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We show that ultrashort pulse strong field multiphoton ionization efficiently produces metastable

highly charged molecules such as metastable diatomic trications I3, Br3", and CI3*.

The efficiency

of stable trication production decreases rapidly with increasing pulse duration. Weak pre- or post-pulse
irradiation also prevents efficient production or survival of trications. We propose strong-field femtosec-

ond Raman spectroscopy to determine trication vibrational frequencies.

PACS numbers: 33.80.Rv, 31.15.—p, 36.10.-k

In the tunneling limit [1] of multiphoton atomic ioniza-
tion, the laser field oscillates so slowly that electrons adia-
batically adjust to the field. Only the most weakly bound
electron can tunnel through the oscillating barrier created
by the laser field and the binding potential. Together with
the high efficiency of multiphoton ionization, this has led
to the application of atomic multiphoton ionization to pro-
ducing highly controlled plasmas and new gain media for
x-ray lasers [2].

In molecules, because of the large disparity between
the electron and nuclear masses, adiabaticity for the
electrons can be combined with almost frozen nuclear
motion [3] provided very short laser pulses are used.
If tunnel ionization remains efficient and gentle, strong
fields provide an alternative ionization source in mass
spectrometry [4] where improving the sensitivity requires
minimum fragmentation of the molecule and maximum
ionization efficiency.

We demonstrate the gentleness of the strong field
ionization process by producing triply charged diatomic
halogen molecules. In these molecules removal of three
electrons increases the bond order leading to weakly
metastable ground states [5—7], but otherwise repulsive
potential curves. We demonstrate the necessity of very
short pulses by showing that these molecular ions are not
produced when the pulse duration is increased. They are
also shown to be very sensitive to relatively weak pump or
probe pulses. The lifetime of these metastable trications
can exceed 10* years.

The laser system used in the experiment produced near
diffraction limited and transform limited 80 fs, 200 wJ,
625 nm pulses [8]. These pulses were divided into
two parts in a Michelson interferometer, producing a
main pulse and pre- or post-pulses (if needed for the
experiment). The intensity of the (weaker) pre- or post-
pulse was controlled with a variable aperture.

The pulses were focused inside a vacuum chamber to
a focal spot of approximately 10 um in diameter. The
target chamber was fitted with a gas jet (nozzle diameter
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250 pm) [8] with the jet axis perpendicular to the axis of
the laser beam, intersecting it 8 cm from the nozzle. The
main role of the jet was to ensure that the molecular ions
had very little initial velocity (the estimated transverse
energy is less than 10™° eV) in the flight direction leading
to easily identified time-of-flight (TOF) peaks. This
allows us to differentiate fragmented from nonfragmented
ions by the sharpness of the TOF peaks. Typical partial
pressures used to back the jet were 0.3 Torr I,, 760 Torr
He; 20 Torr Bry, 230 Torr He, 50 Torr Cl,, 150 Torr He.

The time-of-flight chamber with TOF axis perpendicu-
lar to the jet axis and to the direction of propagation of the
laser beam was described previously [8,9]. It consisted
of an accelerating region with a 250-533 V/cm electric
field and a field-free drift region. In our TOF design we
favored detection of intact molecular ions over the more
numerous dissociating molecular ions. Fragments from
the latter acquire a large velocity during dissociation and
if only a small component of this velocity is perpendicular
to the flight axis they cannot reach the microchannel plate
through the 0.5 mm aperture in the TOF electrode.

Figure 1 shows the TOF mass spectrum for all three
metastable trications. The typical peak laser intensity
used was (1-5) X 10'* W/cm?. Figure 1(a) shows the
peak at the position corresponding to . The TOF
peak corresponds to a mass-to-charge ratio of 84.59;
the anticipated value is 84.60. Figures 1(b) and 1(c)
show the results for Br3" and CB'. All peak widths
are imposed by the time resolution limit of our system.
The peaks must arise from molecular ions since any
photodissociation event necessarily broadens the peak
beyond our few w eV resolution. All peaks are observed
at precisely the arrival times expected for the trication
and have the isotope ratios that agree with the anticipated
ratios within the experimental accuracy of about 20%.
The results were independent of whether the light is
linearly or circularly polarized.

Although our experiment was not designed to precisely
measure the efficiency of trication production, we can
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FIG. 1. Selected portions of the time-of-flight spectra showing
peaks of B" (a), B (b), and CI3" (c). Dotted lines show
anticipated positions of trications calibrated with well-known
species. Positions of the singly charged mass 84 and 85 peaks
and the position of the doubly charged mass 169 are included
in (a) for reference.

estimate it from the area under the peaks corresponding
to metastable and dissociating trications in the TOF
spectrum, i.e., areas under B and the IT + I2* peaks
for iodine. This underestimates the metastable channel
since I + I?* can be produced from a larger ionization
volume due to enhanced ionization [10,11]. Correcting
for the collection efficiency, we observe the ratio of
bound to dissociating channels of I%Jr between 1:450 to
1:1200. Large fluctuations in the measured ratio are due
to fluctuations in a relatively small I%Jr signal, which is
typical for highly nonlinear processes.

Figure 2 shows the calculated metastable ground state
and some of the low-lying excited states of Cl%+. To per-
form these calculations, we used the nonrelativistic mul-
tireference configuration interaction method of Buenker
and co-workers [12]. The Gaussian basis set using the
contraction (14s10p2d/11s7p2d) was taken from [13].
The electron configuration of CI%Jr near its ground-state
potential minimum is expected to be ... (,)*(7,)", corre-
sponding to the removal of three electrons from the (7Tg)4
configuration in ground state Cl,. However, at larger
distances there is strong configuration mixing with more
open-shell configurations of the type ... (,)*(mg)* (o))"
This configuration was used to generate the orbitals for
the configuration interaction in all electronic states at the
self-consistent field stage of the calculation.
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FIG. 2. Calculated ground and low-lying potential curves for
Cl%+ with metastable vibrational states.

We considered the doublet states 2Hg,u, 22: , 2A,,
and 2q)g’u which include the states corresponding to
the two lowest dissociative channels of doublet spin.
The calculations typically included about 60 reference
configurations and up to 7 roots, generating ca. 3.2 X 10°
symmetry-adapted functions, from which 30 000-55 000
were selected. This led to total reference configuration
weights (i.e., ). c,'z) of 0.89-0.94 for the ground state.

The potential well has a calculated depth of 0.288 eV
and supports five (v = 0—4) metastable vibrational states
(see Fig. 2) with the 0 — 1 transition at approximately
0.054 eV. The tunneling lifetimes are 7(v = 0) =
6.6 X 10*yr, 7(v =1)=02yr, 7(v=2)=71ls,
Tv=3)=23X103s, 7(v=4)=16%X10"s.
Note the very long tunneling lifetime of the ground
vibrational state.

The equilibrium position of Cl ™ is RCY) ~ 1.94 A,
very close to that of the ground-state molecule, Rgo) =
1.99 A, Similarly, for " R®*) ~ 284 A and RO =
2.66 A. Vertical transition from the v = 0 state of
Cl, to the ground electronic surface of Cl%+ yields the
following populations of the vibrational states: P(v =
0) = 77.4%,P(v = 1) = 22.1%, P(v = 2) = 0.5%.

The efficiency of metastable trication formation de-
creases rapidly as the molecuar mass decreases. Ideally,
ionization should proceed quickly compared to typical vi-
brational time scales of the molecule. For the three trica-
tions that we observed this condition was reasonably well
met by our 80 fs pulse (ground state vibrational periods
are 157 fs for I, 103 fs for Br,, and 60 fs for Cl;). On
the contrary, we did not observe metastable trications for
molecules with vibrational period much shorter than the
pulse duration. For instance, metastable states have been
predicted for N3+ [14]. However, the vibrational period of
Nj is only about 14 fs, so the internuclear separation can
change significantly during the time required to remove the
three electrons. We did not observe N%Jr experimentally.

We have investigated the importance of the pulse
duration in two ways. First, we studied production of I%+
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as a function of the pulse duration. We lengthened the
pulse by placing dispersive media such as SF6 or SFL6
glass in the beam path, keeping the laser intensity constant
at 3.6 X 10'* W/cm?. The results are shown in Fig. 3.
The formation of I%Jr drops rapidly as the pulse duration is
increased and at a duration of 330 fs we observe virtually
no I%Jr. Similar results were found for Br,.

Second, we used a main pulse to produce I%+ and a
pre- or post-pulse with intensity of about 1/3 of the main
pulse to interact with either I, or I%Jr. With only a pre- or
post-pulse, the Bt signal was very small. Figure 3 shows
the 3" signal plotted as a function of the delay between
main and pre- or post-pulses. The signal at zero delay
corresponds to that obtained with only the main pulse.
We see that a weak pre- or post-pulse prevents efficient
production or survival of I3 .

Our observations when a pre-pulse was used are consis-
tent with the following interpretation: A pre-pulse excites
iodine molecules from the ground state, leading to a for-
mation of a dissociative [8] or vibrational wave packet.
After the excitation, the wave packet starts to move away
from the equilibrium geometry. This makes production of
the metastable trication via vertical short-pulse ionization
inefficient. The longer the delay, the smaller the signal
magnitude, in agreement with our observations.

As for the effect of the post-pulse, it is unlikely that
weaker post-pulses further ionize the trications produced
with the main pulse. To understand the experimental
results we simulated the dissociation dynamics of the
Clg+ molecule solving the time-dependent Schrodinger
equation on the two coupled charge-resonant surfaces
2Hg and 2II,. We used Cl, rather than I, since it is
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FIG. 3. 13" signal vs pulse duration (squares, solid line, top
axis) or vs the time delay between the two 80 fs pulses (circles,
dotted line, bottom axis). Negative (positive) delay corresponds
to a pre-pulse (post-pulse). Intensity is 3.6 X 10'* W/cm?
for the main pulse and 1.2 X 10'* W/cm? for the pre- or
post-pulses.

much easier to calculate excited potential surfaces and
especially accurate transition matrix elements for Cl%+.
We found that pulses with intensity of ~10'* W/cm?
lead to complete dissociation of CI%Jr bound states via the
bond-softening mechanism [15] for pulses about 100 fs or
longer. Thus, a relatively weak post-pulse will dissociate
the molecular ion in agreement with the pump-probe
experiment. The rapid decrease in efficiency of trication
formation with long pulses is entirely consistent with the
pump-probe experiment since the rising and falling parts
of the pulse act like pre- and post-pulses, respectively, for
the high intensity peak part of the pulse.

Although diatomic trications have been produced be-
fore [7,16], they have not been produced by optical means
or in large quantities. Optical production is important
since it opens the possibility for precision spectroscopy on
this new class of simple molecules. The model that allows
us to discuss the two-pulse experiments also allows us to
address the spectroscopy of trications. Using strong-field
femtosecond Raman spectroscopy, one can observe the
modulation in the total amount of trications reaching the
detector as a function of frequency difference between
the two simultaneous femtosecond pulses. In general, the
method consists of several steps which we will illustrate
using the example of Cl%+.

First, one has to establish a well-defined initial con-
dition. If the ionizing pulse is short (e.g., 5 fs [17])
compared to the Cl, vibrational period, the ground state
wave function of Cl, is transferred vertically to the
bound surface of CB3™ [P(v = 0) = 77.4%]. How-
ever, in our case the main pulse is comparable to the
vibrational period of the molecule. Consequently, it is
hard to predict the vibrational distribution in Cl%+ after
the pulse. To deal with this problem, a short pulse
may be applied to “clean” all excited vibrational states
without destroying the population of the v = 0 state.
This is possible using the bond-softening mechanism
[15]. In our numerical simulations based on solving
the Schrodinger equation on the two coupled surfaces
’I,,, a sin’-envelope FWHM = 150 fs pulse with
peak intensity 7 = 2.2 X 10'®* W/cm? and frequency
w = 1.17 eV cleans 94% of the v =1 state popu-
lation (and 100% of v > 1 states population) leaving
92% of the v = 0 population intact.

For the spectroscopy step, two laser pulses with fre-
quencies w; and w; and variable Aw = w;-w; are ap-
plied simultaneously. The pulse duration has to be long
compared to the vibrational period of the trication. When
Aw = E(v = 1) — E(v = 0), the state v = 0 is signifi-
cantly depleted and the population is transferred to ex-
cited vibrational states and the dissociative continuum
(see Fig. 4). It is this Aw-dependent population trans-
fer and dissociation that we propose to detect.

In the Floquet picture, vibrational excitation occurs due
to the periodic oscillation of the dressed *I1 ¢ surface at the
beat frequency Aw = wyjp,. Depletion of v = 0 requires
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FIG. 4. Population of the v = 0 state (circles) and the total
population of bound Cl" states (squares) after the pulse
E f(t)[cos(w1t) + cos(wat)] vs Aw = w; — w,. The pulse
parameters are f(t) = sin(wt/T), T = 1.2 psec (FWHM =
600 fs), £ =5 X 107 V/cm, (0 + w,)/2 = 1.17 eV.

significant modification of the dressed *I1, surface near
R.. However, nonresonant n ¢ JHM interaction near R,
becomes resonant at some Ry > R, (see Fig. 2), causing
strong overall suppression of a very weak bond. Hence,
one has to maintain a balance between sufficient modifica-
tion of the dressed *Il, surface near R, and keeping the
v = ( state bound on a dressed surface.

Figure 4 shows the results of our numerical simulations
for (w; + w,)/2 = 1.17 eV and a peak laser intensity
of both w; and w; pulses (FWHM = 600 fs) equal to
3.5 X 10> W/cm?. The number of surviving trications
(squares) is modulated by about 38%. The population
of the ground state (circles) is modulated by about 85%.
Applying a short “cleaning” post-pulse identical to the
one applied at the first step will transfer the decrease in
the v = 0 population into the decrease in the total CI%Jr
signal, raising the modulation depth to about 85% and
yielding better measurement of E(v = 1) — E(v = 0).
The redshift of the upper curve in Fig. 4 is due to the
anharmonicity of the binding potential, both field free
and induced by the Raman pulse. (The latter is hard to
avoid unless the spectroscopy pulse is made very weak
and long.)

In conclusion, ionizing molecules with little or no nu-
clear motion is at the heart of Coulomb explosion imaging
[18]. Since efficient formation of diatomic trications is
possible only with minimum nuclear motion, our results

2220

imply that optical pulses can be a very effective ioniza-
tion source for Coulomb explosion imaging. This means
that the full power of pump-probe spectroscopy can be
combined with Coulomb explosion imaging allowing time
dependent structural changes of small molecules to be fol-
lowed [8].
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