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Discrete peaks in above-threshold double-ionization spectra
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Quantum-mechanical calculations of multiphoton double ionization by intense laser pulses show that the
total-kinetic-energy spectrum of the photoelectrons consists of peaks separated by the photon energy, analo-
gous to ordinary above-threshold ionization. Related structures appear in the two-electron and in the recoil-ion
momentum distribution. We propose a method to extract the total-kinetic-energy spectrum from the experi-
mental recoil-ion spectrum.
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When an atom is exposed to intense laser radiation, m
tiphoton ionization can proceed via absorption of more p
tons than required to exceed the ionization threshold. T
effect, known as above-threshold ionization~ATI !, was first
observed over 20 years ago@1#. In the photoelectron energ
spectra, ATI typically manifests itself as peaks that are se
rated by the photon energy. Detailed studies have been
voted to the structure of the ATI spectra@2#. In the past
decade, the observation of such new effects as the plate
ATI spectra@3# and the unexpected ellipticity dependence@4#
gave rise to continuing interest in the phenomenon. As fa
the numerical treatment is concerned, photoelectron spe
have been calculated accurately and efficiently@5# within the
single-active electron approximation.

Laser-induced double ionization has been another topi
great interest in the past few years, triggered by the disc
ery of unexpectedly large double-ionization rates@6,7# that
could not be explained by a sequential process. Peaks
they are familiar from ordinary ATI, should appear in th
case of double ionization as well, but, to our knowledge, th
have not been found either in experiments or calculation
is not straightforward to measure the total-kinetic-ene
spectrum because electrons from single ionization are m
numerous by at least an order of magnitude, and becau
correlated measurement of both electron energies is ne
sary. Restricted information about the electron correlat
was obtained by measuring the recoil momenta of the dou
charged ions@8#. The recoil-ion momentumP balances the
sum of the final electron momenta,P52(p11p2), since the
absorption of photons changes the total momentum of
system by only a negligible amount. Very recently, the f
momentum correlation between the two electrons was de
mined by measuring recoil-ion momentum and electron m
mentum coincidently@9#. Wavelengths around 800 nm we
used in these experiments. The corresponding photon en
is 1.55 eV and the experimental resolution did not allow
observation of any structures reminiscent of ATI peaks in
spectra. In a similar study@10#, the single-electron energ
distribution for double ionization was recently measure
Here, the number of recorded events was too low to reso
a peak structure. Besides that, it is not clear if the sing
electron distribution should have peaks separated by the
ton energy, because the total energy is shared by the
electrons and the energy of the second electron was not m
sured.
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In this paper, we show numerically that laser pulses in
visible and ultraviolet produce distinct peaks in the doub
ionization photoelectron spectra. Therefore, the experime
detection of such above-threshold double-ionization~ATDI !
peaks should be possible. Even if we have experimental
cess only to the recoil-ion momentum spectrum, informat
about the peak structure in the full two-electron spectrum
be retrieved, as we will demonstrate below. This finding
highly nontrivial since the recoil-ion spectrum depends c
cially on how the energy is shared between the electrons.
existence of ATDI peaks in the total-energy spectra is
pected, but it is not obvious under which conditions they c
be observed. In a very strong laser pulse, e.g., the atom
rapidly ionized within a few optical cycles. The formation o
ATI or ATDI peaks, however, can be understood as interf
ence between contributions ejected at different times o
many cycles and therefore will not be observed for too sh
or too intense pulses.

The nonperturbative numerical solution of the full tim
dependent two-electron Schro¨dinger equation in three di
mensions ~3D! @11# is very demanding and has bee
achieved so far only for small wavelengths, mainly in t
ultraviolet range. The calculation of photoelectron ene
spectra requires sufficiently dense continuum states~or, in
other words, a large grid! and is therefore even more in
volved than the calculation of ionization probabilities. T
demonstrate the existence of ATDI peaks, we therefore
the familiar one-dimensional model of a two-electron ato
with soft Coulomb interactions@12#, subject to an electric
field E(t)sinvt. The time-dependent Schro¨dinger equation,
in atomic units, for the two-electron wave functio
C(z1 ,z2 ,t),

i
]C

]t
~z1 ,z2 ,t !5F p1

2

2
1

p2
2

2
1~p11p2!A~ t !2

2

Az1
211

2
2

Az2
211

1
1

A~z12z2!211
GC~z1 ,z2 ,t !,

~1!

with A(t)52*0
t E(t8)sinvt8dt8, is solved numerically by

means of the split-operator method@13#. As described in pre-
vious work@15#, the configuration space spanned by the c
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ordinatesz1 ,z2 is divided into an inner region correspondin
to the neutral atom (uz1u,uz2u,a) and two outer regions cor
responding to single ionization (uz1u,a, uz2u>a or uz1u
>a, uz2u,a) and double ionization (uz1u,uz2u>a), respec-
tively. In the outer parts, the electron-electron interaction
neglected, as well as the interaction between the nucleus
the far-away electrons. At the end of the propagation,
wave function in the double-ionization region yields the m
mentum and energy distributions that we present in the
lowing.

Figure 1 shows the two-electron momentum distributio
and the total-kinetic-energy spectra after the action of la
pulses with a duration of 20 fs. The field is switched on a
off using 5 fs linear ramps. The most striking features of
momentum distributions are concentric circles, which
most pronounced at short wavelength and low intens
Since the total kinetic energy is given byEtot5p1

2/21p2
2/2,

these rings are lines of constant energy. The energy spe
on the right-hand side of Fig. 1 are obtained by integration
the momentum distributions. They consist of well-defin
peaks that are in obvious correspondence to the rings of
stant energy. In each case, the separation between adj
peaks is constant throughout the spectrum and equals
photon energy.

In Fig. 2, the energy spectra for 250-nm pulses of th
different laser intensities are plotted. Apparently, the pe
shift towards lower energy with increasing intensity. This
due to the fact that the oscillating electric field shifts t

FIG. 1. Left: Two-electron momentum distributions for doub
ionization by laser pulses with wavelengths and intensities as i
cated in the panels on the right-hand side. Right: Photoelec
total-kinetic-energy spectra for double ionization by laser pul
with wavelengths and intensities as indicated.
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energy of the continuum states and thereby increases the
ization barrier. Analogous to ordinary short-pulse ATI, t
position of the peaks can be approximately calculated as

En5n\v2~ I p
(2)12Up!, ~2!

where n is the number of absorbed photons,I p
(2) is the

double-ionization potential, andUp5E2/(4v2) is the pon-
deromotive potential~which we evaluate at the peak amp
tude!. The increase in the ionization threshold amounts toUp

per electron. Hence the termI p
(2)12Up appears, as oppose

to ordinary ATI, where we haveI p
(1)1Up . In Eq. ~2!, it is

assumed that the ac Stark shift of the ground state is ne
gible. The energies predicted by Eq.~2! are indicated by
arrows in Fig. 2; they give a good estimate for the pe
energies. The number of absorbed photons is specified
each arrow. Using Floquet theory@14#, we have calculated
the quasi-ground-state energies and have confirmed tha
small discrepancy is indeed due to the ac shift of the gro
state: The ac shifts corresponding to the laser paramete
Fig. 2 are 0.0096 a.u. for 231014 W/cm2, 0.014 a.u. for
331014 W/cm2, and 0.025 a.u. for 431014 W/cm2. The dif-
ferences between the numerical peak energies and Eq~2!
are, on average, 0.009 a.u., 0.015 a.u., and 0.020 a.u., re
tively. The very small remaining discrepancies are due
contributions from the leading and falling edge of the pu
where the intensity is below its peak value, or due to sm
numerical errors. The substructures in Fig. 2 come fr
laser-induced resonances giving rise to an additional serie
peaks, also separated by the photon energy. This can be
firmed by inspection of the corresponding Floquet spectr

We now turn our attention to the distribution of recoil-io
momenta~Fig. 3!, because these can be measured with m
less effort than the full correlated two-electron spectra@16#.
As P52(p11p2), the recoil-ion momentum spectrum
calculated by integration of the two-electron momentum d
tribution. Again, we find a pronounced peak structure,
least in the case of small wavelength and intensity. Howe

i-
n
s

FIG. 2. Photoelectron total-kinetic-energy spectra for 250
pulses at various intensities. The arrows point to the peak ene
expected from Eq.~2! for the given number of absorbed photons
6-2
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only part of these peaks is due to the ring structure in Fig
and the relation is somewhat indirect. It is easily verified t
in the region of large absolute values ofP, the separation
between two adjacent peaks corresponds to the photon
ergy\v if we calculate the energy asEtot5P2/4. The reason
for this behavior is obvious if only one circle of Fig. 1 wit
energyEtot is considered, as is schematically shown in Fig
The integration that leads from the two-electron moment
distribution ~shown as the upper part of Fig. 4! to the P
distribution ~lower part of Fig. 4! is along the lines where
p11p2 is constant, i.e., along vertical lines in Fig. 4.
single ring with energyEtot in the (p1 ,p2) plane gives rise to
a distribution overP with two peaks and sharp cutoffs at th
lower und upper ends, because the value of the vertical
integral is largest when the integration is along a tangen
the circle. In this case, we havep15p256AEtot. Conse-
quently, the peaks are located at6Pmax562AEtot, in agree-

FIG. 3. Recoil-ion momentum distributions of doubly charg
ions.

FIG. 4. Visualization of the appearance of peaks in the rec
ion momentum distribution.
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ment with the above result. The structures in the inner reg
of the P distributions originate from structureswithin the
rings, mainly within the innermost ring. For 400 nm an
1015 W/cm2, the calculation does not resolve the ATDI pea
even though the spacing must be the same as in the ca
331014 W/cm2. The reason is twofold:~i! The outer ATDI
rings ~left-hand side of Fig. 1! have a more pronounced sub
structure, and~ii ! the peaks in the energy spectrum~right-
hand side of Fig. 1! are broadened due to pulse-shape effe
~contributions of various intensities while the laser
switched on and off.!

In general, the electron total-kinetic-energy spectrum c
not be retrieved from the recoil-ion spectrum because in
mation is lost in the integration procedure. However, un
some reasonable assumptions, such a reconstruction sh
be possible. To that end, we introduce a functionh(E,f) that
is the distribution of the total energyE and the ‘‘angle’’f,
which is defined by tanf5p2 /p1. Under the assumption tha
h(E,f) is a product of an energy distribution and an angu
distribution, h(E,f)5hE(E)hf(f), and that the spectra
have forward/backward symmetryhf(f)5hf(3p/22f),
we calculate the recoil-ion momentum distributionR(P) as

R~P!5E
P2/4

`

hE~E!hfS arctan
P12 f ~E,P!

P22 f ~E,P! D3
dE

f ~E,P!
,

~3!

wheref (E,P)5AE2(P2/4). We assume further that the en
ergy spectrum does not extend up to infinity so that the up
limit of the integral can be replaced by a finite valueEmax.
Then, for given functionsR(P) and hf(f), Eq. ~3! is a
Volterra integral equation forhE(E) and can readily be
solved numerically@17#. Figure 1 shows that the two
electron distributions are not very anisotropic in the (p1 ,p2)
plane.~This is different for long wavelengths around 800 n
@9,15#.! Therefore, we simply use a constant functionhf

l-

FIG. 5. Reconstruction of the total-kinetic-energy spectru
from the recoil-ion momentum distribution for a 400 nm pulse w
intensity 331014 W/cm2: ~a! exact spectrum,~b! spectrum from
solution of Eq.~3!, ~c! smoothed version of spectrum~b!.
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51/(2p) in this paper, but the method is not restricted to
particular choice ofhf . There are some rapidly varying sub
structures within the rings, which should in principle en
the functionhf . However, the effect of these substructur
can be greatly reduced by smoothing the resulting ene
distributionhE(E), which is much more efficient than tryin
to reproduce the complicatedf dependence. The result o
the procedure is presented in Fig. 5 for the example of a
nm pulse with intensity 331014 W/cm2. The upper pane
shows the exact calculated energy spectrum, and pane~b!
shows the spectrum that is reconstructed from the recoil
momentum distribution by the solution of Eq.~3!. We find
peaks at the correct positions, but also we find a rap
oscillating substructure and negative values ofhE . The os-
cillations can be suppressed by convolution with a Gaus
distribution of 0.04 a.u. width~full width at half maximum!.
Thus we arrive at the spectrum in panel~c!. Considering the
crudeness of the approximation, the agreement with the e
spectrum is excellent: The peak positions are correct, and
envelope is well reproduced except for small energies lo
than 0.5 a.u.
h

r,

ys
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Equation~3! has been derived for the 1D model, knowin
that the photoelectrons are preferentially ejected along
laser polarization: Ref.@18# indicates that the angle betwee
the two electrons deviates not more thanp/6 from zero orp.
Together with the fact that the recoil-ion momentum
strongly aligned with the polarization axis@8,19#, we con-
clude that for nearly equal moduli of the electron momen
the angle of electron emission is typically less thanp/12,
reducing the peak positions in the recoil-ion spectra by
most a factor of cos(p/12)'0.97. Thus we expect that th
reconstruction procedure can be applied to experime
spectra and will be helpful in the detection of the ATD
peaks.

To summarize, we have demonstrated the existence
ATDI peaks for a variety of laser parameters. The pea
appear not only in the photoelectron total-energy spectra,
also in the recoil-ion momentum distributions, which can
measured much more easily. We have proposed a nume
method to approximately extract the former from the latte
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331 ~1991!.

@3# G.G. Pauluset al., Phys. Rev. Lett.72, 2851~1994!.
@4# G.G. Pauluset al., Phys. Rev. Lett.80, 484 ~1998!.
@5# H.G. Muller, Laser Phys.9, 138 ~1999!; Phys. Rev. Lett.83,

3158 ~1999!.
@6# D.N. Fittinghoff, P.R. Bolton, B. Chang, and K.C. Kulande

Phys. Rev. Lett.69, 2642~1992!.
@7# B. Walkeret al., Phys. Rev. Lett.73, 1227~1994!.
@8# Th. Weberet al., Phys. Rev. Lett.84, 443~2000!; R. Mosham-

mer et al., ibid. 84, 447 ~2000!; Th. Weberet al., J. Phys. B
33, L127 ~2000!.

@9# Th. Weberet al., Nature~London! 405, 658 ~2000!.
@10# B. Witzel, N.A. Papadogiannis, and D. Charalambidis, Ph

Rev. Lett.85, 2268~2000!.
-

.

@11# J. Zhang and P. Lambropoulos, J. Phys. B28, L101 ~1995!; A.
Scrinzi and B. Piraux, Phys. Rev. A56, R13 ~1997!; D. Dun-
das, K.T. Taylor, J.S. Parker, and E.S. Smyth, J. Phys. B32,
L231 ~1999!.

@12# R. Grobe and J.H. Eberly, Phys. Rev. A48, 4664~1993!.
@13# M.D. Feit, J.A. Fleck, Jr., and A. Steiger, J. Comput. Phys.47,

412 ~1982!.
@14# J.H. Shirley, Phys. Rev.138, B979 ~1965!.
@15# M. Lein, E.K.U. Gross, and V. Engel, Phys. Rev. Lett.85, 4707

~2000!.
@16# R. Dörner ~private communication!.
@17# W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Fla

nery, Numerical Recipes~Cambridge University Press, Cam
bridge, 1992!.

@18# K.T. Taylor et al., Laser Phys.9, 98 ~1999!.
@19# A. Becker and F.H.M. Faisal, Phys. Rev. Lett.84, 3546~2000!.
6-4


