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Dynamics of the High-Intensity Multiphoton Ionization of Nz
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The intensity dependence of the multiphoton photoelectron spectrum of N2 has been obtained with
subpicosecond laser pulses up to intensities of 10" W/cm'. Both Rydberg and valence states are ob-
served to be ac Stark shifted into intermediate resonance during the photoionization process, although
the valence states are seen only at low intensities. We show that the vibrational structure of the molecu-
lar Rydberg states cancels out in the photoelectron spectrum leading to sharp atomiclike series, even at
high intensities. Photoelectrons from the ionization of each of the 3og, lx„, and 2a., electrons are clearly
distinguished. We discuss implications for the interpretation of multiphoton dissociation experiments.

PA| S numbers: 33.80.Rv

We present high-resolution photoelectron spectra from
the multiphoton ionization (MPI) of N2 up to intensities
of 10' W/cm using 308- and 616-nm laser pulses of ap-
proximately 150-fsec duration. Analysis of the spectra
uses the techniques developed recently for above-thresh-
old ionization (ATI) of rare-gas atoms in intense, subpi-
cosecond laser fields [1]. Besides identifying the inter-
mediate resonances in the MPI process, we can clearly
distinguish the MPI of the 3og, 1z„, and 2', electrons
resulting in diA'erent electronic final states. Furthermore,
we show that the determination of the intensity depen-
dence of the final-state distribution leads to a better un-
derstanding of recent experiments on the multiphoton
fragmentation of N2 [2]. Despite the presence of extra
molecular degrees of freedom, the MPI electron spectrum
of N2 shows relatively simple well-resolved features
attributed to intermediate Rydberg and valence-state res-
onances. We find that the simplification occurs for two
general reasons: First, Rydberg states are only weakly
coupled to the ionic core leading to a cancellation of the
vibrational structure of the molecule in the electron spec-
trum. This results in a sharp atomiclike spectrum, even
at high intensities. Second, valence states are evident
only at the lowest intensities and are rapidly smeared out
at high intensities by the ac Stark shift.

For atoms, the relationship between the kinetic energy
of the photoelectrons in the sharp peaks obtained in
high-intensity, short-pulse MPI measurements and the
internal atomic structure has been extensively studied and
is now well understood [3]. During the course of the laser
pulse, the Rydberg levels of the atom increase their ener-

gy along with the ionization potential by an amount ap-
proximately equal to the ponderomotive potential, Uz
=e E /4mcv, where E is the laser field at the site of the
atom at any time during the pulse. If the total energy of
the state becomes equal to a multiple of the photon ener-
gy, an intermediate resonance occurs in the MPI process
creating a peak in the photoelectron spectrum. At high

intensities, ATI results in a series of peaks separated by
the photon energy, one series for each intermediate reso-
nance. Since the ionization potential has increased by
U~, the peaks in the series will appear at a kinetic energy
of E,~„=nhcv —E~p —U~, where nhco is the photon ener-
gy, Eip the zero-field ionization potential, and n any in-
teger satisfying E,~„&0. The structure within each ATI
series is only observed in the short-pulse regime, where
the electrons experience no ponderomotive acceleration
when leaving the laser focus. The electron energy can
also be expressed as E,~„=mAco —Eb, where Eb is the
magnitude of the zero-field binding energy of the Ryd-
berg state and m an integer.

In a molecule, there are two types of excited states,
Rydberg and valence, and they behave differently in an
intense laser field. A molecular Rydberg state has a large
orbit and the electron is relatively decoupled from the
ionic core. Different angular momentum sublevels of a
Rydberg state with a given nl, built on a particular ionic
core, are nearly degenerate and have the same ac Stark
shift in an intense optical field. This will give rise to a
sharp photoelectron peak when the state is shifted into
resonance, even at high field strengths.

There is, however, a complication due to the molecular
vibrational structure, which may have prevented the ap-
plication of high-intensity, short-pulse photoelectron
spectroscopy to molecules were it not for an important
simplification. This vibrational structure would appear to
produce a far more complex ATI spectrum in molecules
compared to atoms, for there are many possible ioniza-
tion paths for each molecular Rydberg state which is
shifted into resonance. Figure 1 shows a diagram of
several potential curves of Nq [4], although the following
discussion is perfectly general. Consider the vibrational
level v' of the N2+ B final state and the vibrational level U

of a Rydberg state built on the 8 state. If a' and e are vi-
brational constants of these states, the effective binding
energy from the v to v' state will be Eb(v v') =Eq(0
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FIG. 1. Various potential curves of Nz from Ref. [4]. The
arrows show the photon energy at 308 nm.

0) + a'v' —av. This results in E,~„=m 6 co —Eb (0
0) —a'v'+av. There are two simplifications which re-

sult in a single value for this energy: First, for Rydberg
states, a converges to the ionic limit e' and typically
diA'ers by only a few tens of wave numbers [4], and,
second, because the shape of the ionic and Rydberg po-
tential curves are nearly identical [5], the Frank-Condon
overlap integral ensures that there will be a vibrational
selection rule of h, v =0 between the resonant and final
states. The only possible electron energy is E,l„=rn Ace

Eb(0 0) indep—endent of v and v', exactly as in the
atomic case.

In general, the higher intermediate vibrational levels of
a given molecular Rydberg state come into resonance at
lower intensities so, while the ac Stark shift is less, it is

just compensated for by ionization to a higher vibrational
energy in the final state. Thus, while all electrons result-
ing from a parent molecular Rydberg state have the same
kinetic energy, they are ionized at different times and po-
sitions within the laser pulse and the ion is left in dif-
ferent vibrational final states. This result is in contrast to
the analogous ionization of Rydberg states in atoms [6].

The behavior of the valence states in the strong field
will be more complicated. Not only will the ac Stark
shift of these states not have any simple relationship to
U~, the different total angular momentum sublevels will

not shift in the laser field by the same amount, or neces-
sarily in the same direction. Because the potential curves
of the valence states and the ionic core are so different,
the Frank-Condon overlap between the valence and final
ionic states will not lead to the simple selection rule dv
=0. The ac Stark shift of a valence state may depend on
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the spatial orientation of the molecules with respect to the
laser field. All of these effects will lead to smearing out
of valence-state resonances into the background.

The experimental apparatus and laser used in these
measurements have been described elsewhere [7]. A
150-fsec, 308- or 616-nm 10-Hz laser beam with variable

energy up to 1 mJ/pulse was directed into an electron en-

ergy analyzer employing a parabolic electron mirror [8].
The resolution of the analyzer is 30 meV at an electron

energy of 2 eV. Spectra were binned according to laser

energy in a bin width of + 10% in energy. Care was tak-
en to use su%ciently low pressure of Nz gas at all laser in-

tensities to avoid space-charge effects [9].
Figure 2 shows electron spectra of nitrogen using the

308-nm beam at two laser energies. In nitrogen there are
three different low-lying ionization potentials correspond-
ing to the removal of the 3crg, lx„, and 2a„electrons (see
Fig. 1), resulting in the ionic states 4' Z~+, A II„, and

8 ~Z„+, respectively [4]. The value of n I't rv E tp is

marked in Fig. 2 by the vertical line at the base of the ar-
rows for each of these electrons. At low intensities, U~ is

small and the electrons must have energies close to
nAco —Eip. Thus, the three peaks in the spectrum are
the result of ionizing to the three final states A, 2, and 8
of the ion.

The narrow peak at 3.18 eV in Fig. 2(a) is due to the

4f Rydberg state built on the Nq+ 2 II„state [5]. The
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FIG. 2. Photoelectron spectra of Np using 308-nm radiation
with (a) 23 pJ and (b) 106 pJ corresponding to ponderomotive
potentials of 0.46 and 2. 12 eV and intensities of 5.2X10" and

2.4X 10 W/cm', respectively.
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ac Stark shift required to bring this state into resonance
is 4h, ro [E~p(1 rr„) E—b(4f)] =0.27 eV, where Erp(1 x„)
is the ionization potential of the lrr„electron and Eb(4f)
is the binding energy of the 4f state. The laser energy re-
quired to produce a sufficient ponderomotive shift to just
bring this state into resonance was determined experi-
mentally to be 13 pJ. This provides an absolute calibra-
tion of the ponderomotive shift versus laser pulse energy
at 308 nm for our focusing conditions: 20 meV/pJ. (The
arrows on the figures show the calculated value of the
peak ponderomotive shift for the specified laser energy.
Resonant features arising from a given threshold must
occur within the electron energy space delineated by the
arrow. )

The two other prominent peaks in Fig. 2(a) are not in
the correct position to be Rydberg resonances and must
be due to valence states. The greater width compared to
the Rydberg resonance is expected for valence states as
discussed above. Although the two peaks indicate ioniza-
tion to different f,nal states, they may be due to the same
intermediate resonance. There is also no indication of a
similar broad peak associated with the 2 state, implying
that the intermediate state preferentially ionizes to the X
or 8 state. This could be due to its electronic configu-
ration or a preferential Frank-Condon overlap with the X
and 8 states.

As the intensity is increased, the spectra become dom-
inate '. by resonances due to Rydberg states as predicted
above. At an intermediate intensity the Rydberg series
Lased on the N2+ X Xg+ state is seen to come into reso-
nance with four photons but the series is her weak. At
the higher intensity shown in Fig. 2(b) the Rydberg series
built on the N2+ 8 Z„+ comes into resonance with five

photons, v. ' the predicted energy of roughly 100 pJ. At
the highest energy used in this experiment (200 pJ, not
shown) the 3d peak of the 8 Rydberg series has come in

at around 2.45 eV. At this intensity the A state has still
not had a chance to go through the full Rydberg series of
resonances and, thus, the spectrum is dominated by reso-
nant MPI to the N2+ 8 Z„+ final state [10].

Electron spectra were also recorded with 616-nm radia-
tion, shown in Fig. 3. Although this spectrum is more
complex than the 308-nm data, the analysis is consistent
with the above discussion. The resonances in Fig. 3 are
due to Rydberg states: All of the series associated with
the X, A, and B states have gone through resonance, and
the three overlapping series are identified.

The differences in the spectra taken at 616 and 308 nm
are largely accounted for by the dependence of the pon-
deromotive potential or ac Stark shift on the wavelength
(Up[eV] =9.33x10 ' I[W/cm ]X [pm ]). Once the
ponderomotive potential exceeds the photon energy, the
identification of Rydberg states becomes difTicult. This
condition, which occurs when U~ ~ A, co, also affects the
selectivity of pathways for the MPI process. For longer
wavelengths many more states are shifted into resonance
at relatively low intensity than for shorter wavelengths.
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FlG. 3. Photoelectron spectrum of N2 using 616-nrn radia-
tion with 65 pJ corresponding to a ponderomotive potential of
2.4 eV and an intensity of 6.8x10" W/cm'. Note that the
lengths of the arrows are greater than the photon energy (2 eV)
and have "wrapped" around.

occurs when U~~ Ace. In these measurements the au-
thors did not identify in which initial state the N2+ ion

originated. Our analysis shows that the B state of N2+ is

preferentially populated during MPI at 308 nrn. The dis-
sociation energy of the 8 state is 5.54 eV and a two-
photon dissociation at 305 nm would leave a kinetic ener-

gy of ~ 2.6 eV, the higher values being associated with
the N2 ion being in an excited vibrational state. It ap-

At 308 nm [Fig. 2(b)], the spectrum is dominated by the
8 Rydberg series, which appears to be saturated. The X
state has gone through resonance at much lower intensity
and the full 2 Rydberg series has not yet come into reso-
nance. For 616 nm (Fig. 3), all the series are seen at
once. This leads to the following significant result: The
N2+ 8 state will be the preferential final state for high-

intensity MPI at 308 nm, while at 616 nm all the ioniza-
tion channels will have a significant contribution before
any one of them saturates.

This sensitivity of N2 to laser wavelength has also been
noted by others in experiments analyzing the kinetic-
energy distribution of the fragments following MPI and
dissociation [2, 11,12]. At 616 nm it is found that the ion-
ization occurs sequentially with the fragments gaining
Coulomb energy during the ionization process [12]. At
308 and 248 nm, the ionization appears to favor vertical
transitions and subsequent dissociation [2, 11,13]. Dif-
ferent photofragmentation pathways are clearly impor-
tant at different wavelengths and the analysis described
here indicates the role of the ponderomotive potential in

determining the dominant pathways at a given laser
wavelength.

As an example of the applicability of this analysis of
MPI photoelectron spectroscopy to the understanding of
multiphoton dissociation measurements, consider the re-

cently reported dissociation channel of N2+ at 305 nm

[2]:
N2++nhro N++N+(2. 9+ 0.3 eV)
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pears likely that the dissociation reaction starts from the
N2+ B state.

Photoelectron spectroscopy in the short-pulse regime
reveals the role of the ponderomotive potential in the
multiphoton ionization of N2 and allows a full analysis of
the spectrum. The ponderomotive potential influences the
resonant structure, the wavelength dependence, and the
final-state distribution of the molecular ions.
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