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Momentum imaging of doubly charged ions of Ne and Ar in the sequential ionization region
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We have measured with high resolution the full vector momenta of the doubly charged recoil ions produced
when Ar and Ne atomic targets are ionized by intense circularly polarized few-cycle (~8 fs) laser pulses in the
sequential ionization region. The momentum spectra of the ions were found to exhibit structure which is
characteristic of the relative binding energies of the two electrons and the sequential nature of the emission
process. We demonstrate that the measured spectra can be used to extract subcycle time information regarding

the sequential release of the two electrons.
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The double ionization of atoms by intense laser fields is
well known to be characterized by two intensity regions,
nonsequential and sequential, corresponding to different
mechanisms for double electron release. In the former re-
gion, one electron is removed by the field and an associated
process, usually rescattering [1-4], removes the second. In
the latter region the two electrons are removed directly and
sequentially by the field of the laser. The nonsequential re-
gion has received particularly heavy study in recent years,
because of controversy over the mechanism, including sev-
eral using momentum imaging of both recoil ions and elec-
trons [5-9]. In this paper we turn our attention to the sequen-
tial region, and address the question: Can we follow the
sequential release of the two electrons in real time?

The sequential removal of two electrons from a short
pulse of electromagnetic radiation is well known and heavily
studied in the area of double electron capture [10-12] from
multielectron targets by slow-moving highly charged ions.
This process can be described as the over-barrier electron
release of the electrons from the target, on a time scale typi-
cally in the tens of femtoseconds region. This time scale is
long enough that the electrons dynamically adjust to the
time-dependent (classical) field. Once released from the tar-
get, the electrons usually end up captured into the strong
potential of the projectile, resulting in electron capture. Prob-
ably the most comprehensive model for over-barrier multi-
electron capture is that given by Niehaus [10]. Some reviews
which place this work in context and describe different but
related treatments of the problem are described in Refs.
[11-15].

This situation is very similar to the removal of electrons
by a strong circularly polarized laser pulse in the “tunneling
region” (i.e., small Keldysh parameter), and is the direct ana-
log of sequential ionization in the electron capture process.
In the laser case, however, the rise time of the pulse can be
so long that the process is dominated by tunneling on the
rising edge of the pulse, and the over-barrier field is not
reached until the electrons are gone. When the pulse is short
enough (we use 8 fs in this work), the time scale becomes
short enough that the tunneling rate becomes quite large and
over-barrier transitions become important.

A circularly polarized pulse offers two clocks with which
to time the sequential release of the two electrons: a “second
hand” based on the optical cycle (2.7 fs scale for 800 nm
radiation) and a “minute hand” based on the pulse envelope
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[8 fs full width at half maximum (FWHM) for the pulses
discussed here]. First we discuss this qualitatively in terms of
over-barrier electron release for simplicity, although the
quantitative calculations we present later in this work are
done with the full consideration of the rates for the entire
tunneling process. In circular polarization, the magnitude of
the electric field rises smoothly to a maximum and descends
again. The first (second) electron goes over-barrier when the
field strength E,(E,) reaches a value of 1]2,/ 4Z, where I, is the
ionization potential for producing an ion of a charge Z. In
circular polarization, each electron emerges with zero initial
momentum, and subsequently it will be acted on by the laser
field to finally emerge with a momentum of magnitude p,
=E,/w or py=E,/w [16,17]. The direction of the final mo-
mentum is perpendicular to E, or in the direction of the vec-
tor potential A, at the time of emission. Given the time de-
pendent profile of E, the measurement of p; and p, can be
read back on the minute hand of the clock to provide the
times at which the electrons are emitted. There is no way to
extract similar information from the collisional case, where
sequential electron removal occurs but the electrons are not
released to the continuum. The ideal situation would be to
read the second hand of the clock as well by measuring the
angle between p, and p,. For extremely short pulses (ap-
proaching single cycle) with the proper intensity, the time
interval between the releases of the two electrons could be
less than an optical cycle and this angle would just be wAtz,
where Az is the time delay between the releases. Using these
pulses one may be able to read time on a sub-fs scale with a
2.7 fs period clock. Such an approach requires extremely
short pulses and the vector momenta p; and p, of both elec-
trons be measured. If the time delay between the releases of
the two electrons exceeds 2.7 fs, the magnitude of the vector
sum of p; and p, averages over this angle. However, as we
discuss below, the spectrum of vector sums provides infor-
mation on the individual magnitudes of p, and p,. These
values can in turn be interpreted in terms of the time differ-
ence between the release of the two electrons. The measure-
ment of the vector sum of p; and p, is equivalent to the
measurement of the recoil momentum of the doubly charged
ion.

In this work we report on measurements of the momen-
tum spectra of the doubly charged recoil ions produced in the
sequential release of two electrons from Ar and Ne targets by
circularly polarized few-cycle laser pulses at relatively high
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FIG. 1. Spectra of the momenta of singly and doubly ionized Ar
ions projected onto the z axis (along the collection field of the
spectrometer) for circularly polarized radiation at two different peak
laser intensities. The horizontal arrow indicates the expected width
of the single ionization peak in the over-barrier limit. The vertical
arrows indicate the locations expected for two sequential over-
barrier ionizations, as discussed in the text.

intensities in the sequential ionization regime. We used a
mode-locked Ti:sapphire laser with a 790 nm center wave-
length amplified to pulse energies up to 2 mJ at 1 kHz rep-
etition rate with 30 fs pulse duration. The amplified pulse
was spectrally broadened in a gas-filled hollow fiber and
compressed down to 8 fs by means of several bounces on
chirped mirrors after the hollow fiber [18]. The pulse length
and shape was measured using a FROG and found to be
nearly Gaussian with pre-structure and post-structure at the
few percent level. An achromatic quarter wave plate placed
in the way of laser beam was used to switch from linear to
circular polarization. The laser beam was focused with a
7.5-cm-focal-length on-axis spherical mirror onto a well-
collimated supersonic gas jet where volume effects were
minimized using piezoelectric slits. We used a standard cold-
target recoil-ion momentum spectroscopy (COLTRIMS) ap-
proach [19-21], with the jet along y and the laser propaga-
tion along x, to measure and analyze the momentum
distributions of the recoil-ions produced in the interactions.
The ions were extracted onto a time- and position-sensitive
channel plate detector by a 2 V/cm electric field in the z
direction. The channel plate detector was followed by a mul-
tihit anode to measure the positions of the extracted ions.
From the times-of-flight and the position the full vector mo-
menta of these ions were obtained.

We have our best momentum resolution along the time
direction, and chose to discuss first the momentum projec-
tions onto the z axis, along the extraction field and in the
time direction. Figure 1 shows the p, spectra of Ar* and Ar**
ions at peak intensities of 12.8 and 22.8 X 10'> W/cm?. The
singly charged ions show a shape characteristic of the pro-
jection of the expected “donut” produced in single ionization
by a circularly polarized pulse. The radius of this donut can
be used to deduce the value of the laser intensity [16] when
one is well below the classical barrier value for single ion-
ization, but this is not the case here. Indeed, we have taken
all spectra shown here for lower intensities as well, for which
the momentum spectra are intensity dependent. We chose to
present the high intensity data here because we find that the
shape of the spectra is no longer intensity dependent at these
values, a result we attribute to being soundly in the over-
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FIG. 2. Similar to Fig. 1 but for doubly charged ions only and a
neon target.

barrier region. If one assumes the electron is released when
the electric field reaches its over-barrier value, the radius of
the donut should be given by p,=Ip?/4Zw. For argon and
with Z=1, this expression yields 2p;=2.92 a.u. which is only
slightly smaller than the observed FWHM diameter
(~3.9 a.u.) of the projected single ionization spectra in Fig.
1. This result is not dependent on the actual peak intensity
used, as is approximately born out by the experimental data.
Note that the observed FWHM diameter is slightly larger
than 2p;. This is to be expected, since a more quantitative
examination of over-barrier ionization has shown that the
ionization rate continues to rise as the field proceeds beyond
the static barrier suppression value [22].

The doubly charged ions show much more complex struc-
ture, which we interpret as due to the different values of the
electric field at which the two electrons are released. For
high laser intensities, for which over-barrier electron release
is most likely to be a correct picture, the Ar>* spectra show a
strong peak near zero momentum with strong shoulders on
either side. We interpret this as follows: For Ar the first and
second ionization potentials are 15.76 eV and 27.63 eV, re-
spectively, corresponding to over-barrier fields of 0.084 a.u.
and 0.129 a.u. (intensities of 5X10'* and 1.16 X 10" W/
cm?). The corresponding values of p; and p, are 1.49 and
2.26 a.u. If the electrons were released only as the instant the
field achieves these two values, not only the magnitudes of
p1 and p, would be unique, but the angle between them as
well. However, a much more likely scenario is that each
electron is released over a range of times when the field is
near E; or E,. If this range of times is larger than the optical
cycle, the corresponding range of angles will be more than
2. In this case one obtains recoil momenta which range
between (p,+p,) and (p,—p;). Averaging over all possible
angles between p; and p,, as well as the absolute laboratory
angle between the electric field vector and the z-axis will
yield spectra which, when projected onto p,, lie inside and
peak near p,+p, and peak also at p,—p;. In Fig. 1 the arrows
show the positions of the sum and difference of p; and p,,
calculated from this simple over-barrier picture. The qualita-
tive agreement with the data is striking.

When Ne is used as a target gas (Fig. 2, for peak intensi-
ties of 18.1 and 22.8 X 10'> W/cm?), the spectra change their
character to show two strong peaks at finite values of posi-
tive and negative p,. with a dip near zero. We attribute the
appearance of the dip to the fact that for Ne the difference
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FIG. 3. (Color online) Density plots showing the projection into
the y-z plane of the momenta of doubly charged argon and neon
ions produced by nearly circularly polarized 8 fs pulses at a peak
intensity of 22.8 X 10> W/cm?.

between the first and second ionization potentials (20 and
45 eV, respectively) is much greater, leading to a greater
relative difference between over-barrier values of p; and p,.
This greater difference results in a dip for small values of
(p1—p,) not visible in the argon case. The corresponding
values for the sum and difference of p, and p, are indicated
by the arrows in Fig. 2, where again qualitative agreement is
obtained.

The filling of the dip near zero in the p, spectra is partly
due to the fact that we are dealing with a p_ projection of the
momentum spectra. Figure 3 shows an example of the full
pz/p, spectra for our experimental conditions. For the argon
case there is no dip near the center of the spectrum, while for
neon the dip is quite clear. This spectrum qualitatively sup-
ports the expectations discussed above. However, it also
shows there is a substantial ellipticity of the radiation in our
experiment. From the asymmetry of yields in the y and z
directions in Fig. 3 we estimate that the ratio of A,/A; (or
E/E,, where A is the vector potential and E the electric
field) is approximately 0.7+.15. We have not yet discovered
how to avoid this for such short pulses. Fortunately for this
study, in the over-barrier region the ionization rate is only
weakly dependent on the intensity which makes this problem
less severe than it would be if we were dealing with lower
intensities.

To place our interpretations on more quantitative footing,
we have performed full calculations for the ionization rates
to find the momentum distributions of the doubly charged Ar
and Ne ions for range of laser intensities which include the
saturation limits. In these calculations the field vector of cir-
cularly polarized pulse is given by

E(1) = Ege 2" 2[4 cos(wt + &) + ¢, sin(wt + )] (1)

with E the laser peak field, & the carrier-envelope phase, and
7o pulse duration. The first and second ionization rates
weighted by the survival probability can be expressed as

Py(1) = Wy (n)e =M )

P+ A1) = Wyt + Anpe” 1004 (3)

where W; is the ionization rate covering both tunneling and
over-the-barrier ionization regions [23] for producing an ion
of charge i and Ar the time delay between the two ioniza-
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FIG. 4. Model calculations of the p; distributions, correspond-
ing to the double ionization data of Figs. 1 and 2. The peak laser
intensities are given in units of 10> W/cm?.

tions. The exponential parts are introduced to account for
depletion to higher charge states by the laser field. Using the
above equations, the momentum distribution of the singly
and doubly charged ions can be written as

@ = f T P @I 0~ Ao,
p —00

dP* o = W)’
d (P) =f f PI(E(t))PZ(E(t+ At))e_fHArWS(I )dt
P - J0

X 8(p - A(t) — At + Ar))dtdAt (4)

with A(r)=[7E(t)dt the vector potential. Here the implicit
dependence of P, and P, on time is shown through their
explicit dependence on the electric field.

In order to compare with the experimental results we av-
eraged over all possible carrier-envelope phases and included
the laser pulse spatial distribution as well as depletion of
singly and doubly charged ions during the pulse. Figure 4
shows the predicted momentum distributions for the Ar**
and Ne?* ions obtained by the above formulation. The simu-
lated spectra are in very good agreement with the experimen-
tal results and lead to values of p; and p, that are very
consistent with those predicted by the simple over-barrier
model. The calculations do not show as strong a dip near
pz=0 for Ne as do the data. This difference between the
experiment and simulations may be due to the slight elliptic-
ity of the light used in the experiment as well as uncertainties
in the pulse shape and duration.

If one were able to perform the independent measurement
of the momenta p, and p,, which could be interpreted as the
second hand of a clock as discussed earlier, would one ex-
pect to see an effect? We can use the present data to examine
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FIG. 5. (Color online) Model calculations of the distribution of
time delays between the emission of the first and second electrons.
The vertical arrows indicate the expected locations in the simple
over-barrier picture.

this question by extracting from the present model the ex-
pected time difference between the emission times of the two
electrons. If one assumes a Gaussian pulse shape with
FWHM 7, the sequential emission of two electrons at field
strengths E; and E, will occur with a time separation given
by Ar=0.857{[In(Ey/E,)]"*~[In(E,/ E,)]"?}, where Ej is the
peak laser intensity. The resulting value for Az is only rather
weakly dependent on E,. For a peak intensity of 22.8
X 10> W/cm? the resulting time difference for argon is
1.1 fs; for neon, 2 fs.

Using the model calculation we can do better and actually
calculate the time dependence of the ionization rate during
the pulse. In terms of the time delay, At, the probability of
producing a doubly charged ion can be written as

dP*(Ar) j *

dA1 _ PCEOIPE(+ A Yo TraaaE ) gy,

(5)

Figure 5 shows the probability distribution for producing
Ar?* and Ne?* ions as a function of the time delay between
first and second ionizations. The peaks in this figure are re-
markably close to the over-barrier values. As shown in the
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figure, at these laser intensities the probability of releasing
two electrons from an Ar target in the same optical cycle is
quite large. The delay times are substantially longer than
those expected from the simple over-barrier picture, as might
be expected since it is known that the ionization rate contin-
ues to rise after the field crosses the static over-barrier field
strength.

In summary, we have presented recoil ion momentum
spectra for doubly charged argon and neon ions produced by
very short (8 fs FWHM) pulses of (nearly) circularly polar-
ized radiation. The spectra show structure which can be in-
terpreted qualitatively in terms of two successive over-
barrier ionizations. This interpretation is supported by a
detailed model calculation of the whole time-dependent pro-
cess. We explore the implications of this simple picture, and
the quantitative model, for the time sequence for the emis-
sion of the two electrons. We find that the time delay be-
tween emission of the two electrons can easily be less than a
single optical cycle for the case of argon. This conclusion is
based on reading the “minute hand” clock provided by the
known time dependence of the pulse envelope. This experi-
ment is a predecessor to one in which a “second hand” of the
rotating electric field vector could be used to read this time
difference with a precision much less than the optical period.
This clock could be read by measuring the individual vector
momenta of the two electrons and deducing the angle be-
tween the vectors. Such an experiment is most meaningful if
the two ionizations are separated by less than a single optical
cycle, which seems likely to occur for argon but not for
neon. It would be particularly interesting if this clock were
applied to time other events occurring in the system such as
the fragmentation of a light molecule.
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