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Femtosecond time-resolved photoelectron–photoion coincidence
imaging studies of dissociation dynamics
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We present the first results using a new technique that combines femtosecond pump–probe methods
with energy- and angle-resolved photoelectron–photoion coincidence imaging. The dominant
dissociative multiphoton ionization~DMI ! pathway for NO2 at 375.3 nm is identified as
three-photon excitation to a repulsive potential surface correlating to NO(C 2P)1O(3P) followed
by one-photon ionization to NO1(X 1S1). Dissociation along this surface is followed on a
femtosecond timescale. ©1999 American Institute of Physics.@S0021-9606~99!02525-8#
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The capability for following photodissociation dynamic
directly in time is an exciting development in chemical d
namics brought about by the availability of femtosecond
sers. Initially, femtosecond time-resolved laser-induc
fluorescence1 and absorption2 techniques were applied a
probes of dissociation, but subsequently time-resol
photoionization probes, using mass spectrometry and ph
electron spectroscopy, were developed and applied to a
stantially wider range of molecules and more complica
molecular systems.1,3–5 Time-resolved mass spectrometr
techniques that provide one-dimensional photofragment
ergy and angular resolution have also been developed
studies of reactions with multiple dissociation pathway6

However, when using photoionization probes, it is advan
geous to detect both the photoion and photoelectron
coincidence,7 since both particles provide important inform
tion on the dissociation event. This communication prese
a new femtosecond time-resolved photoionization pro
technique that combines photoelectron–photoion coin
dence~PEPICO!8,9 detection with three-dimensional energ
and angle-resolved imaging.10,11 The present studies follow
the time evolution of the dissociation process that occ
during dissociative multiphoton ionization~DMI ! of NO2 in-
duced by femtosecond laser pulses centered at 375.3
~3.30 eV!. This technique also provides time-resolved ide
tification of the dissociation products and ionization pa
way.
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There have been a tremendous number of previous s
ies on dissociation and ionization processes in NO2.

12–14Re-
cently, there has been increased interest in the femtose
dynamics of these processes,15 particularly multiphoton
ionization.16,17 Other work at 375 nm~Ref. 16! found that
DMI strongly dominates over simple parent ionization. Th
is an interesting result since parent ionization~9.59 eV! is
accessible by three-photon absorption, whereas four pho
are required for DMI~12.37 eV!. The DMI channel was
postulated to be one-photon dissociation to ground-s
NO1O ~3.12 eV!, followed by three-photon ionization to
NO1. However, the present work demonstrates that a dif
ent DMI channel dominates.

A schematic diagram of the experimental setup is sho
in Fig. 1. Laser pulses of 100 fs duration~determined from
the single-shot autocorrelation width of 160 fs! are produced
from a regeneratively amplified titanium sapphire laser s
tem ~Clark MXR!, operating at 2.2 kHz. The pulses are fr
quency doubled to a peak wavelength of 375.3 nm usin
BBO crystal. The cross-correlation between the fundame
and second harmonic is comparable to the autocorrela
width of the fundamental. The laser beam is split into tw
paths so that one pulse may be time-delayed with respe
the other. The two beams are then recombined and focu
into an ultra-high vacuum chamber to an intensity of a
proximately 1012W cm22.

The femtosecond laser beam is crossed with a cont
ous molecular beam~2% NO2 in Ar! in the horizontal plane.
The laser pulses dissociate and ionize the molecules. Afte
ionization event, the electron is accelerated in a direct
perpendicular to both the laser and molecular beams and
wards a time- and position-sensitive detector,18 while the ion

-
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is accelerated in the opposite direction towards a similar
tector. The detector records the arrival time, and hence
locity, of the particle in one dimension, while the positio
supplies the other two dimensions of the particle velocity.
the case of the ion, the arrival time also provides mass se
tion. The particles are detected in coincidence, such that
ion–electron pair originates from the same ionization eve
This requires that less than one ionization event occurs
laser shot~;0.01 events per pulse! to ensure against fals
coincidence events. After the detection of many true coin
dent events, complete 3D ion and electron velocity distri
tions are obtained due to the 4p acceptance solid angles o
both detectors. This is the first apparatus that measures
full 3D energy and angular distributions for coincident ph
tofragment ions and photoelectrons.

The initial observation from these experiments is th
over 90% of the ions produced are NO1. Hence, DMI is the
major ionization pathway, in agreement with previo
work.16 Data from the DMI of NO2 at 375.3 nm are shown in
Fig. 1, with the position and arrival-time distributions plotte
separately for the coincident NO1 ions and electrons. The
data were taken with the laser polarization perpendicula
the axis of the ion and electron flight paths. Using the po
tion and arrival time together, the recoil velocity vectors f
the photofragment and photoelectron are calculated for e
detected event. These data can subsequently be sorte
many different ways to display particular features of the d
sociation dynamics, such as energy or angular distributio

A particularly informative way to display the ion an
electron data is as an energy correlation spectrum.19 This
plots the joint probability distribution of the total fragme

FIG. 1. Schematic diagram of the femtosecond PEPICO imaging appar
Detector images and time-of-flight~TOF! spectra for NO1 ions and coinci-
dent electrons are shown for the DMI of NO2 at 375.3 nm with zero time
delay. Each TOF spectrum is measured along the direction of accelerati
the charged particles, while each image is recorded in a plane perpend
to this direction. The arrow labeledE indicates the direction of the lase
polarization, parallel to the detector planes. The most intense signal in
images is shown in red.
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recoil energy and the coincident electron kinetic energy
all ionization events~Fig. 2!. The total fragment recoil is the
sum of the measured NO1 ion recoil and the correspondin
neutral O-atom fragment recoil, determined from moment
conservation. A vertical slice through one of these diagra
is a photoelectron spectrum for photofragments with a p
ticular recoil energy. A diagonal line represents constant
tal ~fragment recoil1 electron! kinetic energy. Figure 2
shows a sequence of energy correlation spectra for the D
of NO2 at 375.3 nm with various time delays between t
pump and probe laser pulses. The spectrum for 0 fs
equivalent to one obtained with a single laser pulse. T
plots with nonzero time delays have had the signals due
each individual laser pulse subtracted from them, so the
nal plotted is only that resulting from excitation by the fir
pulse followed by ionization with the second pulse.

Figures 2~a! and 2~b! show energy correlation spectra fo
time delays of 0 and 350 fs. At these short time dela
ionization occurs during dissociation producing a broad p
toelectron energy distribution. The electron kinetic ener
and fragment recoil energy are inversely related, with h
electron energies corresponding to low fragment energ
and vice versa, such that the total kinetic energy is c
served. This results in the diagonal intensity band seen
Figs. 2~a! and 2~b!. Figures 2~c! and 2~d! show energy cor-
relation spectra for time delays of 500 fs and 10 ps. By 5
fs the dissociation of excited NO2 appears to be complet
because the electron energy distribution is narrow and d
not vary with the fragment recoil energy. These results
characteristic of ionization of a freely recoiling fragmen
Horizontal stripes are observed in the energy correlat
spectra because NO fragments are produced with a b
rotational energy distribution that is conserved in the sub
quent ionization.

Figure 3 presents measurements of the strongly as
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FIG. 2. Energy correlation spectra for the DMI of NO2 at 375.3 nm, using
time delays of~a! 0 fs, ~b! 350 fs, ~c! 500 fs, and~d! 10 ps. The intensity
distribution is plotted on a linear scale with red representing the most
tense features and dark blue representing the least intense. The lowest
the signal is plotted in white.
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metric yield of NO1 ions as a function of the time dela
between the excitation and ionization pulses. In comparis
the normalized signal from four-photon ionization of xen
is a narrow, symmetric peak appearing at time delays sho
than 350 fs. Prior to plotting the data, the ion signals p
duced by each individual pulse were subtracted. The N1

ion yield scan is asymmetric because the two 375.3 nm la
pulses do not have the same pulse energy. The larger N1

ion signal at long positive delay times occurs when the m
intense pulse precedes the less intense pulse@Fig. 3~b!#. This
observation suggests that the dissociative process involv
larger number of photons than the ionization. The slow
decaying signal at long time delays in the ion yield p
corresponds to ionization of free NO fragments. The rapi
decaying signal at short time delays corresponds to ion
tion of the dissociating NO2. The ion yield data in Fig. 3
suggest that the dissociation process is essentially com
by 500 fs in agreement with the energy correlation spe
presented in Fig. 2.

The DMI mechanism for NO1 production can be ascer
tained by first considering the energy correlation spectra
long time delays@Figs. 2~c! and 2~d!#. Since the molecule
has fully dissociated before being ionized, the fragment
electron recoil energies determine the final dissociation
ionization products. The prominent peak in the photofra
ment recoil energy at 0.28 eV with a photoelectron energy
0.54 eV corresponds to a total product kinetic energy of 0
eV. The difference between the energy of four 375.3
photons~13.22 eV! and the total kinetic energy~0.82 eV! is
12.40 eV, in close agreement with the lowest dissocia
ionization energy of NO2 ~12.37 eV!. This identifies the

FIG. 3. Plot of ion yield against pump–probe time delay over ranges f
~a! 21.2 to 11.2 ps and~b! 210 to 110 ps. For negative time delays, th
pump pulse is weaker than the probe pulse. The solid curve shows the
of NO1 ions from DMI of NO2 at 375.3 nm. The dashed curve represe
the yield of Xe1 ions from four-photon ionization of Xe. This illustrates th
the nonresonant, four-photon ionization signal falls to zero before 350
The xenon ionization profile is wider than the measured laser cr
correlation~;160 fs! because optical interference between the two ident
laser pulses reduces the signal intensity near zero time delay.
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overall process as four-photon DMI to yield NO1(X 1S1)
1O(3P). The photofragment recoil and photoelectron en
gies then identify the dissociation fragments to
NO(C 2P)1O(3P) at an energy of 9.61 eV above the NO2

ground-state. These photofragments are produced by th
photon dissociation. Subsequently, one-photon ionization
NO(C 2P) yields NO1(X 1S1). This mechanism is also
consistent with the time delay scan of NO1 yield @Fig. 3~b!#.
When the strong laser pulse precedes the weak pulse, a la
NO1 signal is observed because production of NO(C 2P) is
highly favored for the strong pulse due to the high-ord
intensity dependence of the three-photon dissociation.

At shorter time delays, the intensity in the energy cor
lation spectra@Figs. 2~a! and 2~b!# is spread along a diagona
line. This diagonal feature has its maximum photofragm
kinetic energy limited by the calculated recoil energy~0.30
eV! for three-photon dissociation to NO(C 2P)1O(3P) and
the minimum electron energy similarly limited by the calc
lated photoelectron energy~0.54 eV! for one-photon ioniza-
tion from NO(C 2P) to NO1(X 1S1). These limits imply
that the mechanism for dissociative ionization at short ti
delays is analogous to that at longer delays. The initial ste
three-photon excitation of the NO2 molecule to a repulsive
potential surface that leads asymptotically to NO(C 2P)
1O(3P). As the neutral molecule dissociates and the O–N
bond length increases, the fragments gain kinetic ene
while losing electronic potential energy. One-photon ioniz
tion occurs while the molecule is still dissociating and t
kinetic energy acquired by the NO prior to ionization appe
in the NO1 fragment. The 100 fs ionization laser pulse a
cesses a range of O–NO bond lengths resulting in a br
distribution in the kinetic energy of the NO1 ions. Conser-
vation of energy demands that low kinetic-energy NO1 frag-
ments~from ionization at short internuclear separations! cor-
respond to high-energy electrons and vice versa. This le
to the diagonal features observed in the energy correla
spectra.

Other possible DMI mechanisms, such as four-pho
ionization to a dissociative state of NO2

1 or three-photon ion-
ization to ground-state NO2

1 followed by one-photon disso
ciation, are inconsistent with our results. A previous fem
second study in this wavelength region16 postulated that the
DMI mechanism was one-photon dissociation of NO2 fol-
lowed by three-photon ionization of the ground-state N
fragment. We selected a wavelength~375.3 nm! that is two-
photon resonant with NO(D 2S1) from NO(X 2P) to ac-
centuate the contribution of this DMI channel by resonan
enhancing the ionization of ground-state NO. However,
present results demonstrate that this mechanism does
contribute significantly to the DMI. Dissociation of NO2 at
the one-photon level would produce a maximum fragm
recoil of 0.18 eV and three-photon ionization of NO(X 2P)
would produce electrons with 0.65 eV kinetic energy. The
energies are inconsistent with the features seen in the en
correlation spectra~Fig. 2!.

In summary, this communication presents the first res
using a new femtosecond time-resolved, 3D PEPICO te
nique. The DMI of NO2 is investigated using two time
delayed pulses at 375.3 nm. The dominant channel is ide
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fied as three-photon excitation to a repulsive state of N2

that correlates to NO(C 2P)1O(3P), followed by one-
photon ionization to NO1(X 1S1). For a time scale shorte
than 500 fs, the final ionization step occurs during the dis
ciation of NO2, while on a longer time scale the dissociatio
is complete and the ionization occurs from free NO(C 2P).
Further studies will address the wavelength dependenc
the DMI process and examine the correlated photofragm
and photoelectron angular distributions.
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