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Observation of Enhanced Ionization of Molecular Ions in Intense Laser Fields
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Using ultrashort pulse multiphoton ionization, we launch a wave packet in the I21
2 state that

dissociates into the fragments I21 and I. We measure its multiphoton ionization probability as a
function of its internuclear distance with an intense delayed probe pulse. If the probe pulse is polarized
parallel to the internuclear axis, we observe a peak in the ionization yield at a critical distance of 5–6 Å.
No such enhancement is seen with perpendicular polarization in agreement with the model of enhance
ionization by electron localization. [S0031-9007(96)00323-7]

PACS numbers: 33.80.Rv, 82.50.Fv, 52.25.Jm
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Using vibrational wave packet techniques [1], we sh
that the intense field ionization rates are very sensi
to the separation of nuclei in a molecular ion and, the
fore, to the distribution of internuclear separations in
plasma. The observed maximum in the ionization rate
curs around a critical internuclear separation. Our res
are consistent with recent theoretical predictions [2–5
enhanced ionization which identify the process as a
sult of electron localization and unrelated to resonance
Frank-Condon factors [2]. These theoretical studies w
stimulated by multiphoton dissociative ionization expe
ments in which all ionic fragments appeared to result fr
ionization of molecules at a characteristic internuclear s
aration [6,7]. These experiments provide indirect evide
of enhanced ionization [8] although alternative expla
tions [6,9] exist. This paper provides direct experimen
evidence of enhanced ionization.

Theory predicts that enhanced ionization occurs in
strong field (or tunneling) limit [2]. In molecular ion
(as in double quantum wells) the ability of an electr
to move between the two ions (wells) in response to
external laser field directed along the internuclear a
depends on the internal potential barrier between th
ions. For a short internuclear distance (R) this barrier is
below the ground state energy. To escape the molecul
electron experiences only one (external) barrier thro
which it may tunnel, just like in an atom. For a ve
large internuclear distance an electron cannot move e
from one ion to the other because of the large inter
Coulomb barrier and the electron will be localized arou
the ions (wells). Again, to escape the molecule, an elec
must tunnel through potential barriers that are atomicl
Between these two cases is a critical internuclear dista
(Rcr ) where the electron is partially trapped by the inter
barrier until the field is large. Then, as illustrated
Fig. 1(a), the electron needs only tunnel through a sm
internal barrier in order to escape the molecule. Tunne
from the uphill atom [Fig. 1(a)] directly to the continuu
is a new ionization pathway ensuring that the ionizat
rate of the molecular ion is greatly enhanced as comp
with larger or smaller internuclear separations [10].
0031-9007y96y76(22)y4140(4)$10.00
e
-

a
c-
lts
f

e-
or
re
-

p-
e
-
l

e

n
is
se

the
h

ily

A quantitative description of enhanced ionization f
R . Rcr is provided by a simple modification of atom
tunneling models [11]. In this description, enhanced io
ization is due to an “enhanced field” experienced by the
calized electron. That is, the laser fields $ELd is augmented
by the fields $EId of the adjacent atomic ion. [For exam
ple, 3 Å away from a doubly charged atomic ion (the a
proximate distance to the peak of the internal barrier
R , 5 Å) the Coulomb field is3.2 3 108 Vycm. This is
comparable to the peak field of an optical pulse with inte
sity of 1.3 3 1014 Wycm2.] The resulting ionization rates
can be determined [2] using a total field$ET  $EL 1 $EI in
atomic models [11].

If the laser electric field is perpendicular to the m
lecular axis, the electron experiences only a single w
structure in the field direction. Ionization is then almo
atomiclike [Fig. 1(b)] for all internuclear separation
Reporting a maximum in the ionization rate for paral
polarization and a rate almost independent of the inter
clear distance for perpendicular polarization is the m
aim of this paper.

The experiment can be outlined as follows. Fir
iodine molecules are irradiated with an intense, 80
visible laser pulse producing, among other things, so
I2

21 molecular ions dissociating in the fragments I21 and
I (later called I21-I). Next, a temporally delayed lase
pulse can further ionize this molecular ion. Last, the fin
charge state distribution is determined by the time-
n
.
e

l

ll
g

d

FIG. 1. Schematic of the potential curve for an electron
a diatomic molecular ion around the critical distance in
intense laser field polarized (a) along the internuclear axis
(b) perpendicularly to it.
© 1996 The American Physical Society
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flight (TOF) spectrum of the iodine ions. By observin
the depletion of the I21-I final state and the simultaneou
appearance of I21-I1 fragments as a function of the dela
between the two pulses, we can study the depende
of the ionization rate of the I21-I molecular ion on its
internuclear distance.

The experimental setup has been reported in de
elsewhere [12]. The output of an amplified colliding
pulse mode-locked laser (80 fs FWHM, 625 nm, 200mJ,
10 Hz) is split in two similar pulses in a Michelson
arrangement inducing a time delay between the pump a
probe pulses. A zero order quarter-wave plate can
inserted in one of the Michelson’s arms in order to rota
the polarization of the probe pulse. The zero delay
determined by cross correlation in a 100mm thick KDP
crystal. The two beams are focused by af  1 m lens
s fy66d onto a 200mm diameter pinhole. This pinhole
ensures good spatial overlap of the two beams. It
imaged with a 5-cm-focal-length on-axis parabolic mirro
to a focal spot diameter of,10 mm inside an ultrahigh-
vacumm chamber [12] filled with,4 3 1027 Torr of
room temperature molecular iodine. The pump and pro
pulses have the estimated peak intensities of2.4 3 1014

and1.6 3 1014 Wycm2.
The ions produced by laser irradiations are analyzed

a TOF mass spectrometer [12] that is designed to de
only ions having their velocity aligned with the TOF axi
(acceptance angle of 11± for the I21 ions originating from
I21-I). The TOF of any ion is a signature of its charge
mass ratio and its initial kinetic energy [12].

In selecting a wave packet for study we are oblige
to use a slow moving wave packet so that its motio
can be time resolved with our 80 fs pulses. Slow wa
packets are observed in the dissociation of I2, I2

1, and
I2

21. We are also obliged to probe the wave packet w
a strong field to reach the tunnel ionization limit in whic
enhanced ionization is predicted to occur. Finally, to sim
plify the interpretation of our experimental results, we u
a probe pulse that is weaker than the pump pulse. Th
the presence of the probe pulse induces little modificat
to the kinetic energy spectrum for long delays. Amon
the three possible charge states on which a slow wa
packet can be launched, only I2

21 dissociating in I21 and
I is created at high enough intensities [13] to approx
mately satisfy tunneling requirements.

In Fig. 2 we show the kinetic energy spectra for the I21

ions at different delays between the pump and probe puls
both polarized parallel to the TOF axis. The direction
selectivity of the spectrometer ensures that the detec
ions originate from molecules aligned along the laser fie
The peaks in the spectra [13] are due to I21 ions originating
from the I21-I and I21-I1 final states (in order of increasing
energy).

There are two conspicuous delay dependent change
this series of spectra. First, the I21-I signal is strongly
suppressed as the delay is increased from 0 to 166 fs
ce
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FIG. 2. I21 kinetic energy spectra for different pump-prob
delays. Both laser pulses are polarized along the internuc
axis. The dashed curve superimposed is the spectrum obta
for a delay of 1 ps. The arrow indicates the position of t
I21-I1 moving structure at a delay of 166 fs. Each spectru
is an average of 2000 laser pulses. In order to emphasize
low energy features, the spectra are not corrected for detec
efficiency (all signals should be multiplied by their kinet
energy).

reappears as the delay is further increased. Secon
structure appears on the low energy part of the promin
I21-I1 peak around the 166 fs delay (labeled by an arr
on the 166 fs spectrum). For larger delays this struct
moves toward lower energies and its amplitude decrea
It disappears for delays longer than 400 fs. These t
main observations suggest that a significant fract
of the molecules dissociating via the I21-I channel is
transferred to the I21-I1 channel due to strong field
multiphoton ionization induced by the second laser pu
for a delay of ,166 fs. For either shorter or longe
delays, corresponding to smaller or longer internucl
distance in the I21-I wave packet, the ionization process
much less efficient. These are the general characteris
predicted for enhanced ionization.

The 80 fs pulses are too long to allow a full quantitati
analysis of the moving structure. The kinetic ener
where it appears and its subsequent evolution indica
that it is due to an I21-I1 molecular ion created by the
probe pulse at an internuclear separation that increa
with the delay. Such a structure can only originate fro
ionization and not from electronic rearrangement since
I31-I ion does not exist.

For small delays, the moving structure can res
from ionization of the I21-I wave packet but also from
ionization of a wave packet launched on the I1-I1

potential. Our data are consistent with the fact th
more than one wave packet can contribute to the mov
4141
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structure since the magnitude of the moving struc
exceeds the I21-I depletion at small delays.

At larger delays (.233 fs), the kinetic energy of th
I21-I1 moving structure is less than the dissociation ene
of the I1-I1 wave packet. Thus, ionization of I1-I1 cannot
contribute to this structure. The decrease in the magn
of the I21-I1 moving structure in Fig. 2 shows that,
matter what pathway leads to I21-I1, ionization become
less efficient at large internuclear separations.

We now concentrate on the depletion of the I21-I wave
packet. This wave packet contains many energy c
ponents corresponding to different dissociation veloci
Figure 3 shows the magnitude of the signal correspo
ing to a fast component asymptotically moving at 24
ps (0.94 eV) and a slow component moving at 10 Å
(0.16 eV) as a function of the pump probe delay. B
the components show a clear depletion around 166 fs
then recover to the same value that we find with no pr
pulse. The fast part is depleted before the slow one
recovers before. [Although not shown here, the evolu
of the central part of the I21-I signal (0.7 eV) falls betwee
the two others.] This is in agreement with the concep
a critical distanceRcr . Any component needs some tim
to reachRcr . The fastest dissociating component reac
Rcr before the slowest one and also leaves it first.

Data obtained with delays smaller than 100 fs are
fected by the temporal overlap of the two pulses.
suming an 80 fs FWHM pulse duration (autocorrelat
trace and fit are shown in the inset of Fig. 3), it is o
for delays larger than 100 fs that there is a local m
mum between the two pulses for every phase. For sm
delays destructive interference will lead to “two puls
while constructive interference will create a “single
tense long pulse.” Since our Michelson interferome
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FIG. 3. Evolution of a fast (s) and slow (j) part of the
I21-I wave packet for both laser pulses polarized along
internuclear axis and evolution of the central part (scaled b
of the I21-I wave packet for a probe polarized perpendicula
the axis (3). The inset shows the autocorrelation of our pul
fitted with the autocorrelation of an 80 fs hyperbolic sec
shaped pulse.
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does not have an interferometric stability, all interferen
conditions are obtained and the results recorded at th
small delays are an average of all phases. However
charge states experience these fluctuations. Selecti
charge state to normalize our data leads to only sm
quantitative changes to Fig. 3.

We can estimate the critical distance by measuring
energy of the I21-I1 moving structure at 166 fs since it i
a function of the internuclear distance and the dissocia
velocity of the molecular parent ion [12]. Assumin
that the average asymptotic dissociation velocity,V` 
20.6 Åyps (obtained with spectra corrected for the ene
dependence of the detection efficiency) has been rea
before 166 fs, the critical distance, determined as in [1
is 5.7 Å. This value agrees with a rough estimate of
evolution of the I21-I internuclear distanceR  R0 1

V`t  6.1 Å (where R0  2.67 Å is the equilibrium
internuclear separation andt  166 fs). We cannot be
more precise because of the lack of knowledge of
potential structure and the limited temporal (spati
resolution of our experiment.

As discussed in [2],Rcr is approximately the internu
clear distance where the maximum of the internal pot
tial barrier equals the ground state energy of the elect
This is the distance where the electron starts to be part
trapped by the internal barrier. The ground state energ
approximately given by the ionization potential of a sing
iodine atom (10.45 eV) plus the shift [,29yR seVd] of the
energy of the I1 well due to the I21 neighbor ion. This
condition yieldsRcr , 5.3 Å in good agreement with ou
measurement.

A direct comparison of the depletion of the I21-I
signal around 166 fs (depleted by 70% of the asympto
population) and at 400 fss15% 6 5%d gives a lower
bound of ,7 in the difference in ionization rate asR
changes from,5.5 to ,9 Å. This is a lower bound
because we assume that the probe pulse makes
contribution to the I21-I signal by ionizing lower charged
species at the delay of 166 fs. The probe is not so w
that this condition is certain.

The concept of enhanced ionization requires that
laser polarization is along the internuclear axis.
check, we recorded spectra under essentially the s
experimental conditions as in Fig. 2 except that t
polarization of the second pulse was perpendicular
the molecular axis. No clear suppression of the I21-I
signal and no I21-I1 moving structure could be seen
Even increasing the intensity of the probe pulse by 5
produced no observable time dependent moving struc
in the spectra. Figure 3 shows the evolution of t
population of the central component of the I21-I wave
packet for a probe perpendicular to the internuclear a
This evolution clearly differs from the evolution obtaine
with parallel polarization: no observable enhancemen
ionization rate occurs if the laser field’s polarization
perpendicular to the internuclear axis.
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All results are consistent with the predictions of the
hanced ionization model. However, some isolated res
might have an alternative explanation. The decrease o
I21-I1 time dependent structure could, in principle, be d
to a torque [14] on the molecular ions induced by the s
ond pulse that would tend to align the fragment trajecto
of the most polarizable ions with the field and theref
increase the detection efficiency. Since the polarizab
decreases (from molecular polarizability to atomic po
izability) when the internuclear separation increases,
number of detected ions would decrease with the de
As a direct test of the influence of the torque, the exp
iment was repeated with the probe pulse polarized at±

to the TOF axis. If the polarizable molecules were ejec
along the laser polarization this should reduce the dete
signal for small delays and have no effect at large
lays, qualitatively modifying the temporal evolution of t
I21-I1 moving structure. Instead, we observed results
most identical to those in Fig. 2. Thus, molecular reo
entation does not significantly contribute to the obser
results.

In principle, the I21-I depletion around 166 fs coul
arise because of electronic rearrangement between ex
channels of the I2

21 molecular ions. In particular, charg
transfer coupling between states leading to the I21-I
and I1-I1 channels transfers one electron from one
to the other, depleting I21-I and populating the I1-I1

channel. Since it would lead to an equilibrium betwe
the two populations, this coupling could partially expla
the observed depletion of the I21-I channel. However, i
could explain neither the simultaneous appearance o
moving I21-I1 nor the strength of the depletion.

Charge transfer coupling may have a role to p
in enhanced ionization. Rather than depleting the I21-I
channel by populating the I1-I1 channel and subsequent
decoupling these two channels because of slow nuc
motion, it is more likely that we transfer population fro
the I1-I1 channel to the I21-I channel where it is rapidly
depleted by enhanced ionization. This ionization pathw
for the charge symmetric state has not yet been addre
theoretically.

The results of this paper demonstrate that multip
ton pump-probe spectroscopy of dissociative molec
ionic states is possible. During ionization (with the pu
pulse) we also populate metastable states of molec
ions. This should launch vibrational wave packets. F
lowing methods developed for neutral molecules [1
pump-probe spectroscopy could allow the spectrosc
constants of these states to be determined. This new
proach to the spectroscopy of the molecular ions co
complement existing techniques [16].

Enhanced ionization opens new directions in ot
areas of physics. The sensitivity of the ionization r
to internuclear separations is due to the importance
the local field of the adjacent ion. The local fie
experienced by an atom or ion can be controlled
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placing it initially either alone, in a molecule, in a cluste
or in a plasma. These initial conditions with determin
and greatly modify [17], the ultimate charge states th
the atomic fragments will reach after intense laser fie
irradiation. This also gives a way to shape plasm
densities at will. For instance, molecules placed in t
interference pattern of a laser field, having a frequen
adequate for photodissociation, would dissociate o
in regions of constructive interference, thereby creat
alternate layers of atoms and molecules. Subseque
irradiation with an intense pulse will turn them into laye
of plasma with different densities that could be used
gratings or mirrors for high intensity, VUV or x rays
radiations.
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