required to yield
a single s-wave bound state with a binding energy E'b

=0.754 eV, corresponding to the only bound state of
H . The laser photon energy is chosen to be A~=0.35
eV, corresponding to the third harmonic of an intense

CO2 laser, and the field is chosen to be circularly polar-
ized.

In Fig. 2 we present a sequence of ATD spectra calcu-
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lated at four different laser intensities ranging (from the

top) from I =1.7x 10'' to 6.0x 10" W/cm . These spec-

tra show typical dynamical phenomena which are expect-
ed in analogy with the ATI spectra, namely, peak shifting

due to ac Stark shift, and peak reversal, suppression, and

disappearance as a function of intensity. Thus at the
lowest intensity I =1.7x10" W/cm we see a so-called

regular spectrum in which the lower-energy peaks are
higher than the higher-energy peaks, in accordance with

the expectation based on the perturbation theory. Note
that the position of the first peak, as well as of the others,
is redshifted from the unperturbed position for the nomi-

nal three-photon detachment [30]. At I =2.6 x 10"
W/cm one finds the first sign of the highly nonperturba-

tive behavior known as the peak reversal, in which a peak
at a lower energy becomes higher than a peak at a higher

energy. At I =4.3x IO'' W/cm one observes the phe-

nomenon of peak suppression, in which the first peak is

reduced to a negligible height so that it may be con-
sidered totally suppressed in comparison with the next

higher peak. In the last spectrum in this series, at
l=6.0x10" W/cm2, we note the phenomenon of peak
disappearance due to the ac redshift, which is large
enough to displace the previously visible first peak below

the detachment threshold at e 0 into the negative ener-

gy region. In fact, the first visible peak in this panel is

due to the redshift of what was previously the second

peak in the spectrum at lower intensities. One observes
that throughout the sequence of spectra, the ATD peaks
are broadened systematically, implying an increasing rate
of decay of the initial bound state with increasing intensi-

ty. In this intensity range, however, there are as yet no

observable signs of the predicted Wigner comb structure.
ln Fig. 3 we extend the sequence shown in Fig. 2 to
higher intensities. Examination of the spectrum at the

top in Fig. 3 at I =8.5x10" W/cm shows the first evi-

dence of the predicted equally spaced Wigner cusp struc-
ture at the stimulated bremsstrahlung channel thresholds
e=hro, 2hro, 3hro, . . . . Raising the intensity to I=1.l
x 10'2 W/cm2 (middle panel) clearly reveals their pres-
ence at the same energy points. They are also easily
identified to have the form of the type (a) cusps of Fig. 1.
The last spectrum is calculated at a still higher [31] in-

tensity, 1=1.2x 10' W/cm . The Wigner comb struc-
ture at this high intensity appears even more prominently
on the shoulder of the greatly broadened ATD peaks and
their wings. Finally, we emphasize the important
structural property of the %igner comb: It remains at-
tached to the thresholds of multiphoton stimulated
bremsstrahlung channels, independent of the intensities
considered. This positional rigidity of the %'igner comb
structure, in contradistinction to the intensity-dependent
positions of the ATD peaks, therefore can be used to dis-
tinguish the former unambiguously from the latter by ex-
periments performed at a fixed frequency but different
laser intensities.
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FIG. 3. Evidence for the signer comb structure in ATD
spectra of H for high intensities at co 0.35 eU. From the

top: I 8.5x 10" W/cm2, I I. I x IO'2 W/cm2, and I 1.2
x10'2 W/cmi. The Wigner comb remains attached to the

thresholds of multiphoton stimulated bremsstrahlung channels,

independent of the intensity of the laser field (shown at the
threshold for the two-photon process).
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